INFORMATION TO USERS

The most advanced technology has been used to photo-
graph and reproduce this manuscript from the microfilm
master. UMI films the text directly from the original or
copy submitted. Thus, some thesis and dissertation copies
are in typewriter face, while others may be from any type
of computer printer.

The quality of this reproduction is dependent upon the
quality of the copy submitted. Broken or indistinct print,
colored or poor quality illustrations and photographs,
print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a
complete manuscript and there are missing pages, these
will be noted. Also, if unauthorized copyright material
had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are re-
produced by sectioning the original, beginning at the
upper left-hand corner and continuing from left toright in
equal sections with small overlaps. Each original is also
photographed in one exposure and is included in reduced
form at the back of the book. These are also available as
one exposure on a standard 35mm slide or as a 17" x 23"
black and white photographic print for an additional
charge.

Photographs included in the original manuscript have
been reproduced xerographically in this copy. Higher

quality 6” x 9" black and white photographic prints are
available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly
to order.

University Microfilms International
A Bell & Howell Information Company

300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
313/761-4700 800/521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Order Number 8908584

Options for management of soil contamination problems at
Superfund sites: A proposed approach to setting soil cleanup
levels

Schumann, Paul Blane, D.Env.

University of California, Los Angeles, 1989

Copyright ©1989 by Schumann, Paul Blane. All rights reserved.

U-M1

300 N. Zeeb Rd.
Ann Arbor, MI 48106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



e e - . e S s L T —

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UNIVERSITY OF CALIFORNIA
Los Angeles

Options for Management of Soil Contamination
Problems at Superfund Sites:
A Proposed Approach to Setting Soil Cleanup Levels

A dissertation submitted in partial satisfaction of the
requirements for the degree
Doctor of Environmental Science and Engineering

by

Paul Blane Schumann

1989

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




The dissertation of Paul Blane Schumann is approved.

?M ! -P.QW;A_

Richard Perrine

N&QW*\

William Yeh

Edward Faeder /

M L i'{:em:(::

Michael Stenstrom, Committee Chair

University of California, Los Angeles

1989 7

ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



. @ Copyright by
Paul Blane Schumann

1989

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




DEDICATION

This work is dedicated to three important women.
First, to the memory of my grandmother, Marie,
whose vision inspired me to pursue this goal; and
whose years of sacrifice set me well ‘along its

road. Second, to my mother, Elaine. Finally, to

Judy, who stood by me through so much.

iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

LIST OF TABLES S e
LIST OF FIGURES

LIST OF ACRONYMS AND ABBREVIATIONS .ccececcsccscns

ACKNOWLEDGEMENT cseseeessescsrasscresres e
VITA ceersessrecesesactesncsooe s
ABSTRACT cescecseecscsssestesonn ceeee
1. INTRODUCTION Gesssecessessscsssssr s

1.1 CERCLIA and SARA..ccesscsosocsscscsscccscscscsca
1.2 The "How Clean Is Clean?" TSSUE cceccecccesce
1.2.1 The National Contingency Plan........
1.2.2 The CERCLA Compliance Policy.........
1.3 The Soil Contamination Problem ......seoes.
1.3.1 Problems in Selecting Appropriate
Soil Remedial Actions.....ceceeeeeee.e
1.3.2 Problems in Selecting Appropriate
Soil Cleanup LevelsS...ceeeeecececaces
1.3.3 The Need for a Consistent
Decisionmaking Approach.....cccccevee

1.4 Purpose of the Study ...ccccecvcsccscacccns
1.5 Overview of the Report ....ccecceesecevesse

2. SOILS CLEANI]PMETHODSIQ..I.....CI...l....'.....

2.1 Types of Response Actions Under

Sugerfund ...00............‘..-.Q.. ....... .
2.2 Overview of the Remedial ProcesSsS escesecscse

2.2.1 Definition of the Site

Problem: Preliminary Assessment,

Site Investigation, and Hazard

Ranking SysteM..ceeccecccscvasscncsnne
2.2.2 Remedial Response Planning:

The Remedial Investigation/

Feasibility Study....ceeicveeceennsns
2.2.3 Selection of Remedy:

The Record of DecisionN....ccceceeeces
2.2.4 Implementation of the

Selected Remedy: Remedial Design/

Remedial Action....ceeeceevescccccsce

2.3 Current Soils Remedies ....ccevesesssccccne

2.3.1 Traditional Approaches ...ceevevecccs

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

xix

xxi

-

cowNuUN

16
19
19
21
23

23
26

28

30

38

39

41
45




Page

2.3.2 NO ACtiON ..evvveceoncccvscsoscscnnsacnsnse 48
2.3.3 Closure by Containment .............. 49
2.3.3.1 Passive Source
- Control MethodS ...cecevcscas 51
2.3.3.2 Passive Liquid/Gas
Control Methods .c.iccceecscne 53
2.3.3.3 Active Liquid/Gas
CONtrolsS ciesccescencscensencs 62
2.3.4 EXcavation ..cccicecscccnsccsncsocssves 64
2.3.5 Treatment Technologies .......cccoeee 67

2.3.5.1 Thermal ProcesSSeS .seeessesens 73
2.3.5.2 Other Physical
Processes....'.'."l.."..'0. 85

2.3.5.3 Stabilization/
Solidification ....ecccicaaes 97
2.3.5.4 Chemical ProcessesS ....se0.0. 105
2.3.5.5 Biological Processes ........ 114
2.3.6 In Situ Treatment Processes ......... 121
2.3.6.1 Physical/Chenical
ProCeSSeSeessccescsocassssses 123
2.3.6.2 Chemical Process€S.......:... 128

2.3.6.3 Bioreclamation ..ccecececcass 129
2.4 Problems With Traditional
Soils Remedies Il‘.I'.I.-..............I... 132

3. SETTING SOIL CLEANUP LEVELS...:.ccccecoscacsecse-s 138

3.1 Relationship of Soils to
otherMedia .I....l‘.....'.’.......-I'...'. 139

3.1.1 Direct Exposure Scenarios ........... 143
3.1.2 Indirect Exposure Pathways .......... 144
3.2 General Approaches for Establishing
How Clean is Clean e.eceveresescscsscscssss 148
3.2.1 Health-Based Approaches ...ccceeeeees 154
3.2.1.1 Cleanup to Background ...... 154
3.2.1.2 Cleanup to National
Standards ...cccscececseacss 159
3.2.1.3 Cleanup Using
Site-Specific
Risk Assessments ........... 162
3.2.1.4 Cleanup to Delisting
LevelS ccevriveccnnsacscesass 168

3 . 2 . 2 TeChnOIOgy-Based ApprOaChes R EEEREEXN] 169
3.2.3 Cost/Benefit-Based Approaches ....... 172
3.2.4 Site or Land-Use

Classification Systems .....ccc0e0000e 174
3.2.5 Best Engineering Judgement .......... 176

3.3 Institutional Issues Affecting the
How Clean is Clean Decisiol cccccvevecceceees 177

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




3.3.1 Problems With the CERCLA

Compliance PoliCy itececceeeeccanessess 181
3.3.2 Use of RCRA Standards to Determine

How Clean is Clean c..ceceeececesceaes 185

3.4 Proposed Approach to the Problem ......cc.. 187

3.4.1 Designing Overall Response

ObjectivesS .veciverenccscsoscaasnosss 193
3.4.2 Data Collection in the Remedial

Investigation ...cceeceeiieecceccanns 196
3.4.3 The Risk Assessment

(Public Health Evaluation) .......... 198
3.4.4 Use of Exposure Assessments ......... 208

3.5 Problems in Establishing Soil
Cleanup LevVelS..csessssssecscocesonsansesss 218

4., MODELING THE SOIL~TO-GROUND-WATER PATHWAY...... 221

4.1 Introduction .ccceceesceccsccsscsssosaassaass 221

4.2 Relationship of Soils to Ground
Water Contamination ....cecceeceececcsncsess 223
4.2.1 General Conceptual System ........... 223
4.2.2 Surface S0il Z20N€ tccccccccsccccesaas 227
4.,2.3 VadoSe ZONE .ceceveavessccsoncasesecss 228
4.2.4 Saturated ZONES ..ceccesccsrscccccscss 230
4.2.5 Ground Water Receptor ............. .. 231

4.3 Fate and Transport Processes in the

Soil-Ground Water System ...ccceveeeeeseess 232
4.3.1 Physical Processes .ceecveeccccccsssss 235

4.3.1.1 Flow Processes in

Porous Media ....ccccceeeen .. 236
4.3.1.2 Flow Considerations

in the Unsaturated Zone ..... 244
4.3.1.3 Transport Processes

in Porous Media: Advection,

Dispersion, and Diffusion ... 248
4.3.1.4 Other Macroscale Transport

ProCeSSeS ieeesesccccscscecsss 2953
4.3.1.5 Fractured Medium and

Macropore Flow

and Transport ........ccec... 257

4.3.2 Geochemical ProcesseS ccc.sssseacesses 260
4.3.2.1 Adsorption/Desorption ....... 264
4.3.2.2 Precipitation/

v Dissolution ...cccececeececeesse 268
4.3.2.3 Aqueous Speciation .......... 269
4.3.2.4 Kinetics .cvcececccccaacesess 269
4.3.2.5 Electronic/Chemical

Alterations .ccceececaceecsss 271
4.3.2.6 Nuclear Alterations ......... 274
4.3.2.7 Chemical Associations ....... 274

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3.2.8 PhotOlySiS ceeeevccceccsccess 276
4.3.2.9 Gas Generation ...ccceveceees 277

4.3.3 Biological Processes ......cecssseeee 277
4.3.3.1 Specific Microbial

ProCeSSeS ..sescscsecssscases 282
4.3.3.2 General Microbial
PYrOCESSES .esvaccasassssssecee 288
4.4 Waste/Leachate Characteristics

Affecting Fate and Transport .....c.cceceec.. 290
4.4.1 Physical Properties .....cceeeseccess 291

4.4.2 Chemical Properties .......cceccccee.. 295
4.5 Site/Subsurface Factors Affecting

Fate and Transport e.ccececsscesccssecsscacss 298
4.5.1 Site FActorsS ecceesccccccccccssssesses 299

4.5.2 Subsurface FactOrS ecceeecccccssceesses 304
Effects of Human Interactions .¢.cessss0... 306

Estimating Fate and Transport.....cecees... 313

Using Models in Exposure
Assessments ......'..'....'....I... ........ 316

4.8.1 Types Of ModelS..cecececrcosssscscsss 324
4.8.1.1 Mathematical Models.....cc... 332
4.8.1.2 Development of

Mathematical Models....ccc... 334

8.1.3 Analytical Models........... 335

8.1.4 Numerical ModelsS...¢eoececee. 340

8.1.5 Numerical Solution
TechnigqueS..ceceeceeeecccacss 348
4.8.1.6 Coupling of Codes.cceceveess 356

4.8.2 Model Selection and
Application Process....cceeveseseses 357
4.8.2.1 Problem Characterization:

Is Modeling Necessary/

Appropriate?...ccecessecesss 362
4.8.2.2 Site Characterization (RI

Data Collection) and

Model Selection............. 364
4.8.2.3 Model Installation and

Application......ccccvveeeeee 367

4.8.3 Model Selection Criteria.....¢e.e... 369
4.8.3.1 Objectives Criteria......... 371
4.8.3.2 Technical Criteria.......... 372
4.8.3.3 Implementation Criteria..... 374

4.8.4 A Model Selection Decision
FYEMEWOIrK. .cceoesceseassssascascssses 376
4.8.4.1 Order-of-Magnitude

Predictive Accuracy......... 381
4.8.4.2 Complexity of Anticipated

Remedial Actions....ccees0.. 381
4.8.4.3 Homogeneity of Media

Properties.....ceesvececcc.. 383

RN
*e o
W d o

4.
4.
4'

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.8.4.4 Uniformity of the
Flow Field...ccceeesccsecccne
_ 4.8.4.5 Regular Site Geometry.......
4.8.4.6 Single or Multiple
Layer/ZONe . .cc.eeccescssonsses
4.8.4.7 Unconfined vs. Confined
AQUifer...cceveecccccssscccs
4.8.4.8 Spatial Variability of

Layer Thickness.....c.cecce.
4.8.4.9 Porous Media vs.
Fracture/ Macropore/
KarsticC FlOW..eeoeeooasoccce
4.8.4.10 Dimensionality
Required in
the Flow Model....cosvececnee
4.8.4.11 Temporal Flow Domain
(Steady-state vs.
Transient) cccececececssoscnse
4.8.4.12 Contaminant Density,
Solubility, Viscosity......
4.8.4.13 Source Spatial .
Configuration......ccoc000
4.8.4.14 Source Temporal
Configuration.....cceeeeees
4.8.4.15 Dimensionality -
Required in
the Transport Model........
4.8.4.16 Simulation of
Dispersion....ccceavessecces
4.8.4.17 Simulation of Sorption.....
4.8.4.18 Simulation of
Degradation.......sceeeceee
4.9 Assumptions and Uncertainties .......c00..
4.9.1 Sources of Uncertainty....cccceeeeee
4.9.2 Methods for Uncertainty
ANalysSiS..ceceececcccioassnscrccnnne
4.9.3 Presentation of Results.............
4.9.4 Limitations...ceeeccccccsccsassncccs
4.10 New ApproachesS ccececececcsccsererscccccceccs
' 4.10.1 Expert Systems....ccceoccssscencces
4.10.2 Use of Decision Analysis ..........
4.10.2.1 Elements of a
Decision Analysis.........
£.10.2.2 Construction of the
Decision Tree€....scceecees
4.10.2.3 Utility Functions.........
4.10.2.4 Use of Sensitivity
AnalysisS...cceeeveccecccnn
4.10.2.5 Example Application.......

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

388

388

390

392
394
396

398

400

401
402

404
406
408

410
414
417
421
425
428

430

432
435

436
437




4.10.3 Soil Contaminant Evaluation
Methodology eccceoscccscscaccccccns
4.10.3.1 Matching the Model to

the Available Data .......
4.10.3.2 Maintaining a

Flexible Approach ........
4.10.3.3 Matching the

Conservatism of the

Results to the

Precision of the

Analytical Technique .....
4.10.3.4 Identifying the Use of

"Best Engineering

Judgement”....cc0c00cceene
4.10.3.5 Identifying the Need for

Verification

Monitoring..ceeccecccocese

4,11 SUMMALY eeevcevrrnacccscscccsccsscsacssssnsosccssasse

5. CASE STUDY--MCKIN' MAINE ©“ b e 0B o0 00000008t e

5.1 BACKAYOUNA ccscecacsscnccnnsssosssscscsscsscsces
5.2 Events Preceding EPA’s
Remedial ACtiONS .cceeccccacscsccscsccsances
5.3 Data Available Prior to Remedial
InvestigatioN..ccceeececcececccscscoccsnsnne
5.3.1 Domain Configuration/Flow System.....
5.3.1.1 Soils and Surficial
Aquifer...cccceeccctccccccns
5.3.1.2 Bedrock Aquifer.............

5.3.2 Source Characterization.....ccecee..
5'3.3 Regional Modeling.I.'....ClllI..I.I.
5.3.4 Contaminant Transport

Regime (Model ResultsS)...c.iececccsces
5.3.4.1 Surficial Aquifer
TranSport.cecceccescsscccccnense
5.3.4.2 Bedrock Aquifer
TransSpoYt.cceccecessssccaccocs
5.4 Characterization of the Site
) Problem: the Remedial Investigation........
5.4.1 Ground Water Contamination...........
5.4.2 Soil ContaminatioN...seecesscccccescses
5.4.3 Current/Potential Risks Posed by
thes Unremediated Sit€.ccceccccccecces

5.5 Analysis of Remedial Alternatives:

the Feasibilit! Stud!..l.......l.......l...
5.5.1 General Response Objectives..........

5.5.2 Initial Screening...c.cececceeccencens
5.5.3 Detailed Evaluation of
Alternatives.......Q......Il.l.......

ix

-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

440

441

442

443

445

446

449

451
452

453
456
458
460
461
464
465
466
466
468
473
477
477
477

479




Page
5.5.4 Selected Remedy: the Record

of DeCisionN...cceeceecccssscssssncecss 480
5.6 Selecting the Cleanup Level for
£he ROD ccccccecscossossosssassscsssasssosssosscce 483
5.6.1 Ground Water Performance
TargetS..ccceeeescoesscccecerarcnsonccce 484
5.6.2 Soil Performance TargetS.....cseses.. 486
5.7 Selecting the Back-~Calculation
ADDXOACH +eiseecvcscasscccasvscssassccancncs 489
5.7.1 candidate Models Considered........ .. 490
5.7.2 The Wilson-Miller Model....cccceesea-. 491
5.7.3 The Vertical and Horizontal
Spread (VHS) Model.....ceoccecceaccece 493
5.8 Running and Interpreting the Model ........ 494
.8.1 Leachate Estimation Method........... 495
.8.2 Calculation of the Soil
Performance Target.....cccceecvesseaes 497
5.9 Uncertainties and Their Reduction......... 498

Vil L e L e e

5.10 Events Following the Record of
Decision..l’..‘.............'I..l'.'l..... 499

5.10.1 Initial Challenges to .
VHS Model..eceeececcccocessevosenccccse 500
5.10.2 Soil Aeration Pilot Study....s..... 501
5.10.2.1 Excavation by Caisson
Digging Bucket....ce...... 502
5.10.2.2 Soil Treatment System..... 504
5.10.2.3 Solidification and
Redeposition of Treated
SOilS.ceeecccesoscseassasss 9505
5.10.3 Excavation Plan (Proposal to
Relax Cleanup Level)..cceececcceeecss 505
5.10.4 Subsequent Challenges to
VHS MOd€l..eeoeesscssosseccsassasss oll
5.11 Approval of Higher Cleanup Ilevel.......... 513

5.12 Completion of Remedy..cscecoescceccccccccs 514

5
5

6. DISCUSSION ¢ e 0 56 000 060606066000 RSO SOS OO o 515

6.1 Fit of ROD Model Selection Decisions
+o SOCEM FrameworK....ceocecacescsoscsocscccace 519
6.2 Comparison of McKin Modeling
Reinterpretations With SOCEM Framework..... 520
6.2.1 Basis for Cleanup Level.............. 522
6.2+1.1 Establishment of Ground
Water TargetS..c..eeeeeceeeess 524
6.2.1.2 Choice of Transport
MOAEl.coeesoacoonsorsocncsoseanse D26
6.2.1.3 TCE as the Indicator
compound «.eecesccvcccocecace 533

P T .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.2.1.4 Use of Partition
Coefficient for
Soil Level..ccceeeeccccanasns . 539
6.2.2 Choice and Application of
Model ParameterS...cccecsccececscsasces 544
6.2.2.1 Downgradient Receptor
Distance (X).ccoeseesccceacss. 545
6.2.2.2 Width of Contaminant
Source Area (Y).eceeeeeosesses 549
6.2.2.3 Definition of Z Term
in Model..cceevececocaccncnns . 551
6.2.2.4 Dispersivity and
Mixing Length........ccce.... 555
5 Effective Porosity.....¢..... 559
Model AssumptionS....ecceeseesees 561
1 Constant Source Term......... 562
2 Effect of "No Recharge"
Assumption....cccccecceeec... 564
3 Sorption and Retardation..... 567
4 Attenuation by
Degradation.....c.cceceeec... 569
.2.3.5 Attenuation by
Volatilization..eeeseeeeesees 571
6.2.4 Effects on the Final Remedy....c...0. 573
6.3 Uncertainty and Decision Analysis
At MCKiN..e.ooeecesosscsccscssccssssccsssasncss 575
6.4 Developing the Decision Approach
for Selecting the Remedy eccccescecccecessss 582

6.4.1 Criteria for Choosing

Appropriate Models ...ccccceecveses.. 582
6.4.2 Criteria for Selecting Cleanup

Ievel tiecereccscocavcsscrosnnoncence . 584
6.4.3 Criteria for Choosing Appropriate

Remedial Actions ....cececeeeccccsces 587
6.4.4 Criteria for Selecting Cleanup

AppProach ...cececececersescceccecsss. 588

6.5 Implications for the Superfund
Program ..‘......l-..l...I.I'l.""...l.l'. 590

7. CONCLUSIONS AND RECOMMENDATIONS::e¢scecceeees.. 596

7.1 concluSions .l...l.....0.'.....000'..0'! 596
7.2 RecommendationS...cceecsscssccosasscsscsses 601
Zecommencatlons
8' REFERENCES ...ll..l..l!..l.l..........l 605
9. APPENDIXI 'l..ll'l.'l...“..'...'..I.. 647
xi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




LIST OF TABLES

Number Title

1 = Volumes of Contaminated Soils at
National Priorities List Sites..cccccceee

2 Treatment Technologies for
Contaminated S0ilS...ccvvvesvessacaccnnss

3 Treatment Technologies Selected at
Superfund SiteS....cvesccccccoccccnnncnns

4 Removal Efficiencies of Selected
Volatile Organic Compounds from
SOil by MEChanical Aerationc ® ® 5 ¢ & 0o e s s
5 Superfund Sites Using Soil Washing.......

6 In Situ Treatment Processes
for Contaminated S0ilsS....cceecceccccaces

7 Contaminated Sites Using In Situ
Biodegradation..'...l.l........"I....C..

8 Contaminated Soil Exposure
Scenarios'.....-........l..l......l.l..ll

9 General Conceptual Approach for
Selecting Contaminated Soils
Remedial Actions..‘.o..'.‘.ll......!....'
10 Selection of Indicator CompoundsS.........

11 Fate and Transport Processes in
the SOil-Ground Water System. R R R

12 Hydraulic Conductivity Ranges in
Subsurface MaterialS..cscceccecccccconses

13 - Contaminant Biotransformation in
Soils and Ground Water...c.cceeoeccccncss

14 Contaminant Behavior Observed
in Landfills...........'..."........lll.

15 Effects of Various Remedial Actions
on Flow and Transport...ccceeessecccccses

16 Categories of Key Soil Properties/
Model ParameterS.ccceccccccscccecsacascne

xii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Page

12

69

74

88

95

122

130

141

190

201

234

240

286

296

308

317




Number Title Page

17 Recent Model Reviews and
Compilationsl.l“.......‘.l......l.....‘. 322

18 Input Parameters, Assumptions, and

Roundary Conditions Used by Gerber....... 464
19 Soil Volumes Estimated in the

Record of DecisiOnNiceeecceccacencces ee... 470
20 Contaminants Found in McKin

Site Soils..-olco.oo...o...l....o..t-'.nc 472

21 Volumes and Costs of Excavation
to Different Cleanup LevelS......ccics... 508

LIST OF FIGURES

1 Superfund Removal and Remedial

Response ProcessSeS..:cscsececscsccccscccns 27
2 Superfund Remedial Investigation/

Feasibility Study Process....+e.ceccecceen 32
3 Uses of Different Technologies

in Superfund Soils Remedies.............. 44
4 Technology/Contaminant

Applicability Matrix......ccccceeeccnanns 72
5 Standard Setting Approaches.............. 153
6 The Conceptual Soil/Ground

Water System.o..n.o.....o.....o.'ootoc-.o 224

7 Overall Model Selection/Use
process...'.....l..'..I...l‘..ll.‘....ll. 359

8 Model Selection Decision
Framework for SOCEM..cccoscocsossecssccces 377

9 Typical® Decision Tree for
Decision AnalysSiS...ccceeeecccccesceccsss 434

10 Geologic Map of the McKin Site
Area' Gray, Maine..l....".....l"""'.' 448

e - . e e e g ey e - oary . o -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Number Title Page

11 Conceptual Model of McKin
_ContaminatiON..cceececcececccceccocssoeacesnss 454
12 Ground Water and Contaminant

Flows in the Surficial Aquifer........... 457

13 Model Grid for the Surficial
Aquifer.....0........I..l....lll‘l.ll.... 462
14 Model Grid for the Bedrock
Aqllifer....Q.‘......l...'................ 463
15 Site Map Showing Contaminated .
Soil Areas in ROD.I.I....'...lll.'...'." 469
16 Caisson Excavation Locations
AN ATEA 3eeceressoscencocasoccconosssceas ... 503
17 Mixing Length Concepts in

the VHS MOAEl..vvceeeeeeccoccsoansescnass 530

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




AQUIFEM

ARARS
BDAT

BOD
BTU

C

CAA
CDM
CEC
CERCLA

CFR
cm

CPF
CWA

cy
DRE
EDD
EDTA
EP

EpPA

F
FDM
FEM
FS
ft
FWQC

HAWAMAX
HELP
HMCRI

HRS
HSwWA
IFDM
IGWMC

in
IRM
kg
1b

LIST OF ACRONYMS AND ABBREVIATIONS

Aquifer Finite Element Model

applicable or relevant and
appropriate requirements

Best Demonstrated Available
Technology

biological oxygen demand

British thermal unit

degrees Celsius

Clean Air Act

Camp, Dresser and McKee, Inc.

cation exchange capacity

Comprehensive Environmental Response,
Compensation and Liability Act

Code of Federal Regulations

centimeter

Cancer Potency Factor

Clean Water Act (also Federal Water
Pollution Control Act)

cubic yard

destruction/removal efficiency

Enforcement Decision Document

ethylene diamine tetraacetic acid

Extraction Procedure (for the RCRA
toxicity characteristic)

United States Environmental
Protection Agency

degrees Fahrenheit

finite difference method

finite element method

Feasibility Study

foot

Federal Water Quality Criteria
(promulgated under CWA)

Hazardous Wastes Management Expert
System

Hydrologic Evaluation of Landfill
Performance model

Hazardous Materials Control Research
Institute.

Hazard Ranking System

Hazardous and Solid Waste Amendments

integrated finite difference method

Internaticnal Ground Water Modeling
Center

inch

Initial Remedial Measure

kilogram

pound

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




MARS Model Annotation Retrieval Database

(IGWMC)
MCLG Maximum Contaminant Level Goal
- (promulgated under SDWA; synonymous
with RMCL)
MCL Maximum Contaminant Level
(promulgated under SDWA)
MEI Maximum exposed individual
mg milligram
ml milliliter
MoC method of characteristics
MRI Midwest Research Institute
MSL Mean Sea Level
MTV mobility, toxicity, volume
NASA National Aeronautics and Space
Adnministration '
NCP National Contingency Plan
NDD Negotiation Decision Document
NOAEL No Observed Adverse Effect Level
(for systemic toxicants)
NPL National Priorities List
NRC National Research Council
O&M operation and maintenance
OAT Office of Apropriate Technology
(California) _
OSW Office of Solid Waste (EPA)
OTA Office of Technology Assessment
(U.S. Congress)
PA Preliminary Assessment
PAH polycyclic aromatic hydrocarbon
PCB polychlorinated biphenyl
PCE perchloroethylene
pH log hydrogen ion concentration
PL Public Law
ppb parts per billion
PPCL Preliminary Protective Concentration
Limit
pPpm parts per million
PRP Potentially Responsible Party
RA Remedial Action
RCRA Resource Conservation and Recovery
Act
RD Remedial Design
RF radio frequency
RED \ Reference dose (for systemic
toxicants)
RI Remedial Investigation
RIDAM Risk and Decision Analysis Module
(HAWAMAX)
RMCL Recommended Maximum Contaminant
Level
xvi
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ROD
RPM
RSD
RTI
SARA

SI
SITE

SOCEM

TCA
TCE
TCLP

TOC
TSCA
usc
USGS
vocC
VHS

Record of Decision

Remedial Project Manager

Risk Specific Dose (for carcinogens)

Research Triangle Institute

Superfund Amendments and
Reauthorization Act

Site Investigation

Superfund Innovative Technology
Evaluation progranm

Soil Contaminant Evaluation
Methodology

1,1,1-trichloroethane

trichloroethylene

Toxicity Characteristic Leaching
Procedure

total organic carbon

Toxic Substances Control Act

United States Code

U.S. Geological Survey

volatile organic compound

Vertical and Horizontal Spread
model "

xvii
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ABSTRACT OF THE DISSERTATION

Options for Management of Soil Contamination
Problems at Superfund Sites:
A Proposed Approach to Setting Soil Cleanup Levels
by
Paul Blane Schumann
Doctor of Environmental Science and Engineering
University of California, Los Angeles, 1989

Professor Michael Stenstrom, Chair

Contaminated soil cleanups at uncontrolled or
abandoned hazardous waste sites historically have been
complex and difficult to accomplish, due to a variety of
technical and institutional factors. The consequences
have been inconsistent soil cleanups from site to site,
and inconsistent selection of cleanup levels.

Site-specific risk assessments are necessary to
determine the most effective cleanup, and to set soil
cleanup levels based on the most limiting exposure
pathway at each fite, for each compound of concern. For
the purposes of this study, soil leaching and ground

water ingestion is assumed to be the most limiting

pathway at most CERCIA sites. EPA needs to apply a
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similar decision making process from site to site for
selecting and applying models to assess risks from
soils, and to estimate soil cleanup levels by back-
calculating soil levels from "safe" ground water
concentrations. The Soil Contaminant Evaluation
Methodology (SOCEM) is proposed as a candidate modeling
decision process, incorporating decision analysis
principles to semi-quantitatively estimate and track the
uncertainties associated with each decision in the model
selection process.

At the McKin Superfund site in Gray, Maine, one of
EPA's first sites with a published, numerical soil
cleanup target, the author applied many of the SOCEM
principles to advise EPA analysts and contractors in
selecting and using a model to back-calculate the soil
cleanup level, based on potential ground water exposure
to trichloroethylene. Other SOCEM principles were
applied after the McKin decision was made, as the
responsible parties challenged the model choice and EPA
rebutted.

Results of the analysis, and the implications of
adopting a SOCEM approach on a national scale, are
discussed. Recohmendations for future testing,
improvements, and research needs for SOCEM are given in

the text.

xxii
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1.0 INTRODUCTION

Since 1980, the United States Environmental
Protection Agency (EPA or "the Agency") has proceeded
with cleanups of uncontrolled hazardous waste sites
under the authority of the Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA), also
commonly referred to as "Superfund." Response actions at
hazardous waste sites have involved many different
approaches to reduce the threats of uncontrolled wastes.
Within the framework provided by Superfund's
implementing regulations in the National Contingency
Plan (NCP), response actions must employ a cost-
effective alternative that is technologically feasible
and that provides adequate protection of public health
and the environment.

EPA constantly has been confronting the need for
safer and better methods for determining both the
appropriate cleanup alternative for a given site, and
the optimum extent of remedy. This report will outline
the nature of this problem, with special focus on the
question of how to more accurately and consistently
determine the appropriate extent of remedy when the
chief concern is with contaminated soils at a Superfund
site. To do this involves examining the technical

problems associated with soil contamination at
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Superfund sites, as well as understanding the
institutional framework of the Superfund program within

which these problems are addressed.
l.1 CERCIA and SARA

CERCIA was passed in 1980 as Public Law (PL) no.96-
510 (codified as amended in Title 26 of the United
States Code (USC) at 26 USC Sections 4611 through 4682
and 42 USC Sections 691la, 9601-9657, 1982). It gave
broad authorities to the President, and in turn to EPA,
for cleanup of abandoned hazardous waste disposal sites
and spills of hazardous substances that threaten public
health and the environment.

This authority was sorely needed. The Solid Waste
Disposal Act, as amended by RCRA, the Resources
Conservation and Recovery Act of 1976 (42 USC 6901-
6991(1i), 1982 and 1984) established Federal and State
hazardous waste management frameworks regqulating the
generation, transport, storage, treatment, and disposal
of newly created hazardous waste. However, RCRA did not
provide general authority for responding to long-term
threats posed by past improper disposal practices and
abandoned, uncontrolled hazardous waste sites prior to
its reauthorization in 1984. Likewise, under Section
311 of the Clean Water Act (PL 97-117; 33 USC 466 et

seq.), the Federal government had some authority to
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respond to spills and accidents involving oil or some
300 hazardous substances when they threatened navigable
waterways, but no authority to respond to releases
elsewhere into the environment (EPA, 1983A; Brown, 1984).

Sections 211(a) and 221-223 of CERCILA created a
$1.6 billion revolving fund called the Hazardous
Substance Response Trust Fund or "Superfund", created
largely from taxes on petroleum and chemical feedstocks,
to finance these actions. The Fund could be replenished
by suing the responsible parties to recover costs and
damages.

Two sections provided the primary authority for
cleanup actions: Section 104, which authorized the
government to undertake Fund-financed responses to
protect public health and the environment from releases
or threatened releases; and Section 106, which provided
enforcement authorities allowing EPA to sue the
responsible parties to abate the site threats, or to
issue administrative orders requiring the responsible
parties to undertake cleanup, when releases or
threatened releases pose imminent and substantial
endangerment of public health and the environment.
These authorities are similar to the emergency
enforcement powers of other environmental statutes such
as the Clean Air Act, Clean Water Act, Toxic Substances

Control Act, Safe Drinkiny Water Act, and RCRA (Brown,
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1684). A third Section, 107, provided for cost recovery
from responsible parties for cleanups undertaken under
the authority of Section 104. Actions taken under
CERCLA authority were required to provide adequate
protection of public health and the environment and to
be cost-effective.

Superfund was enacted as a five-year program. Its
funding authority expired in 1985. The law was
reauthorized by the Superfund Amendments and
Reauthorization Act of 1986 (SARA; PL 99-499), which
added a new requirement and an important new preference
to the requirements that remedial actions be protective
of public health and the environment and cost-effective.
SARA's cleanup standards provisions in Section 121 also
require that remedial actions attain the applicable or
relevant and appropriate requirements of other Federal
statutes, and those of promulgated State requirements
that are more stringent than their Federal counterparts.

Additionally, SARA expressed a Congressional
preference for the use of permanent solutions and
alternative treatment or resource recovery technologies
to the maximum extent practicable. In another passage
of the law this is interpreted to be best achieved
through permanent and significant reductions in the
mobility, toxicity, or volume of the hazardous

substances at the site. This is a significant shift

D Ca e et - T . ———— FR—

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




p—

from the original Superfund program's attainment of the
statutory goals largely through reduction or prevention
of exposure. The new focus is on reduction of the
hazard itself through destruction or detoxification to
enhance the long-term effectiveness of the remedy and,
where possible, to achieve a "permanent solution" at the

site.

1.2 The "How Clean is Clean?" Issue

The decision on extent of remedy or degree of
cleanup, popularly termed the "How clean is clean?"
issue, has been and remains a controversial issue among
Federal and State agencies, potentially responsible
parties, legislators, citizen groups, environmentalists,
and others involved in addressing uncontrolled hazardous
waste sites (Frost, 1984; Brown, 1984; Keystone Center,
1985; Office of Technology Assessment, 1985; Smith,
1988; Wolf and Warren, 1988). Stated simply, the
problem is in determining how much contamination to
treat or remove from a Superfund site or, conversely,
what ambient levels of contaminants, if any, are safe to
leave in soils, air, surface water, and/or ground water
at the site following the cleanup without causing
unacceptable threats to public health and/or the
environment.

Superfund sites typically vary widely in terms of

R, 5 e e e - el e
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size, facility type, waste mixture, and site
hydrogeologic setting, and often contain an identifiable
contaminant source such as a landfill, industrial
facility, abandoned dump, or mine. In some cases, there
may be a less discrete source area such as a field,
marsh, unpaved lot or road, or woodland contaminated
with sprayed pesticides or industrial wastes, or a dirt
field contaminated by runoff or wind-borne pollutants,
now itself a potential contaminant source area.

Often one or more plumes of released contaminants
are migrating away from the source in surface water,
ground water, air, river or harbor sediments, etc.. In
some cases, such as several contaminated municipal well
field sites, the plume cannot be traced back to any
identifiable source. Complex mixtures of wastes and
multi-media contamination are frequent.

The "how clean is clean?" issue is a critical one
for several reasons: (1) the cleanup criteria employed
ultimately determine whether adequate protection of
public health and the environment is achieved, and
address the extent to which the selected remedy will
satisfy the new statutory preference for permanent
solutions; (2) the cleanup criteria ultimately define
the scope and cost of each individual cleanup and of the
overall Superfund program; and (3) the cleanup criteria

should promote public trust in and support for the
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program (Frost, 1984; Edelson, 1988; Wolf and Warren,
1988). The extent of remedy issue has arisen because
the CERCLA statute did not set substantive health- or
environment- based cleanup standards for sites, nor did
it establish a clear means for choosing among the
remedial alternatives available for a given site

(Keystone Center, 1985).

1.2.1 The National cContingency Plan

All Section 104 cleanup actions must be consistent
with the revised National Contingency Plan (NCP). The
NCP was originally promulgated in 1968 as a set of
regulatory guidelines for oil and hazardous substance
spill cleanups under the authority of Section 311l(c) (2)
of the Federal Water Pollution Control Act. However, in
Section 105(8) (A) of CERCIA, Congress recognized the
limitations imposed by the size of the Fund relative to
the national scope of the problem. They directed the
EPA to revise the NCP to contain the general
specifications and guidelines for performing cleanups
under the broad CERCLA authorities. The revisions were
to focus on the following (Brown, 1984):

(1) "criteria for determining priorities among

releases or threatened releases ...for the
purpose of taking remedial action,"

(2) "methods and criteria for determining the
appropriate extent of removal, remedy, and
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other measures" (CERCLA Section 105(3):; and

(3) "means of assuring that remedial action
measures are cost-effective over the period of
exposure or potential exposure to the hazardous
substance or contaminated materials" (CERCLA
Section 105(7)).

Thus, the NCP was to contain guidelines for
determining which sites should be cleaned up, which
should be cleaned up first in terms of their relative
risks, when site conditions warrant initiation of
responses under CERCLA/SARA authority, and when the
response taken is sufficient under the law (i.e., "how
clean is clean"). These requirements were partially
satisfied via the publication and updates of the Hazard
Ranking System and the National Priorities List (Brown,
1984), and by Subpart F of the NCP.

The revisions to the NCP were promulgated in July,
1982, and revised in November, 1985, as Part 300 of
Title 40 of the Code of Federal Regulations (40 CFR
300). The NCP sets forth the analytical and
decisionmaking framework for response actions under
Superfund in stages, from the initial discovery of a
site or a potential release through the design and
implementation of a final solution at the site (EPA,
1982A, 1985A). The NCP criteria require remedies to be

selected that are cost-effective, technologically

feasible and reliable, and protective of public health
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and the environment.

1.2.2 The CERCIA Compliance Policy

According to the Agency's policy on compliance with
other statutes, which was appended to the NCP preamble
(EPA, 1985A), protectiveness is to be assured via the
remedy's attainment of "applicable or relevant and
appropriate Federal and State requirements" (ARARs) that
have been identified for the site and the response
action in question. Exceptions may occur only when one
of five specific circumstances described in 40 CFR
300.68 (i) (5) exists. EPA must document all analyses of
these circumstances, which it does in its Record of
Decision (ROD) for the site remedy.

The compliance policy memorandum interpreted the
terms "applicable or relevant and appropriate." It
included preliminary lists of regulations that are
potentially applicable to CERCLA cleanups, and other
Federal requirements, advisories, criteria, and guidance
that could be considered, to the extent that they are
relevant and appropriate, when formulating Superfund
remedies. Under SARA, promulgated State requirements
may be found applicable or relevant and appropriate as
well. Limited direction for implementing this approach
at Federal Superfund sites is found in the Superfund

guidance for feasibility studies (EPA, 1985B), a guidance
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for preparing Records of Decision (EPA, 1985C), and in
several other EPA draft documents (EPA, 1985D, 1986A).
In the past, this often resulted in selection of
site remedies encompassing some type of containment of
wastes, either at the original site, or at a commercial
off-site hazardous waste land disposal facility
regulated under Subtitle C of RCRA. However, these
practices might not meet the permanence preference in
the reauthorized statute, and EPA has received continued
criticism that the NCP guidelines are too general to
provide clear, unambiguous direction for selecting
appropriate remedies or for determining the appropriate
extent of their application, i.e. "how clean is clean"
for the site. Additional discussion of this issue is

given in the preamble to the NCP (EPA, 1985A).
1.3 The Soil Contamination Problem

Contamination of surface and subsurface soils is
one of the most complex and pervasive problems
encountered at Superfund sites. This contamination
typically results from a broad range of mismanagement or
release situations including leaks from drums, tanks,
impoundments, or other waste management units; direct
discharges of wastes to pits or to the ground surface;
spills, fires, explosions, or other catastrophic

releases; and leaching to soils from pits, ponds, piles,

10
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tanks, landfills, or solid residues. Likewise, it may
result from indirect contamination by pollutants carried
to soils by surface runoff, volatilization from the
subsurface, tracking of wastes across surfaces of a
site, or wind or airborne transport, as will be
discussed further in Sections 3.1.2 and 4.2.

Soil contamination is common at Superfund sites
whether measured in terms of numbers or types of sites,
or of volumes of contaminated soil. A recent analysis
of volumes of contamination at 272 National Priority
List sites indicated that an average of approximately
37,900 cubic yards of contaminated soil is found at a
"tfpical" site (Table 1; Camp, Dresser and McKee,
1985A). Over the next five years, remedial actions will
be undertaken at some 400-plus sites, requiring the
containment, treatment and/or disposal of some 15,242,000
cubic yards of contaminated soil. If large municipal
landfills are included in the universe of sites to
receive action, the volume estimates range as high as
120 million cubic yards (Camp, Dresser and McKee, 1985A).

In this analysis, 272 sites were grouped into eight
categories based on type of past and present site use,
which to some extent also correlated with the types and
distributions of contaminants found. Contaminated soils
are found in virtually every one of the eight National

Priorities List site categories other than contaminated

11
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well fields. The distributions of contaminants
highlight the complexity of contaminant mixtures in the

contaminated soil at these sites, as follows:

o Large landfills on the National Priorities List
tend to contain primarily volatile (83%) and non-
volatile (50%) organics, polychlorinated biphenyls
(PCBs; 32%), and metals (52%), reflecting local
disposal practices and typical municipal waste
composition.

o Recycling and recovery facilities on the National
Priorities List contain metals (68%), volatile
organics (68%), nonvolatiles (56%), and PCBs (48%),
mirroring historical industrial waste streams.

o Manufacturing sites on the National Priorities List
contain volatiles, especially trichloroethylene
(TCE; 51%), and heavy metals (40%), but low levels
of PCBs (10%).

o Refinery sites on the National Priorities List
contain primarily volatiles and nonvolatiles (100%)
due to their receipt of acid asphaltic sludges from
refinery processes. However, metals (40%) and
PCBs (40%) are also relatively common. Very few
National Priorities List sites are in this category.

o Uncontrolled dumps on the National Priorities List
have been found to contain mainly volatiles (64%)
and metals (41%), but also dioxins (18%),
pesticides (18%), and PCBs (27%).

o Defense sites on the National Priorities List often
contain predominantly metals (80%) and volatiles
(43%), but they may also have complex wastes such
as explosives, nerve gases or biological agents,
and typically are situated on large land areas.

o Wood treatment sites are contaminated with
nonvolatile organics such as pentachlorophenol,
polycyclic aromatic hydrocarbons (PAHs), and
creosote (82%) as well as metals such as copper and
arsenic (46%), and occur increasingly on the
National Priorities List.

14
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o Mining sites universally, and predominantly,
contain metals.

o Contaminated well fields are a rapidly expanding
National Priorities List category although, as
mentioned above, they rarely contain contaminated
soil. Sometimes the source of contamination cannot
even be identified (e.g., the Charlevoix site in
Michigan). Typically they are contaminated with
volatile organics such as TCE (83%).

To protect public health and the environment, response

actions must mitigate or prevent direct or indirect

exposure to contaminated soil, and control the threat of
migration of hazardous substances from the site.
1.3.1 Problems in Selecting Appropriate Soil

Remedial Actions

The choice of remedial options for contaminated
soils depends greatly on the context in which the choice
is made. Most site remedies to date have considered
soils as a medium in which pollutants are stored and
subsequently transformed and transported to human and
environmental receptors. In this context, the resource
being protected is the eventual receptor or receiving
medium, i.e., human health, surface or ground water,
air, wildlife, and terresérial or agquatic habitats. The
soil itself traditionally has not been protected as a
resource, unlike ground water, for which the existing
regulatory framework clearly favors restoration. Some

contaminated soils remedies might be altered

15
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significantly by a strong preference to restore soils
for specific productive uses.

The second context relates to the remedy selection
criteria in the NCP and SARA--adequate protection of
public health and the environment, cost-effectiveness,
satisfaction of applicable or relevant and appropriate
requirements, and the preference for permanent
solutions. The overall site remedy, and the soils
remedy or remedies at a site, must strike the best
balance available to satisfy these often conflicting
objectives. The extent of cleanup decision must
balance such factors as the uncertainty in the available
data; the time and cost of supplemental analyses; the
volumes and types of soil and contaminants requiring
containment, treatment, and/or redisposal; the degree of
hazard of the contaminants via the exposure pathways
present at the site; the relative long-term
effectiveness and cost-effectiveness associated with
different cleanup levels; and the perceived value of

each resource.

1.3.2 Problems in Selecting Appropriate Soil
Cleanup levels

Past "how clean is clean" decisions for Superfund
soil remedial actions are summarized in Appendix I.

They have ranged from no action, to containment of all
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contaminated materials, to cleanup to the limits of
visible contamination, to the removal and/or treatment
of all soils with pollutant levels above detection
limits (i.e., cleanup to "background") (EPA, 1987F).

Many factors have contributed to this wide range of
levels, one important factor being the lack of available
standards. Aside from a handful of concentration levels
developed under the RCRA land treatment regulations, EPA
standards presently do not exist for safe (or
acceptable) health- and environment-based ambient levels
of contaminants in soils. Regulations promulgated under
other Federal environmental statutes provide only
limited direction on levels of cleanup for contaminated
soil. Few states have soil standards.

The lack of soil standards derives partly from the
fact that Federal environmental regulation traditionally
has focused largely on the fate and transport of
pollutants through single media other than soil. A
limited set of criteria and standards have been created
under environmental laws such as the Clean Water Act
(CWA), Safe Drinking Water Act (SDWA), and the Clean Air
Act (CAA), establishing safe ambient levels for
pollutants in these other media, for example Maximum
Contaminant Levels (MCLs), Federal Water Quality
Criteria (FWQCs), worker exposure standards developed by

the Occupational Safety and Health Administration

17
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(OSHA) , and National Ambient Air Quality Standards.

Other statutes such as the Toxic Substances Control
Act (TSCA) and RCRA provide ambient levels only
indirectly, such as RCRA's "background" standards for
"clean closure" of surface impoundments and for ground
water protection beneath regulated hazardous waste
disposal facilities, as will be described in Chapter 3.
Instead they focus on performance standards for
regulating certain types of treatment or disposal
actions, for example TSCA regulations for management of
polychlorinated biphenyls at 40 CFR Parts 760-765, RCRA
design and operating standards for new land disposal
facilities (40 CFR Parts 264 and 270), and RCRA
treatment standards promulgated under the land disposal
restrictions program (40 CFR Part 268).

Because of the tremendous diversity of
environmental conditions and exposure routes present at
Superfund sites, until recently these criteria and
standards have been applied to contaminated soils
problems on an ad hoc, site-by-site basis. No clear
distinction has traditionally been made between the use
of health-based ambient concentration standards provided
by other statutes and the action-specific or
performance-based determinations provided by RCRA and
TSCA to set soil cleanup levels, with the end result

being the diversity of cleanup targets previously
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described.

1.3.3 The Need for a Consistent Decisionmaking
Approach

Specific guidance concerning how and to what extent
the criteria and standards for other media should be
used for contaminated soils, as well as methods for
setting cleanup levels for pollutants that lack
published standards, has not been developed by the
Superfund program or by other Agency programs to date.
Very few Superfund Records of Decision signed through
1984 allowed contaminants to be left unmanaged in the
soil above background levels, or the boundary of visible
contamination, except where the site was capped and
closed in accordance with RCRA landfill closure
regulations (40 CFR 264 Subpart G). Guidance is needed
on how to choose a soils cleanup remedy and on how to

define the extent of cleanup at a given site.

1.4 Purpose of the Study

In this dissertation the author proposes a
methodical approach for the site-specific determination
of acceptable cleanup levels for contaminated soil at

Superfund sites. The approach has several objectives:
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1. It must retain sufficient flexibility to work over
the wide range of soil contamination situations
typically encountered at Superfund sites;

2. It must provide the maximum degree of consistency
attainable in approaching different sites in a
systematic, consistent fashion:

3. It must be accessible to a broad range of users
including the EPA, States, and private parties
undertaking cleanups:; and

4. It must lead to decisions that conform to the
requirements of SARA and the NCP, including
protectiveness, technical feasibility,
cost- effectiveness, and the preference for
permanent remedies.

The proposed approach was tested at a Superfund site,

and the initial results of these tests are discussed in

the form of a case study in Chapter 5.

The focus of this document is on establishing
appropriate "how clean is clean" levels for contaminated
soils, with a special emphasis on the use of risk
assessment, fate and transport models, and decision
analysis concepts to help make this determination.

While all potential pathways of exposure to soil

contamination will be discussed, the analysis will focus

on soils' threats to ground water, and estimation
techniques for fate and transport of pollutants via this
exposure pathway.

A detailed discussion of the problems and

uncertainties inherent in the toxicological components

of risk assessment, i.e., hazard identification and

20

— - L e geerams e e ey . .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



dose-response relationships once the contaminant has
entered the body of the receptor, is outside the scope

of this report and will not be presented.

1.5 oOverview of the Report

The remainder of this report is structured into six
main chapters. Chapter 2 describes the process for
remedial actions taken under Superfund, current
technologies used to remediate soil contamination, and
problems encountered in using these methods.

Chapter 3 describes the multi-media exposure
problems caused by contaminated soil, and describes
different approaches considered in establishing soil
cleanup standards. It then discusses in more detail the
role of other environmental laws and requirements in
formulating Superfund contaminated soil remedies, and
issues in how these affect the extent of remedy decision.

Chapter 4 focuses on the soil-to-ground water
exposure pathway, and the processes affecting the
transport, transformation and fate of pollutants in
soils. It then reviews the fundamental concepts of flow
and transport models, and describes how models can be
used to simulate key processes of contaminant migration
at a Superfund site. It then presents new decision
approaches for selecting and using models, and key

factors affecting their development and use.
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Chapter 5 presents the McKin Superfund site in
Maine as a case study to illustrate the author's and
EPA's initial attempts to apply the concepts of the
SOCEM decision approach at a site. It presents an
analysis of the results and subsequent refinements made
during implementation of the selected soils remedy.

Chapter 6 discusses some of the technical and
institutional problems and constraints realized in
applying the decision approach, and presents generally
how the analysis might have been conducted at other
sites, or at the same site under different constraints
and uncertainties. Chapter 7 presents the conclusions
of this report, and provides some recommendations
concerning the full-scale implementation of such a soils

cleanup decision approach by the Superfund program.
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2.0 SOILS CLEANUP METHODS

This chapter sets the stage for examining
appropriate ways of setting soil cleanup levels by
providing an overview of the types of Superfund
responses in Section 2.1, and then of the remedial
process by which Superfund sites are identified and
studied, showing how cleanup alternatives are identified
and evaluated. A remedy is then selected and
implemented, as discussed in Section 2.2.

A review of currently available soils cleanup
methods is given in Section 2.3. Problems encountered
by the Superfund program to date in selecting and
implementing soils remedies are discussed in Section
2.4, to provide an introduction to the discussion of
options for setting soil cleanup levels in succeeding

chapters.

2.1 Types of Response Actions Under Superfund

Under the most recent revisions to the National
Contingency Plan (EPA, 1985A), Superfund response

actions were divided generally into two main categories:

o Removal actions, taken when immediate responses are
necessary for spills, threats of fire or explosion,
or direct contact of persons or sensitive
environments with acutely toxic substances, or
other emergencies (Clean Water Act Section
311(a) (8); CERCLA Section 101(23)). Removal
actions, undertaken at both National Priorities
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List and non-National Priorities List sites, may
include cleanup of surface spills, excavation or
removal of drums and tanks, emptying of lagoons,
sampling and analysis, installation of security
fencing or discharge control barriers, provision
of alternate water supplies, or evacuation of
threatened populations (EPA, 1984A; 1985A,E).
They are intended to be temporary responses to
abate imminent, relatively well-defined hazards.
A removal may not necessarily abate all threats
to public health and the environment at a site
(Brown, 1984); removal actions were limited to 6
months duration and $1 million in cost under
CERCLA, and are similarly limited under SARA.

o Remedial actions, the focus of this report.
These are longer-term actions, generally much
costlier than removals, that are consistent with
the attainment of a permanent remedy at the site
(CERCLA 101(24):; EPA, 1985A). 1In contrast to
removals, remedial actions generally are
performed to minimize or eliminate significant
long-term threats or potential threats to public
health and the environment. They are undertaken
by EPA in partnership with the State (either
agency may have the lead) under Section 104, or
by private parties in consultation with the EPA
under Section 106. Fund-financed remedial
actions may be taken only at National Priorities
List sites.

A third category, Planned Removals, also termed

interim remedial measures or, more recently, expedited
response actions, was included in the 1982 National
Contingency Plan to describe short-term responses
sharing some characteristics of both removal and
remedial actions but intermediate between the two. They
addressed short-term but non-emergency risks that
nevertheless merited expedited response. They were
occasionally selected in situations where continuation

of an ongoing removal activity was the most cost- effective
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overall response to complete a site. This category was
considered to be redundant to removals and it was
eliminated from the 1985 revision of the National
Contingency Plan.

Remedial responses may include any of the actions
described above as "Removals," plus others such as the
containment, removal, and/or treatment of wastes,
sludges, sediments, and contaminated soils; and other
measures resulting in containment, removal, and/or
treatment of any other sources of contamination (often
referred to as "source control" measures). They may
also include containment, removal, and/or treatment of
contaminated ground or surface water (often called
"management of migration" measures).

Examples of removal and remedial site problems are
discussed by the Office of Technology Assessment (1983,
1985) ; Epstein et al. (1982); and Brown (1979).
Actions may include installing caps, slurry walls, and
other engineered containment structures or barriers:
treating wastes through physical, chemical, or
biological methods such as land treatment, oxidation
processes, precipitation reactions, solidification, air
stripping, or incireration. As stated previously,
remedial actions must be protective of public health and
the environment and cost-effective (considering also

other potential needs and uses of the Fund--EPA, 1985A;
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Brown, 1984). They must also conform to those Federal
and State requirements found to be applicable or
relevant for the site, and preferably should use
permanent solutions and alternative treatment/
destruction or resource recovery technologies to the
maximum extent practicable (SARA Sections 121(b) (1) and
(d)(1)). Remedial actions are performed in a series of
stages given in Subpart F of the National Contingency

Plan.
2.2 oOverview of the Remedial Process

One can distinguish three main phases of the
remedial response process described in the National
Contingency Plan: (1) definition of the problem, (2)
planning and selection of the remedial response, and (3)
implementation of the remedial action (EPA, 1983A).
These phases are depicted in Figure 1. (1) Definition
of the problem involves discovery and screening of the
site, evaluation via the preliminary assessment (PA) and
site inspection (SI), and ranking of the site on the
National Priorities List. (2) Remedial response
planning for sites that become listed on the National
Priorities List occurs in the Remedial Investigation and
Feasibility Study (RI/FS). 40 CFR 300.68 outlines EPA's
process for evaluating the nature and extent of

contamination in the Remedial Investigation, developing
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and evaluating remedial technologies and alternatives in
the Feasibility Study, selecting the remedy, and
documenting its selection in the Record of Decision.
(3) The selected remedy is implemented in the Remedial
Design (RD) and Remedial Action (RA) phases. Completed
sites may be deleted from the National Priorities List
when the threats prompting their original assignment to
the National Priorities List have been abated. These
process steps will be described briefly in the following
sections.

2.2.1 Definition of the Site Problem: Preliminary

Assessment, Site Investigation,
and Hazard Ranking System

The primary goals of the problem definition
activities are to screen sites according to their
magnitude of threat and to establish priorities for
remedial action among the worst sites. Remedial actions
that satisfy the statutory goals to provide protective
and permanent solutions will be enormously costly at
many sites (Office of Technolgy Assessment, 1983, 1985,
1988) . As discussed in Chapter 1, Congress and EPA
recognized that the scope of the problem far exceeded
the limited resources of the Fund. Thus, the
preliminary assessment and site inspection are limited,
relatively low-cost field and literature investigations

that provide information sufficient to rank the site for
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the National Priorities List using the Hazard Ranking

System model.

The Preliminary Assessment and Site Investigation
identify the types (and estimate the quantities) of
hazardous substances present; potential population risks
through especially the air, surface water, and ground
water pathways; and potential for contamination of
drinking water supplies, other potential exposure
pathways, or sensitive ecosystems. Fire, explosion, and
direct contact potential are estimated to assess the
need for removal actions (EPA, 1983, 1985A). The Hazard
Ranking System model then combines scores of hazard,
migration potential, and exposure potential for the
three pathways. Sites whose cumulative score does not
exceed 28.5 (on a scale of 100) are ineligible for Fund-
financed remedial actions under Section 104 unless
designated by the State as its top priority site. Sites
scoring above 28.5 may be listed on the National
Priorities List through formal rulemaking procedures
following public notice and comment. The National
Priorities List has been updated several times and
currently contains about 1175 listed or proposed sites.

The Hazard Ranking System currently is being
revised in response to several criticisms. It does not
constitute a risk assessment, since it addresses

potential risks and neglects actual exposures and effects
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(Office of Technology Assessment, 1985; EPA, 1985A).
Limited data are used. Empty data points are scored
zero, and scores can also be increased or decreased by
actual observations of releases, large qguantities of
tanks or drums, or smaller or greater migration
distances to receptors. Moreover, the current model
does not provide for inclusion of additional knowledge
about the site into its score, for example more detailed
hydrogeologic data affectiny fate and transport, or
local land-use patterns that increase or decrease the
likelihood of population exposures (Office of Technology
Assessment, 1985; EPA, 1985A).

The Hazard Ranking System was not designed to
determine extent of cleanup. It is not so used by EPA,
and currently it would be inadequate for that purpose

(0ffice of Technology Assessment, 1985).

2.2.2 Remedial Response Planning: The Remedial
Investigation/Feasibility Study

The Remedial Investigation and Feasibility Study
are the major analytical components of the remedial
planning and design process. In the Remedial
Investigation, the site problem is defined more
thoroughly as data about site and waste characteristics,
their hazards, and actual and potential routes of

exposure are collected and analyzed. Data about
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treatability of wastes are assembled and treatment
processes are tested as necessary. In the Feasibility
Study, candidate remedial technologies are developed,
assembled into alternatives, and screened, and the most
promising subset of potential alternatives is thoroughly
evaluated based on the Remedial Investigation data. The
final draft Remedial Investigation/ Feasibility Study
report is then presented for public review and comment,
and the Regional Administrator (or the Assistant
Administrator) selects the remedy in accordance with
Section 300.68(i) of the National Contingency Plan. The
selected remedy and the rationale for its selection are
described in a public document called the Record of
Decision (ROD; see Section 2.2.3). In most cases the
State concurs on the selected remedy.

The major components of the Remedial Investigation/
Feasibility Study process are shown in Figure 2. The
Remedial Investigation and the Feasibility Study are
performed concurrently and are interdependent. As the
Feasibility Study progresses, more sophisticated data is
required to assess the feasibility of some alternatives,
sometimes necessitating collection of additional site
data or bench- or pilot-scale testing of a treatment
technology.

The Remedial Investigation (40 CFR 300.68(e))
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focuses on defining the nature and extent of
contamination through intensive field sampling and
laboratory analyses that characterize waste types,
mixtures, the media in which they occur, concentration
ranges and profiles, and interface zones between media.

The public health evaluation is conducted to
characterize and assess risks, routes of fate and
transport, and likely human and environmental receptors
(EPA, 1986A; Schultz et al., 1987). The public health
evaluation is discussed further in Section 3.4.3.
Potentially applicable or relevant and appropriate
Federal requirements (ARARs) are identified, and EPA may
receive initial notification of potential state
requirements, focusing at this phase primarily on those
representing health-based requirements or ambient
concentrations in various media, and on those applicable
or relevant and appropriate requirements related to the
site's location (e.g., floodplain or wetland
limitations, historic lands, high-hazard areas, etc.)
(EPA, 1985D). These institutional requirements are
discussed further in Section 2.2.

Based on the alternatives being formulated, the
need for treatability studies on one or more
technologies is assessed, and laboratory-scale tests may
be conducted in this phase to answer questions about

potential treatment performance, materials handling
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requirements, residuals characteristics, and the need
for subsequent field- or pilot-scale testing prior or
handling requirements, residuals characteristics, and
the subsequent to completion of the Remedial
Investigation/ Feasibility Study. Treatability testing
was performed relatively infrequently in earlier
Remedial Investigations due to the strong bias toward
what were considered proven, available containment
technologies in earlier years of the Superfund program.

Recently, emphasis has been placed on making the
Remedial Investigation into a progressively more phased
process wherein the data quality objectives (DQOs) are
tailored to the need for additional site, waste, and
technology performance information at a given time.
They are refined in an iterative fashion throughout the
phases of the Remedial Investigation and Feasibility
Study as the understanding of the site and of the
potential remedial alternatives become progressively
more sophisticated. Collection of data in a phased
manner thus enhances the effectiveness and the cost-
effectiveness of the Remedial Investigation effort. A
more detailed description of the Remedial
Investigation's elements is given in EPA (1985F).

The Feasibility Study begins concurrently with or
slightly after the initiation of site characterization.

It consists of three major steps: (1) Development of
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Alternatives (NCP at 40 CFR Section 300.68(f)), (2)
Initial Screening of Alternatives (NCP at 300.68(g)),
and (3) Detailed Analysis of Alternatives (NCP at
300.68(h)). In phase (1), potential treatment and
containment technologies are identified and the
containment or disposal requirements for residuals or
untreated wastes are assessed. Technologies are
considered for suitability as elements of remedial
alternatives in terms of their engineering feasibility,
their implementability, the likely long-term management
requirements for any residuals or wastes left untreated,
prior performance (or potential) in achieving the
desired remedial results, likely long-term
effectiveness, and level of long-term operation and
maintenance (O&M) required.

A preliminary identification is made of the
potential action-specific (i.e., technology-based)
applicable or relevant and appropriate requirements
related to each technology being considered, for example
RCRA design and operating requirements related to
various types of containment or land disposal options,
treatment or surface water discharge limits for liquids,
or Best Demonstrated Available Technologies (BDATs) and
treatment levels for wastes restricted under the Land
Disposal Restriction regulations (EPA, 1986B). The land

ban regulations were promulgated under the 1984 Hazardous
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and Solid Waste Amendments to RCRA.

Technologies or combinations of technologies are
then assembled into candidate remedial alternatives.
According to the existing National Contingency Plan, a
range of alternatives currently is developed according
to their degree of attainment of "ARARs", having some
that attain ARARs, some that exceed ARARs, and others
that do not attain ARARs, as well as a no action
alternative. Difficulties associated with this scale
for development of alternatives are discussed in Section
2.2,

In phase (2), the alternatives are screened to
narrow the field to be analyzed in detail, with the
objective being to eliminate alternatives offering
equivalent performance in all significant respects other
than cost. Major portions of the Remedial
Investigation, such as the initial site characterization
and risk assessment, may be available to facilitate the
screening such that the relative feasibility,
implementability, and promise of various alternatives in
assuring long-term protection, minimizing short-term
impacts, can be assessed. Remaining uncertainties must
be resolved in a series of decisions to either collect
additional information to reduce the uncertainty or to
eliminate an alternative from further consideration.

The role of cost at this stage typically has been to
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eliminate alternatives that outpriced the field
without affording superior protection, to the extent
this is possible given the preliminary, order-of-
magnitude cost information generally available at this
stage.

A limited subset of alternatives is carried through
the initial screen for detailed evaluation in phase (3).
The performance of each alternative in attaining its
treatment or containment targets, ease of
implementation, effectiveness in attaining its
associated ARARs, likely public acceptance,
effectiveness in achieving long- and short-term
protection, and other factors, is evaluated in detail .
capital and long-term costs are analyzed for each
alternative, including a sensitivity analysis using
several discount rates between 3 and 10 percent in some
cases.

In a few instances, a qualitative evaluation of the
potential failure and replacement characteristics of the
containment/ land disposal components of each
alternative has been performed as part of the long~term
effectiveness analysis. However, the attention given to
this analysis has varied highly from site to site and no
definitive guidelines for its conduct currently are
available. This may improve under SARA, as the long-

term effectiveness assessment will be required to

37

B e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




address seven statutory factors listed in Section 121
(b) (1) therein (see discussion in Chapter 1).

The relative effectiveness and costs of each alternative
can then be arrayed and compared for key evaluation
factors as described in EPA (1985A, B).

The draft final Remedial Investigation/ Feasibility
Study report is then prepared and provided to the public
for review and comment. It documents all sampling and
analyses performed and arrays the alternatives for the
decision maker, the public, and all other parties

involved.

2.2.3 Selection of Remedy: The Record of Decision

Following public review and comment, the Regional
Administrator (or the Assistant Administrator) selects
the remedy based upon the criteria in Section 300.68 (1)
of the National Contingency Plan, which specify that the
appropriate extent of remedy is determined by "selection
of a cost- effective remedial alternative that
effectively mitigates and minimizes threats to and
provide adequate protection of public health and welfare
and the environment. Except as provided under one of
five exceptional circumstances described in 40 CFR
300.68(1i) (5), this will require selection of a remedy
that attains or exceeds applicable or relevant and

appropriate Federal public health and environmental
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requirements that have been identified for the specific
site", considering "cost, technology, reliability,
administrative and other concerns, and their relevant
effects on public health and welfare and the
environment." Additionally, future Records of Decision
must conform to both Federal and State applicable or
relevant and appropriate requirements and to the
statutory preference for permanent solutions to the
maximum extent practicable, per Section 121 of SARA.

The selected remedy and the rationale for its
choice are described in the Record of Decision. In the
case of sites addressed under CERCLA Section 106,
negotiations with responsible parties may in some cases
lead to a negotiated settlement in which the remedy will
be implemented (and sometimes the Remedial
Investigation/ Feasibility Study will be performed) by
one or more responsible parties. The agreement is
described in a confidential Negotiation Decision
Document and the selected remedy is then documented in a
Enforcement Decision Document that is essentially the

equivalent of the Record of Decision.

2.2.4 Implementation of the Selected Remedy:
Remedial Design/RA

In these phases, the selected alternative is

designed and constructed. The State assumes
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responsibility for any ongoing 0&M required beyond the
first year following completion of construction.
Remedial design and construction on activities at
Federal- lead sites are overseen by the U.S. Army Corps
of Engineers, and at State-lead sites by the State's
contractors. The Remedial Design and the Remedial
Action processes are described in more detail in EPA
(1986C). Following the completion of the remedy, the
site may be eligible for deletion from the National
Priorities List.

Sometimes, field- or pilot-scale testing of a
selected alternative has been deferred to the Remedial
Design stage. In other cases, selection of the final
extent of remedy (for example, determination of exact
volumes and concentrations to be excavated for off-site
disposal), or refinement of the cleanup level through
additional field sampling, was deferred to the Remedial
Design stage (or to actual construction, as in the case
of the Acme Solvents site (EPA, 1985M).

Sometimes, response actions at a site are broken up
into several "operable units" representing fairly
distinct and separable actions. For example, removals
might be considered separate operable units from source
control or management of migration measures. Generally
each operable unit (except a removal) has its own

Remedial Investigation/ Feasibility Study and Record of
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Decision. In many cases, complex sites are thus
subdivided for ease of overall site management or to
expedite certain activities that will alleviate a
significant portion of the overall hazard, such as
surface cleanup, drum and tank removal, or installation
of alternate water supplies. More difficult decisions
requiring more detailed analysis, such as ground water
remediation or final "how clean is clean" levels for
soil contaminants, frequently have been deferred to
later operable units in this fashion. Each must be
consistent with attainment of a cost- effective,
permanent overall site solution, however (NCP Section

300.68 (c)).
2.3 Current Soils Remedies

As discussed in Sections 2.2 and 3.5.1, general
response objectives are developed for each site cleanup.
They are roughly conceptualized in the early scoping
stages of the Remedial Investigation/Feasibility Study,
and then refined at the beginning of the Feasibility
Study based on site investigation data. As stated in
Section 3.2, they may be viewed in terms of mitigation
or abatement of the risks posed by the site. Soil
contamination response objectives are generally
developed in terms of prevention of exposure to

contaminated soils posing air, surface water, ground
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water and direct contact threats, for example.

The alternatives addressing these are often termed
source control alternatives, as contrasted with
management of migration alternatives that would address
a ground water plume or surface run-off or air releases
moving beyond the site boundaries. The various remedial
options are then compared in the Feasibility Study
in terms of how effectively each
technology, or combination of technologies, achieves
these response objectives in light of the National
Contingency Plan selection criteria in 40 CFR 300.68(1i).
Source control remedies may achieve response objectives
of exposure prevention in two general ways, each
addressing one of the two components of soil risk
identified in Section 3.2:

1. They may reduce the intrinsic hazard of the wastes
or contaminated soils, i.e., reducing the source
strength term available to release to other
environmental media by destroying or detoxifying
the contaminated soils (for example by incineration
or other treatment/destruction technologies); or

2. They may prevent exposure but may not reduce the
criginal hazard, for example by capping the wastes
in place, or by excavating them and disposing of
them, untreated, at an off-site land disposal
facility.

Prior to the passage of SARA, containment remedies
may have been given equal consideration with treatment-

based remedies in terms of their effectiveness at

achieving response objectives, or preferred over
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treatment due to the relatively untried status of most
treatment /destruction technologies on hazardous wastes
and especially on contaminated soils (Camp, Dresser and
McKee, 1985B; EPA, 1985A; Office of Appropriate Technology,
1981). Recent years have seen increased emphasis on
selection of treatment over containment technologies to
increase the "permanence" of remedies, as the
uncertainties regarding the actual long-term protection
of land disposal have become more widely known (as
discussed in SARA floor statements and in HSWA; see
Figure 3).

Thus, the decision maker must consider the
tradeoffs between exposure reduction, for example by
containment, which reduce soil exposures (and thus
risks) to zero until the containment system fails; and
hazard reduction, for example through incineration or
treatment, which may be initially more costly and
uncertain due to innovativeness, but which removes the
hazard and has little or no uncertainties as to longterm
effectiveness. As a general rule, assuming relatively .
homogenous soil/waste mixtures, the more the overall
source strength (hazard) is reduced through removal or
destruction, the more the long-term effectiveness of the
remedy is increased, and the less will be the need for
long term monitoring or maintenance to assure the

continued long term effectiveness of the remedy (i.e.,
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the greater its overall "permanence").

Additionally, the complex mixture of contaminants
and soil matrices at most sites may not be effectively
contained or treated by a single technology alone. Most
remedies evaluated and selected are combinations of
several technologies that are believed to optimally
satisfy the remedy selection criteria of SARA and the
National Contingency Plan. Some technologies, such as
incineration, may require pretreatment or "conditioning"
of the waste stream to enhance latent heat content or
susceptibility of some contaminants to degradation; or
the residues may require post-treatment, for example if
organics were destroyed by incineration, but metals in
the ash must still be stabilized to reduce mobility

and/or toxicity.

2.3.1 Traditional Approaches

As described previously, most site remedies
prescribc? to date have considered soils only as a
medium in which pollutants are stored, transformed,
and/or transported to human and environmental receptors
(Dragun, 1988A,B,C). In this context, the resource
ultimately being protected is the eventual human or
environmental receptor. The soil itself traditionally
has not been protected as a resource, unlike ground

water, for which the existing requlatory framework clearly
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favors restoration.
Four generic types of remedial actions
traditionally have been used to address contaminated

soils problems:

o No action--this may mean no action at all if soil
contaminant concentrations or types do not pose
significant health risks, or if they do not exceed
local background levels. Depending upon site
conditions, the no action decision may still
require some long-term monitoring and (in some
cases) possibly land or aquifer use restrictions to
verify the effectiveness (or "permanence") of this
remedy.

o Closure by containment-- soils are not moved or
managed beyond minimal consolidation of released
material into one area (or waste management unit)
prior to placement of a cover over the area, as is
done to close hazardous waste land disposal
facilities in accordance with Subtitle C of RCRA
(40 CFR 264 through 270). Protection is
accomplished primarily by preventing exposure to
the hazardous substances through capping and ground
water monitoring (and corrective action if releases
are detected). This approach would be used at the
conclusion of any onsite redisposal into a newly
constructed disposal cell as well.

o Excavation--Removal of soils from their original
location for treatment or redisposal. Superfund
wastes traditionally have been redisposed either
into a newly constructed landfill cell on-site, or,
more commonly, off-site into a commercial land
disposal unit constructed and operated in
accordance with RCRA Subtitle C design and
operating standards (40 CFR 264-270; EPA, 1985A).

o Treatment--several physical, chemical, and/or
biological methods are available that destroy,
detoxify, stabilize, or fix contaminants in soils.
Treatment of excavated materials can be performed
on or off the site. On-site, some methods may be
used either on excavated soils, or in situ. In-situ
methods are available for some materials that treat
the contaminants in place, requiring varying
degrees of disturbance to, or management of, the

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



contaminated material.

A fifth category, recycling, will be mentioned only
briefly, since it is not considered by EPA program
officials to be a viable alternative for the vast
majority of contaminated soils at this time. For
industrial waste streams, recycling is considered to be
increasingly viable from the standpoint of technological
availability (Office of Technology Assessment, 1983;
National Research Council, 1984). Some have been in
use in certain industries for a number of years and are
relatively well proven (Campbell and Glenn, 1982; Office
of Technology Assessment, 1983); however their
application to contaminated soils is relatively untried
and likely would not satisfy SARA cost-effectiveness
requirements at most sites. Thus, recycling of soil
contaminants will not be discussed further here.

EPA (1985B,H) contain lists of remedial
technologies in terms of the media they address or
control (i.e., surface water, ground water, subsurface
gas, atmospheric emissions, direct waste/soil treatment,
etc.) A cursory review of these categories of
technologies is provided in the following sections.
Detailed descriptions and discussions of these
technologies are beyond the scope of this report. For
more information on a particular source control

technology, the reader is referred to the Office of
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Technology Assessment (1983, 1985); EPA (1985H) ;
Ehrenfield and Bass (1983); Camp, Dresser, and McKee

(1985B, 1986); and Repa and Kufs (1985); among others.
2.3.2 No Action

The current National Contingency Plan requires that
the "no action" alternative be among the final set of
alternatives evaluated in the Feasibility Study and
presented to the decision maker. This is required for
several reasons discussed in the National Contingency
Plan preamble, chief among them being that CERCLA
actions must by law remain consistent with the
requirements of the National Environmental Policy Act of
1970. In so doing, the baseline site risk evaluation
performed in the Remedial Investigation presents the '"no
action" alternative as a baseline against which the
effectiveness of the various remedial alternatives may
be compared.

As discussed previously, this alternative may
consist of no action whatsoever, for example at sites
where residual contamination is minimal, there is little
or no possibility of exposure, and EPA believes the
contamination (e.g., a ground water plume) will meet
health based levels within a reasonably rapid time frame
through natural attenuation mechanisms. This could

occur at sites where an initial removal or remedial
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action resulted in prior reduction of soil contaminant
source strength to low levels.

Alternatively, '"no action" may be defined to
include limited monitoring, and/or access restrictions
for example to prevent direct contact exposures to soil
contaminants at sites where natural or enhanced
biodegradation and chemical attenuation processes
(discussed in Section 4.3.3) are expected to immobilize
or destroy soil contaminants within a reasonably rapid

time frame.

2.3.3 Closure by Containment

Containment methods, used singly or in combination,
generally reduce source strength by exposure prevention
rather than reduction of the intrinsic hazard posed by
the contaminated soils although in some cases, soils
have been treated prior to land disposal. However, this
was done generally to help stabilize them or support the
final cover, rather than to reduce toxicity or mobility.
As stated previously, containment has been the
traditional method of choice for addressing contaminated
soils problems (see Appendix I and Figure 3). At
some sites, contaminated soils were excavated and taken
off site for containment in land disposal facilities, as
shown in Appendix I. These off-site containment

remedies will be discussed further in Section 2.3.4.
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Containment technologies generally are intended to
prevent human and environmental contact with wastes and
soils, and atmospheric release of dusts and gases;
minimize infiltration through the source; prevent
flooding; control erosion through the source area; and
collect, transfer, store, discharge, control, or
redirect surface run-on and run-off from the contained
area (Ehrenfield and Bass, 1983). As with other
alternatives, containment remedies generally consist of
a combination of passive or active technologies to
achieve the stated performance goals. Passive systems
comprise two general categories:

o Passive source control or containment measures for
the contaminated soils themselves, including caps:
liners; low-permeability barriers such as slurry

walls, grout injections or curtains, vibrating beam
barriers, or sheet piling; and

o Passive liquid and gas control measures such as

subsurface drains, leachate collection systems;
run-on, run-off, and infiltration diversion and
collection systems; grading, revegetation and dust
control measures; and vapor collection and
treatment systems.
Active systems include measures such as leachate or
ground water pumping or withdrawal to dewater a
contaminated soils source; to adjust ground water levels
near or beneath a contaminated soils site; to actively

control rates, directions, or levels of infiltration or

leachate entering or exiting the contaminated soils
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site; or to contain or remove contaminated leachate or
ground water (Repa and Kufs, 1985). These categories

are reviewed below.
2.3.3.1 Passive Source Control Methods

Chief among these methods is capping, which
involves placement of a cover consisting of soil, clay
or synthetic membrane layers (singly or in combination)
over the contaminated soils /waste source. A variety of
designs has been used, but in most cases final CERCLA
covers have been designed in accordance with the RCRA
Subtitle C landfill closure performance standards at 40
CFR 264.111 and 264.310. They require minimization of
migration of liquid through the source material, minimal
long-term maintenance, resistance to settling or
subsidence, efficient site drainage, and cover
permeability equaling or exceeding that of underlying
soils (or synthetic liners, if present).

These requirements are often satisfied with a
multimedia design as specified in 40 CFR 264.310,
consisting of an upper vegetative layer, underlain by a
drainage layer (often composed of geotextile materials)
over a low permeability layer of compacted clays, a
synthetic membrane, or both; but waste- and site=-
specific circumstances may warrant simpler or varied

designs (EPA, 1985H, 1987B).
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The selection of design and materials is based
on site, climate, waste, soil and hydrogeologic factors
affecting the likely movement of contaminants from the
capped soil source to ground water, as discussed in
Sections 4.2 and 4.3; as well as design factors.

These design factors include the desired functions

and effectiveness of the cover; the need to prevent
direct contact or control vapor release; availability
and costs of materials; and expected future maintenance
requirements and uses of the site (EPA, 1985H).
Alternative cover designs are discussed in EPA (1985H,
1987B); Matrecon (1983); Cope et al. (1984); and Lutton
(1982), among others.

The effectiveness of the cap nearly always requires
long term monitoring of ground water to detect releases
of contained wastes or soils, and proper maintenance of
the cap coupled with site access restrictions to ensure
that its integrity is not breached during its design
life. Often this effectiveness is enhanced by combining
the cap with additional measures such as pretreatment or
stabilization of the wastes/soils (see Sections 3.2.5
and 3.2.6), and other active or passive control
measures. Examples of other passive source control
measures include passive liquid and gas control measures
such as vapor collection and treatment systems beneath

the cover; dust control measures; grading, scarification,
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terracing, and compaction; revegetation;

and various passive measures for control of run-on, run-
off, and infiltration through the cap (discussed in
Section 2.2.3.2). A more detailed review of these design

and construction measures is found in EPA (1985H).

2.3.3.2 Passive Liquid/Gas Control Measures

These include measures such as subsurface drains:
low permeability barriers such as slurry walls, sheet
piling, and grout curtains; gas collection systems; and
other measures to divert liquids or gases before they
enter a contaminated soils source area; or collect them
afterwards before they can escape to other media such as
air or ground water. Several common technologies are
described briefly below.

Subsurface drains are used at shallow depths (less
than 40 to 100 feet) and include any type of buried
channel or conduit which collects and conveys discharge
by gravity flow. They function much like
an infinite line of extraction wells (see Section
3.2.3.3) and can perform many of the same functions,
including containment or removal of a shallow leachate
plume, or lowering of the ground water table in the
immediate site vicinity to prevent contact of water with
the contaminated soils source (EPA, 1985H). They may be

preferable to active systems where subsoils have low or

53

¢ ess— —m——

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



variable hydraulic conductivities, or where ground water
elevation control is required over very long time frames.

At several sites they have been used in conjunction
with barrier walls to intercept plumes hydraulically
downgradient from the source, as given in Appendix I. A
circumferential drain system may be used in conjunction
with a cap and a barrier wall as a total containment
system. Subsurface trenches may also be used to collect
and divert subsurface gases by altering convective flow
paths through the waste or soil source area and the
surrounding soils (EPA, 1985H). Limitations of this
technology include depth, ambient conditions favoring
carbonaceous or iron- manganese precipitates, and highly
viscous so0il contaminants or sludges which could clog
the drain system (EPA, 1985H). A discussion of design,
location, spacing, materials, gradient determination,
design discharge, filters, pumps, and construction
methods is given in EPA (1985H); Soil Conservation
Service (1973); Bureau of Reclamation (1978); and Repa
and Kufs (1985).

Low-permeability barriers are used to contain,
redirect, or capture leachate or infiltration (or ground
water flow) in the immediate vicinity of a site, when
used in the vertical dimension; or to seal off the base
of a soil contaminants site through injection of gels,

grouts or other sealants (Repa and Kufs, 1985; EPA,
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1985H) . They may be of several major types, chiefly

soil-bentonite or cement-bentonite slurry walls, grouts,

and sheet piling. These categories are described briefly
below.

Slurry walls comprise a broad category of barriers
that are constructed in a vertical trench excavated
under a slurry. The slurry hydraulically prevents
collapse of the trench sidewalls while it forms a filter
cake on the walls which, upon curing, prevents movement
of fluids into surrounding soils, much in the same
manner as drilling fluids (EPA, 1985H). The trench is
then backfilled with low-permeability materials, which
are placed continuously within the trench behind the
advancing excavation front. Slurry walls are perhaps
the most commonly used type of subsurface barrier due to
their relatively low cost compared to the other types.
They are identified according to the composition of
backfill materials:

o Soil-bentonite slurry walls, composed of blended
engineered soils, bentonite, and water. This type
has the lowest permeabilities, the broadest
chemical compatibility range (although it is not
compatible with strong salt solutions, strong acids

and bases, and some organics; D'Appolonia,
1980A,B), and the lowest installation cost among

the slurry wall types.

Disadvantages of this type are the requirement for
a large working space, least strength, highest
compressibility, and potential for slurry and
backfill to flow. Thus, its applicability is
limited to nearly level sites (Spooner et al.,
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1984A; EPA, 1985H).

o Cement-bentonite slurry walls, consisting of
mixtures of Portland cement, bentonite, and water.
Very deep trenches may sometimes be excavated with
a normal bentonite slurry which is then replaced by
the cement-bentonite (EPA, 1985H). Since this type
sets into a semisolid, fairly rigid material, it is
less restricted by topographic variations than the
soilbentonite wall, and is used in settings where
where less elasticity can be allowed. It requires
less working space as well. Limitations include
its higher costs, higher permeabilities (typically
10-8 cm/s compared with a potential 10-8 cm/s
permeability for a well-engineered soil-bentonite
wall; Spooner et al., 1984A), and greater
incompatibilities with sulfates, strong acids and
bases, and highly ionic contaminants (Spooner et
al., 1984B).

o Diaphra walls, constructed of precast or cast-in-
place concrete panels placed in the trench and
surrounded by soil-bentonite or cement-bentonite
slurry. These are used only in rare instances
where considerable load-bearing strength is
required, for example where slurry walls must cross
roads or railroad beds (EPA, 1985H). Limitations
are similar to those of cement- bentonite walls,
and design permeabilities may be comparable,
provided interfaces between individual panels are
joined properly. Their use at hazardous waste
sites is extremely rare (EPA, 1985H; Spooner et
al., 1984A).

Several configuration options are available for
slurry walls, depending on site conditions and the
intended use of the barrier, as shown in Spooner et al.
(1984A). They may be keyed vertically into a confining
layer or competent bedrock, or "hang" suspended from
grade level downwards several feet below the ground

water table. The latter application may divert or

contain a layer of low density contaminants such as
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petroleum hydrocarbons ("floaters") atop the ground
water table, or migrating gases (Spooner et al.,
1984; EPA, 1985H; Repa and Kufs, 1985). Slurry
walls may be placed circumferentially around the
contaminated soils source, or in an up- or down-
gradient position relative to gfound water flow.
Upgradient walls would divert uncontaminated
infiltration from the soil source area, slowing
(but not halting altogether) leachate generation.
Downgradient placement could contain floating
contaminants and gases such as methane, but
compatibility testing is more crucial to its
effectiveness than to an upgradient placement.

A circumferential wall is considered the commonest
and most effective design, when coupled with a cover, an
upgradient infiltration barrier, and a system for
reducing the hydraulic head within the wall (EPA, 1985H;
Spooner et al., 1984A).

The use of these systems, and their effectiveness,
depends highly on soil and contaminant conditions, the
site hydrogeologic characteristics, compatibility of
contaminants with the proposed barrier materials,
thorough monitoring of water and leachate levels and
compositions, and the intended role of the barrier
system in the overall response alternative being

designed. More details on design, construction,
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placement, limitations, selection criteria, and
monitoring and maintenance of slurry walls can be found
in EPA (1985H); D'Appolonia (1980 A,B); Spooner et al.
(1984 A,B): Repa and Kufs (1985); and others.

Grouting refers generally to the process of
injecting a fluid into a rock or soil mass, where upon
curing, the grout reduces or diverts water or leachate
flows and strengthens the formation. Grouted barriers
generally are more expensive and more permeable than
slurry walls, and thus are typically used in rock
formations, especially to expand or seal bedrock
fractures, fissures, solution openings, or joints,
rather than in unconsolidated materials (EPA, 1985H).

Rock dgrouting applications are highly site specific
and require specialized skills and very thorough,
expensive geotechnical site characterization in order to
locate and contact all significant rock fissures, voids,
or channels of concern surrounding the contaminated
soils source of interest. Grout curtains can be applied
in some subsurface materials in partial or fully
circumferential configurations, much like slurry walls.
They may be more sensitive than the slurry wall designs
to permeability increases, through gaps in the curtain,
and to incompatibilities with contaminants (Spooner et
al., 1984B).

Grout curtains are constructed by pressure
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injection of the grout through a pipe into the stratum
to be sealed. 1Injections are made in staggered fashion
through a triple series of holes spaced typically at 20-
40 foot intervals, such that secondary holes are
injected once the primary series has set. Construction
is performed by four basic methods (Guertin and McTigue,

1982; Hayward Baker et al., 1980):

o Stage-up method, in which the borehole is fully
drilled, and grout is injected gradually as the
drill is slowly withdrawn from the hole;

o Stage-down method, in which the borehole is partly
drilled (e.g., through the topmost zone to be
injected, then the drill is withdrawn and the
section is grouted. The hole is then redrilled
through the grout to the next deeper zone, and so
on;

o Grout port method, in which a slotted injection
pipe is sealed into the borehole using a brittle
mortar/Portland cement jacket. Each zone to be
injected is isolated with a double packer, then
high pressure water is briefly pulsed through the
pipe to rupture the jacket. Grout is then pumped
through the ruptured jacket to seal the zone, then
the process is repeated vertically in each zone of
interest; and through the pipe to rupture the
jacket.

o Vibrating beam method, in which an I-beam is
vibrated into the soil to the required depth, then
slowly withdrawn. As it rises, grout is pumped
into the opening left by the beam through ports in
its base. The beam is then moved to an adjacent,
overlapping location and the process is repeated.
Grout curtains require little or no maintenance, but
compatibility testing is critical. Several types of grouts

are available. Selection of the appropriate type depends on
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site factors, contaminant compatibility, and intended
design and operation of the wall or injection system. A
critical design criterion is matrix pore size and/or
grain size of the matrix to be sealed by grouting.
Grouts include hydraulic cements which set, cure, and
retain structural integrity in water (Kirk-Othmer, 1979;
Bowen, 1981); various swelling clays, bentonite, and
bentonite-chemical mixtures (Guertin and McTigue, 1982);
alkali silicates; and various organic polymers including
acrylamide-, phenolic-, urethane-, urea-formaldehyde,
epoxy-, and polyester-based grouts (Spooner et al.,
1984B; EPA, 1985H).

Sheet piling, consisting of wood, steel, or precast
concrete, can be used to form leachate or ground water
barriers. Generally, wood is considered ineffective at
preventing liquid migration, and concrete plates tend to
be used only where great load-bearing strength is
necessary (as discussed for diaphragm walls previously).
Steel sheet piling may be used as a barrier in much the
same fashion and with the same placement options as
slurry walls and grout curtains. Due to high costs and
unpredictable integrity, they are employed primarily for
temporary dewatering during construction of structures
and for erosion protection of some other barrier
contacting flowing water (EPA, 1985H). . Sheet piling

consists of interlocking sections driven into soils by
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drop or vibrating hammers. They initially allow water
movement until fine particles "seal" the interlocking
connections; however, boulders and other subsurface
heterogeneities can distort the sheets and reduce the
wall's integrity, as can extreme soil pHs or
resistivities. Precoating, galvanizing, or cathodic
protection may prolong the effective life of the
structure in electrically or chemically corrosive
settings (EPA, 1978).

Passive gas control measures may include subsurface
drains or other high-permeability conduit systems, as
well as barrier structures and synthetic membranes that
serve as a low-permeability barrier to direct and
contain the gas, as discussed previously for leachate
and infiltration. Often conduits and barriers might be
combined as part of the containment remedy to collect
and divert gas as it is generated within the waste/soil
source (SCS Engineers, 1980). Many of the design,
application, and construction characteristics of these
systems are similar to those described above, and a
given barrier/drain network may be designed to apply to
both gas and leachate transport within the site. More
information on these systems can be found in SCS

Engineers (1980); Repa and Kufs (1985); and EPA (1985H).
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2.3.3.3 Active Liquid/Gas Controls

Active systems can be used for control of liquids
or gases entering or exiting the waste/soil source.
Active systems for liquids are based on pumps and/or
well systems which may be used for ground water level
adjustment, plume or leachate containment, or
plume/leachate removal (Repa and Kufs, 1985).

Ground water levels can be adjusted using
extraction wells to dewater a waste/soil mass by
creating a cone of depression beneath it, or by using
injection wells to create ground water mounds, for
example to redirect or contain leachate or contaminated
ground water to prevent its reaching supply wells (EPA,
1985H; Repa and Kufs, 1985). These can remove liquids
from the soil source area or change speed and directions
of leachate and ground water flow in the vicinity of the
source.

They may also be used in conjunction with passive
barrier systems to control fluids as they accumulate on
the upgradient side of the barrier, to prevent contact
of incompatible materials and to control hydraulic
pressures within the design limits of the passive
structures. Active and passive leachate collection and
extraction systems are also used within and between

underliners of both municipal and hazardous waste
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landfills, and such systems are required in any newly
constructed land disposal units regulated under RCRA (40
CFR Parts 264 through 270) pursuant to the 1984
Hazardous and Solid Waste Amendments, as will be
discussed in Section 2.3.4.

Plume containment alternatives may employ either
extraction or injection wells or a combination.
Containment differs from removal in that it may be
employed temporarily where the source has not yet been
addressed, thus the soil continues to contaminate ground
water (Repa and Kufs, 1985). Extraction systems,
commonly referred to as "pump and treat," are used to
remove contaminated portions of the ground water, which
may or may not be treated prior to discharge. Design
and operational considerations regarding pumping and
treating of contaminated ground water, and other aspects
of aquifer restoration, are outside the scope of this
document and will not be discussed. Further information
can be found in Repa and Kufs (1985); Javandel et al.
(1985) ; Barcelona et al. (1987); Office of Technology
Assessment (1984); National Research Council (1984B);
EPA (1986D); Johnson Division UOP Inc. (1975); and
Keely et al. (1986) among others.

Gas migration may be controlled using active as
well as passive systems, the technology for which has

become very advanced in recent years for purposes of
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recovering methane and other gases generated within
municipal landfills (EPA, 1985H). Detailed discussions
of design, construction, and operating considerations
are found in EPA (1985H).

Both liquid and gas active systems require
operation and maintenance, as well as having ongoing
requirements for energy and for treatment and disposal
capacity of the extracted fluids and gases. These
concerns must be addressed during the technical
feasibility and cost-effectiveness analyses in the

Feasibility Study.
2.3.4 Excavation

Excavation of wastes and contaminated soils has
been the most commonly used method of reducing source
strength at Superfund sites addressed by Records of
Decision prior to about 1986 (see Appendix I). It has
been undertaken in one or both of two general

circumstances:

o The most contaminated wastes and/or soils may be
removed as part of an emergency removal or an
interim remedial measure, designed to abate
imminent hazards to public health and the
environment; or

o Remaining liquid and solid wastes, debris, drums,
and contaminated soils are removed during the
source control operable unit of the remedial
action. 1In this phase, chronic, long-term threats
to public health and the environment are considered
in selecting the appropriate cleanup level or
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determining total amounts, types, and distributions
(and eventual fate) of excavated materials.

In most instances, the excavated wastes and soils
were taken to a commercial land disposal facility off-
site, and disposed in an engineered landfill cell
meeting the design and operating requirements of
Subtitle C of RCRA, or to an approved off-site treatment
facility such as a commercial hazardous waste
incinerator, in compliance with the Off- Site Policy in
SARA. In other cases, excavated material was placed
into an existing or newly constructed land disposal unit
on the site itself. As with other technologies
discussed throughout Section 2.3, remedial alternatives
employing excavation will often combine it with other
technologies such as on- or off- site treatment or
disposal, ground water pumping, secondary containment
barriers such as slurry walls, insitu treatment, etc.

Excavation, hauling, and removal of wastes and
contaminated soils is generally accomplished using
standard heavy construction equipment and techniques
(EPA, 1985H). These methods are well known in
constructing engineered land disposal units.

As described in Section 2.4, problems with reduced
availability of acceptable off-site land disposal
capacity, costs and difficulties in transportation of

Superfund wastes and soils, and public opposition in
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communities receiving the transported wastes have
affected use of the excavation alternative for Superfund
soils. Impacts are heightened by the restrictions on
land disposal of untreated hazardous wastes under RCRA's
land ban regulations, which gave a 2-year exemption to
Superfund soils and debris, and a statutory requirement
in SARA that off- site land disposal of untreated
Superfund wastes is the method of last resort.

It is not in full conformance with the preference
for permanent solutions, since the original hazard of
the waste is not reduced; risks are reduced only at the
site itself. Total environmental risks are unchanged.

Excavation may lead to redisposal/ containment of
either untreated soils or treatment residuals in an
engineered land disposal cell meeting the design and
operating requirements of 40 CFR Parts 264 through 270,
which specify limits on locations in high-hazard terrain
such as floodplains and seismic zones; an underliner
composed of a double, multimedia liner/leachate
collection system with specified hydraulic conductivity
not exceeding 10~7 cm/sec. Compatible materials, and
additional design, operation, and construction
requirements are discussed by several authors (e.g.,
Cope et al., 1984; Office of Technology Assessment,
1983; and EPA, 1985H).

At the conclusion of the unit's operating life, it
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is capped and closed as discussed in Section 2.3.3. It
requires long-term maintenance, access restrictions to
ensure the integrity of the closed unit, and monitoring
of ground water to detect any inadvertent release of
contaminants from the "closed" soil source area.
Additional information concerning design, construction,
operation, and limitations of existing land disposal

technologies is given in the aforementioned sources.

2.3.5 Treatment Technologies

As stated previously in this section, Congressional
intent expressed in both HSWA and SARA is leading to
increased emphasis on evaluation and selection of
treatment technologies. They reduce soils risks by
directly reducing the hazard posed by the soil
contaminants themselves, through destruction or
immobilization to reduce their toxicity and/or their
mobility in the soils (Camp, Dresser, and McKee,
1985A,B; Office of Technology Assessment, 1983, 1985;
EPA, 1985A, 1986E,F).

Treatment alternatives may be designed and selected
in several sizes and configurations, depending on
whether physical, chemical, or biological treatment is
required; the types, mixtures, and physical and chemical
forms of contaminants in the soil matrix; and the

variability of the soil matrix in which the contaminants
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are distributed.

Many treatment technologies may be applied to
contaminated soils either in situ (with little or no
physical disturbance to the contaminated soils mass) or
in a separate treatment unit following their excavation.
These treatment units may be located either on or off
the Superfund site. On-site units may be constructed as
either permanent, stationary structures (that may or may
not remain on site following completion of source
control actions), or mobile units may be brought to the
site during the duration of the soil remediation
process, then transported elsewhere. Factors affecting
the selection of these technology configurations are
discussed further in EPA (1985E; Camp, Dresser and
McKee, 1986, 1988). In-situ treatment is discussed
further in Section 2.3.6.

In the following subsections, treatment
technologies applicable to contaminated soils will be
described briefly. They can be divided generally into
broadly overlapping categories of physical, chemical,
and biological processes. Physical processes can be
further subdivided as thermal (defined here as high
temperature) processes, other "nonthermal" (ambient- to
moderately-elevated-temperature) processes, and
stabilization/ solidification processes. These are

shown in Table 2.
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TABLE 2
TREATMENT TECHNOLOGIES FOR CONTAMINATED SOILS

Thermal P;oceéées

Incineration-- Rotary Kiln
Liquid Injection
- Boilers
- Cement Kilns
Fluidized Bed
Infrared

Pyrolysis-=- Plasma Arc
Advanced Electric

Wet Oxidation--Supercritical Water Oxidation
Wet Air oxidation

Other Physical Processes

Air stripping
Steam Stripping
Mechanical Aeration/Extraction--
Mechanical rototilling .
Enclosed mechanical aeration
Pneumatic conveyor systems
Low temperature thermal stripping
Vacuum Extraction
Distillation
Evaporation
Activated Carbon
Soil Wash/ Flushing
Filtration/ Membrane Processes
Phase separation--
0il separation
Centrifugation
Dissolved Air Flotation
Flocculation

SolidificationgStabilization[Immobilization

Cement Based

Pozzolanic-- Fly ash/ Lime Based
Thermoplastic--Asphalt Based
Thermoset

Macroencapsulation

(Continued)
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TABLE 2 (Continued)

Chemical Processes

Reduction-Oxidation

Precipitation

Chelation

Polymerization

Neutralization

Chemical Dechlorination

Ion Exchange-Clays
Resins
Zeolites

Biological Processes

Aerobic Treatment--
Activated Sludge
Sequential Batch Reactors
Rotating Biological Contactors
Trickling Filters
Fixed-film Processes

Land Treatment/ Landfarming

Anaerobic Digestion

Composting

Facultative Lagoons
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A brief summary of the applications and design
considerations of each technology is provided below for
many of the technologies discussed in this section.
However, a detailed discussion of all technologies
currently in use or under consideration for treatment of
contaminated soils would be outside the scope of this
document. Further details can be found in the
references cited in this chapter.

Different technologies will be effective on
different contaminants, as shown in the applicability
matrix in Figure 4. The complex soil- contaminant
mixtures at Superfund sites may not be effectively
immobilized or destroyed by a single technology. As
with other remedial technologies discussed in Section
3.2, treatment methods may often be combined to form
treatment trains of unit processes that address
different contaminants, or that provide conditioning or
pre-or post-treatment processing of the contaminated
soils. Depending on the degree of treatment achieved
(i.e., threat posed by the treatment residuals and by
the levels that were left untreated), long-term
monitoring and some containment or land disposal
technology may be part of a given remedial alternative.

Needs for long-term management, as well as for
pilot-and bench-scale testing, are also related to the

relative newness of many of these technologies. Some
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FIGURE 4: Technology/Contaminant Appplicability Matrix
(Source: Camp, Dresser and McKee, 1988)
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have been used in other industrial process applications
and are now being considered for use on contaminated
soils (Office of Appropriate Technology (OAT), 1981;
Camp, Dresser and McKee, 1985B, 1986, 1988). Previous
Superfund experience with treatment is limited, as shown
in TaSle 3. Many technologies are so innovative as
Superfund applications that they have not yet been
evaluated beyond the bench or pilot scale.

Thus, considerable effort is being devoted within
the EPA Superfund program to advancement of new
technologies, and to determining methods by which site
managers can select and evaluate new, relatively
untested technologies, in the Superfund Innovative
Technology Evaluation (SITE) Program (EPA, 1986F). Many
states are pursuing similar efforts (Office of

Technology Assessment, 1983, 1985; OAT, 1981).
2.3.5.1 Thermal Processes

Thermal treatment refers in this context to the use
of high temperatures to destroy or detoxify hazardous
substances in soils. Elevated- temperature treatment
methods not involving extremely high temperatures, such
as hot air or steam stripping methods, are discussed in
Section 3.2.5.2). It can provide volume reduction
(limited for contaminated soils), material or energy

recovery, and detoxification through destruction of
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TABLE 3
Treatment Technologies Selected at Superfund Sites
(Sources: EPA, 1987F; Camp, Dresser and McKee, 1986)

—

TECHNOILOGY SITE/STATE COMMENTS
Incineration Baird & McGuire, MA See Appendix I
Hyde Park, NY "
Drake, PA "

Westline, PA "
Coleman Evans, FL "
Mowbray Engineering, AL "
Arrowhead Refinery, MN "
Fields Brook, OH "
Lasalle Electric, IL "
Metamora Landfill, MI "
Spiegelberg Landfill, MI "
Sikes Disposal, TX "
Bog Creek Farm, NJ "
Swope 0il, NJ "
MOTCO, TX "
Triangle Chemical, TX "
Woodbury Chemical, CO "
Bridgeport, NJ "
Acme Solvents, IL o
Berlin & Farro, MI "
Laskin/Poplar, OH "

Western Processing, Infrared incin. of
WA dioxin oils
Peak 0il, FL Infrared incin. of
PCB soils

Tibbett’s Road, NH Infrared incin. of
dioxin soils

Times Beach, MO Rotary kiln incin.
of dioxin soils

Solidification Mowbray Engineering, See Appendix I
AL
Pepper’s Steel, FL "
Sapp Battery, FL "
Burrows Sanitation, MI "
Fields Brook, OH "
Forest Waste, MI "
Queen’city Farms, WA "

Stabilization/ Bruin Lagoon, PA "
Neutralization Wide Beach, NY "
Davie Landfill, FL "
Bioecology, TX "
Marathon Battery, NY "
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TABLE 3 (Continued)

TECHNOLOGY SITE/STATE COMMENTS
Stab./Neutr. Denver Radium, CO See Appendix I
(Cont.) Sylvester, NH Sludge dewatering/
encapsulation
Soil Washing Goose Farm, NJ See Appendix I
South Tacoma/Well 12A,
WA n

Tinkham Garage, NH "

United Chrome, OR "

Bridgeport, NJ "

Chem-Dyne, OH " '

Montana Pole, MT Potassium/poly-
ethylene glycol
deg. of dioxins,
pentachlorophenol

Biodegradation 0ld Inger, LA See Appendix I
Byron/Johnson, IL "
Leetown, WV "
Burlington, MN "
Tinkham, NH om
Sylvester, NH Tertiary biotrt. of
ground water

Land Appli- Tinkham, NH See Appendix I
cation/Compost
Soil Aeration McKin, ME See Chapter 5
Tinkham, NH See Appendix I
Caldwell Trucking,
NJ "

Metaltec, NJ "

Hollingsworth, FL "

Verona Wellfield, MI "

Triangle Chemical, TX

Outboard Marine, IL  Aeration of
sediments w/PCB
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organic compounds. Destruction and removal efficiencies
of commercially available thermal treatment systems can
reach 99.99% for some wastes ("four nines," as is
required under the RCRA regulations), and some can
achieve 99.9999% for certain materials ("six nines,"
required under RCRA and TSCA regulations for substances
such as PCBs and dioxins), though treatment efficiency
data for contaminated soils is limited.

In addition, these processes may produce solid,
liquid, and/or gaseous residuals. Liquid residuals are
generated by wet oxidation systems and by wet scrubbers
used for air emissions control. Solid residuals include
uncombusted portions of the influent stream (including
large for air emissions control. Solid residuals
include heterogeneous solid debris, soil particles and
metals) that form bottom and fly ash. Gases are
generated by most of the processes and are generally
discharged through stacks after passage through air
emissions treatment trains (Camp, Dresser and McKee,
1988). Residuals may require post treatment or long-
term management as described previously, depending on
type and extent of intrinsic hazard presented by the
residuals.

Three categories of thermal treatment are
considered applicable to contaminated soils at this time

(0Office of Technology Assessment, 1985; EPA, 1985H;
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Camp, Dresser and McKee, 1985B, 1988). These are
incineration (including rotary kiln, liquid injection,
fluidized bed, and infrared methods); pyrolysis
(including plasma arc and electric reactor methods):; and
wet oxidation (supercritical water and wet air methods).

Incineration refers generally to controlled
combustion of organic materials in an oxidizing
environment, as a positive partial pressure of oxygen
exists after combustion. Types include rotary kilns,
liquid injection systems, and infrared systems. Rotary
kilns may be fixed or mobile. Contaminated soils are
introduced into the high end of a cylindrical,
refractorylined kiln. Contaminants are substantially
oxidized to ash and gases at temperatures of 1200 to
1800 F over residence times ranging from seconds to
hours, depending on solids content, latent heat content
or BTU value of the contaminated soils, amount of
supplementary fuel provided, feed and kiln rotation
rates, and kiln design (Camp, Dresser and McKee, 1986;
EPA, 1985H). Exhaust gases are passed through an
afterburner chamber (1400 - 2400 F) and an air emission
control train, where acid gases and particulates are
removed before release.

Rotary kilns can treat many heferogeneous liquid,
solid, and gaseous wastes and soil contaminants,

including halogenated organics such as PCBs, dioxins,
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and pesticides, and many nonhalogenated organic
contaminants. High levels of metals or inorganic salts
can cause problems with air emissions and degradation of
the kiln refractory material, respectively (Camp,
Dresser and McKee, 1988; EPA, 1986F).

Liquid injection units are in relatively widespread

use in various industrial applications. Two types are
considered potentially applicable to soil contaminants,
industrial boilers and industrial kilns (lime, cement,
aggregate, or clay), since no mobile units are currently
available for contaminated soils applications (Camp,
Dresser and McKee, 1986; EPA, 1986E; OAT, 1981). Liquid
injection involves introduction of liquefied wastes (or
soils) into a refractory- lined combustion chamber
(boiler or kiln) in the form of atomized droplets
vigorously mixed with air, where they are combusted in
excess oxygen (at 2000 F in clay kilns and 3000 F in
lime kilns), and exhaust gases are quenched and scrubbed
prior to discharge, similarly to the rotary kiln (EPA,
1986E; Camp, Dresser and McKee, 1986). Many industrial
boilers currently use regulated hazardous wastes and PCB
liquids as supplemental fuel under RCRA Subtitle C and
TSCA regulations. Use of wastes as fuels in cement,
lime, and clay kilns is more limited at this time (OAT,
1981; EPA, 1986E).

Soil materials thus require much pretreatment
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(maceration, slurrying by liquid and supplemental fuel
addition, etc). Contaminant applicability and
limitations are similar to rotary kilns with the added
requirement that input materials be pumpable and
atomizable. High moisture and chlorine contents may
cause problems in some instances as well (Camp, Dresser
and McKee, 1986). Drawbacks include high feed liquids
requirements and potentially high liquid effluent
production (as well as some ash) when soils are treated
in this process.

Fluidized bed incinerators and related units, using
circulating bed combustion, are available in fixed and
mobile form. They consist of refractory-lined chambers
with a bed of inert, graded material such as silica
sand. Heated bed materials expand when hot combustion
air is forced upward through the materials. Feed
streams of contaminated soils or wastes are injected
through the sidewalls and mix with the bed materials,
thereby becoming heated and dried. As they combust,
heat is transferred back to the bed. Operating
temperatures are lower than other incinerators (1300 -
2100 F) due to efficient heat transfer, residence times
are relatively long (2 seconds for gases; minutes to
hours for solids), and little ash agglomeration occurs
(EPA, 1986E). However, solids must be pretreated to

achieve uniform, small particle size, and large,
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homogeneous solids cannot be treated. Inorganic
residuals become trapped in the bed material, requiring
its constant removal and replacement. Wastes can be
treated in solid, liquid, sludge and slurry form, and
include halogenated and non-halogenated organic soil
contaminants, phenolics and solid, liquid, sludge and
slurry form, and include PCBs, and pharmaceutical
wastes. Considerable industrial process experience with
this technology exists in oil refinery, coal, paper, and
wastewater treatment applications (for paper mill and
wastewater treatment sludge destruction, respectively;
Camp, Dresser and McKee, 1986).

Infrared incinerators are commercially available
(Shirco, Inc., 1986; Camp, Dresser and McKee, 1986) that
pass wastes and contaminated soils along a metal
conveyor belt under infrared heating elements within a
ceramic- lined furnace for long, carefully controlled
residence times (10-180 minutes at 500-1850 F). Ash
residue is discharged from the end of the primary
furnace, while gaseous residuals are passed through a
secondary combustion chamber (1000 - 2300 F) and air
pollution control train prior to discharge.

Contaminated soils, PCBs and dioxins, and activated
carbon are treatable using this method. Limitations
include a minimum solids requirement (22 percent) and

preprocessing requirements, as large, heterogeneous

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



solids will not be combusted.

In pyrolysis, wastes and soils are thermally
decomposed in a hypoxic environment, generating
primarily gases and some ash. Types include plasma arc
systems and advanced electric reactors. Plasma arc
systems consist of a plasma generator and a reaction
vessel with atomization and equilibration zones. Finely
divided, fluidized wastes or soils are introduced to the
atomization zone, wherein collinear electrodes generate
a plasma or electric arc. Low pressure air is ionized
as it passes through the arc, generating heat. As
activated molecules return to lower energy states,
intense ultraviolet light is emitted. The light and
heat energy (temperatures exceed 10,000 F) degrades feed
waste and soil materials in the air stream to elemental
forms (residence time 0.005 seconds). In the
equilibration zone, they cool and recombine as simpler,
less toxic species (temperature 1700 - 2700 F, residence
time 1-2 seconds) prior to passage through air pollution
treatment trains.

This technology is currently reached only pilot and
bench scale (Camp, Dresser and McKee, 1986), but is
potentially effective for chlorinated organic
contaminants with few of the chlorine restrictions of
the other high-temperature methods. However, it is

highly energy intensive and requires slurrying and
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atomization of input materials,
limiting its utility for contaminated soils.

Advanced electric reactors (also called high
temperature fluid wall reactors) are being developed as
both mobile and fixed units specifically for application
to contaminated soils (Camp, Dresser and McKee, 1986},
but it can be used for liquids and gaseous wastes as
well. Contaminants processed include halogenated
organics such as PCBs and dioxins, nerve gases,
pesticides, etc, which reportedly are degraded to carbon
monoxide, carbon, hydrogen, and their other elemental
constituents by thermolysis at approximately 4000 F
(Bailey and Lobnitz, 1983).

This is done in a reactor containing a porous
carbon core, surrounded by carbon electrodes which are
heated electrically. Incoming wastes are introduced
through the reactor top by a metering screw, and heated
through direct radiative heat transfer. Residual solids
and gases are passed through two post~reactors, ensuring
complete combustion. Residuals include solids and gases
from the process, and liquids from cooling and air
pollution systems. This technology is currently
available only at the pilot scale, although it is
undergoing extensive development for widespread
commercialization (Bailey and Lobnitz, 1983).

Wet oxidation is the third category of high-temperature
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thermal treatment discussed in this section. It refers to
the decomposition of organic contaminants in a water
solution or suspension under high temperature (above 700
F) and pressure (above 3200 pounds per square inch).

Air is mixed with aqueous waste or soil materials in a
high pressure pump, then heated to supercritical
conditions in a feed/effluent heat exchanger. Large
organic molecules are degraded to low molecular weigh
compounds, then oxidized in a stream of high pressure
air. Bases such as sodium hydroxide are introduced to
neutralize inorganic acids formed in the oxidation
reactions. Inorganic salts tend to precipitate out of
the supercritical liquid phase at temperatures above
approximately 930 F (Camp, Dresser and McKee, 1986), and
excess heat is generated by many of the exothermic
reactions occurring.

Amenable soil contaminants include solvents, still
bottom and tank bottom contaminants and sludges,
halogenated contaminants such as dioxins and PCBs, and
many pesticides. Limitations include control of the
heat content of influent material in the 1800 BTU/1lb
range, and the requirement that feed streams be
pumpable, requiring some pretreatment of soil materials.

Wet air oxidation is a closely related process in
relatively broad use in waste treatment. Fixed units

are operating in Southern California at the Orange
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County advanced wastewater treatment plant and at the
Casmalia Resources commercial hazardous waste treatment
facility in San Luis Obispo County, as well as in
industrial applications such as chemical manufacture
(Camp, Dresser and McKee, 1986; Zadonick, 1984). Mobile
units currently are being developed.

In this process, liquefied wastes are mixed with
compressed air, then preheated in a heat exchanger
before introduction to the main reactor vessel, wherein
primarily exothermic oxidation reactions occur.

Effluent residuals are then passed through the heating
coils of the heat exchanger prior to separation of spent
vapors (primarily air and carbon dioxide) and liquid
residuals. Residence time, temperature, pressure, and
use of catalysts depend on contaminant specific
conditions.

Applicability is similar to the supercritical water
process but somewhat more limited in maximum and minimum
concentrations (Camp, Dresser and McKee, 1986). Because
of the requirement to liquefy influent waste streams,
the wet oxidation processes should be considered only
marginally potentially applicable to contaminated soils
at the present time, although these methods are being
refined in terms of pretreatment requirements, however
they are highly applicable to leachates and ground water

generated by contaminated soils. Therefore, they may
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form important components of a contaminated soils

treatment train.

2.3.5.2 Other Physical Processes

Physical treatment processes generally separate the
contaminants in a soil or waste stream by applying
physical forces or by changing the physical form of the
soil or waste (Camp, Dresser and McKee, 1986; EPA,
1985H) . Generally, the chemical composition of the
contaminants is unchanged by these processes, therefore
their intrinsic hazard may not be reduced. However,
physical processes may often be used in a treatment
train to remove contaminants from the soils for
subsequent mobility or toxicity reduction by another
process. Processes currently used or believed
appropriate for use on contaminated soils are listed in
Table 2. Examples of Superfund sites where these
processes were selected as part of the remedial
alternative are listed in Table 3 and Appendix I, and
include the McKin site used as a case study in this
report (see Chapter 5).

These processes are summarized briefly below. More
comprehensive descriptions and design information can be
found in EPA (1985H); Office of Technology Assessment
(1983, 1985); EPA (1986E); Camp, Dresser and McKee (1985B,

1986) ; and Metcalf and Eddy, 1979; among others.
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Air stripping systems allow mass transfer of
contaminants from liquid to gas phase. Such designs are
used commonly in industrial applications, and for
removal of relatively volatile, less water-soluble
contaminants from ground water plumes at many Superfund
sites, including Triangle Chemical, Texas; Tyson's,
Pennsylvania; and Verona, Michigan, among others. It is
especially applicable to chlorinated hydrocarbons such
as trichloroethylene (TCE) and aromatics including
toluene. Practical tower dimensions range to 12 feet in
diameter and 50 feet in height, based on design factors
such as pressure, temperature, surface area for mass
transfer, and air to water ratio (EPA, 1985H, 1986E).

Limitations include volatiles concentrations
(approximately 100 ppm), minimization of suspended
solids, and temperature dependence of removal
efficiencies. Soils can be aerated directly as well, as
discussed below under mechanical aeration.

Steam stripping systems use steam to volatilize
organic contaminants from soils or aqueous wastes.
Contaminants treated include halogenated hydrocarbons,
ketones such as methyl ethyl ketone or acetone,
aromatics such as xylenes, alcohols, and chlorinated
organics with high boiling points such as
pentachlorophenol. A packed or tray tower is used to

carry out essentially a continuous fractional distillation
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process. The tower is heated with clean steam rather
than reboiled bottoms. Residuals include contaminated
steam condensates, recovered solvents and other
contaminants, and "stripped" residual liquids. The
technique is confined primarily to liquid or liquefied
streams, and can treat a broader range of contaminants
than can air stripping in terms of their volatility,
water solubility, and concentration (EPA, 1986E).
Mechanical aeration involves physical mixing or
agitation of soils, sometimes augmented with heat, to
extract volatile contaminants, as was done at the McKin
site (see Chapter 5); Triangle Chemical, Texas; and
South Tacoma/Well 12A, Washington. See Appendix I for
more information on these sites and others.
Contaminated soils are mixed with air to transfer
volatile contaminants from the soil to the air.
Removal efficiencies and rate constants for
selected volatile organic contaminants were estimated by
Camp, Dresser and McKee (1985B) using a volatilization
rate model developed by Dow Chemical researchers
(Bonazountas and Wagner, 1984), as shown for a
hypothetical contaminated soils scenario as shown in
Table 4. Key parameters for aeration methods include
soil moisture and organic carbon content, contaminant
characteristics including water solubility and vapor

pressure, and sorption characteristics (as discussed in
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TABLE 4
Removal Efficiencies of Selected Volatile Organic
Compounds From Soil by Mechanical Aeration
(Source: Camp, Dresser and McKee, 1985B)

(Assume Fina) Clean-up Criteria to be 99.99%
Removal with base level of 500 mg/kg)

Compound *  (da '1_)_ t (day} t (win)
Chloroform 17,600 5.24 X 107 0.75
Carbon Tetra- 9,970 9.25 x 107 1,33
chioride
Bromoform 1,667 5.53 X 1073 7.96
Methylene 118,462 7.78 X 10°° 0.11
chloride .
1,1-Dichloroethane 228,800 4,03 x 3075 0.06
Trichloroethylene 67,158 1,37 x 107 0.20
1,1,1-Trichloroethane 36,125 2.55 x 107 0.37
1,1,2-Trichloroethane 2,572 3,58 X 1073 5.16
Benzene 24,775 3.72 x 107 0.54
Chlorobenzene 1,019 9,05 x 1073 13.02
1,4-Dichlorobenzene 110 8.40 X 1073 120,70
2-Butanone 2,284 4,04 X 1073 5.80
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Section 4.3), and environmental conditions including
ambient pressure and temperature, wind velocities, etc.
(Camp, Dresser and McKee, 1985B).

The method can be applied to soils in situ, or
soils can be excavated and aerated in various treatment
units. Excavation and treatment in units offers more
opportunities to control volatile releases to the
atmosphere off the site by passing volatiles-laden
exhaust gases through secondary extraction systems such
as fume incinerators, activated carbon units, or
conventional air pollution control trains (EPA, 1986E;
Camp, Dresser and McKee, 1895B, 1986). Nonvolatile
contaminants generally are not removed from soils using
these methods. Extraction efficiency depends on

heterogeneity of soil type, particle size, and

contaminant distribution, as well as ambient or
operating temperatures and feed or aeration rates (EPA,
19853, 1986E; Webster, 1986). Several different methods

have been used:

o Mechanical rototilling, wherein shallow surface
soils are tilled in place, as is done in
conventional land treatment processes, discussed
briefly in Section 2.3.5.5;

o Enclosed mechanical aeration, wherein contaminated
soils are mixed in a pug mill or rotary drum system
such as a cement mixer. Induced air flow is used
to enhance volatiles release from soils and to
capture air emissions for treatment prior to
discharge (Camp, Dresser and McKee, 1985B, 1986);

89

PR e T e e T T ea—— WY LR o e s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o Pneumatic conveyor systems, consisting of induced
draft fans forcing air through long ducts at high
velocity. Solids are introduced to the air stream
by feeders and collected by cyclone separators at
the effluent end of the duct. Some units heat
influent air to approximately 300 F to enhance
volatilization of contaminants from the solids.
These systems are widely used to dry solids in
several conventional manufacturing processes (Canmp,
Dresser and McKee, 1986), and allow high air/solids
ratios (much like the air/liquid ratio of air
strippers) ;

o) Low temperature thermal stripping, similar to the
enclosed aeration system with the addition of heat
transfer surfaces and/or heating of the induced air
inflow, such as in an asphalt batch facility. A
combustion afterburner may be used to destroy
contaminants in the effluent air. This type of
system was part of the treatment train eventually
used at McKin; and

o Vacuum extraction, usually performed on soils in
situ. The system consists of a network of wells or
boreholes penetrating the contaminated soils mass,
connected by a pipe network to a high volume vacuum
pump which draws air from the margins of the
treatment zone through the contaminated soils,
enhancing release of contaminants from soil pore
spaces and surfaces. Secondary trains can be used
to recover free hydrocarbon products by
condensation, or to remove contaminants prior to
discharge of the effluent gases. Such systems have
been used to recover hydrocarbon and chemical free
product layers floating on the ground water table
after releases from underground storage tanks
(Camp, Dresser and McKee, 1986).

Distillation processes, widely used as a unit
operation in petroleum refining, chemical manufacturing,
and metal finishing applications, separate components of
liquid mixtures by partially vaporizing them. The

process is applicable to acetone, alcohols, ketones, and

halogenated and non-halogenated hydrocarbons, and is not
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applicable to inorganics, polyurethanes, and liquids
with high solids concentrations or with high viscosity
at high temperatures (Camp, Dresser and McKee, 1986).
Thus, use for contaminated soils, especially for the
variable chemical and physical contaminant compositions
at Superfund sites, would be very limited, except as
part of a treatment train addressing a complex site
problen.

Evaporation can be used, similarly to distillation,
to vaporize part of a mixture or suspension of
contaminated soils (or sludges) and liquids while
concentrating the solid components, as is regularly done
in commercial hazardous waste and wastewater treatment
using solar evaporation impoundments (Camp, Dresser and
McKee, 1986; Meredith/ Boli and Associates, 1983;
Metcalf and Eddy, 1979). Other processes used in many
conventional industrial applications include thin-film
evaporation, kettle methods, tubular evaporation,
scraped surface methods, and the Carver Greenfield
process, which use enclosed vessels in varying
configurations (Camp, Dresser and McKee, 1986).
Evaporation could be used as a treatment or pre- oOr
post- treatment step for removing liquid contaminants or
water from contaminated soils.

Activated carbon commonly is used in wastewater and

contaminated ground water treatment, and in a variety of
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industrial manufacturing processes. It can sorb and
collect relatively water soluble (and water insoluble)
metallic ions and organic compounds through surface
attraction mechanisms. A general discussion of sorption
as a subsurface fate and transport phenomenon is
provided in Section 4.3.2.1. Becker and Wilson (1978)
summarized the effectiveness of granular activated
carbon in removing various organic contaminants from
liquids and gases.

stationary units are in use at several Superfund
sites including Stringfellow, California, and EPA has
used a mobile system to treat spilled liquid
contaminants and contaminated surface and ground water
at several sites (EPA, 1986E). Spent, fully sorbed
carbon can be regenerated in a special incinerator, but
few regeneration facilities are currently available
(Traver, 1983).

Soil Washing involves extraction of contaminants
from soils using water or other solvents, surfactants,
oxidizing or reducing agents, acids or bases (for
inorganics), chelating agents, or detergents. Soil
washing or flushing may be done in situ, or soils may be
excavated and treated in an enclosed unit or a lined
waste pile. This technology has been used for many years
by the mining industry for metal leaching or solution

mining, and by the oil industry for tertiary petroleum

92

B ———— " m——— —

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



recovery, as well as in agriculture to leach accumulated
salts, pesticides and other soil contaminants. However,
use for contaminated soils at Superfund sites has been
limited (EPA, 1986E).

Use will be limited in dry or organic-rich soils,
or where hydraulic conductivity is limited or soil pores
become blocked by precipitates, microparticles, etc.
Choice of washing fluid is highly dependent on soil
conditions and types and forms of contaminants present.
Ground water pump and treatment systems sometimes may be
combined with soil washing (especially in situ) in
recirculating systems where extracted ground water is
treated and reinjected to enhance contaminant removal
(Repa and Kufs, 1985). Recyclability of flushing media
is limited for certain surfactants (Camp, Dresser and
McKee, 1986; Barcelona et al., 1987).

In situ systems have more limitations due to
uncertainties of site hydrogeology, lack of close
process control, post-treatment limitations in high-
clay-content soils, and the potential to enhance,
introduce, or alter ground water contamination by the
process. Thus, much effort is focused on development of
effective washing agents that are intrinsically nontoxic
and/or biodegradable (Camp, Dresser and McKee, 1986;
EPA, 1986E). Types of washing fluids considered for

different contaminants are discussed in Camp, Dresser
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and McKee (1986). Several Superfund sites using soil
washing methods are described briefly in Table 5.

Filtration using porous media or selectively
permeable membranes is a conventional technology used
frequently in a variety of industrial applications to
selectively remove solids or specific contaminants from
a liquid suspension by passage through a porous granular
filter material, using pressure, vacuum, or gravity to
achieve separation. This technology is described by
Metcalf and Eddy (1979):; Camp, Dresser and McKee (1986);
and EPA (1985H, 1986E), among others. Most processes
are designed to have optimal feed rates and optimal
influent solids contents and particle size
distributions. Their application for contaminated soils
treatment would be as part of a train for liquid
removal. Flocculants may be added in a pretreating step
to enhance separation, as in some wastewater treatment
processes (Metcalf and Eddy, 1979).

Membrane technologies may be considered a special
category of filtration for purposes of this report.
They separate solids or chemical contaminants from a
liquid suspension or solution by of filtration for
purposes of this report. They separate solids passage
through a semi-permeable membrane that is selective
based on ionic state or valence, particle size, or co-

precipitation to yield volume reduction; concentration
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TABLE 5
Superfund Sites Using Soil Washing

(Source: Camp, Dresser and McKee, 1985B, 1986)

SITE SOIL/WASTE WASH MEDIUM COMMENTS
Bridgeport, Lagoon sludges, Recirculated See Appen-
NJ subsoils w/ ground dix I

PCBs, metals water
South Taco- Soils w/TCE Water 1st alter-
ma/Well tive to
12A, WA aeration
(selected)
Volk Air Soils w/ Water, 2% Wash fluid
Base, WI volatile surfactant reused
organics after air
stripping
Lee’s Soils w/ Water, 5% Wash fluid
Farm, WI lead, acid EDTA regen. by
electro-
lysis
Celtor, CA Ore tailings See Appendix I

Battery Pit,
Leeds, AL

w/Ccd, Cu, 2Zn

Soils w/
lead

- m—cr——

Water, 2% Wash fluid
EDTA regen. by
sulfide
precip.
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or purification of contaminants, recoverable solvents,

or washing fluids; or concentration of separated soil

contaminants (Camp, Dresser and McKee, 1986). Methods
include hyper- and ultra-filtration, electrodialysis,
and reverse osmosis. Reverse osmosis processes have
been used effectively on leachates, ground water, and
other liquids. Contaminants removed include PCBs,
chlorinated organics, inorganics, pesticides, and
solvents including benzene and acetone. Landfills and
wood preserving sites in Canada have been treated using
mobile reverse osmosis systems (Camp, Dresser and McKee,

1986) .

Phase separation is accomplished by applying force
to remove contaminants having different densities than
water from a water solution or suspension. Several
processes are used, for example:

o) 0il separation, which removes oil from water
suspensions using a variety of equipment
configurations such as coalescing chambers;

o Centrifugation, which separates contaminants on the
basis of specific gravity and density differences
(Camp, Dresser and McKee, 1986; Metcalf and Eddy,
1979); and

o Dissolved air flotation, used in commercial oil
refining and other industrial applications involving
wastewater treatment, used to separate oils from
aqueous fluids by emulsifying the oils, dissolving
air into the suspension under high pressure, then
reducing the pressure, generating fine air bubbles
throughout the water phase. O0ils accumulate at the

air/water interfaces, rise to the surface, and are
skimmed from the chamber.
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Specific design factors include o0il concentrations,
retention times in the unit, surface area, removal
rates, and other site-specific factors. Phase
separation processes are particularly applicable to
contaminated soils remedies where the alternative
includes removal and separation of immiscible
hydrocarbon products released in relatively pure states,
or where other combined soils/aquifer remediation
techniques are to be used for separate-phase
contaminants (Camp, Dresser and McKee, 1986; Barcelona

et al., 1987).

2.3.5.3 Stabilization/Solidification

For the purposes of this report, stabilization or
solidification processes can be grouped under general
titles such as "fixation" and "immobilization" as well.
They refer collectively to the addition of substances to
wastes or contaminated soils (fixatives) that combine
with them chemically and/or physically to decrease the
mobility of the contaminants present, especially by
water related transport processes.

Stabilization may be done for several purposes: (1)
to retard further contaminant migration by immobilizing
highly soluble contaminants; (2) to solidify or
immobilize liquid or sludge matrices; (3) to reduce

mobility by minimizing surface area of the waste or
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contaminated soils particles available for contact with
infiltrating leaching fluids; or (4) to stabilize
certain wastes (such as unconsolidated, noncohesive
soils or sludges) to enhance their structural support
capacity, for example prior to placement of final cover
over landfilled or consolidated wastes or soils (as was
done, for example, at the Bruin Lagoon, site in
Pennsylvania; see Appendix I). Stabilization of wastes
or soils, or immobilization processes can be performed
in situ or on excavated materials.

Many stabilization processes are not fully
irreversible. Therefore, as a sole remedy they may not
comply fully with the SARA "permanence" preference in
Section 121, as discussed in previous chapters of this
report. However, as with other technologies discussed
in this section, they may form one component of a
remedial alternative, and have many applications as
post-treatment steps following other processes, as was
the case at the McKin site discussed in Chapter 5.
Specific technologies reviewed briefly in this section
include cement-based, lime- and fly ash-based
(pozzolanic), thermoplastic (inciuding asphalt-based),
and thermoset methods, and macroencapsulation.

Several chemical treatment methods such as
precipitation, chelation, and polymerization may to some

extent be considered immobilization methods as well, as
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they may have the effect of making certain contaminants
insoluble in water and preventing their leaching from
soil matrices, especially when applied in situ (EPA,
1985H) . However, since this is achieved by chemically
altering the soil contaminants or the contaminant -soil
associations, precipitation, chelation, and
polymerization will be discussed in Sections 2.3.5.4 and
2.3.6, respectively.

Stabilization/solidification processes have been
applied primarily to aqueous inorganic wastes such as
metalcontaining sludges and radioactive wastes (see
Table 3 for examples). Much of the data on
stabilization is derived from the development of
radioactive waste stabilization methods (Camp, Dresser
and McKee, 1985B). Organic wastes (concentrations
exceeding 10-20 percent organic contaminants)
traditionally have not been considered amenable to
stabilization for two reasons: first, because the
organic contaminants tend to interfere with some of the

physical and chemical binding processes; and second,

because other treatment processes (e.g., biodegradation
or incineration) have been selected more frequently for
wastes having higher organic contents (Camp, Dresser and
McKee, 1985B, 1986; Cullinane et al., 1986).

Fixatives used may be inorganic or organic mixtures.

They can be characterized as follows (Camp, Dresser and
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McKee, 1985B; Cullinane et al., 1986):

o] Inorganic fixatives include sorbent clays, Portland
cement, and pozzolanic materials (with or without
lime or cement). They have relatively low costs,
are simple to process at ambient pressures and
temperatures, are readily available, experience
with their use is extensive, and they are
relatively stable against physical and chemical
degradation.

o organic fixatives include polyethylene, urea-
formaldehyde, asphalt, other polymers, and various
thermoplastics. They are often supplemented by
additives that sorb various contaminants or enhance
the structural integrity of the solidified mass.
They have a greater potential to fix contaminants
chemically than the inorganic fixatives, and have
higher fixative/waste ratios and lower overall
solidified volumes (due to dewatering before
treatment). They tend to be more equipment- and
process-intensive, and less well demonstrated,
than many inorganic fixative processes. For
purposes of this discussion, these organic
processes can be grouped into the general
categories of thermoplastic, thermoset, and
macroencapsulation processes (Camp, Dresser and
McKee, 1985B).

Cement-based processes commonly use one of the five

types of Portland cement, primarily Type I common
construction cement. Sometimes it is supplemented with
additives such as clay and vermiculite to absorb excess
liquids, sodium silicate to precipitate interfering
ions, or soluble silicate to enhance contaminant binding
to the cement matrix. Contaminated soils or wastes are
mixed into a slurry of anhydrous powdered cement and
water. Calcium silicate and water form hydration
products with the contaminants and matrix particles, and

the mixture swells forming a stable matrix of interlocking
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calcium silicate fibers, with hydroxides of calcium and
metallic contaminants and other contaminant hydration
products forming in the matrix interstices. As the mass
cures and sets, a rigid mass is formed (Camp, Dresser
and McKee, 1985B).

Vendors have reported overall waste/soil volume
increases ranging from 5 to 60 percent, depending on
contaminant and soil characteristics and types of
additives used. This process is generally effective for
most inorganic contaminants, including oxidizers and
acidic materials, depending on the neutralization
capacity provided by the cement mixture. Organic
contaminants are not as effectively stabilized because
of degradation of the contaminants in the matrix during
and after curing, which decreases structural integrity
and increases permeability of the solidified mass.

Other interferences include sulfates (which form
calcium sufoaluminate hydrates, which retard setting and
exacerbate swelling); soluble salts of some metals
(e.g., lead, zinc, copper, tin, manganese, and sodium
salts of sulfide, arsenate, borate, and phosphate, which
retard setting and reduce final structural integrity):
and fine organic particulates (e.g., lignite, fine
clays, etc., which can coat larger contaminant
particles, inteffering with cement- contaminant bonding;

Camp, Dresser and McKee, 1985B). Special injection
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equipment and process controls may be required for in
situ applications of these processes (Camp, Dresser and
McKee, 1986), as will be discussed in Section 2.3.6.
Pozzolanic processes use fine-grained silecious
(pozzolanic) materials such as cement kiln dust, ground
blast furnace slag, and power plant fly ash, in
combination with lime as the fixatives. These are mixed
with contaminated soils or wastes and water to form a
concrete-like mass. In some cases these fixatives have
been used in combination with asphalt to fix complex
chlorinated organics such as dioxins (Camp, Dresser and
McKee, 1985B). Process and equipment requirements, and
key operating parameters, are similar to cement-based
processes. These processes are commonly used to
stabilize power plant emissions control residuals, such
as flue gases, flue gas desulfurization sludges, and fly
ash, metal smelting sludges, and thickened coal fines
(Camp, Dresser and McKee, 1985B), and may be especially
effective on more acidic inorganic contaminants in soils.
Thermoplastic processes use organic fixatives such
as bitumen, asphalt, nylon, polyethylene, polypropylene,
and asphalt. Wastes or contaminated soils are heated,
dried, dispersed through the thermoplastic fixative in
liquid or semi~liquid form at elevated temperatures
(130-230 C, depending on the characteristics of the

contaminated soils to be treated and the type of
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fixatives). The mixture is allowed to cool in
containers. The process requires waste/soil pre-
processing and specialized equipment.

Advantages include more predictable and reliable
reactions than inorganic fixatives (due to less
sensitivity to pH, water content, and contaminant
chemistry); lower final volumes (due to the pre-fixation
dewatering): lower levels of free liquids or
unsolidified contaminants in the product; less potential
for contact of leaching fluids with contaminants; and
greater effectiveness for many organic contaminants
(Camp, Dresser and McKee, 1985B). Limitations include
containerization requirements, due to product
plasticity; high input energy requirements; greater air
emission potential than inorganic fixation methods; and
more safety concerns with flammable contaminants and
fixatives.

Thermoplastics such as asphalt and bitumen have
been used widely to stabilize organic wastes containing
radionuclides. They may show limited effectiveness on
contaminated soils or wastes with high water contents,
organic concentrations above 30% by weight, organic
contaminants with high vapor pressures and low molecular
weights, or that dissolve the fixative, or with
inorganic contaminant such as anhydrous salts (which can

rehydrate if exposed to water and cause asphalt
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fixatives to physically degrade), aluminum salts or iron
tetraborates (which prematurely harden bitumen
fixatives), or strongly oxidizing salts (e.g., chlorates
or nitrates, which can slowly degrade the organic matrix
when present in high concentrations; Camp, Dresser and
McKee, 1985B).

Thermoset processes are innovative and have been
applied primarily to radiocactive wastes, although as
described in Section 2.3.6, some hazardous waste plumes
in ground water have been treated in situ using polymers
(EPA, 1985H). Fixatives include organic polymers such
as phenolics, polyesters, and urea-formaldehyde. Unlike
thermoplastics, they solidify when heated, and remain
solid in subsequent heating and cooling cycles. Wet or
dry contaminated soils or wastes are mixed in batches
with the polymer and an acidic catalyst, and heated to
facilitate solidification. The resultant mass is spongy
and less dense than cement and must be containerized for
ultimate disposal (Camp, Dresser and McKee, 1985B).

The process is less sensitive to liquid content
than the others described in this subsection, and does
not depend on high temperatures for solidification. The
acid conditions cause metals to dissolve prior to
fixation in the polymer matrix, however, and thus they
are not immobilized. The resin is not flammable, but is

very susceptible to chemical degradation (by oxidizers)
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and to biodegradation (especially the urea-formaldehyde
resins; Camp, Dresser and McKee, 1985B). Acidic "weep
water" and gaseous residuals are generated in this
process, which will require post-treatment.
Reversibility and "permanence" concerns are involved
also. Since no chemical binding of contaminants to the
matrix occurs, any degradation of the fixed material can
cause contaminant release.

Macroencapsulation involves the containment of
contaminated soils or wastes within coatings of asphalt
and asphalt emulsions, vinyl, and polyethylene
(sometimes reinforced with fiberglass). Often the
coatings are applied to the surfaces of stabilized
contaminant masses or containers as a post-treatment
step following one of the other immobilization processes
for purposes of containing weep fluids, or minimizing
contact potential of solidified materials with leaching
fluids following disposal (Camp, Dresser and McKee,
1985B) . Encapsulation processes are expensive, energy-
intensive, and are in the early stages of development.
They have not been used at full scale on contaminated

soils at Superfund sites.

2.3.5.4 Chemical Processes

The following section provides an overview of the

primary chemical treatment processes considered applicable
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as source control technologies for contaminated soils at
Superfund sites. For purposes of this discussion,
chemical treatment will be defined as chemical
alteration of the contaminants or the soil matrix in
which they are held, producing less mobile and/or less
toxic daughters or residuals. Clearly, many of the
physical treatment methods and stabilization processes
discussed previously in this Section, as well as many of
the biological processes to be discussed in Sections
2.3.5.5 and 2.3.6, involve chemical modification of the
contaminants or of the waste or soil matrix being
treated. Many chemical treatments particularly involve
chemical modification of the contaminants or of the
waste or or uniquely applicable to contaminated surface
water or ground water, either in situ or following
extraction, will not be discussed in this section.
Chemical processes discussed below include oxidation-
reduction processes, neutralization and precipitation
reactions, chelation, dechlorination, and ion exchange
processes. Polymerization is discussed in Sections
2.3.5.3 and 2.3.6.

Many of these processes have been in traditional
use in industrial waste treatment and pretreatment, and
general reviews of these processes can be found
throughout the industrial process literature. Further,

many of these phenomena occur naturally in the subsurface

106

sl o e e = = ——

SO— C et tamaaaat T v e—— ——

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and affect the fate and transformation of

soil contaminants as they migrate to ground water.
Additional discussion is provided in that context in
Section 4.3.

Redox processes use oxidation-reduction reactions
to detoxify organic contaminants and metals by changing
the oxidation states of reactants in the matrix. These
reactions have been applied typically to treat aqueous
industrial wastes and sludges bearing heavy metals,
typically in tanks or enclosed vessels wherein reactants
may be mixed rapidly under close pH and reagent
concentration control. Applications to soils or soil
slurries are more recent (Camp, Dresser and McKee,

1986).

Soils treatment will require special consideration,
for example to ensure thorough contact of reactants with
soil contaminants, and to ensure complete reaction in
soils of high natural organic carbon content. 1In situ
applications may affect soil permeability and hydraulic
conductivity, for example if hydroxide precipitates form
and clog soil pores, or may affect contaminant mobility
in unexpected ways as soil sorption capacity is affected
by oxidation and reduction of soil organics. Thus,
combination of this technology with others such as soil
washing may provide a more controlled and more effective

treatment process for some contaminated soils.
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Complex contaminant mixtures may also complicate
the reaction process, and must be evaluated in selecting
this technology. For example, if soils containing both
organics and metals are oxidized (e.g., oxidizing
solvent-contaminated soils also containing chromium III),
the more toxic, mobile chromium VI may be generated
(Camp, Dresser and McKee, 1985B).

Contaminants amenable to oxidation include most
organic contaminants, cyanide, arsenic, iron, and
manganese. Reducible contaminants include Chromium VI,
mercury, silver, lead, chlorinated organics (discussed
separately below), and many unsaturated hydrocarbons
(Camp, Dresser and McKee, 1986). Oxidizing agents are
used more frequently than reducing agents due to the
high reactivity of many reducing agents. Typically used
industrial agents are discussed in Camp, Dresser and
McKee (1986).

Neutralization refers to pH adjustment (typically
of an aqueous mixture or suspension or a gas) by
addition of bases to strongly acidic mixtures, and acids
to strongly basic contaminant mixtures. This is
typically done in numerous industrial process
applications and in municipal wastewater treatment
(Metcalf and Eddy, 1979; Camp, Dresser and McKee, 1985B,
1986; EPA, 1985H). Lime, sulfuric acid, and sodium

hydroxide are commonly added reagents. Specific
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selections depend on types and concentrations of the
contaminants, buffering capacity of the matrix in which
they occur, and other factors. Applicability to
contaminated soils is primarily as a pretreatment or
post-treatment step in a multiple treatment train.

Precipitation is a conventional, well understood
process for treatment of many industrial process wastes
and municipal wastewaters (Metcalf and Eddy, 1979),
which is often applied in combination with sedimentation
and flocculation, particularly for detoxification of
heavy metals and their removal from agueous solutions
and suspensions. Efficiency of the process is highly
dependent on concentrations, pH, and presence of
interfering contaminant species, as discussed by Camp,
Dresser and McKee, (1985B, 1986); EPA (1985H, 1986F);
Metcalf and Eddy, (1979): and others.

The process is especially well developed for
liquids, although it can be applied to contaminated
soils, either excavated or in situ, especially in more
homogeneous and permeable subsoils such as coarse sands
(EPA, 1985H). Interferences and side effects on
subsurface transport and transformation are discussed
further in Section 4.3.

chelation by addition of specific chelating agents
may either enhance or retard the mobility of specific

contaminants, as discussed in Section 4.3. For example,
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the agent Tetran sorbs strongly to clays and thus may
immobilize contaminants with which it forms complexes
(EPA, 1984D). Commonly used chelating agents include
ethylenediamine tetraacetic acid (EDTA), citric acid,
and diethylenetriamine pentaacetic acid (Rogoshewski and
Carstea, 1980). Chelating agents may be especially
appropriate for use in soil flushing or solution mining,
either in situ or after excavation of contaminated
soils, to remove metals from the soil matrix. They may
be part of a train of processes for immobilization or
recovery of the metals.

Dechlorination processes have been developed as
mobile and fixed treatment processes, initially for
treatment and/or reconditioning of PCB-containing oils
in contaminated electrical transformers pursuant to TSCA
regulations (OAT, 1981; Office of Technology Assessment,
1983, 1985; EPA, 1986E; Camp, Dresser and McKee, 1986).
The process has been extended for use on Superfund soils
contaminated with chlorinated organics such as PCBs and
dioxins.

Dechlorination is accomplished using reagents
containing an alkali metal (generally sodium or
potassium) and polyethylene glycol, which react with the
chlorinated contaminants via nucleophilic displacement
of the chlorine atoms to form substituted organic

polymers and alkali metal chlorides (KCl or NaCl), with
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polymers, salts, and heavy metals (if present) as
byproducts. Limitations include moisture content and
contaminant concentration. For example, soils require
dewatering, since the reagents are water sensitive, and
PCB concentrations should not exceed 5000 ppm (Camp,
Dresser and McKee, 1986). Reagents are also air-
sensitive, therefore, dechlorination is more effective
under nitrogen atmospheres. Thus, at its current stage
of development, dechlorination is likely to be less
effective for in situ treatment of contaminated soils.

Ion exchange using clays, zeolites, or synthetic

resins can also be an effective separation method for
contaminants in soils (EPA, 1984D; Camp, Dresser and
McKee, 1986). As with other fundamental physical and
chemical processes discussed in Sections 3.2 and 4.3,
many basic texts provide detailed discussions of the
process; a cursory overview will be provided here for
the purposes of this discussion. Certain minerals and
resins will exchange either anions or cations
preferentially for other anions and cations in aqueous
solutions or suspensions. Use of ion exchange columns
to remove heavy metals and hazardous ions from dilute
solutions is a well established practice in industrial
processes and some wastewater treatment applications,
especially to remove carboxylic and sufonic acids and

phenols under sufficiently alkaline conditions, and

111

Rt S " ———— atmo———

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



organic amines under sufficiently acidic conditions
sufficiently alkaline conditions, and organic amines (De
Renzo, 1978; Ghassemi et al., 1981).

Both inorganic and organic contaminants can be
treated by ion exchange, however, it is most effective
in aqueous environments where the surface area of
contaminant bearing particulates is maximized and/or
contaminants are in solution or suspension directly in
the aqueous phase. Thus, soils would have to be
liquefied, or these processes would be used on liquid
influents or effluents from other treatment processes as
a separation step in a multi- component remedial
alternative. Limitations for cation exchange involve
interferences by other cations in complex contaminant
mixtures, especially if interfering contaminants are
present at higher concentrations than those to be
preferentially treated (EPA, 1984D). For heavy metals,
basic pHs may limit ion exchange compared to
precipitation (Bonazountas and Wagner, 1981).

Clay minerals in soil will remove cations in
exchange for equimolar amounts of calcium. Clays and
humic materials have the greatest capability for ion
exchange, measured as cation exchange capacity (CEC) in
milliequivalents per 100 grams dry weight of soil.
Brady (1974) measured CEC in natural soils ranging from

2 to 60 milliequivalents per 100 g, and up to 150 and
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200 meqg/100 g for montmorillonite and humus,
respectively. Considerable research exists on the ion
exchange properties of bentonite and other clays for
immobilizing chlorinated hydrocarbon pesticides (Coffey
and Warren, 1969; Weber et al., 1965; Bailey et al.,
1968).

Synthetic resins are available as either anion or
cation exchangers. They consist of networks of
hydrocarbon radicals bearing ionic functional groups,
crosslinked in three dimensions. The resin is insoluble
in water and individual resins can be synthesized to
select specific ionic species (EPA, 1984D), since the
ion enters the pore of the resin in order to be
exchanged, as determined by the crosslinking of the
molecules. They tend to be relatively expensive, and
effectiveness in contaminated soils may be limited by
competition for ion exchange sites by naturally
occurring soil ions (EPA, 1984D), thus their large-scale
application to Superfund soils likely will be limited.

Zeolites are a family of crystalline-hydrated
aluminosilicates. Certain species are highly selective
and capable of sorbing heavy metal cations, sometimes
offering stability and capacity superior to other ion
exchangers (EPA, 19084D). They do not biodegrade and
are stable over broad alkaline pH ranges, though they

will degrade in acidic environments. Metal sorption
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abilities are affected primarily by pH, choice of
solvent, presence of competing cations or complexing
agents, and ionic strength of the solution (EPA, 1984D).
They have been used for removal of heavy metals from
wastewater, but have not been used at field scale to
treat contaminated soils. Further information on their
chemical and physical properties can be found in Breck

(1974), Sherman (1978), and Coffey and Warren (1969).

2.3.5.5 Biological Processes

A variety of degradation processes occur naturally
in soils and ground water that are initiated or mediated
by macro- or microorganisms indigenous to the subsurface
environment, as discussed in Section 4.3.3.
Additionally, several technologies using aerobic or
anaerobic biodegradative processes have been developed
to treat liquids, sludges, and solid wastes and
contaminated soils. Biological treatment can occur in
tanks or other treatment vessels, or may be conducted on
contaminated soils and ground water in situ, to treat a
broad range of organic and inorganic contaminants.

Many basic texts are available that discuss the
fundamental chemical and biological processes involved,
and the design and operating considerations for the
various types of treatment processes that have been or

could be applied to treat contaminated soils. A
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detailed discussion is outside the scope of this study.
A brief description of the more applicable and available
aerobic and anaerobic methods is given in this
subsection.

Aerobic treatment of aqueous contaminants can be
accomplished using conventional activated sludge
processes, sequential batch reactors, rotating
biological contactors, trickling filters, and fixed-£film
reactors. Many of these processes can be conducted in
mobile-tank-based units as well as in fixed facilities
such as conventional and advanced wastewater treatment
plants (Metcalf and Eddy, 1979; Camp, Dresser and McKee,
1986).

They can treat low to moderate concentrations of
many nonhalogenated and halogenated organic compounds
and mixtures, and may remove small amounts of heavy
metals through adsorption to the biological material
(camp, Dresser and McKee, 1986). Addition of activated
carbon in powder form can enhance removal of many
halogenated organic contaminants such as pesticides and
some solvents. Effectiveness of treatment depends on
factors including nutrient availability, pH between 6
and 8, adequate dissolved oxygen, alkalinity, and
careful process control of suspended solids levels and
retention times, as well as many other factors (Camp,

Dresser and McKee, 1986; Metcalf and Eddy, 1979;
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Barcelona et al., 1987; Keely et al., 1986; Repa and
Kufs, 1985; EPA, 1984D, 1985H). Biological treatment of
contaminated ground water in situ is discussed in
Section 4.3.

Most variations of the activated sludge process
involve aeration of the contaminant materials in an open
tank for a 6-24 hour period, in which aerobic
biodegradation occurs, enhanced and facilitated by
suspended active microorganisms maintained by period, in
which aerobic biodegradation occurs, enhanced and
recycling sludge. New biomass is produced during
treatment, followed by solids separation in a clarifier
or using other separation processes discussed in this
section. Loading rates may vary from 10 to 180 pounds
BOD applied per 1000 cubic feet, depending on site-~ and
contaminant-specific factors (EPA, 1986E).

Trickling filters use rock beds, wood, or synthetic
filter media over which contaminants are sprayed in
aqueous solution. Microorganisms form slime layers on
the filter surfaces, oxygenated by air flowing
countercurrent to the liquid spray and downflow, and
degrade the organic contaminants in the liquid (EPA,
1985H; Canter and Knox, 1985; Metcalf and Eddy, 1979).

Rotating biological contactors consist of rotating

discs on a common shaft, rotating in a basin in which
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approximately 40 percent of their surfaces are submerged
at a given time. Contaminated liquids flow through the
basin, wherein they are degraded by microorganisms in
films on the disc surfaces (Canter and Knox, 1985;
Metcalf and Eddy, 1979).

Applications and limitations of various
conventional aerobic biological treatment processes are
discussed by EPA (1985H), Metcalf and Eddy (1979), and
others. Biological treatment processes particularly
applicable to soils in situ are discussed further in
Section 2.3.6.

Anaerobic digestion has had broad applications in
treatment of concentrated municipal wastewater treatment
sludges and some industrial process wastes, typically
using an enclosed reactor system having a minimum
recycle of biomass, often using a two stage process.
Sludge is heated and digested in the first stage, and
stored and concentrated in the second (Camp, Dresser and
McKee, 1985B). Retention time varies from 10 to 30
days, depending on system design and wastes handled.

Two groups of bacteria are believed to accomplish
biodegradation: acid-forming facultative anaerobes,
which hydrolyze and ferment complex organic contaminants
to acetic and propionic acids, and strict anaerobes
(e.g., methanogens), which convert these organic acids

to methane and carbon dioxide. Growth rates generally
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are much slower than aerobes. Suflita et al. (1982),
and Barcelona et al. (1987), among others, indicated the
utility of anaerobes in degrading many halogenated
organic contaminants by reductive dehalogenation.
Anaerobic degradation may be carried out in situ as well
as in enclosed treatment units, as will be discussed in
Section 2.3.6. Excavation and treatment of contaminated
soils in enclosed units may offer opportunities for use
of enhanced exogenous or bioengineered microorganisms
(Camp, Dresser and McKee, 1985B), however, most aerobic
and anaerobic biodegradative processes use resident
microbial populations, and treatment process control is
focused on optimizing the supply of nutrients.

Conventional land treatment of hazardous and

nonhazardous wastes and soils has been practiced for
many years, coming into more widespread use in recent
years as an alternative for treatment of hazardous
wastes as well as of municipal and industrial wastewater
treatment sludges, especially from food processing and
0il refining (Loehr, 1986; Overcash and Pal, 1979; Loehr
et al., 1979; EPA, 1983B; American Petroleum Institute,
1983). It involves management and enhancement of
naturally occurring photolytic and biodegradation
mechanisms (primarily aerobic, but some anaerobic
degradation also occurs) in surface soils through

controlled application of wastes or soil contaminants by
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tilling or direct injection.

Many reviews discussing performance, design,
operation, and limitations of conventional land
treatment processes are available (Loehr, 1986; EPA,
1983B; Overcash and Pal, 1979; Huddleston et al., 1986;
Sims, 1986; and others). Land treatment has been used
at several Superfund sites, including 0ld Inger,
Louisiana, Burlington Northern, Minnesota, and Picillo
Farm, Rhode Island (Appendix 1), primarily for treatment
of oily wastes and soils contaminated with wood
treatment residuals and phenols.

Composting offers potential for treatment of
Superfund contaminated soils because the biodegradative
processes, and the microorganisms performing the
degradation, are similar to those involved in land
treatment, especially the pseudomonads (Camp, Dresser
and McKee, 1985B). Composting allows stricter process
control, however. It typically is performed using one
of three methods: turned windrow systems, static windrow
systems, and reactor vessel systems. Composting piles
are based on structurally firm, biodegradable material
such as livestock feed or chopped hay, with small
amounts of waste or contaminated soils added (i.e., less
than 10% of the total mass; Doyle and Isbister, 1983;
Camp, Dresser and McKee, 1985B). Composting processes

all have a thermophilic stage in which temperatures may
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exceed 80 C.

In open windrow systems, materials to be treated
are stacked in elongated open piles. The windrows are
aerated in turned systems by turning over and rebuilding
the stacks periodically, while in static systems, they
are aerated by air forced through the stacks. 1In
enclosed systems, materials are placed in a reactor unit
and aerated by tumbling, mechanical agitation, or forced
air induction.

Aeration, temperature, pH, moisture content,
nutrients, and substrate composition are carefully
controlled to optimize biodegradation. Aeration rates
are critical to the process, depending on the structural
integrity of the composting substrate and the types and
concentrations of contaminants present. For example,
chlorinated hydrocarbons will undergo reductive
dehalogenation only under anaerobic or cyclically
aerobic/anaerobic conditions, as discussed in Section
4.3.

Temperature and moisture content are likewise
controlled closely, as moisture contents above 40% and
temperatures between 55 and 60 C are required for
optimal microbial activity. Solid, liquid, and gaseous
emissions are much more carefully controlled than in
conventional land treatment systems, which may be

especially critical for highly toxic soil contaminants
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(Camp, Dresser and McKee, 1985B; Savage et al., 1985).
Composting of Superfund contaminated soils has not yet

been performed at field scale.
2.3.6 In Situ Treatment Processes

Many of the treatment processes described in
Section 2.3.5 can be applied to contaminated soils or
ground water in situ. Many physical, chemical, and
biological processes are particularly suited to in situ
applications, as listed in Table 6. As with other
processes discussed throughout Section 2.3, many of
these techniques are most effective when used in
combination with containment or other above-ground
treatment techniques to form a remedial alternative for
source control of the contaminated soils.

cursory descriptions of several of these techniques
were given in the preceding section. Detailed
descriptions of each process as applied to Superfund
contaminated soils in situ are given by EPA (1984D,
1985H, 1985K, 1986E); Amdurer et al. (1986); Repa and
Kufs (1985); Cullinane et al. (1986); and Canp, Dresser
and McKee (1985B). EPA (1984D) categorized the in situ
processes considered applicable to contaminated soils at
Superfund sites according to their principal functions:
extraction, immobilization, degradation, attenuation,

and reduction of volatilization.
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TABLE 6
IN SITU TREATMENT PROCESSES FOR CONTAMINATED SOILS

Physica ica rocesses

Air stripping
Steam Stripping
Mechanical Aeration/Extraction--
Mechanical rototilling
Low temperature thermal stripping
Vacuum Extraction
Activated Carbon
Soil Wash/ Flushing
Solidification/Stabilization/Immobilization
Cement Based
Pozzolanic-- Fly ash/ Lime Based
Thermoplastic--Asphalt Based
Vitrification
RF Destruction
Block Displacement

Chenmical Processes

Reduction-Oxidation

Precipitation

Chelation

Polymerization

Neutralization/Hydrolysis

Nitrification

Chemical Dechlorination

Ion Exchange-Clays
Resins
Zeolites

Permeable Treatment Beds

Biological Processes
Aerobic Treatment--~

Land Treatment/ Landfarming
Anaerobic Digestion

122

—— 4 P . ¢ ——— ——— ——— . e —

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




In general, in situ processes are not as well
developed or understood as other treatment methods, and
experience in their application is limited, especially
with respect to Superfund sites. Uncertainties relate
to EPA's limited knowledge of subsurface hydrogeology
and geochemistry at the time of Record of Decision,
and to the difficulties of maintaining control of all
key process parameters, of ensuring thorough delivery
and mixing of reactants, and of controlling the spread
of contaminants or reagents beyond the treatment zone in
heterogeneous subsurface environments. Appendix I lists
several Superfund Records of Decision wherein in situ

treatment processes were selected.

2.3.6.1 Physical/Chemical Processes

A number of techniques are currently under
development that involve manipulation of the soil matrix
in place to modify its physical properties affecting
contaminant transport, and/or to remove, mobilize,
detoxify, or immobilize the contaminants themselves.
Extraction of contaminants can be performed via
aeration, vacuum extraction, air or steam stripping, in-
situ heating, or soil washing/solution mining methods.
Immobilization can be effected via
fixation/stabilization techniques, vitrification, ground

freezing, block displacement, chemical precipitation,
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polymerization, and sorption of contaminants on
activated carbon or ion exchange media.

Radio frequency (RF) heating has been proposed for
in situ heating to volatilize and decompose many organic
soil contaminants. The method has been under
development since the 1970s and has been pilot tested
for recovery of hydrocarbons from a landfill. A row of
horizontal conductors is laid on the ground surface to
be treated, and connected to an RF generator through a
matching network. Soil temperatures are raised to 300-
400 C, assisted with steam. Residence time is two
weeks. A vapor recovery system such as a negative
pressure fume hood with air pollution controls is used
on the land surface. This method may be approximately
one-half to one-quarter the cost of excavation and
incineration (Dev et al., 1984).

Artificial ground freezing is accomplished by
inserting refrigeration loops beneath the ground surface
into the soil surrounding the contaminant mass. The
frozen soil is virtually impermeable, however the method
is costly and energy intensive. It has been used to
date primarily as a temporary containment or
stabilization measure in civil construction projects
(Sullivan et al., 1984).

In situ vitrification was developed originally for

containment of nuclear wastes and radionuclide
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contaminated soils, but the technique has been tested
with some success on PCB contaminated sandy soils as
well (Fitzpatrick et al., 1984; UCLA, 1981; EPA, 1986E;
Sanning, 1984). Battelle Northwest Laboratories and the
Electric Power Research Institute are working toward
development of a full-scale unit.

This technique uses joule heating of soils by
passing electric current through the contaminated soils
mass. The mass melts and forms a durable obsidian-like
glass upon cooling, with its inorganic contaminants
trapped or crystallized within the mass. Most organic
contaminants are volatilized or pyrolyzed during the
process, therefore vapor recovery and treatment systems
are required on the ground surface being vitrified. As
with the RF process, effectiveness is limited by depth
and homogeneity of the soil being treated, as well as
other factors. The process is highly energy intensive,
and its long term effectiveness for hazardous wastes and
contaminated soils is still under study.

As discussed in Section 2.3.5, precipitation may be
very useful for immobilization of certain soil
contaminants, especially many dissolved metals such as
lead, cadmium, iron, and zinc, as well as some forms of
arsenic, mercury, chromium, and some organic fatty acids
(EPA, 1985H; Huibregtse and Kastman, 1979). Sulfides or

phosphates are the most promising for precipitation of
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divalent metal cations, especially sulfides due to their
low solubility product and the broad pH stability of the
resultant metal sulfides. Sodium sulfate used together
with sodium hydroxide has been broadly effective for
many metals. Precipitation occurs at neutral or
slightly alkaline pHs, and little resolubilization
occurs. Sodium hydroxide acts to increase pH and to
minimize sulfide gas formation (EPA, 1985H).

The effectiveness of precipitation techniques will
be strongly dependent on site physical and chemical
conditions, and will be greatest in sands and coarse
silts. Limitations of precipitation include pH
dependence of reversibility and the potential for
precipitates to clog soil pores and alter hydraulic
conductivity and preferential flow paths for subsurface
liquids, as discussed in Section 4.3.

Polymers have been applied in situ to abate ground
water plumes following monomer spills (EPA, 1984D,
1985H) . Williams (1982) described the remediation of a
4200 gallon acrylate monomer leak from a corroded
pipeline into a glacial sand and gravel aquifer.
catalysts, activator, and wetting agent were injected
into the ground water, and soil borings showed
polymerization of up to 90 percent of the spilled
materials. Applications of this technology are limited

primarily to organic monomers such as styrene, vinyl
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chloride, isoprene, and methacrylate, and effectiveness
is limited by the ability of polymerizing agents to mix
thoroughly with the released contaminants (Huibregtse
and Kastman, 1979).

Use of conventional solidification methods
described in Section 3.2.5.3 in situ has been limited
primarily by difficulties in obtaining complete mixing
described in Section 3.2.5.3 in situ has been limited of
contaminants with the stabilizing agents, leading to
incomplete stabilization which may break down rapidly
(EPA, 1982C,1985H; Truett et al., 1982).

Soil flushing methods may be effective in
extracting certain contaminants from soil pores and
matrices (also termed soil washing, solution mining,
solvent flushing) for subsequent removal and treatment
or disposal. Repa and Kufs (1985), EPA (1984D, 1985H),
and Barcelona et al. (1987) describe in situ soil
washing methods that use couplets of injection and
extraction wells or treatment beds to recirculate
washing fluids through a contaminated soils mass or
contaminated aquifer. Flushing solutions include water,
acids and bases, chelating agents, surfactants, and
certain reducing agents.

Several Superfund sites and other waste sites have
used these methods. The Goose Farm site in New Jersey

used water flushing of contaminants using a wellpoint

127

e ey ———— W

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



collection and recharge system (EPA, 1984D). Truett et
al. (1982) described a 6-year cleanup of an herbicide
factory site using water flushing. A German site with
soils contaminated by a perchloroethylene spill was
remedied by water flushing which effected a 50 percent
reduction in contaminant levels over an 18 month period.
spill was remedied by water flushing which effected a 50
Problems and limitations related to these methods are
discussed in Section 4.3. Surfactants have been used
primarily for tertiary oil recovery and other industrial
applications, and have not been tested at field scale at

Superfund sites.

2.3.6.2 Chemical Processes

Chemical methods have been discussed generally in
Section 2.3.5, and may act to extract, immobilize,
destroy, or detoxify soil contaminants when used in
situ. As with other in situ methods, they will affect
the soil matrix, and the physical and chemical
properties of the subsurface as well, in ways which are
not well understood at the present time. Extraction
methods were discussed above in the context of soil
flushing, and chemical immobilization by precipitation,
polymerization, and chelation were discussed above as
stabilization techniques. EPA (1984D) and Repa and Kufs

(1985) provided brief synopses of in situ chemical methods
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for organic and inorganic contaminants.
2.3.6.3 Bioreclamation

In situ bioreclamation of contaminated soils and
ground water is currently the subject of intense
research in EPA and elsewhere (EPA, 1985H; Keely et al.,
1986; Barcelona et al., 1987; Wilson et al., 1986A,B).
It has developed rapidly in recent years and may be the
most widely applicable and the most promising of the in
situ treatment categories. As discussed in Sections
2.3.5.5 and 4.3, both aerobic and anaerobic
biodegradation can and does occur in most natural
subsurface environments.

In most cases, in situ bioremediation is conducted
most effectively by optimizing physical conditions and
nutrient and oxygen delivery to the naturally occurring
microbial population, rather than introducing exotic
microbial species (Wilson et al., 1986A,B; Barcelona et
al., 1987).

Overcash and Pal (1979) and Mills et al. (1985)
listed organic contaminants susceptible to aerobic
biodegradation. Contaminated sites where in situ
bioreclamation methods have been used are described
briefly in Table 7. Most systems used to date are
modifications of the original method used by Raymond,

Jamison, and others at Suntech in the early 1970s to
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treat hydrocarbon contamination using indigenous
microbial populations enhanced by delivery of oxygen (in
the form of air, gaseous oxygen, or hydrogen peroxide)
and appropriate nutrients (EPA, 1985H; Wilson et al.,
1986A,B) .

Design considerations for effective delivery and
recovery systems are focused on (1) providing adequate
contact between microorganisms, nutrients,
cometabolites, and contaminated substrate materials
(soil or ground water), and (2) effecting hydrologic
control to minimize release of reactants or products
beyond the treatment zone and to maximize recovery of
contaminants and spent treatment fluids as necessary.
They require a thorough understanding of site and
subsurface physical and geochemical properties, as will

be discussed in Sections 4.3 through 4.7.

2.4 Problems With Traditional Soils Remedies

At a few sites where the volume of contaminated
soils is relatively small and its boundaries are well-
defined and readily identified in the field, complete
excavation to background, with subsequent treatment of
excavated materials and/ or secure disposal of any
unsafe residuals, has sometimes provided the simplest
and most straightforward remedy. The majority of sites

are more complex, and require a combination of several
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approaches to meet the multiple goals of SARA and the

National Contingency Plan.

Two types of problems generally have been
encountered in performing contaminated soils remedies:
problems with implementing the selected remedy and
difficulties in determining appropriate cleanup levels.
Implementation problems have included the following
(EPA, 1983; Office of Technology Assessment, 1985, 1988;
Keystone Center, 1985; Edelson, 1988):

1. Costs of off- site transportation and disposal,
especially of large volumes. Cost-effectiveness
problems with high-volume, low-hazard waste may
need special attention;

2. Limited avallablllty of off-site disposal
facilities, in terms of capacity shortages,
community opp051t10n, legal blocks, and lag time

until disposal is possible, e.g., at the McColl
site in Fullerton, California;

3. Risks of excavation, transportation, redisposal, as
for example, if accidents occur during any of these
stages;

4. Need for long-term O&M of containment system

components, including periodic replacement;

5. Potential for failure of containment systems,
either by long-term erosive or degradation
mechanisms or by catastrophic events, resulting in
recontamination problems that may differ from or
exceed the original environmental hazard at the
site as, for example, at the Butler Tunnel and
Bruin Lagoon sites in Pennsylvania;

6. Releases of contained materials through
mobilization by percolating 1nf11tratlon, surface
run-off, volatilization, or air entrainment of
particulates;

7. Leakage and mixing of contained incompatible wastes
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(e.g., via corrosion of landfilled drums),
potentially leading to violent reactions, fires, or

explosions;
8. Locational problems with in-place containment; and
9. Engineering problems with containment in place, for

example, difficulties in installing effective caps,

slurry walls, etc. at some sites or on certain

wastes, as at the Charles George Landfill in Maine.

The most pervasive and difficult problems
generally have been in the form of continued slow or
episodic releases of contaminants to ground water from
ineffective containment, or due to recontact of
contained wastes with ground water moving vertically or
laterally through the waste mass. This is sometimes due
to source control actions that did not address a
continued ground water problem, or that were not
coordinated with the ground water remedy at the site.

As described earlier, most contaminated soils
remedies selected to date involve removal or excavation
followed by off- site disposal, typically to a RCRA-
regulated disposal facility. The Office of Technology
Assessment (1985) asserted that since the RCRA
regulations do not provide adequately for detection and
prevention of ground water contamination, and that since
containment without prior treatment does not assure
long-term protectiveness, this type of remedy results
only in transfer of the risks to another location.

Typically, these risks associated with the receiving
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facility have not been considered in the risk assessment
for the site. The McColl site is a notable exception
where, due to local opposition, EPA revisited a signed
Record of Decision when prompted by a court action.

The Office of Technology Assessment also asserted
that off-site removal actions do not address ground
water already contaminated at the site, and that ground
water remedies sometimes have been limited to source
control or containment measures, or to provision of
alternate water supplies (taking no action to remedy the
aquifer itself), all methods which are low-cost in the
short term, but which lack significant long-term
effectiveness. Brown (1984), Smith (1988), and the
Office of Technology Assessment (1985, 1988) stated that
many such remedies may have to be revisited in the future.

A recent review of 51 completed Records of
Decision confirmed the tremendous emphasis on selecting
remedies relying on excavation of soils or containment-
based systems to isolate contaminants from potential
receptors in the Superfund program to date (Camp,
Dresser and McKee, 1985B). As shown in Figure 3, of the
51 sites examined in the study, 22 (43 percent) used
capping to reduce mobility and/or exposure, sometimes in
conjunction with slurry walls or other secondary
containment systems. Excavation to an off-site landfill

was selected at 27 sites (53 percent), and excavated
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soils and wastes were redisposed in an on-site landfill
at 4 sites (8 percent). Since several technologies were
used at some sites, this total exceeds 100 percent.

Several factors have been responsible for this
avoidance of alternative treatment/disposal
technologies, including their higher costs relative to
land disposal, uncertainties of the technologies
including their relatively unproven performance or
effectiveness on Superfund -type waste streams, and the
Superfund program's operational interpretations of the
protectiveness and cost-~ effectiveness requirements in
the CERCIA statute and the current National Contingency
Plan as discussed in Chapter 3. For a detailed
discussion of these factors, see Camp, Dresser and McKee
(1985B) ; National Research Council (1984); and the
Office of Technology Assessment (1983, 1985, 1988);
among others.

As stated in Chapter 1, this emphasis on what were
considered "proven" containment/ disposal technologies,
combined with discoveries of releases at several off-
site facilities that had accepted Superfund wastes,
increased public and legislative interest in destroying
or detoxifying hazardous wastes rather than land
disposing them, and other factors, have led to the
statutory preference for treatment/ destruction- based

remedies and "permanent solutions" recently expressed in
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the cleanup standards provisions found in Section 121 of
SARA.

The difficulties experienced in selecting remedies
relate directly to the problem of establishing soil
cleanup levels, since the amount and type of analysis
necessary depends on the type of remedy selected. For
example, if all soil contaminants will be removed, the
cleanup level is straightforward. If they are all to be
left in place and capped, the problem is also
straightforward, but in a different way. The focus is
shifted to assessing the effectiveness of the cap in
preventing exposures, and the types and magnitudes of
exposures if and/or when the system fails. Approaches
that could be applied to the problem of selecting
cleanup levels will be the focus of the remaining

chapters of this report.

137

v et e SR,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.0 SETTING SOIL CLEANUP LEVELS

The soil cleanup level problem has two key
components: difficulties in selecting the appropriate
remedy for the site problem, and difficulties in
determining "how clean is clean" for the selected
remedy. Chapter 2 provided an overview of the Remedial
Investigation/ Feasibility Study process and of the
remedial technologies currently being selected or
developed to address current Superfund contaminated
soils problems. CERCLA's conceptual approach
traditionally has focused on protection of public health
and the environment by preventing these exposures, but
only recently included a structured consideration of the
permanence of the selected soils remedy. Therefore,
some technical problems were seen in earlier cleanups,
where "permanence" was not an up-front concern.

This chapter focuses on the second component, the
difficulties for the Superfund program created by the
lack of soil standards or consistent approaches to set
cleanup levels for soils. The multi-media nature of the
soils problem is described in Section 3.1 in terms of
thelbroblem presented by soils as a source of human and
environmental exposure to soil- borne contaminants,
pointing out how cleanup levels must account for these

exposures. Section 3.2 presents the institutional
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options for setting soil cleanup levels: either to
create new soil standards on a generic or site~specific
basis, to modify existing standards or criteria for
other media to fit the soil situation, or to mix and
match these approaches. Institutional issues raised by
these options are discussed in Section 3.3.

Section 3.4 proposes a conceptual approach for
selecting the soil remedy and cleanup level on a site by
site basis. This approach could be used and, to a
limited extent as discussed in subsequent chapters, has
been used to analyze Superfund soils problems within the
existing Remedial Investigation/ Feasibility Study
framework. Problems in setting soil cleanup levels
using both traditional methods and the proposed approach
are discussed in Section 3.5.

These discussions are intended to provide the
rationale for choosing the site-specific approach to
setting cleanup levels, given the options presented in
Section 3.2. It lays the foundation for discussion in
Chapter 4 of the intended focus of this report, which is
to propose a meﬁhod for setting soil cleanup levels,
based on the use of site-specific risk assessments, when

concerns focus on ground water exposures.
3.1 Relationship of Soils to Other Media
The relationship between soils and other media--
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including air, surface water, and ground water--is
extremely complex. Soils may function as a source or a
sink for contaminants in other media, depending on
concentrations and their gradients in each medium, and
on the physical, chemical, and biological processes
available at a given contaminated soils site. As
discussed in the following sections, these processes may
function singly or in combination to transform the
contaminant species, shift its physical or chemical
state, or promote intermedia transfers. Further, the
equilibria between media concentrations of a given
pollutant, and their phases of occurrence in each
medium, may shift as conditions change within the
contaminated soils mass.

The source area at a Superfund site may consist of
the original wastes and the units or areas in which they
were contained, and soils contaminated by release of
these contaminants. Alternatively, as mentioned
previously, contaminated soils may represent the entire
source area to be addressed by CERCLA response actions.
Contaminated surface and subsurface soils pose both
direct and indirect threats to human and environmental
receptors, as illustrated in Table 8. The following
discussion will consider soils primarily as a source of

releases to other environmental media.
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3.1.1 Direct Exposure Scenarios

Direct exposures occur through dermal contact with
soil contaminants and through ingestion of soils
containing contaminants. The contribution of exposure
via these pathways to the overall risk posed by the
contaminated soils to the exposed individual varies
site-by-site; however, in most cases, ingestion has been
considered the predominant direct exposure pathway of
concern in most investigations to date.

Considerable controversy exists currently
concerning both of these pathways, not only within the
scientific literature, but also within the EPA and other
agencies responsible for risk assessments, such as the
Agency for Toxic Substances and Disease Registry of the
Centers for Disease Control. For dermal contact, there
is disagreement about what "standard" exposure
assumptions are appropriate for estimating how much skin
is typically exposed; whether and how this varies by
age, occupation, season, and site conditions; whether
different substances sorb differentially across the
skin, and whether different skin areas sorb compounds
differently (EPA, 1986A,H; Anderson et al., 1984; Brown
et al., 1984; Schultz et al., 1987).

For soil ingestion, controversy is more marked

concerning how soil ingestion rates vary by age and
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occupation, and whether different compounds, particularly
carcinogens versus noncarcinogens, require different
ingestion rate assumptions, as well as how dose-response
relationships vary by age, absorption rates into the body,
target organ affected, etc. (Kimbrough et al., 1984;
Rabinowitz et al., 1985; EPA, 1986H; Binder et al.,

1986; Sedman, 1987). Researchers generally agree that
soil ingestion is strongly age dependent. Over 90
percent of the total lifetime intake of a contaminant by
this pathway occurs between ages 18 months and six
years. However, some children exhibit "pica" behavior,
an abnormally high rate of ingestion of inert materials
including soil, sometimes at several times the "normal"
rate. The scientific community and the agencies have
not yet reached consensus on the frequency of occurrence
of this condition, termed "pica" behavior, nor on
whether it represents a "worst case" ingestion rate that
should be adopted as a standard assumption for all risk
assessments involving this pathway. These problems
greatly compound the uncertainties attendant in
performing quantitative risk assessments involving these

direct exposure pathways for soil contaminants.

3.1.2 Indirect Exposure Pathways

Indirect exposures to contaminated soils can occur

through a variety of mechanisms (see Table 8). These
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include inhalation of vapors released from the soils to
the atmosphere either on or off the site; ingestion of
or dermal exposure to dusts and particulates bearing
sorbed contaminants, either on or off the site; and
leaching of soil contaminants to ground water and
subsequent exposure of receptors to contaminated ground
water via ingestion or inhalation of volatilized
contaminants when the water is used for cooking,
washing, or showering. Other indirect exposure pathways
for contaminated soils include ingestion or dermal
contact with surface water that has received soil
contaminants. Soil contaminants may reach surface
waters via surface runoff transporting contaminated
soils, or via influx of contaminated ground water to the
surface water body, either of which may also cause
sediment contamination.

Plant, animal, and human receptors also may be
exposed to contaminants that may be taken up from soils
by plants or animals and bioaccumulated in terrestrial
ecosystems. Contaminants transported from soils
similarly may be taken up from contaminated surface
waters or sediments and bioaccumulated in aquatic
ecosystems, subsequently reaching human receptors when
the fish or shellfish are consumed (Schultz et al.,
1987). Little research exists upon which to reliably

estimate risks to public health and the environment

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



through the biocaccumulation pathway for terrestrial
systems. In the past this pathway seldom has been
evaluated formally, unless called for owing to unique
site circumstances.

To base soil cleanup levels on a site-specific risk
assessment requires that one be able to quantitatively
assess the risk through each of the actual or potential
exposure pathways that exist for soils at a given site.
The exact nature of the pathways at a given site, and
the extent to which each of the exposure mechanisms
described above exist at that site, and contribute to
the total human and environmental risk which each of the
exposure mechanisms described above exist from the
contaminated soils, will vary greatly from site to site.
This is evaluated in the site exposure assessment, as
will be discussed in Section 3.4.4. Overall risk to
public health and the environment includes all
applicable direct and indirect pathways from the
contaminated soils. All contributions to overall risk
via other pathways, such as existing or likely future
contamination of air, surface water, or ground water.
must be considered and added into the overall risk
calculation (EPA, 1986A).

The question then arises as to whether, and how
accurately, each pathway can be identified and

quantified. This must be examined in two ways: in terms
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of (1) the state of scientific understanding in
describing and quantifying these various exposure
pathways, and (2) for those that can be quantified
successfully, the amounts and kinds of site data that
must be collected during the Remedial Investigation to
perform an adequate, and accurate exposure assessment.
That is, the tradeoff between the level of detail, cost,
and time of the site investigation and the level of
precision in the resultant understanding of overall site
risk. This issue of level of scientific uncertainties
about both the direct and indirect soils exposure
pathways will be discussed further in Sections 3.4 and
4.9. The issue of data/ precision tradeoffs will be
discussed in Chapters 4 and 6.

For most of the indirect soils exposure pathways
mentioned, there is disagreement among the scientific
community as well as the agencies on the relative
importance of contributions of each to the overall site
risk. Therefore, many pathways were ignored in the
exposure assessments other than the ground water route,
and the surface water route at certain sites.

At most Superfund sites, soil ingestion and
exposure to contaminated ground water are considered the
most critical pathways for direct and indirect exposure

to contaminated soils, and past cleanup levels have
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generally focused almost exclusively on these pathways.
Other exposure routes have been assumed to be less
critical for soils at most sites, though this assumption
generally has been based more on qualitative assessments
or best engineering judgement than upon critical,
quantitative analysis of other potential exposure routes.

Likewise, the scientific and regulatory communities
lack consensus regarding the appropriate methods and
assumptiéns to employ when assessing exposure (National
Research Council, 1983; Schultz et al., 1987). The
latter issue is more complex for the indirect pathways
than for the direct pathways because fate and transport
mechanisms and multimedia transfers are involved in
bringing contaminants from the soil source to the
eventual receptor, as shown in Table 8. Controversy
surrounds the appropriate analytical methods to use,
since modeling is required in order to estimate future
exposures. This is discussed further in the context of
the conceptual approach in the next subsection.

3.2 General Approaches for Establishing How Clean
Is Clean

In Chapter 1, the concept was introduced that
successful implementation of the remedial process
depended largely on successful determinations of both

the appropriate type of remedy and the appropriate
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extent of remedy (the degree of cleanup). Cleanup goals
are established in the remedial process as overall site
response objectives, as discussed in Section 2.2.2.

Response objectives for Superfund sites
traditionally have been cast in terms of prevention of
exposure to unacceptable pollutant concentrations via
the potential exposure pathways that exist at a
particular site. Typically, one or more response
objectives will be set for each medium of actual or
potential exposure at a given site. Examples include
the maintenance of adequate supplies of safe drinking
water for populations potentially affected by
contaminated ground water; prevention of exposure of the
public by inhalation to harmful levels of airborne
contamination, prevention of hazardous dermal contact
with contaminated soils by the public; and protection of
state-designated uses of--and aquatic life in--a nearby
wetland or surface water body.

Response objectives, then, are premised on actual
or potential risks to public health and the environment
at a given site. In their simplest terms, these risks
may be expressed as (Starr, 1969; National Research

Council, 1983; Shih and Bernard, 1988a):

Risk = (Hazard) x (Exposure)
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that is, the risk each compound poses to a given
receptor is a combination of the inherent hazard posed
by the compound and the level and duration of exposure
to it. Inherent hazard is a combination of its mass or
concentration at the source and its intrinsic toxicity
based on chemical state, mode of entry into the
receptor, absorption into the target tissue, etc. The
level of exposure to the compound is the fraction of the
original hazard available to the receptor at the point
of exposure, or the probability of exposure by the
receptor to the original hazard at the point of exposure.

The purpose of the Remedial Investigation/
Feasibility Study is to identify and evaluate remedial
actions that attain the response objectives by reducing
these site risks, either by elimination of the hazard
through destruction or removal of the pollutants to safe
levels, or by prevention of exposure through containment
or access control measures. They may address both
components of the overall risk.

Cleanup targets or levels define ambient
concentrations or residual levels of contamination that
may be left in a given medium (air, surface water,
ground water, soils) at the site without further
management at the completion of the remedial action;
thus, they define " how clean is clean." They will

affect the volume of wastes and contaminated soils to be
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treated and/or disposed, which in turn directly affects
the overall cost of the response and the feasibility of
various technologies (EPA, 1985G).

The choice of cleanup goals and targets is
dependent on a variety of complex technical issues
including, for example, the limitations of available
technologies, the uncertainties in available toxicity
data, the exposure pathways present, the risks through
each pathway, and the uncertainties in the risk
estimates and in the conduct of risk assessments. As
discussed in Sections 1.2.2 and 3.3, the decision maker
must also consider the role of applicable requirements
in setting cleanup targets.

The difficulties posed by the consideration and
selection of applicable requirements are intensified by
the problem of multiple and sometimes conflicting
standards and criteria for some compounds in certain
media, especially water, and the lack of available
standards for other media, especially contaminated
soils. Ultimately the establishment of cleanup targets
is a national policy decision (0Office of Technology
Assessment, 1985), constituting risk management as well
as, or sometimes in lieu of, involving risk assessment
(EPA, 1984C; National Research Council, 1983). The
purpose of the ensuing discussion in this section is to

review the range of conceptual approaches available for
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setting cleanup standards in any medium. This will

provide a background against which to examine a possible

approach for contaminated soils cleanup levels in

subsequent chapters of this report.

Many alternative approaches are possible for

establishing national goals for the extent of cleanup at

Superfund sites or, alternatively, nationally consistent

methods for determining how clean is clean. Several

have been suggested by Brown (1984) and the Office of

Technology Assessment (1985), among others. Several

states also have approaches that could be adapted for

use at a national level. They can be grouped into five

general categories (see Figure 5):

1.

Health-based approaches, based on scientific
information on public health or environmental

risk;

Technology-based approaches, such as RCRA's
design and operating requirements and the BDAT
levels in the land ban regulations, as
discussed in Section 2.3.5;

Cost~-benefit-based cleanup approaches;

Site or land-use classification systems; and
Best engineering judgement. As defined below,
this is similar to the "ad hoc" approaches

discussed by Office of Technology Assessment
(1985) .

A representative sample of the range of potential

approaches is briefly presented in the following

discussion.
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3.2.1 Health-based Approaches

Health-based approaches focus on specific risks to
public health and the environment posed by the wastes
present at a particular site. Therefore, they
constitute the broadest and the most contentious

category. Several options are possible:

o Cleanup to background or to "pristine" levels;

o Cleanup to generic health-based levels by
establishing national soil cleanup standards;

o Cleanup to safe levels as determined by site-
specific risk assessments;

o Cleanup to levels that would no longer be
considered hazardous wastes under RCRA. This is
the RCRA delisting process, which is both generic
and site-specific; and

o Cleanup using the current "ad hoc" approach,
relying on applicable standards and requirements
from other laws to provide sufficient information
to establish cleanup levels (see NCP in EPA, 1985A;

and Office of Technology Assessment, 1985). This
approach combines elements of the other options.

3.2.1.1 Cleanup to Background

This approach calls for the excavation and/or
treatment of contaminated source material (wastes and
contaminated liquids, sludges, and soils), or
contaminated ground water, either to levels
statistically indistinguishable from local or regional
background levels or, alternatively, to "pristine"

levels as defined by the Office of Technology Assessment
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(1985). This standard has a programmatic history. It
is consistent with the RCRA ground water protection
standard for regulated hazardous waste facilities in 40
CFR 264 and 265 Subpart F, which states that ground
water beyond the downgradient unit or facility boundary,
or otherwise-defined "point of compliance," must not
contain levels of contaminants in excess of local
background levels of those compounds or their MCLs under
the Safe Drinking Water Act. Likewise, the proposed
closure standard for storage surface impoundments at 40
CFR 265.228 (EPA, 1982B) suggested that for those units,
cleanup or decontamination of source materials to
background was required in order to "walk away" from the
unit without further management requirements.

Cleanup to background contains elements of
technology-based as well as health-based approaches. Its
use avoids extensive time and resource expenditures in
the performance of a detailed, complete risk assessment,
including exposure modeling and site-specific exposure
and toxicity assessments.

Cleanup to a background standard would not take
into account the inherent toxicity or mobility of site
contaminants, and thus it bypasses the expensive, time-
consuming, and politically difficult process of setting
standards for contaminants. Rather, it incorporates an

implicit risk management decision that all exposures
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above background levels pose unacceptable risks to
public health and the environment. As such, however,
the background standard has the advantages of allowing
unrestricted future land or water use at the site, and
of consistency with RCRA requirements. Note, however,
that cleanup of ground water to local background levels
may not attain all applicable requirements.

However, it requires a determination of local
background levels of the pollutants at the site. For
synthetic compounds, background generally is initially
assumed to be zero, or in practice, below the detection
1imits of the measurement methods in use for that medium
at that site. For naturally-occurring compounds and
metals, background may initially be assumed to be the
level historically present in soils (or ground water) in
the site vicinity. This will be a site-specific
determination that may be technically quite difficult at
many sites. Often there may be great vertical and
lateral variability in soil types and characteristics on
the site itself; the problem is compounded when local or
regional background must be determined.

Historical background levels for soils have been
notoriously hard to establish even for naturally
occurring compounds, and become more difficult and
complex when past and present regional land-use

practices are factored in. How should the site vicinity
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or "region" be defined if, for example, the site is
located in a highly industrialized neighborhood where
background concentrations may far exceed the national
average, for example as found in studies of lead,
dioxin, and PCB levels in urban residential soils (Stark
et al., 1982; Kimbrough et al., 1984; Gallacher et al.,
1984; Rabinowitz et al., 1985; Binder et al., 1986)?
What if the levels exceed average levels in rural soils
(Carey and Gowen, 1976)? In such a case, the costs and
efforts required to define what the "region" is for
purposes of establishing background, and to determine
what fraction of an area-wide contamination problem
should be attributed to a particular Superfund site, may
be substantial.

For the Superfund program, attainment of the
statutory protectiveness requirement, if defined as
cleanup to a background standard, traditionally has been
considered to conflict with the statutory
cost-effectiveness requirement. Compliance with a
background standard has been traditionally difficult to
establish at most Superfund sites, where migration of
contaminants from their original source or point of
disposal has led to highly complex vertical and lateral
distributions of contaminants in the soils surrounding
the source itself.

It also may require removal and/or treatment of

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

very large volumes of soils in proportion to the
fraction of the site threat they may represent (see
Section 2.3 for a detailed discussion), substantially
increasing cleanup costs compared with costs where safe
levels above background could be established.
Limitations on the size of the Fund could cause
relatively few sites to be cleaned up to a strict
background standard; the Fund might be depleted after
addressing only a few large, complex sites.
Site-specific differences in background levels would
lead to different levels of cleanup from site to site
(0ffice of Technology Assessment, 1985). Finally, the
background standard may not be protective at sites where
local or regional backgrounds are high, for example, in
TCE-contaminated ground water in the Santa Clara and San
Gabriel valleys in california, and in soils surrounding
metal smelters such as Bunker Hill in Idaho or the New
Jersey Zinc smelter in Palmerton, Pennsylvania. The
Office of Technology Assessment (1985) suggested the use
of "pristine" levels in such circumstances; however,
local sources could repollute such an area following its
cleanup, bringing the cost- effectiveness of cleanups to
pristine levels, and the appropriateness of such uses of

the Fund, into doubt.
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3.2.1.2 Cleanup to National Standards

The Office of Technology Assessment (1985)
discussed the establishment of national goals, or
generic cleanup levels, yielding residual ambient soil
concentrations above background that could be left on-
site without further management requirements. Under
this approach, the same concentration of a given
compound would be used as its cleanup target at all
sites in the country, irrespective of site-specific soil
or waste characteristics, or the location or composition
of potential receptor populations. These concentrations
would ideally be set at safe levels such that no
constraints on future land or water use would be
required at sites attaining these standards.

Theoretically, standards could be set strictly on
the basis of the inherent toxicity of each compound, or
they could incorporate risk management considerations
such as cost or cost-effectiveness of treatment or
management, constraints on the Fund's resources, the
limitations of available treatment technologies, or
adjustment factors for different land or resource uses
This is similar in concept to the setting of existing
Federal ambient standards for pollutants in air or
water, e.g., National Ambient Air Quality Standards

under the Clean Air Act, MCLs promulgated under Safe
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Drinking Water Act, or Water Quality Criteria under the
Clean Water Act.

Site-specific risk assessments would not be
performed under this approach. Rather, amounts
excavated and/or treated in site cleanups would be based
only on assessments of the composition and distribution
of wastes and contaminants in various media. Thus,
problems and uncertainties inherent in site-specific
risk assessments (see Sections 3.2.1.3 and 2.4) are
avoided, and residual concentrations ideally would be
similar nationally among sites. Ambient standards might
be above or below local background levels for a given
compound at a given site.

As described in Section 1.2, no Federal standards
now exist for ambient concentrations of contaminants in
soils. Their nearest approximations are maximum
cunulative annual soil loading levels for two
pollutants, cadmium and polychlorinated biphenyls
(PCBs), in RCRA's land treatment regulations (40 CFR
257.3). Simply applying existing standards
developed for air and water to soils would be
largely inappropriate and of limited value (Office of
Technology Assessment, 1985), since they generally were
developed for a single medium and a single exposure
pathway, not the multiple exposure pathways possible for

soil contaminants (see Section 3.1). Nor do they
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address the interactions among several compounds or the
multimedia exposures to which a given receptor might be
subjected at some Superfund sites.

The toxicological data base upon which existing
standards are based would be essential to the soils
standard-setting effort; however, it requires
supplementation. Reliable data and standards do not yet
exist in the other media, air and water, for all
compounds encountered at Superfund sites (National
Research Council, 1983; Office of Technology Assessment,
1985). Conflicting values exist for some compounds in
certain media. Research adequate to develop these
standards in soils for all compounds commonly
encountered at Superfund sites, that would be protective
in all foreseeable combinations of soil type, waste
mixture, and interactions, and for all potential human
and environmental receptors, would require many years to
complete and resources not available within the Fund.
Thus, development of Federal nationwide soil standards
would be a long, politically difficult, resource
intensive process. In the meantime, some sites require
attention to mitigate imminent and substantial threats
to public health and the environment.

As mentioned in Section 1.1, a provision was added
to the cleanup standards in Section 121 of SARA

requiring the consideration of promulgated state
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standards when they are more stringent than their
Federal counterparts, or when no Federal standard
exists. A few states are developing generic soil
standards, such as California's Applied Action Levels
(Sedman, 1987; Marshack, 1985), or New Jersey's cleanup
standards for industrial sites developed under that
state's Environmental Corporate Responsibility Act (Dime,
1987). A survey by Garnik (1986) showed 22 states with
established soil cleanup levels. Of these, only 5
states had formal cleanup levels. Only Alabama and

New Mexico had numerical soil standards, and these were
available only for a few petroleum constituents.

3.2.1.3 Cleanup Using Site-specific Risk

Assessments

This approach presumes that (1) at many sites, a
"safe level" of residual contamination above background
levels can be established for all contaminants that is
protective of public health and the environment for all
routes of exposure existing or possible at the site; (2)
any soils or wastes with concentrations exceeding these
safe levels are hazardous substances that require
destruction, treatment, containment, or some form of
long-term management; and (3) these safe levels and
cleanup amounts can be determined on a site-by-site

basis using risk assessments explicitly. Cleanups to
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this safe level may involve excavation and/or treatment
of differing quantities of wastes or soils, and
differing final residual concentrations, from site to
site.

Thus, at a given site, these residual
concentrations, and the resultant quantities of
excavated/ treated soils that would require management
as hazardous, might differ from those yielded by cleanup

to a generic national standard or by cleanup to

background. Uniformity or national consistency in the
residual risk level would be established by basing the
site-specific soil concentrations on uniform national
residual risk levels within a single risk range, and by
using the same methodology to assess risks at all sites
to the extent possible.

The general process for using site-specific risk
assessments to determine site-specific cleanup levels
will be discussed in detail in Section 3.4. As will be
discussed in Chapter 4, the same analytical approach may
not apply to all sites, requiring that consistency be
achieved by standardizing the procedure to select and
use the analytical approach rather than the approach
itself.

Two significant challenges must be met in order
to maintain this desired national consistency: (1)

uniform, standardized methods for performing the risk
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assessments must be agreed upon; and (2) a single set of
health-based concentration values or toxicity values
must be established and agreed upon for all constituents
and compounds of concern at Superfund sites. These
would provide the baseline values that, when applied to
the site soils, would be manipulated to address each
pathway of exposure that may be encountered at that

site.
Several analogous RCRA concepts provide useful

illustrations of different ways to establish cleanup
levels or choose long-term management alternatives for
wastes and/or sites. These include the processes for
nclean closure" and alternate closure of surface
impoundments (EPA, 1987A,B), and the petition process
for delisting wastes to exempt them from RCRA Subtitle C
management requirements where they can be demonstrated
not to be hazardous on a site-specific basis (EFA,
1985N). These RCRA concepts might provide different
models for establishing site-specific cleanup level
procedures. Each has a different outcome in terms of
the long-term management requirements for the site, but
all are intended by statutory mandate to offer equivalent
protection of public health and the environment. Their
use of site-specific risk assessment varies but is
limited in all cases; their relationship to this report

will be discussed in more detail in Sections 3.3 and
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3.2.1.4, respectively..

Many choices must be made up front by the risk
assessor in order to set either generic or site-specific
cleanup levels in this fashion, including the following:
o Whether to use individual risk or population risk

levels, that is, whether to assess the actual
receptor population exposed or to assume a worst
case maximum exposure scenario;

(o} Which compounds to select as indicators upon which
to base cleanup levels appropriate for all
contaminants present, discussed further in Section
3.4.3;

o Whether, or in what proportions, to use modeling
versus actual sampling to make the exposure
assessment;

o What exposure scenario to assume (actual case,
average, worst-case, "reasonable-worst-case",
etc.); and

o} Whether or to what extent land-use, economic, or
technology limitations should be factored into the

definition of "acceptable" risk levels (Office of
Technology Assessment, 1985; Rodricks, 1984).

Some of these concerns are shared with other approaches
discussed in this chapter, since some components of risk
assessment are used in the determination of generic
national standards and/or of background levels as well.
These concepts and choices, and their implications for
setting cleanup levels, will be discussed in more
detail in Chapters 4 and 6.

The principal advantage of this approach is that

it provides maximum flexibility in determination of
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cleanup levels by tailoring them to actual site wastes
and physicochemical conditions more precisely than any
other method discussed in this section. Further,
cleanup levels so determined should be fully protective
of public health and the environment by definition, and
may satisfy the statutory mandate for permanence,
depending upon the ultimate interpretation of that SARA
requirement.

Thus, they may require removal or management of
considerably smaller quantities of contaminated material
than would cleanups to background or to generic national
levels in many instances, resulting in lower overall
costs and reduced dependence on limited commercial
treatment and land disposal capacity (Office of
Technology Assessment, 1985; Keystone Center, 1985).
This would allow maximum flexibility in the use of
limited Fund resources, since the resources expended at
each site would be commensurate with the overall threat
the site presents. As with cleanup levels based on
national standards, depending upon the ground rules
selected, cleanup levels using this approach may or may
not explicitly consider technical feasibility or some
other component of cost- effectiveness.

The weaknesses of the site-specific risk
assessment approach for setting cleanup levels are

closely tied to many of its strengths. This approach is
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more data-intensive, and more demanding of human and
analytical resources on a case-by case basis, than other
cleanup level-setting approaches. The savings in
cleanup costs may be somewhat offset by the increased
sampling and analytical efforts and time required to
minimize uncertainties. Both the accuracy and the
precision of the cleanup level will depend heavily on
the level of sophistication of the risk assessor's
knowledge of the site, and/or the correctness and
appropriateness of the assumptions made in the absence
of data or in the selection and application of models
used to simulate fate and transport processes (Office of
Technology Assessment, 1985). As with cleanup levels
based on background levels or national standards, in
some instances cleanup levels determined by site-
specific risk assessments could be technically
unachievable or economically infeasible, requiring
the decision maker to consider other cleanup
alternatives, even containment or management options.
Use of this approach is sensitive to public
perceptions about the general appropriateness of risk-
based approaches to set residual contamination levels,
and to fears that differing residual cleanup levels
yielded by this approach from one site to another could
represent different residual risk levels and variable

environmental protection. Note that this perception
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factored significantly in the shift from risk-based to
technology-based treatment standards in the RCRA land
disposal restrictions program (EPA, 1986B). Careful
attention must be paid to the standardization of methods
and baseline risk values in order to minimize situations
where this might occur (Office of Technology Assessment,

1985).

3.2.1.4 Cleanup to RCRA Delisting Levels

The RCRA regulations at 40 CFR 260.20 and 260.22
allow owners and operators of hazardous waste facilities
to petition EPA's Administrator to exclude their waste
from the Subtitle C hazardous waste management
requirements on a case-by-case basis, where the owner/
operator can demonstrate that a waste that would
otherwise be subject to RCRA need not be so managed
based on characteristics unique to that waste or to its
management. The delisting process requires EPA to
review detailed information on raw materials, production
processes, and byproducts of the waste's manufacture;
descriptions of quantities generated and methods of
management of the waste; analytical data for all
hazardous waste constituents given in 40 CFR 261
Appendix VIII; test results on representative waste
samples for the characteristics of ignitability,

reactivity, corrosivity, and toxicity as defined in 40
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CFR 261: and additional information and analyses as

necessary.

At some Superfund sites, the RCRA delisting
procedures have been considered as a basis for
determining cleanup levels, sometimes to determine safe
residual contamination levels for excavation, but more
recently to help determine a potential safe level for
treatment residuals (for example, to set safe levels for
incinerator ash when EPA's mobile incinerator was used
to treat wastes and soils at the Denny Farm dioxin site
near Times Beach, Missouri; EPA, 19850). The rationale
is that the approach is sufficiently waste-specific to
be appropriate for determining when CERCLA wastes to be
taken off a site should be managed as RCRA hazardous
wastes. However, it is not sufficiently site-specific
to accurately establish appropriate residual

concentrations to be left in place in site soils.

3.2.2 Technology-Based Approaches

Implicit in the second major category of cleanup
level approaches is the assumption that risks should be
reduced to the lowest level technically feasible through
application of technology, by controlling the discharge
of contaminants to the environment at levels near zero
to the extent possible. Thus, near-background

environmental concentrations of pollutants are achieved
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indirectly by controlling their release, rather than by
seeking to determine their "safe" numerical ambient
concentration through the risk assessment process, and
then directly clean up to that ambient level.
Technology~based approaches generally function in
two different ways. They may either provide guidance
for preventing exposure at any level, as for example

RCRA's design and operating requirements for land

treatment, storage, and disposal facilities; or they may

regulate waste treatment/removal/ management activities
to reduce the waste's hazard to "safe levels" allowable

in residuals following contaminant treatment or removal

by defining the technology to be used in order to reduce

the waste's hazard to those levels, as for example
RCRA's treatment levels under the Land Disposal
Restriction regulations being promulgated under HSWA.
The background standard for ground water in 40 CFR
Subpart F really represents a technology-based means of
achieving a health-based endpoint. The attainment of
safe levels from a public health and environmental
perspective is assured by cleanup of any release from a
facility to background or zero levels of contaminants
without the expenditure of resources to determine
actual, toxicologically-based safe levels above zero,
although that option is also provided through the

Alternate Concentration Limit demonstration process
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(EPA, 1987D).

The design and operating requirements for RCRA
facilities, on the other hand, are premised on the
prevention of human or environmental exposures above
zero through the proper design and operation of waste
containment and treatment facilities. Containment
remedies without treatment have been used at many
Superfund sites historically in compliance with these
standards, as was discussed in Chapter 2.

The same premise underlies the use of the Best
Demonstrated Available Technology (BDAT) to treat wastes
prior to discharge (Stewart and Krier, 1978; EPA, 1986B;
Brown, 1984; Office of Technology Assessment, 1985),
which is required by the RCRA land ban rules. These
require that a given waste stream always be treated to
the same level before it is allowed to be land disposed
in a regulated unit, regardless of the design or
location of that unit; in that sense, they represent
generic, national standards. However, land ban BDAT
treatment standards presently exist for only a few RCRA
waste streams. None have yet been promulgated for
contaminated soils (Hanson, 1988).

It might be technically infeasible or prohibitively
costly to apply waste treatment standards to soils.
Then, the Superfund program probably would not meet its

statutory requirements for technically feasible and
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cost-effective remedies by applying the available land
ban treatment standards to Superfund site soils without

modification. This is discussed further in Section

3'3.20

3.2.3 Cost-benefit-based Approaches

A cost-benefit approach would require a site-
specific estimation of costs and benefits associated
with cleanup to different levels; thus, this approach
incorporates elements of one or more of the approaches
described previously. Selection of cleanup level would
be focused on attaining levels where the ratio of total
benefits to total costs was greater than or equal to
some set value, or where marginal benefits were greater
than or equal to marginal costs (0ffice of Technology
Assessment, 1985).

Superfund cleanups by statute are required to be cost-
effective. Currently, this is interpreted in the evaluation
of remedial alternatives by comparing several alternatives
which are all minimally capable of attaining the site
response objectives, i.e., which would be "effective"
remedies in terms of their cost, and selecting that
alternative providing the best balance of cost and
effectiveness, or the lowest~cost alternative among several
equally effective options (EPA, 1985A). This concept

likewise could be applied to soil cleanup levels.
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One approach taken at several sites was to define
the cleanup level or zone such that a substantial
proportion of source strength is removed from the
ecosystem, for example the removal of 90% or 95% of the
contaminant by mass. This approach was taken at the
Burnt Fly Bog site in New Jersey, and at the Fields
Brook site in Ohio, among others (see Appendix I).

A common misconception held by EPA's critics is
that cost benefit analysis or an explicit balancing of
risks and costs is done to select Superfund remedies or
to set appropriate cleanup levels. However, both are
expressly forbidden by the Superfund statute, although
allowed under other environmental statutes (EPA,1985A;
Office of Technology Assessment, 1985; Stewart and
Krier, 1978). Cost effectiveness of the remedy is
required, however. This shifts the analytical and
institutional debate to the gquestion of how to best
define effectiveness, and cost effectiveness in the
Superfund context. 1In Section 2.3.1, one option that
would comply with SARA was given, where long term
effectiveness was described in terms of achieving
"protectiveness" and "permanence."

Traditionally it has been politically difficult to
obtain agreement among policy makers on an appropriate
scale for quantifying environmental benefits. This

problem plagues most state and national environmental
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laws, as evidenced by the natural resource damage
requlations promulgated pursuant to CERCLA (van Voris et
al., 1985). Measurement of "effectiveness" and cost-
effectiveness by some quantitative index of
environmental improvement appears to be an
unimplementable basis for Superfund site cleanup levels
for the foreseeable future. This issue is addressed
again in the context of utility functions in the
discussion of decision analysis in Section 4.10.2.3.

A cost-benefit approach for cleanup levels likely
would lead to inconsistent cleanup levels from site to
site if implemented across the board. However, the
Fund-balancing waiver in 40 CFR 300.68(i) provides for a
kind of cost benefit balancing in exceptional
circumstances where a remedy fully complying with all
applicable or relevant and appropriate requirements
would disproportionately drain the Fund's resources for

the degree of environmental benefit obtained.

3.2.4 Site or lLand-use Classification Systems

Under an approach recommended by the Office of
Technology Assessment (1985), the extent of cleanup
would be based largely on the present and expected
future use of the site and its surroundings. Land-use
classification would be the principal driver in

selecting the type of remedial action and the extent of

174

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cleanup, which clearly would combine implicitly both
risk management and cost-benefit considerations in the
assignment of land-use categories. This factor seldom
has been paid explicit attention in past remedy
selection decisions according to Office of Technology
has been paid explicit attention in past remedy
Assessment (1985), although implicitly it impacts many
of EPA's past and ongoing remedy decisions.

This approach would require national agreement on a
site-use or land-use classification scheme that might be
similar in nature to the EPA Ground Water Protection
Strategy (EPA, 1984B). The Strategy is based on the
Agency's primary mission to protect public health and
the environment, its inability to protect all ground
water from contamination due to resource limitations,
and the varying costs and difficulties associated with
cleaning up contaminated aquifers.

To implement such a scheme, a policy decision would
be required allowing the extent of cleanup to vary from
site to site, and significant resources would be spent
on classifying regions containing Superfund sites. It
is questionable whether this approach would be an
acceptable use of the Fund or in conformity with

Congressional intent as expressed in SARA (Smith, 1988).
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3.2.5 Best Engineering Judgement

At many remedial sites handled in the early years
of the Superfund program, and in many emergency response
situations, cleanup levels were determined qualitatively
on the basis of very limited site-specific information.
Often best engineering judgement was used to determine a
cleanup level by combining elements of some or all of
the other approaches--use of health-based data and
standards, technology-based levels, and elements of
cost-benefit or cost-effectiveness--and using experience
and judgement to supplement or substitute for knowledge
gaps or uncertainties.

For example, contaminated soils at some sites were
removed to the limits of visible contamination,
especially where oily substances predominated in the
solid contaminants (Heare, 1986; Haley, 1988; Haynos,
1988). Extent of excavation was modified according to
compounds present, matrix, local soil conditions, and
topography based on the judgement and experience of the
site manager or on-scene coordinator and EPA's
contractors. The principal negative outcome of this
cleanup level approach is the inconsistencies it would
create in cleanup decisions from site to site.

Obviously most everyday field decisions, such as

exactly where and how to collect a particular sample,
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how to adjust a model to account for certain unique site
characteristics, or how to adjust certain construction
and operating parameters of a system, use best
engineering judgement to varying degrees. It will never
be entirely removed from the remedial process, but it
cannot provide the only basis for setting Superfund
cleanup levels, since it cannot satisfy the need for
program wide consistency as expressed in Section 1.3.3.
As the depth and diversity of programmatic experience
increases, the role of best engineering judgement in the
determination of final cleanup levels can be gfadually
reduced as it is substituted by field data and prior
experience.

3.3 Institutional Issues Affecting the How Clean is
Clean Decision

As was discussed in Chapter 1, CERCLA was enacted
in 1980 in part because of the perceived inability of
existing federal environmental programs to address the
problems of uncontrolled hazardous waste sites
effectively. This mismatch occurred in three general
ways: (1) the existing statutes did not provide
jurisdiction over the releases, either because their
jurisdictions tended to be limited to a single medium
such as air or water, or because they lacked the power

to force responsible parties to clean up the releases;
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(2) the other regulatory programs did not have
adequate human and/or fiscal resources to devote to
a "new" class of problems; or (3) the other
regulatory programs lacked the tools in terms of
established procedures, policies, guidance, or
experience to address complex, multimedia
contamination problems.

Nonetheless, the Superfund program traditionally
has looked to the requirements of other federal
environmental statutes in seeking to ensure the adequacy
of methods and approaches it uses to clean up sites and
to determine appropriate cleanup levels in each medium
contaminated by the site or where exposures might occur
in the future (EPA, 1985A; Thomas, 1987). As mentioned
in chapter 1, however, the selection and application of
other environmental laws and requirements to Superfund
cleanups has traditionally presented the Agency with a
"square peg/ round hole" problem that has proved
difficult and controversial to address on a site-by-site
basis (EPA, 1985A; Brown, 1984; Smith, 1988; Wolf and
Warren, 1988).

The EPA has been criticized for providing in the
National Contingency Plan neither a set of clear-cut
remedy selection criteria, nor strict decision rules for
selection of the appropriate alternative (Brown, 1984;

Office of Technology Assessment, 1985; and preamble
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discussion in EPA, 1985aA). During the 1982 revisions to
the National Contingency Plan, the EPA had considered
setting national cleanup standards. However, this was
rejected in favor of allowing cleanup standards to be
set on a site-by-site basis (Smith, 1988). Note that
EPA believed that setting new standards for the many
hazardous substances found at Superfund sites would be
too time-consuming and resource-intensive, and that many
sites would have circumstances to which no existing
standards clearly would apply, as stated in the 1982
National Contingency Plan (EPA, 1982A):
"For instance, acceptable levels of hazardous
substances in soil are not established, and there
are no generally accepted levels for many other
hazardous substances in other media. Even when
there are standards for a particular substance,
they may not be applicable to the conditions
surrounding the release. Therefore, if the Plan
included a rigid requirement that standards be met,
it would obscure the real issues in many cases of
how to adequately protect public health." (National
Contingency Plan, 47 Fed. Reg. 31, page 31185).
Note that EPA's alternative was to provide the RI/FS
process as
"(a) methodology which would provide structured
and reasoned decision making while still allowing
flexibility to deal with unique and unforeseen
characteristics..." (EPA, 19823).
The National Contingency Plan's remedy selection

criteria will be modified within the next year to
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conform to the additional requirements in SARA (see
Section 1.1 herein). At most sites, it is difficult to
establish that a single remedy is clearly superior to
all others under consideration in terms of all the
important cost and effectiveness factors listed in the
National Contingency Plan. The decision maker generally
is confronted with multiple tradeoffs and conflicting
goals in the remedy selection process that are difficult
to address comprehensively through the use of a specific
set of national decision rules.

Likewise, no national weighting or scoring values
for comparison of alternatives have been developed that
adequately address the diversity in site conditions or
that effectively capture the State's, community's, and
enforcement considerations encountered at National
Priorities List sites. As a result, the decision makers
have operated without agreed-upon guidance. However,
they benefited by retaining maximum flexibility to make
tradeoffs between "lesser" criteria to enhance the
appropriateness of a given remedy for specific site
circumstances, community and responsible party concerns,
and other needs and uses of the Trust Fund in that EPA
Region.

one of the most significant shortcomings of the
National Contingency Plan, and the primary focus of this

study, has been its lack of explicit substantive
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guidance on what degree of cleanup is to be achieved in
either removal or remedial actions. The National
Contingency Plan states currently in 40 CFR 300.68(i)
that the appropriate extent of remedy is to be
determined by selection of a cost- effective remedy that
is technologically feasible and reliable and that
provides adequate protection of public health and the
environment. This has not provided sufficient or
definitive guidance for many past decisions (Brown,
1984; Smith, 1988),

leading to assertions that past cleanup decisions

have been ad hoc and inconsistent. As a result, the
selection and use of cleanup technologies and the choice
of cleanup levels have been difficult and contentious
(Edelson, 1988; Wolf and Warren, 1988; Office of

Technology Assessment, 1988).

3.3.1 Problems With the CERCLA Compliance Policy

The National Contingency Plan revisions promulgated
in 1985 included the Agency's policy addressing how
Superfund response actions should be consistent with
other Federal or State environmental laws or public
health standards. According to the policy, appended to
the National Contingency Plan preamble (EPA, 19853),
protectiveness is achieved by the remedy's attainment of

applicable or relevant and appropriate Federal and State
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requirements (ARARs) that have been identified for the
site and the response action in qguestion, unless one of
five specific circumstances described in 40 CFR 300.68
(i) (5) exists. EPA was required to document all
analyses of such exceptional circumstances. As
discussed in Section 1.2.2, the body of this policy was
incorporated into the reauthorization of the statute in
1986.

However, this did not solve the problems identified
by EPA in the 1982 National Contingency Plan. Available
standards were still insufficient to address all
Superfund soils problems. Many mismatches continued to
occur as analysts attempted to sort out which standards
were "applicable" to a given site, which meant that they
must be complied with, and which could be considered
only "relevant and appropriate," which was interpreted
to give EPA greater flexibility in how strictly it
applied such criteria or requirements to a site
situation.

EPA's understanding of the application of existing
requirements has been continuously evolving, as shown by the
procedures in EPA's draft guidance manual for implementing
its policy on compliance with other laws (EPA, 1985D). They
have been hotly debated both inside and outside the Agency,
largely due to misunderstandings about the fundamental

differences in how various standards function (Smith, 1988).
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These differences were illustrated by the five types of
standards discussed in Section 3.2. They were
highlighted by Smith (1988), who grouped ARARs into

three broad categories:

o Chemical-specific ARARs-- standards that place a
health- or risk=- based limit on the quantity or
concentration of a given contaminant that may be
present in or discharged to the environment. These
include ambient standards, effluent limits,
emissions limits, discharge limits, or
methodologies for establishing such limits, and
encompass most of the health- based standards
discussed in Section 3.2.1.

o Action~gpecific ARARs-~ these are generally
technology based requirements, as discussed in
Section 3.2.2, that place restrictions on or direct
one to undertake specific types of activities.
Examples include the RCRA design, operating,
closure, and post-closure care requirements for
treatment, storage, and disposal facilities; and
industrial wastewater pretreatment requirements
promulgated under the Clean Water Act.

o Location-specific ARARs-~- these are restrictions
against actions in certain locations, or
prohibitions on contamination above certain levels
in specified locations. Examples include Executive
Orders 11988 and 11990 on floodplains and wetlands,
respectively, which limit Federal activities in
such areas; RCRA's prohibitions in 40 CFR 270
against locating hazardous waste facilities in
floodplains or areas prone to landslides or seismic
disturbances; and the regulations promulgated under
the National Historic Preservation Act (36 CFR Part
800), which restrict federal activities at historic
places or other protected sites. Several states
also have facility siting requirements or
prohibitions (Smith, 1988; Conservation Foundation,
1983).

Some existing standards are hybrids of several

categories, for example, the RCRA land ban BDAT
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requirements at 40 CFR Part 268, which are both action-
specific and chemical~- specific. As mentioned in Section
2.3.5, they require pretreatment of hazardous waste to
specific concentrations prior to its disposal in the
land. Concentration levels are determined on a
compound specific basis, depending on the capability of
the Best Demonstrated Available Technology to achieve
those limits for each contaminant (EPA, 1986B).
Confusion arises partly because some applicable or
relevant and appropriate requirements tend to be
triggered by contaminants present at a Superfund site
(generally the chemical specific ARARs), while others
may be triggered by the specific remedy being
contemplated to address the site. For example, if EPA
were selecting remedial actions to address an abandoned
surface impoundment filled with hazardous substances,
they might choose to remove and/or treat the liquids and
sludges, and contain the contaminated subsoils by
closing the unit in place, as discussed in Section 2.3.
Treatment and disposal of the liquids and sludges likely
would trigger the land ban BDAT treatment requirements
for those liquids and sludges that are listed or
characteristic wastes regulated by RCRA. For the
remaining contaminated soils, the Agency might seek to
excavate soils to some health-based "safe level," as

discussed in Section 3.2.1; treat the soils, as
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discussed in Sections 2.3.5 and 2.3.6; or leave
remaining soils in place under some containment systen,
in which case one must identify the appropriate
requirements for "closing" such facilities under RCRA,
as discussed in the following subsection.

3.3.2 Use of RCRA Standards to Determine How Clean
Is Clean

Traditionally the CERCLA program has looked most
closely to the hazardous waste management regulations
developed under RCRA for gquidance in fashioning
remedies, especially the design and operating
requirements for land disposal units. This is because
ongoing management of hazardous waste at existing
facilities which this body of regulations addresses most
closely resembles the circumstances encountered when
addressing uncontrolled, abandoned hazardous waste sites
under Superfund.

At sites where wastes were left in place and
contained under a cap, technology-based standards
including the landfill design and operating standards at
40 CFR Part 270, and Part 264, Subpart G of the RCRA
requlations governing landfill closure and post-closure
care, have been used or modified to fit the site
circumstances. Often RCRA's 40 CFR 264/265 Subpart F

ground water protection standards, including the
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"background" standard, were considered for management of
contaminated ground water (in conjunction with Safe
Drinking Water Act standards such as MCLs or Clean Water
Act Water Quality Criteria).

The regulations most often consulted regarding
cleanup levels for "uncapped" soils to be left in place
have been the standards for '"clean closure" of surface
impoundments and landfill closure-in-place under 40 CFR
264.228 and 265.228. Note that until recently, clean
closure was interpreted by the RCRA program as always
requiring excavation to background. Cleanup levels were
redefined by the final "clean closure" rule as cleanup
to health-based levels in each potential exposure medium
(EPA, 19873).

The second RCRA regulation often considered for
defining residual soil levels was the section defining
the delisting requirements under 40 CFR 260.20 and
260.22 (EPA, 1985A). Use of delisting criteria was
discussed in Section 3.2.1.4. As discussed in Section
3.2.2, a fourth set of "standards," the BDAT treatment
levels for RCRA waste streams under the RCRA land ban
rules have now also been considered for their
appropriateness for soils as well.

The programmatic outcome of using technology-based
cleanup standards, such as either background levels or

BDAT- type treatment levels, is that resources are shifted
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from the toxicological and environmental determination
of "safe levels" to the actual cleanup. This is because
excavation or treatment of wastes or soils to zero or
background levels involves more material and energy due
to the much larger volumes involved at most sites.
Treatment- or removal-based cleanups thus would be far
more costly, but cleanup levels may be less publicly
controversial. This is because the debate is shifted
from toxicological considerations to engineering-related
factors, such as sampling or analytical accuracy, or
specific excavation/treatment methods used at a site;

and to the cleanup costs.

3.4 Proposed Approach to the Problem

Many contaminated soils cleanups at Superfund sites
involve leaving some quantities of residual contaminants
in soils without imposing further management
requirements for the soils, or without access and use
restrictions on the land where the soils are located.
For such soil cleanups, it is the belief of this author
that of the many approaches to setting soils cleanup
levels discussed in Section 3.2, the most effective use
of Superfund program resources does not involve
setting generic national soil standards, nor relying
entirely on the inadequate set of existing standards.

The approach presented here involves setting
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cleanup levels on a site-by-site basis, given the nature
of the soils threat and the exposure pathways and
receptors involved. These would be determined in a site
specific risk assessment, as described in Section
3.2.1.3.

Cleanup levels for soils could be set by adapting
them, or back calculating appropriate soil
concentrations, from allowable ambient levels or
standards for the contaminant in the medium affected by
soils. For example, if the greatest threat or the
most limiting exposure pathway involves volatilization
of contaminants from soils to air, and a health based
"safe level" for the contaminant in air at the nearest
possible exposure point can be readily determined, the
acceptable levels in soils would be set such that
amounts released to air would never exceed the "safe
level” at the nearest possible exposure point.

An effective response to the soil cleanup level
problem requires an integrated approach that will
address both the selection of the appropriate remedial
action and selection of the appropriate extent of its
application (i.e., the cleanup level). This concept
has several main elements that track the principal
stages of the Remedial Investigation/ Feasibility Study

process, as described in Section 2.1.2:
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1. Designing the remedial response objectives to
mitigate current and future site soils threats
when scoping the RI/FS, based on available
(PA/SI) background information on the site
problem. This may include initial assessments
of the technical feasibility of performing
cleanup to "walkaway" levels.

2. Collecting data in the RI for (1) an assessment
of the site threat, defined in terms of the

hazard presented by the soil source, and of the
exposures and risks to public health and the
environment; and (2) sufficient treatability
evaluation of soils so that in the FS, remedial
technologies can be identified that achieve the
response objectives.

3. Performing the exposure and risk assessments in
the public health evaluation. Using the RI
data, EPA may use models and other techniques to
determine baseline site risks for alternatives
comparison with a "no action" alternative, and
reevaluate walkaway cleanup level.

4. Assembling, screening, and performing a detailed
evaluation of the remedial alternatives in the FS.

5. Selecting the cleanup level to be achieved by the
selected remedy, based on the site-specific risk
assessment.

6. Selecting and implementing the remedy in the ROD
and subsequent design and construction phases.
To address uncertainties in the remedy, the
remedy should include verification of cleanup
level and of any modeling approach, if one is
used, through monitoring. This also may require
maintenance of remedy, and access and land-use
restrictions to prevent exposure during and
possibly after verification period, and
development of a "fallback" remedy.

Table 9 presents an outline of this approach.
General descriptions of the corresponding Remedial
Investigation/ Feasibility Study activities were

presented in Chapter 2. Each of these elements of the
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TABLE 9
GENERAL CONCEPTUAL APPROACH FOR SELECTING
CONTAMINATED SOILS REMEDIAL ACTIONS

1. Design Remedial Response Objectives

- 1Initial estimates for purposes of developing
RI/FS workplan, designing site investigation

- TInitial estimates of requirements for
"protective" remedy under CERCIA, SARA

- 1Initial assessment of feasibility of
"walkaway" cleanup (see discussion of "walkaway"
and SARA "permanent remedy")

- Based on limited available data (PA/SI,
NPL listing)

- Could use order-of-magnitude-level modeling

2. Identify Site Threat (Perform Remedial Investigation)

- Site history, operations

- Wastes handled, management activities

- Location, site setting

- Type/extent of contamination

- History of enforcement/mitigation activities

- Treatability data for candidate response
technologies

- May be performed in phases as need for
more data is successively evaluated (e.g., for
more detailed risk evaluation, reduction of
uncertainties, running more complex models)

3., Perform Risk Assessment/ Public Health Evaluation
(Evaluate Findings of the RI)

- What contaminants are present

- In what media

- How indicator compounds selected

- Actual/potential receptors

- Actual/potential exposure pathways
(1ist/rank/eliminate for ea. contaminant
of concern)

- Focus on soil contam./ground water pathway
(or whichever other pathway is most limiting
for ea. contaminant of concern)

- Results: magnitude of current/potential risks
(baseline or "no action" site risks)

- Reevaluate “walkaway" cleanup levels
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TABLE 9 (Continued)

- May use progressively more complex models
as site data base expands (reevaluate data needs/
costs)

4. Analyze/Compare Remedial Alternatives
(Findings/Analyses of the FS)

- General response objectives (desired reduction
of risks) (all alternatives evaluated must be
sufficiently protective; may have varying levels
of "permanence" in terms of long-term management
requirements)

- Assemble and screen alternatives (evaluate data
needs, expand RI/perform pilot studies as needed)

- Analysis of alternatives
(compare for relative risk reduction [in terms
of selected cleanup/performance levels in
targeted media, pathways]: "permanence;"
effectiveness; cost-effectiveness, other
SARA/NCP requirements)

- May use same or different models as RI progresses
to compare effectiveness of alternatives

5. Select Remedy (The ROD)

- Document site threats, response objectives
addressing them (summarize steps 1-4)

- Soil remedy may address only soils response
objectives (one component of overall remedy);
all source response objectives;
or all site response objectives (includes
any needed management of migration measures)

- Rationale for selecting that alternative
(document how it "best" satisfies SARA and NCP

criteria)

- Document numerical performance target/ cleanup
level (reduction to a selected risk)

- Rationale for cleanup level--document as follows:

a. Select the Back-Calculation Approach (if applicable
AND if different from prior model(s])

- Verify what is known about contaminant properties,
soils, aquifer(s)

- Identify which model(s) address these "knowns"

- Compare models in terms of waste/site "knowns"

- Approximate levels/types of uncertainties

- 1Identify more sophisticated/precise/better models
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TABLE 9 (Continued)

- Consider additional data requirements, obtain
data if warranted

b. Select the Cleanup Level for the ROD

- Select the point(s) of exposure

- Focus on soil contam./ground water pathway

- Verify indicator compounds

- sSelect target risk level/determine corresponding
ground water concentrations of each indicator

- Back-calculate to determine corresponding soil
levels

- 1Identify uncertainties/assumptions in data,
calculation; how remedy addresses each

6. Design and Implement the Selected Remedy

Waste and site considerations
(may require maintenance of remedy, access and
land-use restrictions, if not cleanup to
"walkaway"--to prevent exposure during (and
after) verification period
- Data considerations
(may require verification of cleanup level and
of modeling approach through monitoring)
- Types and levels of uncertainties
- Reducing uncertainties: verification monitoring
vs. "better" model (more data) vs. more
extensive cleanup
- May require "fallback" remedy if selected
remedy (or cleanup level), or model used to
determine it, is later found to be incorrect.
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conceptual approach will be discussed in detail in the

following sections of this chapter.

3.4.1 Designing Overall Response Objectives

Early in the scoping phase of the remedial action,
a preliminary determination of likely response
objectives for the site should be made. This should
include an initial assessment of the type and nature of
the responses that might possibly be undertaken at the
site, i.e., general types of containment, excavation,
and/or treatment actions, in order to develop data
quality objectives for the Remedial Investigation. The
extent of response may vary along a continuum ranging
from no action to the complete removal and/or treatment
of all materials with pollutant levels above detection
limits or regional "background" levels.

The extent of remedy decision should consider,
among other things, what level of long-term management
is expected to be technically necessary at the site, and
how this required level compares with the desired level.
In other words, how much long-term management does the
Agency or the State want or is if willing to accept?
This decision involves a balancing among several
tradeoffs involving different aspects of the overall
quality of the remedy, as indicated by the following

very general principles:
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o The greater the degree of cleanup, the more
"protective" it is;

o The closer the cleanup level is to background or to
"walkaway" health- and environment- based levels,
the more "permanence" or long-term effectiveness it
is likely to offer, depending on site and
contaminant characteristics;

o For purposes of this report, health- and
environment- based cleanup levels will be assumed
to be available for most compounds of concern at
most sites, thus allowing consideration of cleanups
above background at least on the basis of intrinsic
chemical hazards:

o The closer the cleanup level is to background/
"walkaway", the less the cleanup level depends on
fate and transport assumptions or exposure
assumptions, and the less it will be affected by
uncertainties in the data, assumptions, and
analyses. Therefore it would have a higher factor
of safety;

o Whenever background/clean closure/"walkaway" levels
are exceeded for residuals being left on site after
conclusion of the remedial action, some form of
long term management is necessary;

o The mobility/ toxicity/volume (MTV) of the soil
residuals might be measured in terms of
concentrations of contaminants in their most
mobile/toxic forms, if present, or of a surrogate/
indicator parameter;

o Depending on the MTV of the residual soils, the
type and extent of this long-term management may
vary from verification monitoring and access/use
restrictions only to active maintenance; e.g., from
ground water or soil monitoring to active pumping/
treatment, cap maintenance, etc.

Therefore, the closer the cleanup level is to
background, the less long-term liability there is at the
site, and the smaller the need for long-term O&¥,

monitoring, or land use, water use, or access restrictions.
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Often there is substantial citizen support for complete
removals, especially if wastes are taken elsewhere.

Thus the analyst may begin to consider as early
as the scoping phase (1) the possibility of closing all
or portions of the site such that EPA or the State can
walk away at the completion of the remedial action with
no further management or mpnitoring requirements of any
kind-- a true "walkaway" cleanup level; and (2) whether
such action is desirable and compatible with all other
actions anticipated at the site. The size and nature of
the site problem may make the walkaway goal unachievable
for the entire site, or for certain portions thereof,
necessitating some form of long term management
regardless of the response action chosen.

Where walkaway cleanups are possible, the
attractiveness of cleanup levels approaching background
is offset by the costs and technical limitations
associated with achieving this level, especially at
larger sites or where more complex soil/waste mixtures
are present. These cost-effectiveness considerations

include, for example (Ehrenfield and Bass, 1983):

o Transport distance to off-site treatment and
disposal facilities;

o Quantities and types of wastes and soils;

o Needs to implement other remedial actions

independent of the excavation/treatment actions,
e.g. ground water responses;

o Nature of the site hazards;
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o Treatability of the wastes and soils; and

o) Costs of removal and/or treatment.

These initial determinations will guide the
development of data quality objectives for the Remedial
Investigation, and allow the analyst to begin the
formulation of initial response objectives for the site.
The site characterization data collected in the Remedial
Investigation, when processed in the exposure and risk
assessments, forms the basis for refining the remedial
response objectives. These response objectives later
will become the design targets and specifications of the
remedy selected in the Record of Decision.

The level of detail in the exposure and risk
assessments will depend upon the size and complexity of
the site; the decision to develop site response
objectives that consider cleanup levels other than
background; and on consideration of environmental
endpoints in between complete removal and total

containment of the soils and wastes.

3.4.2 Data Collection in the Remedial
Investigation

The site manager must assemble sufficient
information in the Remedial Investigation to determine
what remedial alternatives, including excavation and/or

treatment to a walkaway cleanup level, are technically
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achievable for the site or area. First, this requires a
thorough understanding of what contaminants are present;
how they are spatially distributed at the site; their
physical and chemical states and concentrations; and
their contaminant-occurrences with other compounds in
each particular matrix that may be present--liquid and
solid wastes, sludges, contaminated solids and soils,
sediments, and surface and ground water. Second, the
site manager must determine whether appropriate health-
pased concentration levels exist for each contaminant of
concern, by surveying the applicable or relevant and
appropriate Federal and State health-based standards,
criteria, advisories, limitations, or other values.
Finally, this information on the types and degrees of
hazard must be supplemented by knowledge of the
environmental fates of the compounds, the distributions
of human and environmental receptors, and pathways of
actual or potential exposure. Chapter 4 includes a
discussion of models and other methods to perform the
exposure assessment and to set cleanup levels. It
provides further discussion of how Remedial
Investigation data collection may also need to be
tailored to the data requirements of the models when
used for these purposes.

Additionally, as discussed in Chapter 2 and Section

2.3, many potential remedial technologies may have
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specific data requirements seldom addressed in current
Remedial Investigation efforts. Some treatment
technologies, while broadly applicable to the types of
contaminants found at a given site, may be untested on
the specific contaminant/ soil matrix present at that
site. Field data and perhaps bench- or pilot-scale
testing may be needed to verify the technology's ability
to treat the soil contaminants, and to provide cost,
effectiveness, and other data sufficient to conduct the
Feasibility Study. Hazards and long-term management
requirements of the treatment residuals must be
determined to evaluate the remedy's "permanence," as
well.

The Remedial Investigation can be designed to
collect this information, with the level of detail
increasing in a stepwise fashion through successive
iterations as necessary, and with reasoned application
of the data quality objectives process (Camp, Dresser

and McKee, 1987A,B).

3.4.3 The Risk Assessment (Public Health
Evaluation)

The concept of using site-specific risk assessments
to set soil cleanup levels was introduced in Section
3.2.1.3 and is the primary focus of this report. The

risk assessment concept was generally described by the
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National Research Council (1983) as a process for
characterizing the potential adverse health effects of

human exposures to environmental hazards in four broad

stages:
o "Hazard Identification~- the determination of

whether a particular chemical is or is not causally
linked to particular health effects.

o Dose-Response Assessment-- the determination of the

relation between the magnitude of exposure and the
probablllty of occurrence of the health effects in

question.

o Exposure Assessment~- the determination of the
extent of human exposure before or after
application of regulatory controls.

o Risk Characterization--the description of the
nature and often the magnltude of human risk,
including attendant uncertainty."

As described earlier, each Remedial Investigation/
Feasibility Study incorporates such an assessment,
called a Public Health Evaluation (EPA, 1986A; Schultz
et al., 1987). The public health evaluation includes
the baseline risk assessment and the development of

performance goals for remedial alternatives. The

baseline public health evaluation is required for all

Superfund remedial actions, as discussed under the "No
Action" alternative in Section 2.3.2. It provides the
remedial project manager with an assessment of the long-
term threats presented by the site in the absence of

remedial action, and can also be used as the basis for
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the Endangerment Assessment.

The Endangerment Assessment is an analysis of the
extent to which the site poses an imminent and
substantial endangerment to public health and the
environment. This assessment, which is focused on but
not limited to subchronic or short-term threats, is
required by Section 106 of CERCLA to justify the
initiation of any enforcement actions against
potentially responsible parties.

The public health evaluation may contain some or
all of the following major steps, most of which parallel
the risk assessment process described by the National

Research Council (1983):

A. Selection of indicator chemicals-- this step
focuses the analysis on contaminants of greatest
concern, generally the most mobile, toxic,
persistent, and/or abundant at the site when many
compounds are present (Table 10). At sites with
only a few compounds, all chemicals present should
be evaluated (EPA, 1986A);

B. Estimation of exposure point concentrations and
comparison to Applicable requirements-- this step
involves (1) 1dent1fy1ng potential exposure
pathways:; (2) estimating exposure p01nt
concentrations of indicator compounds in each
pathway using RI data and fate/transport models
(these steps are discussed in detail in Section
3.1.3.4 and subsequent chapters), and (3) comparing
these concentrations (the baseline exposure levels)
to health- and environment-based applicable or
relevant and appropriate requirements, or Agency-
approved acceptable exposure levels;

C. Estimation of chemical intakes-- human exposures
are evaluated in this step by converting exposure
point concentrations into human intakes using
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TABLE 10
Selection of Indicator Compounds
(Adapted from Research Triangle Institute, 1987)

-—

1. LIST ALL CHEMICALS OF CONCERN DETECTED AT SITE

o Determine average and maximum concentrations
o Identify media of occurrence
o Identify carcinogens vs. systemic toxicants

2. OBTAIN TOXICITY VALUES/"SAFE DOSES" FOR EACH CHEMICAL

3. IDENTIFY KEY PHYSICAL/CHEMICAL PROPERTIES OF EACH
CHEMICAL

4. DEVELOP TOXICITY CONSTANTS FOR EACH CHEMICAL IN EACH
MEDIUM

o Based on media-specific standards where available
o Back-calculate "safe level" from dose using medium-
specific exposure/intake assumptions

5. LIST CHEMICALS BY (Toxicity Constant) * (Concentration)
6. CANDIDATE SELECTION CRITERIA:

Most mobile

Most toxic

Most persistent

Highest concentrations

Highest masses/volumes

Most ubiquitous

Most media of occurrence

Toxic byproducts/daughters (from treatment
or natural degradation)

00000000

201

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




standard Agency exposure assumptions for each
pathway (e.g., for ground water exposure, ingestion
of 2 /day by a 70 kg adult over 70 years; for soil
ingestion of noncarcinogens, 1.0 g/day by a 17 kg
child over 5 years). Intakes are expressed in
mg/kg-day. Intakes for each contaminant are summed
intakes across exposure routes, as appropriate.
Note that exposure assumptions may be adjusted in
some cases to account for site-specific conditions;

D. Toxicity assessment-- in this step, Agency-approved
toxicity information, such as acceptable intakes for
subchronic exposure, acceptable chronic intakes,
and carcinogenic potency factors, is collected for
contaminants of concern identified in the exposure
assessment process; and

E. Risk characterization-- in this step, exposure
assessment results (Steps A-C) are combined with
toxicity data from Step D to characterize actual or
projected intakes and risks, and compared with
target "acceptable" intakes and risks, for systemic
toxicants and carcinogens, respectively.

These steps are described in more detail in EPA
(1986a) and Schultz et al. (1987). Generally, the
public health evaluation process follows EPA's
guidelines for carcinogen risk assessment, exposure
assessment, mutagenicity assessment, and assessment of
health risks from chemical mixtures (EPA, 1986G,H,I,J),
which include the following general principles:

o Values for acceptable subchronic and chronic
intakes are often derived from short-term and long-
term animal studies. Where available and
appropriate, values are based on human toxicity
studies, and incorporate, at a minimum, uncertainty
factors of 10 to extrapolate from animal to human
effects and 10 for intraspecific variability in
responses.

o Acceptable intakes are designed to protect sensitive

populations and to account for teratogenic effects,
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if known.

o Compounds may exhibit carcinogenic or
noncarcinogenic (i.e., systemic toxicant) effects,
or both. Different effects may be expressed by a
compound depending on exposure route, age of
receptor, and other factors. Different compounds
may affect different target organs. Both
toxicities should be assessed for each contaminant
through each exposure pathway. All toxicities for
all (or all indicator) contaminants should be
examined for the baseline risk estimate. Only the
lower, or more limiting toxicities, and the most
limiting exposure pathways, should be used to set
cleanup levels or remedial response targets or
performance goals.

o Systemic toxicants are believed to have acceptable
threshold levels based on the No Observed Adverse
Effect Level (NOAEL). If possible, these levels
are based on chronic toxicity studies. If
unavailable, levels may be extrapolated from
subchronic toxicity values using additional
uncertainty factors (e.g., an additional factor of
10). These are used to calculate a Reference Dose
(RfD) by EPA workgroups.

o Carcinogens are evaluated to determine a
Carcinogenic Potency Factor (CPF), expressed as
lifetime cancer risk per mg contaminant per kg body
weight per day. The CPF is an upper bound (95%
confidence level) estimate, assuming a linearized
multistage model of carcinogenesis. Thus, the
method may overestimate actual carcinogenic risk of
a given contaminant at a given site. The model
assumes the response is in the linear portion of
the compound's dose response curve, which may be
valid only at relatively low environmental
concentrations of the compound. At higher
concentrations, other toxicity models (e.g., the
"one-hit" dose response model) may better fit
observed/expected responses.

o Risks of exposure to multiple compounds (and by
multiple exposure pathways) involve complex
assessments. For multiple carcinogens, EPA
assumes that:

(1) independent intakes are small;

(2) there are independent actions of all
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contaminants (no synergistic/antagonistic
interactions) ;

(3) all contaminants result in a cancer endpoint;

(4) risks from different exposure routes are
additive.

o Prior to summation, each pathway must be separately
calculated using pathway- and contaminant- specific
potency factors. Risks should be estimated and
reported separately for each contaminant and each
exposure pathway along with the aggregate risk
estimate.

o For assessing risks of exposure to multiple
noncarcinogens (systemic toxicants), EPA uses a
hazard index approach (EPA, 1986-), expressed as
the sum (for all toxicants) of the ratios of the
exposure level (intake) of each toxicant to its
reference level (acceptable intake). The approach
assumes that potential risks exist when the hazard
index exceeds unity, either for a single
contaminant or for their sum. Therefore, it
jidentifies potential risks but does not accurately
quantify them. Note that mis- estimates could
occur when summing toxicities involving:

(1) different target organs;

(2) different exposure pathways for the same
compound or different compounds; or

(3) a mixture of subchronic and chronic toxicity
values.

e} These should be re-calculated separately when
possible, if the aggregate index exceeds unity.

o Uncertainties, and assumptions or decisions made
using best professional judgement to address
uncertainties or interpret estimates, should be
identified and reported.

Please note that a detailed discussion of the

toxicological elements of the risk assessment process is

a large and complex topic, and further expansion would
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be outside the scope of this report. For more
information, the reader should consult the references
cited above.

Data collected to perform the baseline risk
assessment should in most cases provide for development
of performance goals for the remedial alternatives
analyzed and compared in the Feasibility Study.
Performance goals or performance targets may be set as
acceptable ambient contaminant levels in a given medium
at designated exposure points, for example, residual
contaminant levels in soils following excavation or
treatment, as discussed in Section 3.2. The focus of
the following chapters is on use of exposure assessment
models to make these risk-based determinations.
Alternatively, performance goals or targets could be set
as acceptable emissions levels from a given treatment
train, i.e., technology-based performance goals, as
discussed in Section 3.2.2, "using risk analysis
concepts" (EPA, 1986A).

The risk assessment may range along a continuum of
level of detail and complexity, from one that is largely
qualitative and relatively straightforward, to a highly
complex and highly quantitative evaluation, depending on
several factors. Since no two sites are alike,
flexibility in application of the process is required.

For example, sites with a small number of contaminants,
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where environmental standards or criteria are available
for these contaminants, and where few exposure pathways
exist or order-of-magnitude estimates are sufficient,
may allow for simplified analysis. Many sites, however,
may have many contaminants complexly distributed in
various environmental media, having few Agency-approved
risk numbers, complex transport and fate processes, and
many exposure pathways present. Such sites clearly
require complex analyses, especially if quantitative
risk estimates with minimal uncertainty are desired.
Thus, analytical complexity depends on the number
and type of contaminants present; media of their
occurrence and distribution at the site; number and
complexity of exposure pathways; quality and quantity of
available data; availability of standards, toxicity
data, or Agency approved health- and environment-based
exposure levels; and the intended use of the risk
assessment results, i.e., the need for precision and the
acceptable level of uncertainty in the results (EPA,
1986A) . The level of detail and sophistication in
Superfund risk assessments has been increasing with
time, as level of programmatic knowledge has increased,
and as some level of standardization of the Superfund
public health evaluation/ endangerment assessment
process has begun to develop through the issuance of

guidance (EPA, 1985L, 1986A; Boutwell et al., 1985;
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Keely, 1987A; Schultz et al., 1987).

As discussed for Remedial Investigation data
collection In Section 3.4.2, the concept of the analytical
continuum applies to each individual step of the risk
assessment process, particularly within the exposure
assessment on which this report is focused, to maximize
cost-effectiveness of the data collection and analysis
efforts. For example, initial contaminant release
analysis may be largely qualitative at the Remedial
Investigation/ Feasibility Study Scoping stage to
develop a general understanding of on site contaminant
sources, so that general response objectives may be
focused on their abatement. This preliminary screening-
level assessment should help identify complete exposure
pathways, target the analysis to key pathways, allow
preliminary identification of potential applicable or
relevant and appropriate requirements and candidate
remedial technologies, and focus the data collection
efforts toward a stepwise, phased effort to verify each
pathway and fill in its details to the necessary extent.

The same approach is applied to other steps, such
as contaminant fate and transport analysis and
population exposure analysis. The relationship between
analytical detail, sophistication of the available data
base, and level of uncertainty in the analytical

results, is further discussed in Sections 4.7 through
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4.9 and in Chapter 6.

3.4.4 Use of Exposure Assessments

The exposure assessment forms an integral part
(Step B) of the risk assessment/public health
evaluation, and thus plays a critical role in both the
Remedial Investigation and the Feasibility Study. Its
goal is to provide an assessment of the types and
magnitudes of actual and/or potential human exposures to
contaminants present in or migrating from contaminated
soils and waste sources at the site, such that this
information can be fed into the public health evaluation
for the assessment of risks to human health. While
similar approaches could be used to assess threats to
sensitive nonhuman environmental receptors, they have
seldom been the primary focus of Superfund site risk
assessments.

In the Remedial Investigation, the exposure
assessment is used in the baseline public health
evaluation in the assessment of the "No Action"
alternative (EPA, 1985F,1986A; Schultz et al., 1987).

In the Feasibility study, it facilitates comparison of
the public health and environmental impacts, or the risk
reduction from baseline "no action" levels, afforded by
the various remedial alternatives. The conceptual

approach on which this report is premised is based on
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it, in that the exposure assessment is especially
critical to the choice of remedy and to its extent, by
helping to define the appropriate cleanup level for the
soils that will be left in place when the selected
remedy has been completed (EPA, 1985B).

The general framework for Superfund's exposure
assessment process involves the following steps (Schult:z

et al., 1987):

o Contaminant release analysis-- a chemical- and
medium- specific analysis of on-site sources and
actual or potential releases of contaminants from
those source areas. Emissions rates or fluxes of
each contaminant, including temporal and spatial
patterns, are characterized each medium to the
extent possible. Long-term and short-term
estimates of contaminant mass loading to each
pathway/medium (often expressed in units of grams
contaminant/time) are made;

o Environmental fate analysis-- a chemical- and
medium- spec1f1c assessment of transport and
transformation of each contaminant of concern as it
mlgrates from its source area through one or more
media to human or environmental receptors via each
identified exposure pathway at the site. Both
actual RI data on environmental concentrations, and
estimation methods including physical and/or
mathematical models, are used. The result is a
description of the spatial and temporal extent,
distribution, and magnitude of environmental
contamination in each medium of concern, and an
estimate of contaminant concentrations in each
medium, at times and exposure locations of
interest;

o Exposed populations analysis-- this identifies,
characterizes, and quantifies receptor
population(s) likely to be exposed to each
contaminant through each exposure pathway at each
receptor location of concern; and
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o Inteqrated exposure analysis-- integration of the
findings of the preceding steps. Individual
chemical specific exposure estimates are developed
for each pathway (e.g., inhalation, dermal contact,
water/food/ soil ingestion), generally using
standardized Agency exposure assumptions (see
EPA, 1986G,H). For each pathway, exposures
of the receptor population to all contaminants are
summed to the extent possible (EPA, 1986H,J).
Results are fed back into the public health
evaluation process for assessment of the site risks
(Steps D and E in Section 3.4.3).

The exposure assessment must consider all important
routes for exposure and contamination identified for the
particular site, as discussed in 3.4.3. Human exposure
assessments should consider the relative likelihood of
uptake through all direct and indirect pathways for
exposure and contamination identified for the site, such
as inhalation of entrained particulates or gases,
ingestion of drinking water, or food chain uptake of
contaminated plants or animals. These direct and
indirect pathways for exposure to contaminated soils
were described in more detail in Section 3.1.

Exposure assessments are based on evaluations of
the mobility, toxicity, quantity, and distribution of
hazardous substance in the soil (called source and
release analyses), to estimate their transport and
transformation as they migrate from source soils to
receptor locations (called fate analysis). Exposure

point concentrations can then be estimated and converted

into receptor doses using standardized Agency-approved
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exposure assumptions (EPA, 1986A,H).

Note that exposure concentrations can be equated to
receptor doses only when absorption of the contaminant
by the target organ is 100 percent. This topic is
controversial, and different absorption assumptions are
used by different environmental programs for different
exposure pathways, exposed populations, and exposure
scenarios (EPA, 1985A,D; Sedman, 1987). In the absence
of data, the conservative assumption of 100 percent
absorption is often used, especially for a simplified,
first-stage exposure analysis (Schultz et al., 1987).
Other controversial issues include:

o Apportionment, 1i. e., how to accurately aggregate
the risks from a given contaminant resulting from
multiple exposure pathways;

o Proper methods for accurately ggg;ggg;;gg risks
from multiple contaminants through a single

pathway. This is especially crucial for Superfund
soils since complex multi-contaminant mixtures are

the norm:;

o Proper procedures to estimate total risks from
mixtures of carcinodens and systemic toxicants:

o How to compare site threats to "acceptable" levels
when few or no promulgated standards are available
for most contaminants in most environmental media,
as discussed previously;

o How and under what circumstances to assess "actual"
current populatlon risks, i.e., by quantifying
actual, existing receptor population exposures,
versus MEI (maximum exposed individual) xisks,
which can provide a basis for estimating future
site threats by focusing on potential individual
exposure; and
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o How and under what circumstances to modify

nstandard" exposure/intake assumptions to account

for site specific circumstances of actual and

future site uses and exposures.

Many of these issues constitute "risk management"
decisions, although they significantly affect the
outcome of the risk assessment (EPA, 1984C; National
Research Council, 1983). The absorption and
dose/response relationship issues, and others involving
intakes, sensitive populations, extrapolation from
animal data, and other primarily toxicological issues
are fundamental to the risk assessment process, but a
detailed discussion is beyond the scope of this study
and will not be given here.

The focus here is on the exposure analysis and
estimation of fate and transport to provide estimates of
soil contaminants concentrations and distributions at
receptor points, as discussed further when the soil/
ground water conceptual system is discussed in Section
4.2 and succeeding portions of this report. Thus, the
premises given in Section 3.1 will be used to support
subsequent discussions of the role of exposure
assessments in setting cleanup levels.

Following the calculation of receptor doses at the
exposure points under "no action" conditions in the
baseline risk assessment, remedial response objectives

can be developed into design goals that mitigate or
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prevent any exposures exceeding the threshold
concentrations or doses. This requires several actions

and decisions:

o Selection of exposure locations for each exposure
pathway. These could vary depending on remedial
alternatives being considered;

o Development of acceptable exposure concentrations
or levels at these locations for each compound of
concern, i.e., performance goals cr design target
levels. They would be based on applicable or
relevant and appropriate requirements and/or
Agency- approved health-based levels, requiring
selection of an "acceptable risk" level;

o A decision to protect against actual population
exposure (i.e., quantifiable risk) or potential
(e.g., future, unquantifiable) exposure, i.e., MEI
risks;

o Estimation of "acceptable" levels of uncertainty.
This dictates the level of detail and accuracy in
the exposure assessment, intensity of data
collection, and the level of conservatism of
assumptions used; and

o Determination of the most limiting or critical
exposure pathways for each soil contaminant of
concern.

Standards applicable to air or water, or chemical
dosages for ingestion, dermal contact, or other limiting
exposure pathways, can then be translated into
appropriate threshold concentrations or acceptable doses
at the receptor location. For example, to set targets
for ground water cleanup for a ground water exposure/
contamination pathway, these acceptable values would be

translated into acceptable chronic contaminant
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concentrations at the nearest possible current/future
drinking well location. If unlimited future site use is
expected, this may dictate drinkable ground water
directly beneath the site. If long-term containment
with access restrictions may be the selected remedy, the
nearest point of future ground water exposure likely
would be at the downgradient fenceline of the site.
Thus, models could back-calculate higher allowable
residual levels in source soils because of the
additional opportunities for lateral dilution or
attenuation/ transformation of contaminants before they
reach the receptor location.

The question then arises as to whether, and how
accurately, each pathway can be identified and
quantified. This must be examined in two ways: in terms
of (1) the state of scientific understanding in
describing and quantifying these various exposure
pathways, and (2) for those that can be quantified
successfully, the amounts and kinds of site data that
must be collected during the Remedial Investigation to
perform an adequate and accurate‘exposure assessment.

As mentioned in Sections 3.3.2 and 3.3.3, this
represents the tradeoff between the intensity and
cost/time of the site investigation, and the level of
precision in the resultant understanding of overall site

risk. This issue of level of scientific uncertainties
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about both the direct and indirect soils exposure
pathways will be discussed further in Section 4.9, and
the issue of data/ precision tradeoffs will be discussed
in Chapters 4 and 6.

For most of the indirect soils exposure pathways
listed in Section 3.1, there is disagreement among the
scientific community as well as the agencies on the
relative importance of contributions of each to the
overall site risk; thus many pathways were ignored in
the exposure assessments other than the ground water
route and the surface water route at certain sites. At
most Superfund sites, soil ingestion and exposure to
contaminated ground water are considered the most
critical pathways for direct and indirect exposure to
contaminated soils, and past cleanup levels have
generally focused almost exclusively on these pathways.
Other exposure routes have been assumed to be less
critical for soils at most sites, however this
assumption generally has been based more on qualitative
assessments or best engineering judgement than upon
critical, quantitative analysis of other potential
exposure routes.

To facilitate comparison in the Feasibility Study
of the effectiveness of various remedial alternatives in
achieving target levels of protection or "permanence' at

the potential exposure points, exposure models could be
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used either to calculate acceptable on-site residual
concentrations, as described above, or to determine
acceptable contaminant release rates under each remedial
alternative. Then, either the release rates themselves,
or the net reductions when subtracted from "no action"
release rates, may be compared among alternatives (e.q.,
acceptable air emissions rates from an incinerator, or
rates of surface runoff or leaching of soils to other
media; EPA, 1986A; Schultz et al., 1987).

Estimation methods range in complexity from
qualitative screening-level estimates to highly complex
mathematical models. Qualitative screening-level
estimates are prepared for simpler sites, or used in the
early stages of analysis at complex sites. Simple
numerical estimates may be based on limited data and
conservative assumptions, for example, physical data
such as generic leaching test results, or literature
values for partition coefficients. Highly complex and
data-intensive numerical fate and transport models can
be used to predict exposure levels and concentrations,
and to translate applicable or relevant and appropriate
requirements into appropriate threshold concentrations
or doses in a given medium. As discussed above, this
capability is essential to developing soil cleanup
levels due to the lack of accepted ambient soil

concentration standards, to back-calculate acceptable
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ambient soil concentrations at the source area in order
to provide design goals usable by the engineer.

The scientific and regulatory communities lack
consensus regarding the appropriate methods and
assumptions to employ when assessing exposure. The
latter issue is more complex for the indirect pathways
described in Section 3.1.2 than for the direct pathways,
because fate and transport mechanisms and multimedia
transfers are involved in bringing contaminants from the
soil source to the eventual receptor, as shown in Table
8. Controversy surrounds the appropriate analytical
methods to use, since modeling is required in order to
estimate future exposures.

Generally, no single model will be suitable for
every situation, nor does any single transport equation
account for all processes affecting all contaminants in
all media, despite numerous attempts to solve this
problem by creating new models. Some reviews have
addressed model selection criteria for assessment
purposes (Boutwell et al., 1985; Schultz et al., 1987),
and several offices within EPA have initiated
efforts to develop ground water model selection criteria
and policies in particular (Bond and Hwang, 1988;
Bierman et al., 1986; van der Heijde and Park, 1986).

However, no guidance has been developed that

explicitly addresses the selection and use of models or
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other estimation methods to help set risk-based soil
cleanup levels at Superfund sites. The resultant
problems in setting cleanup levels are discussed further
in Section 3.5. Estimation methods and models for
exposure assessment are discussed further in Sections
4.7 through 4.9, following a description of the fate and
transport processes these methods are intended to
simulate and predict. A process by which models might
be selected and used to set soil cleanup leQels more
effectively and consistently is discussed in Chapters 4

through 6.

3.5 Problems in Establishing Soil Cleanup Levels

The problems involved with determining appropriate
cleanup levels are common to most sites subject to
Superfund response actions and are the principal focus
of this report. As indicated previously, these
difficulties have resulted in the selection of a limited
range of cleanup levels--usually removal or treatment to
background levels or to the limits of visible
contamination. The Office of Technology Assessment
(1985, 1988) asserted that such cleanups "usually" have
left significant quantities of residual contaminant in
place, threatening ground water.

In a few cases, cleanup was performed to a level

based on risk assessments as being a safe level for
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human or environmental exposure. However, no systematic

basis has been used for making these determinations in

terms of the following factors:

o Initial selection of compounds or contaminants
considered most critical to the analysis (were the
appropriate ones selected?):;

o Risk levels or standards used as the basis for
setting acceptable exposure levels or
concentrations (or what was done if none were
appropriate/available?) ;

o Analyses of fate and transport used to translate
risk levels for human or environmental exposure
into acceptable ambient residual concentrations
(were any used?);

o Routes of fate and transport, receptor locations,
and exposure times used in the exposure assessnent,
if any (were they accurate? all-inclusive?); and

o Models used in the fate and exposure estimations
(appropriate for site/ data/ end use?).

Different cleanup decisions have been made by
different decision makers, as illustrated in previous
sections of this report. Decisions were based on
varying amounts of information, and made by different
methods with different motivations and goals. As a
result, the general appropriateness of establishing
site-specific cleanup levels rather than allowing only
generic, national levels has been a major focus of the
"how clean is clean" debate. Another has been the

question of what methods are appropriate for performing

the risk assessment, especially the use of models in

219

e T PRSEES— . e s e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



site-specific estimation of exposure.

Which models are appropriate for making the site-
specific fate and transport assessments? Is one generic
model available for each medium of concern, or one model
encompassing all media, that applies effectively to all
site situations, or do different situations require
different models? If one must be selected, how? Can
decision rules be developed so that choices,
applications, and results can be consistent, given the
wide range of variability in site conditions, available
data, and end uses of the analysis?

The Superfund program needs guidance that will
facilitate making these decisions flexibly yet
consistently by performing the following tasks:

1. Ensure that the appropriate type and quality of
data on wastes, site hydrogeologic characteristics,
and potential and actual exposure pathways is
obtained in the Remedial Investigation;

2. Relate the Remedial Investigation data to the
environmental standards or health-based levels
identified for the site;

3. Provide a process for selecting and applying the
appropriate physical and numerical models to
analyze these relationships for the site soils; and

4. Provide a process for interpreting and using the
results to make the soils cleanup decision in light
of the limitations of available data and resources
and the potential consequences of the decision.

An approach is proposed and discussed in Chapter 4,

with particular emphasis on the ground water pathway of

exposure to soil contaminants.
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4.0 MODELING THE SOIL-TO-GROUND-WATER PATHWAY

4.1 Introduction

This study will now focus on approaches to
evaluating the most prominent of the indirect soil exposure
pathways, that is, the threats posed by contaminated
soils to ground water, and on how these may be evaluated
systematically to set soil cleanup levels when ground
water is the critical exposure pathway of concern at a
CERCLA site. Section 4.2 provides a systems overview of
the soils/ ground water exposure linkage as a conceptual
framework for the discussion of risk and exposure
estimation methods later in this chapter. It will also
indirectly illustrate some of the problems encountered
when attempting to standardize assessment approaches for
the other exposure pathways described in Section 3.1.

In this conceptual model, the site will be viewed
at the conclusion of the remedial action. Highly
contaminated wastes or source areas are assumed to have
been removed from the site or treated in place, as has
any plume of contamination in the ground water, or
ground water has not yet been contaminated. What
remains are residual levels of contaminants in the
surface soils, which may represent a source of repeating
or continuing contamination of the subsoils and the

aquifer underlying or downgradient from the former
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disposal site.

Section 4.3 then reviews the primary physical,
geochemical, and biological mechanisms involved in
transport and transformation of contaminants released
from contaminated soils and migrating to ground water
receptors. It should be noted that many naturally
occurring attenuation mechanisms are used as the basis
for many of the treatment technologies reviewed in
Section 2.3.

Sections 4.4 through 4.6 discuss waste, leachate,
and site characteristics affecting the fate and
transport processes occurring at a given site. Section
4.6 describes human influences at the site that should
be accounted for when estimating or simulating fate and
transport of soil contaminants to ground water.

Sections 4.7 and 4.8 then discuss how models and
other methods may be used to simulate and estimate fate
and transport, and provide a cursory review of ground
water models and their applications in this context.
Section 4.9 discusses the concepts of uncertainty and
decision analysis as they may be applied to fate and
transport modeling. Finally, Section 4.10 presents and
discusses a decision~-analysis- based approach for
selecting and using ground water models to back-calculate

soil residual cleanup levels.
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4.2 Relationship of Soils to Ground Water Contamination

To be able to predict confidently the potential for
contamination of ground water by residuals in soils, it
is necessary to understand the physical (hydrogeologic),
geochemical, and biological processes that generate,
transport, and transform contaminants leached from these
soils. A brief overview of these processes is provided

in the following sections.

4.2.1 General Conceptual System

As shown in Figure 6, the exposure pathway relating
soils to ground water may be viewed as an interconnected
physical/chemical/biological system of "compartments."
Water, natural materials, and contaminants may move
between the media "compartments," and between the
soil/ground water system and other media compartments.
This occurs through a series of transport and
transformation mechanisms that are physical, chemical,
and biological in nature. The conceptual system has
four principal compartments:

© The soil source, surface (or deeper) soils containing
residual levels of contaminants;

o] The unsaturated zone or vadose zone, composed of
soils located between the surface soil contaminant
source and the ground water system;

o] One or more saturated zones through which ground
water is moving beneath and away from the site; and
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o The human, plant, or animal receptor exposed to the
ground water at the nearest likely point of exposure,
either beneath or (more commonly) downgradient of the
site (e.g., at a private well).

Soil contaminants may be transported through each
of these four compartments as solids, e.g., sorbed to
soil or particulate matter, liquids, or gases. Fine
sludges or solids may be transported with infiltrating
solutions in rates and amounts that depend on factors
including particle size, velocity of infiltration,
surface area of waste or soil in contact with the
solutions, and size and degree of interconnection of
subsurface void spaces (Repa and Kufs, 1985). The
liquids may include non-aqueous liquids of different
densities, but at most sites, they are primarily aqueous.

The conceptual model is framed in hydrogeologic
terms, and follows the path of water movenment through
each compartment from the contaminated soils source to
the eventual ground water receptor. There are several

reasons for this. First, it has been estimated that 60

percent of hazardous wastes are in liquid or sludge form

(EPA, 1980). A frequently-occurring contamination/

release mechanism to soils is that of direct spill or

release of liquid wastes to soils (Schultz et al.,

1987), and movement of the liquids through the soils.

Second, contamination of ground water by

infiltration of contaminated leachate is considered the
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most common contamination mechanism (Repa and Kufs,
1985; Barcelona et al., 1987). As rainfall or overland
flow percolates through soils, some may evaporate
through capillary action, taken up by plant root systenms
and transpired, or infiltrate to recharge ground water,
comprising the principal subsurface elements of the
hydrologic cycle (Freeze and Cherry, 1979).

Contaminants may be leached and will move downwards with
the infiltration due to capillarity and to gravitational
forces until the ground water table is contacted, thence
spreading horizontally and vertically, primarily in the
direction of ground water flow. The migration rate of
liquid contaminants is increased by the hydraulic head
due to infiltration. Thus, the subsurface components of
the hydrologic cycle provide a primary vector for
contaminant migration in the subsurface.

Third, ground water hydrology provides a
traditional, relatively well-understood framework for
examining contaminant transport. Until recently, the
research community focused primarily on physical
processes of ground water transport because of
historical interest in obtainingladequate water supplies
(Keely et al., 1986; Keely, 1987A). As ground water
quality considerations began to predominate, scientific
research and regulatory interests have traditionally

focused more on fate and transport of water, and movement
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of solutes with water, through the soil compartments to
ground water, than on other transport mechanisms and
movement of solutes with water, through the soil (Office
of Technology Assessment, 1982). The compartments are

described briefly in the following sections.

4.2.2 Surface Soil Zone

The surface soil zone, described above as the soil

contaminant source for purposes of this conceptual
model, is the region most influenced by weathering of
native geological material, climatic changes including
temperature cycles and freeze-thaw conditions, human and
animal disturbance, and nutrient cycling due to plant
and microbial activity. This zone is continuous with
and represents the topmost few meters of the vadose
zone. For purposes of the conceptual model, it is for
this source area of residual soil contamination that
cleanup levels are to be determined. This zone is only
partially saturated, and contains a distinct gas phase
in which atmospheric air occupies most of the soil pore
spaces.

Water movement in the upper vadose zone occurs
primarily as unsaturated flow due to infiltration,
percolation, evaporation and transpiration, and
redistribution (Klute, 1965). Everett (1980) described

the occurrence of shallow perched saturated zones within
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this compartment under conditions of rapid infiltration
over low-permeability soil horizons, as during improper
application of liquid wastes during landspreading.
horizons, as during improper application of liquid

wastes.
4.2.3 Vadose Zone

The weathered surface soils merge gradually at most
sites with the relatively unweathered deeper soil
materials of the second model compartment, called the
intermediate unsaturated zone or vadose zone (Figure 6).
This zone may be virtually absent at some sites, for
example in the Rocky Mountains or in glacial till
regions of the New England states, or in coastal plain
areas with shallow aquifers; while in other areas such
as arid Western desert basins the vadose zone may
consist of hundreds of meters of alluvial deposits
(Aller et al., 1987). Since most vadose zone materials
result from depositional processes, they are seldom
uniform in structure, containing interbedded lenses of
sands, clays, silts, and gravels. Alluvial material
deposited along former stream channels may form long,
ribbonlike subsurface deposits (Barcelona et al., 1987).

As in the surface soil compartment, gases, mainly
atmospheric air at subatmospheric pressure, occupy most

of the pore spaces, and water may occur as soil moisture
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and in perched zones which tend to spread infiltration
laterally, sometimes at rates substantially greater than
vertical upward or downward flow velocities (McWhorter
and Brookman, 1972). Thus, water flow in this zone may
have substantial lateral as well as vertical vectors,
resulting in spreading of contamination substantial
lateral as well as vertical vectors, resulting in and
infiltration to underlying aquifers over a relatively
large area in some cases. Where the unsaturated zone is
relatively shallow, the path and duration of solute
transportlmay be relatively short compared to that in
the saturated zone--days or weeks compared to years
(Kincaid et al., 1984).

At the base of the vadose zone is the capillary
fringe, a transition zone between the partially-
saturated vadose zone and the underlying fully-saturated
zones of the principal water-bearing formations located
beneath the ground water table. It is characterized by
the presence of water at or near saturation conditions,
and under approximately atmospheric pressure, rather
than by changes in the nature of its geologic materials
in most cases. However, its flux and hydraulic
conductivity, and thus its thickness, are partly
dictated by the coarseness of the material, as high
values have been recorded for considerable vertical

distances in some finer-grained formations (Kraijenhoff
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van deLeur, 1962; Luthin and Day, 1955).

Research on flows and chemical transport and
transformation processes in the capillary fringe has
been limited until recently, although this zone may play
a significant role in the transport of certain
contaminants. Freeze and Cherry (1979) and others
reported that petroleum hydrocarbons and other non-
aqueous-phase organic liquids less dense than water,
after leaking from surface spills, may tend to collect
and move laterally along the capillary fringe, in effect
"floating" at or near the surface of the ground water
table and mixing only minimally with the ground water.
These processes are discussed in more detail in section

4.3.

4.2.4 Saturated Zones

Below the phreatic surface occurs the third
conceptual compartment, wherein porous materials are
fully saturated with water except for entrapped gases.
The water is under hydrostatic pressure. These
formations are of interest in this study when capable of

yielding sufficient quantities of water for economic use

(aquifers). They may be:

o Unconfined-continuous with the phreatic surface, and
thus with the atmosphere, such that water levels may
fluctuate vertically due to atmospheric and
discharge/ recharge conditions;
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o Confined--bounded above by overlying impervious
strata and thus under pressure, such that water
would rise above the base of overlying confining
strata if the confined aquifer was perforated; or

o Perched--as discussed in Section 4.2.3 above, in
localized, limited areas of saturation within the
vadose zone, where downward percolation of water is
inhibited by relatively impervious beds of clay or
silt.

Many sites are underlain by multiple systems of confined and

unconfined aquifers having varying degrees of geographic

occurrence and of vertical interconnection.

4.2.5 Ground Water Receptor

The fourth compartment in the conceptual exposure
model is the human, plant, or animal receptor exposed to
contaminated ground water when it is withdrawn through
wells or when it recharges surface waters (see Figure
6). Exposure may occur through one or more of the
indirect exposure mechanisms for ground water exposure
listed in Section 3.1.

As stated in Chapter 1, mechanisms of fate and
transport of contaminants within the body to the
receptor's target organs, compound-specific dose-
response relationships, and other toxicological factors
governing the response of the receptor to soil
contaminants following the receptor's ingestion of
ground water contaminated by soil residues, are beyond

the scope of this report. They are discussed in further
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detail in many sources, including EPA (1986A,G) and
National Research Council (1983).

The conceptual system is described here in
hydrogeologic terms to facilitate its simulation using
primarily hydrologic estimation techniques in the risk
assessment. However, a complex combination of physical,
geochemical, and biological processes is involved in
contaminant transport and complex combination of
physical, geochemical, and biological transformation
from the soil source through each compartment of the
soil/ ground water system at a given site. These must
be considered in the establishment of cleanup levels,
and in the choice of estimation techniques to be used in
setting levels. The relative contribution of each
process to the environmental fate of the released
contaminants depends on the physical and chemical
characteristics of the wastes in the soils, and on
hydrogeologic characteristics of the soilground water
system, at that site. The processes and waste/site
characteristics considered most significant by
investigators in this field to date are reviewed in the

following section.

4.3 Fate and Transport Processes in the Soil-Ground
Water System

As mentioned previously in this chapter, movement and
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fates of soil contaminants cannot be described solely in
terms of movement of water through the soil/ground water
sjstem. Many natural processes affect contaminant
transport and fate in the subsurface. They can be
grouped into three general categories of processes--
physical, geochemical, and biological (Table 11).
Individual processes may occur in all zones; some are
unique to a particular zone; and others control
transfers of contaminants between the compartments
(Boutwell et al. 1985).

Subsurface contaminant transport is due to a
combination of these natural processes that is unique to
each site. Repa and Kufs (1985) stressed that how the
site's unique set of processes interact to produce the
distribution and type of aquifer contamination found
beneath it depends (1) on the types and intrinsic
physical and chemical properties of contaminants
producing leachate; and (2) on site and subsurface
conditions such as soil type, aquifer geology and
geometry, contact time of wastes/ contaminated soils
with infiltration, age of the site, physical and
chemical properties of the ground water itself. It will
depend on anthropogenic activities and disturbances to
site soils, for example pumping or diversion of ground
water from the contaminated soils mass, or other changes

in hydraulic gradients through the site. These factors
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TABLE 11

Fate and Transport Processes in the
Soil-Ground Water System

-—

Physical Processes
Flow Processes in

Porous Media

Flow Considerations
i1 the Unsaturated Zone

Transport Processes
in Porous Media: Advection,
Dispersion, and Diffusion

Oother Macroscale Transport
Processes

Fractured Medium and

Macropore Flow and Transport
Geochemical Processes

Adsorption/Desorption

Precipitation/Dissolution

Aqueous Speciation

Kinetics

Electronic/Chemical

Alterations

Nuclear Alterations

Chemical Associations

Photolysis

- Gas Generation

Biological Processes
Specific Microbial
Processes

General Microbial
Processes
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are discussed in Sections 4.4 through 4.7 of this chapter.
some of the major physical, geochemical, and

biological processes identified by previous

investigators are described in Sectiomns 4.3.1, 4.3.2,

and 4.3.3, respectively. A discussion of interactions

and interferences is found in Section 4.6.

4.3.1 Physical Processes

size, type, and configuration of leachate plumes in
ground water originating from soil contamination are
determined partly by hydrologic factors, including width
and thickness of the aquifer, its flow characteristics,
and physical properties of the contaminants themselves
(Repa and Kufs, 1985). Ground water flow patterns tend
to exert the greatest influence on plume path and size
(Keely et al., 1986; Repa and Kufs, 1985) .

In this discussion, physical processes are defined
as those which determine the flow of water and the
attendant transport of solutes in the subsurface
(Kincaid et al., 1984), and only a brief discussion of
the most important processes is given. These are listed
in Table 11. More basic and comprehensive reviews of
fundamental ground water flow theory are given in Freeze
and Cherry (1979), Bear (1979), Hillel (1983), and Hanks
and Ashcroft (1980). Additional surveys oriented toward

modeling of these processes are given by Kincaid et al.
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(1984), Repa and Kufs (1985), and Barcelona et al.(1987).
Since the historical understanding of flow was developed
first for saturated systems and later extended to the
unsaturated zone, this review follows the same track
(Kincaid et al., 1984). Flow processes in porous media
will be described in Sections 4.3.1.1 and 4.3.1.2, and
transport processes including advection, dispersion, and
diffusion in Section 4.3.1.3. Finally other physical
transport considerations such as heat transfer,
fractured rock flow, non-agqueous phase transport, and
inter-phase transfers will be described in Section

4.3.1.4.

4.3.1.1 Flow Processes in Porous Media

Ground water is generally thought to flow in
aquifers from higher to lower energy levels, i.e.,
toward decreasing hydraulic head, along paths of least
resistance among the interconnected fractures, joints,
or pores that provide flowpaths. Energy levels are
reflected by the potentiometric surface, which is the
water table if the aquifer is unconfined, and which may
be above the level of the upper aquifer/aquitard
interface in a confined aquifer. Direction of
decreasing energy level, and thus flow direction, often
mimics surface topography in unconfined systems, while

more direct measurements of flow direction are needed
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for confined systems (Repa and Kufs, 1985; Freeze and
Cherry, 1979).

Rates of flow are often calculated based on the
following empirical relationship derived by Darcy (1856)
to determine the quantity of water passing through a

soil column per unit time:

Q = - KA (hy~h;)/1 (4-1)

where Q is the rate of discharge, K is a proportionality
factor defined as the hydraulic conductivity, A is the
cross-sectional area through which water flows, h; and
h, are the water elevations above and below the column,
A is the cross-sectional area through which water flows,
h; respectively (the difference being hydraulic head),
and 1 is the column length. This is often rearranged to

give the average linear velocity of ground water:

= KIA (4-2)
n

Vg

where Vg is the average linear velocity, K is the
hydraulic conductivity, I is the.hydraulic gradient
along the path of maximum rate of change in head,
(hy-hy)/1, and g is the effective porosity, defined as
the ratio of the volume of interconnected pore spaces to

total volume of saturated medium, which equals the ratio
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of volume of liquid the medium will yield under specific
conditions after it is saturated (Freeze and Cherry,
1979) .

This expression does not define the velocity of an
individual fluid molecule, but rather an average velocity
between two distant points along the same flowline. The
validity of the Darcy equation is subject to the following
assumptions and limitations (Longwell, 1966; Kincaid et al.,
1984):

o The fluid does not interact with the porous medium
(e.g., no dissolution, precipitation, or swelling):

o Fluid flow rates are in the viscous or laminar range
(relatively low, such that inertial effects are

negligible) ;

o Fluid flow rates are in the viscous or laminar
range;
o The fluid is homogeneous and single phase (uniform

in density and viscosity, no multiple phases);

o For gases, the molecular mean free paths are much
smaller than the pore diameters of the medium
(deviations can occur at normal gas pressures when
pore size is very small).

Within these constraints, Darcy’s equation generally

holds for most natural, uncontaminated saturated systems

that are in a single phase and whose water is in
chemical equilibrium with the porous medium (Kincaid et
al., 1984), and becomes less applicable when ground

water systems are chemically or thermally modified or

where multiple immiscible fluid phases are present, as
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will be discussed in Sections 4.4 and 4.6.

Hydraulic conductivity (K) in equation 4.2 is a key
factor: the volume of water that will move through a
unit area per unit time when measured orthogonally to
the flow direction (Freeze and Cherry, 1979). K is
interpreted physically as the rate at which fluid is
conducted through a unit thickness of aquifer under the
driving force of a unit gradient of fluid (Kincaid et
al., 1984). It can be defined as follows (Jorgensen et

al., 1982):

(4-3)

=
I
<K
i
“F

where k is the intrinsic permeability (a measure of
resistance to fluid flow through the medium--a unigque
property of each medium); » is the fluid density; g is
gravitational acceleration; s is the fluid’s specific
weight; and v is its viscosity. Thus, while k is a
property of the medium only, K depends on both the
medium and the fluid (Table 12).

Both factors must be considered in using Darcy’s
equation to predict flow or velocity. First, the
dependence of hydraulic conductivity on media
characteristics is described in terms of homogeneity and
isotropy of the aquifer. An aquifer is homogeneous when

K is independent of spatial position, and isotropic if K
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TABLE 12

Hydraulic Conductivity Ranges in Subsurface Materials
(Adapted from Repa and Kufs, 1985; and Freeze

and Cherry, 1979)

Geologic Hydraulic Conductivity
Material cm/sec
Gravel 107! - 10°
sand, well sorted 104 -1
Silty sand 10°5 - 107!
Silt 1077 - 1073
Clay, unweathered 10'10 - 10'7
Glacial till 1010 - 1074
Carbonate rocks 10'7 -1
Sandstones 1078 - 10'4
Shales 10°2! - 1077
Crystalline rocks

Highly fractured 1006 -1

Relative unfractured 10-12 _ 10°8

. A S ki . e
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is independent of direction of measurement, i.e., equal
horizontally and vertically (Freeze and Cherry, 1979;
Repa and Kufs, 1985; and others). Most aquifers are
heterogeneous and anisotropic; zones of lower
permeability and variable shape can exist within a
limited geographic area of an aquifer, causing high
spatial variability in potentiometric heads and ground
water velocity, and plume migration along preferential
flowpaths (Repa and Kufs, 1985). This can be handled in
Darcy’s equation by providing a spatially varying K, but
can greatly affect arrival times of different
céntaminants and their distributions at a point of
jnterest such as a downgradient receptor well (Kincaid
et al., 1984). Many models lump these factors within
the dispersion pfocess, as will be discussed in Sections
4.3.1.2 and 4.5.

Second, the dependency of hydraulic conductivity,
and pressure, on fluid properties, as illustrated in
equation 4-3, may cause the hydraulic conductivity of a
material to be lower than its pure water value if the
fluid is highly viscous; or may cause pressure gradients
between locations having zero head gradient because of
density differences in the fluid (Repa and Kufs, 1985) .
This may be insignificant in many field situations
(Freeze and Cherry, 1979), but in highly concentrated,

dense or multiphase plumes, it may strongly affect
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contaminant transport and distribution.

changes in the effective stress and, consequently,
in the storativity of an aquifer can also affect fate
and transport of contaminants, especially when soils
and/or ground water flows are disturbed through human
activities transport of contaminants, especially when
soils and/or such as pumping or reinjection of fluids,
or installation of soil or synthetic covers (Kincaid et
al., 1984; Repa and Kufs, 1985). Flow of ground water
as expressed by Darcy’s equation and release of water
from storage are related through the continuity equation
(given in Section 4.3.1.2), which expresses the
conservation of mass in the ground water system. The
derivation of the continuity equation is given by Freeze
and Cherry (1979), Bear (1979), Walton (1970), and
Kincaid et al. (1984), among others. This expression
allows ground water flow to be calculated in terms of
storativity, pressure, density, or piezometric head.
éee Bear (1979) and Kincaid et al. (1984) for a more
detailed treatment of this topic.

The total load of overburden at a specific depth
within the aquifer is supported by a combination of pore
water pressure and intergranular or effective stress.
Changes in pore water pressure produced by pumping or
recharge of fluids can alter the effective stress by

increasing the overburden load that must be supported by
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the soil’s effective stress (Kincaid et al., 1984).

Changes in stresses supporting the overburden load
can cause expansion or compression of the fluids
themselves. This compressibility is limited and is
usually neglected in most mathematical simulations
(Kincaid et al., 1984).

Changes in effective stress can cause deformation
of the porous medium itself, usually causing
rearrangement or consolidation of the soils rather than
crushing the soil particles. If pore water pressure is
reduced, effective stress increases and the soil grains
rearrange and consolidate, which often decreases
porosity. The pore water itself will expand at the same
time, causing a release of water from storage. Specific
storativity refers to the volume of water released from
a unit aquifer volume in response to a unit reduction in
pore water pressure. The process is not fully
reversible; reinjection of fluids will not cause total
recovery of original porosity of the soil matrix
(Kincaid et al., 1984).

Storativity effects, which are time-dependent,
become important to contaminant transport in confined
aquifers when cyclical pump-and-treat injection/recovery
systems are used to treat contaminated ground water,
altering matrix characteristics, and thus flow and

transport rates, in the process. They also can affect
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unconfined aquifers when ground water is diverted or
withdrawn rapidly, and are of interest when contaminated
soils are consolidated and covered as part of a cleanup
(Kincaid et al., 1984).

4.3.1.2 Flow Considerations in the Unsaturated
Zone

The preceding discussion focused on the principal
mechanisms of flow in saturated systems. These will
also operate in saturated portions of the vadose zone,
as described in Section 4.2.3, but in the unsaturated
soils, a gas phase must also be considered that will
affect flow of liquids and migration of contaminants.
This soil air shares the void spaces with liquid water.
The volume of voids, or pore volume, comprises 25 to 40%
of the soil matrix of most soils (Kincaid et al., 1984).

As infiltration or leachate enters the soil column,
it displaces pore water and may carry contaminants with
it. Solutes may move with the infiltration, may
transfer among the solid, liquid, or gas phases, or may
be attenuated by the mechanisms to be discussed in
Sections 4.3.2 and 4.3.3. If retained, the soil may act
as a future contamination source to the ground water
systen.

Soil water content may vary from zero to 100% of

the total pore volume. Liquid transport, and thus
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contaminant transport as a solute, through this zone
will vary according to the relative saturation (Kincaid
et al., 1984). At low values, pendular rings of liquid
form around soil grain contact points, with saddle-
shaped air/ water interfaces determined by capillary
forces and interfacial tension between liquid and gas
phases. At equilibrium water saturation, a continuous
water surface is present across the soil particles,
allowing continuous liquid flow. Above this value, soil
water content may be described as funicular when air and
water phases are continuous, and transport in both
phases may occur; or insular, when the air is suspended
in individual, discontinuous droplets within the pore
space, and air moves by solution into the liquid or by
forcing of droplets under pressure.

Water movement is determined by the total water
potential, which is the sum of the gravitational
potential and the soil water potential. The
gravitational potential is the vertical difference
between the point of interest and a reference point.
The soil water potential was defined by Hanks and
Ashcroft (1980) as the amount of work that a unit
quantity of water in an equilibrium soil-water system
can do when moved to a pool of water in the reference
state at the same temperature. It is the sum of

pressure potential, solute potential, and matric
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potential. These terms are defined by Hillel (1983),
Kincaid et al. (1984), and others. Water flows from
areas of higher to lower total water potential under
isothermal conditions.

Matric potential is one of the key components of
total potential in the unsaturated soils. It is a
measure of the tendency of the matrix to hold water
against a negative pressure (suction), and is associated
with the capillary pressure across the air/ water
interface within the soil pores (Kincaid et al., 1984).
Greater negative values pressure across the air/ water
interface within the soil indicate drier soils having
higher soil-water attractive forces.

In heterogeneous soils, a plot of matric potential
versus depth gives a smooth curve, while soil moisture
content plotted versus depth may have discontinuities at
interfaces between different soil types (Kincaid et al.,
1984). This may argue for use of matric potential
rather than soil moisture content as a dependent
variable when modeling flow in heterogeneous soil
systems. For discussion see Kincaid et al. (1984).

Bear (1979) gave the general equation for motion of
liquid water in unsaturated soils as
d = kjj EKryl8y) * & py9 (¥p=v¥p) = 9& ryZ

By 6Xj SXj
[i=1,2,3...] (4-4)
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where kj4 is the permeability tensor at saturation,
Kyy(8y) is the relative permeability (given as a
function of moisture content), and ¥, and ¢p are
the soil matric and pressure potentials, respectively.
At the free water surface as water content nears
saturation, the matric potential becomes negligible and
the relative permeability approaches 1. This is a
unified statement of Darcy’s equation, and can be
applied to either saturated or unsaturated porous flow.
Bear (1979) gave the continuity equation for

conservation of mass of liquid water in the soil medium

as

_g_tpwev + div(pyq) = O (4-5)
where q is defined by equation 4-4 above, py is the
density of water, and e, is the pore water content
(as a volume measure). This is analogous to the
continuity equation for saturated systems presented in
Section 4.3.1.1, except that soil water content rather
than total porosity must be considered, and permeability
is dependent on soil water content as given in equation
4-4,

Kincaid et al. (1984) derived variations of this
expression in terms of specific water capacity of the

medium, pressure, soil water content, and density, and
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provide simplifications for cases of homogeneous fluids
and isotropic soils. These two equations, 4-4 and 4-5,
when taken together, can be used to describe the
movement of fluids within the saturated and unsaturated
zones.

4.3.1.3 Transport Processes in Porous Media:

Advection, Dispersion, and Diffusion

The preceding sections described ground water flow
as a basis for discussing physical transport mechanisms
pased on the movement of ground water in the subsurface.
Contaminants are transported by three basic mechanisms:
advection/ convection (movement coincident with the
resident fluids), dispersion (spreading of contaminants
in directions other than the average flow direction),
and molecular diffusion (Kincaid et al., 1984).

Fluids and solutes are advected in the aquifer at a
rate equal to the pore-water velocity (seepage velocity)
or average linear velocity of the ground water (Freeze
and Cherry, 1979). Since velocity varies considerably
within the pore space, the flow path and velocity of
individual fluid and solute particles varies from the
average flow path or velocity, spreading the solute
along the aquifer in the principal direction of flow.

Dispersion describes the mechanical mixing or

spreading of solute in directions other than the
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principal flow direction due to these variations in
fluid velocity. It may be caused by microscopic factors
such as flow path tortuosity (branching and
interfingering channels); variability in pore space
geometry, which creates drag on fluids contacting the
grain surfaces, and velocity profiles within soil or
aquifer pores (Freeze and Cherry, 1979; Repa and Kufs,
1985) ; and by macroscopic variations in fluid velocity
due to natural heterogeneities in effective porosity and
hydraulic conductivity of the matrix as fluids move
through different geologic formations and soil materials
(Kincaid et al., 1984; Boutwell et al., 1985).
Dispersion tends to be greatest in fractured bedrock and
highly granular aquifers where turbulent flows are
possible (Pettyjohn et al., 1982).

Dispersion occurs only when there is fluid
movement, in contrast to molecular diffusion, which is
the movement of contaminants due to their kinetic
activity (Brownian motion) as driven by solute
concentration gradients in the transporting fluid (Repa
and Kufs, 1985; Kincaid et al., 1984). It occurs
irrespective of macroscopic fluid flow, but tends to be
slow, requiring long timeframes to exhibit significant
effects over relatively short distances; thus it is
often ignored in initial contaminant transport

investigations (Repa and Kufs, 1985).
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Transport of contaminants obeys mass conservation
principles as does the transport of liquid through the
porous media; thus the continuity equation (4-5) can be
written to account for the physical transport of
chemical species by subsurface fluids, as follows

(Jennings et al., 1982; Rubin and James, 1973; Simpson,

1979:

5 (84pqC) + _8_ (8,p,Co) = -V°J + 8
st st (4-6)

where
volume of liquid per unit volume of the medium

= mass of solution per unit volume of solution
= mass of solute per unit mass of solution
= volume of solid phase per unit volume
of medium
= mass of solid per unit volume of solid
mass of sorbed species per unit volume
of solid
mass-flux vector of species in solution
mass of species per unit time per unit
volume of medium (includes source terms and
transformations such as root uptake,
microbiological transformations, and
radioactive decay)

8e
Pa
C

8,

C

Il

nwy 0>
oY

This holds for the unsaturated zone when 8, is
interpreted as soil-water content, 6, is interpreted as
soil volume per unit volume of medium that could, or
does, react with the contaminant species, and when the
mass-flux term accounts for the dependence of its media
properties on soil water content. It holds for the
saturated zone when 6, is interpreted as porosity ( 7 )

and 8, as its conjugate (1-9) (Kincaid et al.,
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1984) . Note that J, the mass-flux term, accounts for
the three primary transport processes (advection,
dispersion, and diffusion), as the sum of advective
(J5) and dispersive (Jq) fluxes, as follows (Simpson,
1979) :
J = Ja+Jgq = (paq,C)+(=py8,DKpVC)

(4-7)
where qa is the Darcy velocity and D, is a second-
rank tensor of hydrodynamic dispersion coefficients,
according to Kincaid et al. (1984). Note that pore-
water velocity can be substituted for the Darcy velocity
if pore volume (8,) is considered constant. These mass-
flux terms can be substituted into Equation 4-6 to
derive a general form of the advective-dispersive
transport equation. If (as in many modeling exercises)
one assumes a constant liquid-filled pore space and no
transformation reactions (discussed in Section 4.3.2),
the generalized equation can be reduced to the following
form (Kincaid et al., 1984):

§C =V * DpVC - ga * VC +_8
st 6, PaBa (4-8)

It should be noted that the advective-dispersive
equation has been criticized recently as inadequately
describing solute transport, for two reasons. First,

dispersivity has been classically described by extension
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of the Fickian analogy from molecular diffusion,
resulting in a mathematical expression showing solute
moving upgradient against its concentration gradient
more than is sometimes physically possible, irrespective
of magnitude and direction of advection. For a complete
discussion see Kincaid et al., (1984). Second, field
values of both hydraulic gradient and dispersivity are
not unique. They vary greatly depending on scale and
method of measurement; dispersivity in particular
exhibits marked dependence on scale (Keely et al., 1986;
Kincaid et al., 1984), partly due to the fact that the
foundational theories of solute transport do not provide
a mathematically rigorous dispersivity definition that
realistically describes the natural system (Sposito et
al., 1978; Kincaid et al., 1984).

Investigators are currently reexamining the
dispersion process to consider its dependence on solute
paths and velocity variations (Gelhar et al., 1979;
Barcelona et al., 1985), which may soon provide for
improved models based on stochastic-convective concepts
and/or kinematic pathline concepts. See Kincaid et al.
(1984) for additional discussion of this topic. This
also will require research on appropriate field methods
for measuring hydraulic conductivities and
dispersivities in both the saturated and unsaturated

zones (Roberts, 1984; Keely et al., 1986; Repa and Kufs,
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1985; Barcelona et al., 1985). The importance of
collecting appropriate field data on site-specific
transport processes to the soil cleanup level-setting

process is discussed further in Sections 3.2 and 4.7.

4.3.1.4 Other Macroscale Transport Processes

The foregoing flow and transport discussions
generally assume constant and uniform flow fields for
ease of mathematical description. This is often not the
case, especially in the surface and unsaturated zones,
because of man-induced alterations in flow fields
beneath a site due to ground water diversion, capping,
pumping, or other actions (discussed in Section 4.6);
and because of the transient nature of many flow
phenomena comprising the hydrologic cycle, such as
infiltration, runoff, erosion, drainage,
evapotranspiration, and volatilization. These and other
non-bulk-flow-related transport mechanisms, such as gas
phase transport and facilitated transport, are discussed
briefly below.

Rain droplets and wind can erode contaminated
surfaces, detaching particulates'for subsequent wind and
water transport. Bulk water movement in the surface
soil zone occurs as runoff or overland flow, which can
entrain soil particles containing sorbed contaminants,

or which can dissolve contaminants directly from soil or
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waste surfaces, and transport them to surfaces and surface
waters off-site, as described in Section 3.1.2. Methods
of estimating rates and amounts of contaminant transfer
from the site due to erosion and overland flow (e.g, by
use of the Universal Soil Loss equation) are reviewed in
Boutwell et al.(1985), Cowherd et al.(1985), and Schultz
et al. (1987) among others.

Some precipitation, liquid wastes, or leachates may
move downward through the unsaturated zone as
infiltration, due to progressive wetting of underlying
soils, gravity, and hydrostatic pressure, as described
in Sections 4.2 and 4.3.1.2 (Boutwell et al., 1985).
Infiltration depends on many factors including soil
type, organic matter content, rate of water supply to
the soil surface, antecedent soil moisture content, and
vegetative cover which provides interception storage.

It is high just after onset of a precipitation event and
decreases as the soil profile becomes saturated
(Boutwell et al., 1985), its minimum value being the
saturated hydraulic conductivity of the soil.
Infiltration rates may be estimated simply as an average
value, as calculated by Linsley et al.(1982) and Holtan
et al.(1975), or linked to precipitation as a step
function in numerical models (see Boutwell et al., 1985;
Schultz et al., 1987; Kincaid et al., 1984 for examples,

and Section 4.8 for more discussion).
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Fluids are transferred from the unsaturated zone to the
saturated zones through drainage, the rate of which is
affected by matric potential and degree of pore-water
saturation, as described in Section 4.3.1.2.

Evapotranspiration and volatilization can be very
important to physical transport of water and
contaminants in the surface and unsaturated zones, where
a gas phase is present in the soil pore spaces.
Evapotranspiration may include direct evaporation of
water vapor from soil, water or ice surfaces and
transpiration by plants. Rates depend on atmospheric
water demand, moisture amounts available for evaporation
and soil moisture content, soil type and permeability,
type and amount of vegetative cover, soil and air
temperatures, relative humidity, and other
meteorological factors.

The quantitative basis for estimating rates is
reviewed by Hillel (1983) and Kincaid et al. (1984).
Methods based on pan evaporation data, energy budgets,
the hydrologic cycle, the aerodynamic profile, and
meteorological data are reviewed by Linsley et al.
(1982) , Hanks and Ashcroft (1980), and others. Root
water-extraction models are reviewed by Molz (1981).

Under certain conditions, transport of contaminant
through the subsurface in the gas phase may be

substantial, especially of volatile organic compounds
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moving through coarser, more porous media under favorable
temperatures and pressures. Amounts, pathways, and
extent of gas-phase transport is highly variable and
dependent on both contaminant properties including
density, viscosity, Henry’s law constant, and on media
properties including intrinsic porosity and
permeability, organic carbon content, soil moisture
content, pore size, and other factors. Diffusive
mechanisms are generally thought to predominate over
convective mechanisms (Barcelona et al., 1985). This
phenomenon has been used to trace ground water plumes
through analysis of soil gases with varying degrees of
success.

Facilitated transport refers collectively to those
mechanisms that may cause contaminant transport at
faster rates than expected on the basis of solute
transport coincident with Darcian flow, as modified by
equilibrium sorption. The latter topic will be
discussed in Section 4.3.2. Its effects are most
evident in anomalous movement of large, complex
molecules that are relatively insoluble in water, such
as oils and other complex hydrophobic organics and may
result in, for example, more distant transport or
earlier arrival of contaminants at receptor wells than
predicted by water movement alone. This phenomenon has

been observed at several Superfund sites as well as in
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bank filtration studies in the Netherlands (Piwoni,

1986) .

Several hypothesized mechanisms include cosolvent
effects (as regularly induced in agriculture to apply
hydrophobic pesticides in aqueous mixtures; Keely et
al., 1986); multiphase transport of micelles or micro-
droplets; and transport of fine particulates carrying
hydrophobic compounds sorbed on their surfaces. Many of
these effects are evidenced for contaminants having
densities, temperatures, or viscosities differing
significantly from those of the fluid (ground water)
carrier. These effects will be discussed further in

Section 4.4.

4.3.1.5 Fractured Medium and Macropore
Flow and Transport

As mentioned in Section 4.3.1.1, subsurface
materials are seldom homogeneous in terms of pore size
and shape or hydraulic conductivity, and may change
abruptly within short distances. Soils may contain
cracks and channels (macropores) due to freeze-thaw
effects, roots, burrowing animals, differential settling
or expansion, and physical and chemical erosive
processes. Rock materials often contain zones of
secondary porosity such as bedding plane interfaces,

fractures, faults, or solution cavities (Repa and Kufs,
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1985). Solutes moving preferentially through these
macropores or rock fractures may produce much more rapid
breakthrough downgradient of the source (Barcelona et
al., 1985) than would be predicted by the mechanisms
discussed in Sections 4.3.1.1 through 4.3.1.3. For
example, flow rates in unfractured media have been
measured between 0.3 and 4400 feet/year (Walker, 1973;
Apgar and Langmuir, 1971; Jackson, 1980; Repa and Kufs,
1985), while Wedderburn (1977) measured tracer movements
through limestone cavities at rates up to 1.47 million
feet/year.

Generally, fractures will comprise a small fraction
of a bedrock aquifer’s total porosity, and most of the
fluid is stored in the rock matrix. However, individual
fractures may often have apertures many_times the
average matrix pore space, thus representing the primary
flow paths. Hydraulic conductivity of the fracture
system is dependent on fracture spacing, aperture
distribution, and degree and frequency of
interconnectedness of the fractures (Kincaid et al.,
1984; Repa and Kufs, 1985); thus it varies greatly by
rock type. |

Alternatively, faults and bedding planes may act as
flow barriers, if they trend across or obliquely to the
direction of ground water flow, or if their voids are

cemented by clay or silicate microparticulates brought
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to the channels by facilitated transport mechanisms as
mentioned in the preceding section. Faults and
fractures likewise can provide facilitated transport
mechanisms as mentioned in the conduits for
interconnection of aquifers which otherwise appear to be
isolated by impervious strata (Repa and Kufs, 1985, and
others).

Jackson (1980) noted that transformation processes
(discussed in Sections 4.3.2 and 4.3.3) can also affect
contaminant migration in fracture zones in two general
ways: (1) when large amounts of adsorptive or reactive
substances coat the fracture surfaces (e.g., chlorite,
illite, other clay minerals, carbonates, and various
oxides), and (2) when slower flows and higher primary
porosities allow significant levels of diffusion of
contaminants directly into the rock matrix over which
they are passing.

Currently, most mathematical estimates of fracture
flow are made by determining porous-media equivalent
parameters and using porous-media flow and transport
equations (idealizing the aquifer as a homogeneous,
isotropic system, or as an isotropic system of regular,
interconnected fractures separated by impervious blocks
of rock matrix; Kincaid et al., 1984; Barenblatt et al.,
1960) . Repa and Kufs (1985) and Kincaid et al.(1984)

caution against use of mass transport approximations
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based only on rock matrix properties. Neither flow nor
transport is understood for fractured systems as well as
for porous media systems at this time (Barcelona et al.,
1985; Kincaid et al., 1984), though much research in
this field is ongoing under the high-level nuclear waste
disposal programs of the U.S. Nuclear Regulatory
commission and the governments of Canada, France, and
Sweden (Kincaid et al., 1984). This phenomenon, and
other site and hydrogeologic effects on fate and

transport, are discussed further in Section 4.5.

4.3.2 Geochemical Processes

The preceding discussion focused on physical
factors affecting concentration and distribution of
contaminants presuming that they are ideal, nonreactive
substances that, for the most part, are transported with
the infiltration and ground water. However, few
compounds will behave in this manner in the subsurface.
As solute moves from the contaminated soils source
through the subsurface matrix, its concentration will
tend to change, and it may be subject to a variety of
geochemical interactions that may enhance or retard its
mobility within the transporting fluid, for example
through the two primary mechanisms of sorption and
precipitation, or transform its constituent chemical

species to more or less toxic forms.
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Different soil contaminants will tend to be attenuated
or retarded by some processes more than others.
Cationic metals such as cadmium, zinc, copper, lead,
chromium III, and mercury are attenuated by both
sorption and precipitation at rates and extents affected
by such factors as pH, free lime content, cation
exchange capacity, soil particle surface area, and free
iron oxide content (Repa and Kufs, 1985). Among anions
commonly occurring in waste site leachates, phosphate is
the least mobile, while nitrate and chloride tend to be
highly mobile (Repa and Kufs, 1985). The minimal degree
of attenuation of nitrate and chloride in most aquifers
has led to their frequent use as indicators of plume
migration (Kurtz and Melsted, 1973; Lindorff and
Cartwright, 1977: Roberts et al., 1980).

organic contaminants may be attenuated in one of
three general ways in ground water: through rapid,
complete degradation or precipitation; through partial
sorption or precipitation, with sorption occurring at a
slowly decreasing rate; through slow degradation, with
degradation rate gradually increasing to some steady
rate (Roberts et al., 1980). Repa and Kufs (1985)
assembled the following list of generalizations
concerning organic contaminant behavior in aquifers,
based on the findings of Wilson et al. (1980), Roberts

et al., (1980), and Lindorff and Cartwright (1977),
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among others:

o Volatilization rates for low-molecular-weight
contaminants are inhibited by the distance they
must travel to reach a free water surface, and by
the slow turnover rate for soil pore air within the
unsaturated zone compartment;

o Oorganics tend to be attenuated less than inorganics:

o More attenuation occurs due to biochemical than to
geochemical attenuation processes;

o Some organic contaminants may be tightly sorbed to
soil or aquifer particles;

o The degradation of simpler, less toxic compounds is
more pronounced than that of more complex,
generally more toxic contaminants;

o Some organic pollutants may sorb from solution onto
organics within the matrix;

o Less soluble, more hydrophobic contaminants tend to
have lower mobilities and slower migration rates
than highly soluble, hydrophilic contaminants;

o Tracing an organic plume’s source may often be
complicated by the degradation of the organic
contaminants within the soils and ground water
(Keely, 1987A; Barcelona et al., 1987);

o The presence of some organic contaminants in the
soils or leachate can influence the sorption and
attenuation characteristics of others.

Keely et al. (1986) stated that while to some
extent, the scientific understanding of these chemical
interactions has been translated into predictive models,
in certain areas the state of knowledge outpaces current
modeling capabilities; while in others, many of the

geochemical processes influencing contaminant mobility

on a site-specific basis are not yet well defined.
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Chemical interactions are introduced into the
advection/ dispersion equation (Section 4.3.1) through a
time derivative of the solid phase mass in terms of the
time rate of change of storage of a given contaminant in
the porous medium (often interpreted as a source/sink
mechanism), as illustrated in the following equation
describing this term for the jth compound (Kincaid et
al., 1984):

i Cj(q,t) = -V#v'Cy(q,t)+D377Cy(q, t)+

St
wy(q,t)-r5(q,t) (4-9)

where Cj is the concentration of the jth compound; V
is the velocity vector:; v2 is the Laplacian operator;
D5
wj(q,t) is the rate of deposition of compound, by

is a "diffusion type coefficient constant;"

precipitation or adsorption, within the volume element;
and wj(q,t) is the corresponding rate of dissolution,
ion exchange, or desorption within the volume element.
q represents an orthogonal coordinate system. The sum
of ( wyt nj) is defined as the source/sink term;
at equilibrium, this term becomes zero.

As indicated above, two fundamental geochemical
processes are believed to affect the sink/source term:
adsorption/ desorption and precipitation/dissolution.

Several additional processes indirectly control this
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term, including aqueous speciation; kinetics and mass
transfer; electrochemical alterations including
oxidation/ reduction, ionic interactions, hydration and
hydrolysis, and isomorphic substitutions; nuclear
alterations including radionuclide decay; chemical
associations including ion exchange, complexation, and
cosolvation (and its reverse, partitioning into
immiscible phases); degradation mechanisms such as
photolysis; and gas generation (reviewed by Barcelona et
al., 1987; Repa and Kufs, 1985; Boutwell et al., 1985;
Kincaid et al:, 1984; and others). These are discussed

briefly in the following sections.

4.3.2.1 Adsorption/Desorption

Keely et al. (1986) stated that sorption processes
are perhaps the most widely studied of the surface
interactions affecting organic compounds in the
subsurface. Adsorption and desorption of contaminants
on active soil particles is an important process even at
very low concentrations (Kincaid et al., 1984; Keely et
al., 1986). Adsorption can be generally divided into
two categories: specific adsorption and ion exchange.

Soils generally contain minerals that readily
exchange cations or anions. In ion exchange, charged
ions in the transporting fluid may exchange with ions on

the matrix surface such that a metallic cation such as
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Na+ or K+ in the aqueous fluid may exchange with H+ on
the mineral surface, generally in weak bonds wherein
most of the bond energy arises from electrostatic
attractions of the exchanging ions to the charges
associated with the mineral surface. This process may
be highly selective for certain elements, and may shift
the pH of the aquifer fluid (Kincaid et al., 1984).

Cation exchange is affected by other reactions in
the subsurface including the weathering of clay
minerals, redox reactions (discussed below), and
decomposition of aquifer constituents, as well as the
leachate and ground water cation composition (Repa and
Kufs, 1985). Cations such as zinc and copper may become
tightly sorbed, and then become unavailable for ion
exchange due to secondary reactionms. Nonionic
contaminants may also exhibit strong sorption due to van
der Waals forces, covalent bonds, polar attraction, weak
hydrogen bonding, and other processes (Repa and Kufs,
1985).

Specific adsorption refers to strong ionic bonding
or complexation of aqueous contaminant species with the
matrix surfaces for example, when cu?t ions form
complexes by reacting with a surface hydroxy site. The
distribution of a chemical element among its various
ionic species will thus strongly affect the rate of

sorption processes. Likewise, different models may be
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needed to describe specific adsorption processes versus
ion exchange processes (Kincaid et al., 1984).

Contaminant retardation, especially of organics, in
the subsurface is frequently estimated using contaminant
specific partition coefficients based on sorption
isotherms, which relate the amount of contaminant in
solution to the amount associated with the solid medium,
usually through batch or column experiments. Linear
isotherms indicate that the ratio at which the
contaminant is partitioned between the two phases is
independent of its equilibrium solution concentration.
Nonlinear isotherms indicate that partitioning depends
on the equilibrium solution concentration (Keely et al.,
1986).

Modeling exercises are often based on linear
sorption estimates for simplicity; however, this may
cause mass balance errors whereby the contaminant mass
in the fluid phase is underestimated and retardation is
overestimated, thus overpredicting arrival times and
concentrations at the downgradient receptor locations in
many instances (Keely et al., 1986). Modelers may
attempt to account for this discrepancy between
predicted and observed results by adjusting other model
parameters (e.g., dispersion) that may be likewise
characterized inadequately, producing qualitatively and

quantitatively erroneous model predictions.
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This points to the need for improved mechanisms to
describe and account for nonlinear sorption phenomena
(Keely et al., 1986).

Likewise, researchers have begun to consider the
importance of the time dependency of sorption.
simplified models often contained assumptions of
instantaneous, fully reversible sorption processes for
the principal contaminant species of interest; however,
recent research results suggest that the opposite may be
the case, for smaller solvent molecules in low-carbon
aquifer systems as well as for large hydrophobic organic
molecules in subsurface environments having a relatively
high total organic carbon (TOC) content (Keely et al.,
1986). Kinetic effects are discussed further in Section
4.3.2.4.

As discussed in Section 4.3.1.4, even when
contaminants are tightly sorbed to matrix surfaces,
contaminant mobility may occur through facilitated
transport mechanisms not accounted for through the
sink/source term. Examples include Superfund sites
underlain by glacial tills having a broad particle size
distribution, where fine particulates (sometimes bearing
sorbed contaminants) have accumulated in monitoring
wells; and ferrous colloids found in wells at sites
contaminated by domestic wastes (Keely et al., 1986) .

More research is required to evaluate the relative
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importance of facilitated transport among the various
mechanisms transforming and transporting contaminants at

a given site.

4,3.2.2 Precipitation/Dissolutien

Natural materials and contaminants alike may be
precipitated when their solubility product, the product
of activities of the combination of reacting aqueous
species, exceeds a given value. This process is
dependent on pH, temperature, and the physical and
chemical properties of the fluid and the porous medium.
For example, concentrated acids percolating after a
spill into a highly carbonaceous soil or rock matrix
with a high buffering capacity will dissolve minerals
and simultaneously may be neutralized (Kincaid et al.,
1984).

As neutralization occurs, solubility products of
some compounds may be exceeded, leading to
precipitation. The precipitates may differ by location
and chemical composition based on microscale differences
in equilibrium conditions. In some circumstances, these
precipitation and dissolution prbcesses could
significantly alter flow paths through the porous medium
as existing channels become plugged by precipitates and
new flow paths are chemically eroded in the matrix

(Kincaid et al., 1984; Repa and Kufs, 1985). In extreme
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cases the flow models used to describe such sites might
require modification to account for such chemical
changes, for example by coupling the flow and chemical
portions of the code (Kincaid et al., 1984; Boutwell et
al., 1985). These effects, and some examples, are

discussed further in Sections 4.4 and 4.5.

4.3.2.3 Aqueous Speciation

Aqueous phase chemical elements often form complex
species or aqueous ion pairs. Typically these will tend
to increase an element’s fluid phase concentration, and
thus the species of the major contaminants must be
accounted for in order to accurately estimate sorption
and precipitation, either by providing empirical
activity coefficients or by including the major agueous
complexes directly (Kincaid et al., 1984). Failure to
adequately account for these terms may lead to
predictions of sorption or precipitation of a given
compound at a lower fluid phase concentration than might
actually be observed in the field, thus overpredicting

retardation overall.
4.3.2.4 Kinetics

As described previously, in some circumstances
chemical kinetics may be much slower than predicted,

thus invalidating the assumptions of chemical
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