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Premise

ÁComplex sites (such as 
those containing dense 
nonaqueousphase liquids 
(DNAPLs) are some of the 
most difficult to clean up.

ÁMultiple-technology 
remedies often needed 
to achieve objectives.

ÁHow do you efficiently 
construct a remedy and 
set goals at these Sites?
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Outline

ÁEstablishing Realistic Remedial Goals

ÁDNAPL Remedial Technologies

ÁEvaluating Performance

ÁCase Studies

ÁDiscussion
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Two Key ITRC Guidance Documents 

5

Remediation of DNAPL Sites

Setting Realistic Goals Requires Understanding of 
Chemical Phases and Transport of DNAPL Releases 

ÁDNAPL movement 
and capillary forces

ÁChemical phase 
distribution

ÁInterphase chemical 
mass transfer

ÁDissolved plume 
formation & transport

ÁVapor migration

(Modified from Parker et al, 2002)

Vapor

Dissolved 
Plume

Degradation
Reactions

Sorption, etc.

DNAPL Pore-Scale DistributionGeneralize DNAPL 
Release and Transport

ITRC IDSS-1, Figures 2-1, 2-3

DNAPLSand Grains

Water

Interphase Chemical Mass Transfer

AqueousDNAPL

SorbedVapor

Interphase Chemical Mass Transfer



9/15/2014

4

Remediation of DNAPL Sites

Mobile DNAPL vs. Residual DNAPL 
vs. Sorbed Contaminant 

ÁMobile DNAPL
ï Interconnected 

separate phase that 
is capable of 
migrating

Á Residual DNAPL
ïDisconnected blobs 

and ganglia that are 
not capable of 
migrating

Á Sorbed Contaminant
ïNo longer a NAPL
ïStill a residual source
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!ƎŜ ƻŦ wŜƭŜŀǎŜΩǎ 9ŦŦŜŎǘ ƻƴ tƭǳƳŜ wŜǎǇƻƴǎŜ

ÁResponse is dependent on 
stage of plume evolution

Á Is contaminant mass accessible 
to treatment?

Á In situ treatment often 
preferentially treats high 
permeability zones

Á Back-diffusion controls 
plume response

Early
Stage

Middle
Stage

Late
Stage\
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Plume Response to Source Treatment

ÁMass flux vs. 
concentration basis

Á Heterogeneous sites ς
greater plume 
response

Á Homogeneous sites ς
lesser plume response

Á Tools ςEPA REMChlor 
(Falta et al, 2007)

Modified from Basu, et al. (2008)
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Remediation of DNAPL Sites

Establishing Realistic Remedial Goals

ÁFirst and foremost ςAddress/Prevent Exposure

ÁSource Removal, Source Reduction, Containment or Control?

ÁRegulatory Requirements

ÁMCLs vs. Mass Discharge

ÁRegulatory Approaches

ÁCommunication
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CERCLA  and the National Contingency Plan

ÁUnderCERCLA121(d)(2)(A),groundwaterresponseactionsare
governedin part by the followingmandateestablishedby Congress

ïSuchremedialactionshallrequirea levelor standardof controlwhich
at leastattainsMaximumContaminantLevelGoals

ÁFurthermore,the NCP(40CFR§300.430(a)(1)(iii)(F))includesgeneral
expectationsfor purposesof groundwaterrestorationasfollows:

ïEPAexpectsto return usablegroundwatersto their beneficialuses
whereverpracticable,within a timeframethat is reasonablegiventhe
particularcircumstancesof the site. Whenrestorationof ground water 
to beneficialusesisnot practicable,EPAexpectsto prevent further

migrationof the plume,preventexposureto the contaminatedground
water, andevaluatefurther riskreduction.

Remediation of DNAPL Sites

¦{9t!Ωǎ wŜŎŜƴǘ DǊƻǳƴŘǿŀǘŜǊ {ǘǊŀǘŜƎȅ

Á A GroundwaterRemedyCompletionStrategyis 
a recommendedǎƛǘŜπǎǇŜŎƛŦƛŎcourseof actions 
anddecisionmakingprocessesto achieve

groundwaterRAOsandassociatedcleanup
levelsusinganupdatedconceptualsite model 
performancemetricsanddataderivedfrom
ǎƛǘŜπǎǇŜŎƛŦƛŎremedyevaluations.

Á If the existing remedy will not achieve RAOs and 
associated cleanup levels, either the remedial 
technology or the comprehensive remedy should 
be modified. 

ï9ǾŀƭǳŀǘŜ ǘƘŜ ƎǊƻǳƴŘǿŀǘŜǊΩǎ ǊŜǎǘƻǊŀǘƛƻƴ ǇƻǘŜƴǘƛŀƭ

ï Evaluate other technologies

ï Select alternative approach/modify RAOs

ï Conduct Technical Impracticability (TI) evaluation 



9/15/2014

7

Remediation of DNAPL Sites

MCP Source Control Requirements

Á 310 CMR 40.1003(5), Source Elimination or Control. 

ïA Permanent or Temporary Solution shall not be achieved 
unless and until each source of OHM Contamination is 
eliminated or controlled:

ï(a) for a Permanent Solution, is eliminated or controlled

ï(b) For a Temporary Solution, is eliminated or controlled, 
to the extent feasible

ï(c) Parties conducting response actions shall seek to 
eliminate each Source of OHM Contamination. In cases 
where such elimination is not feasible, response actions 
shall control each Source of OHM Contamination. 

Remediation of DNAPL Sites

Connecticut Department of Energy and 
Environmental Protection (CT DEEP)
RSR Amendment Package Wave 2

ÁMNA General Pre-Requisites: 

ïSource contaminant must be removed or controlled 

ïSoil remediation completed  to meet the 

ÅDirect Exposure Criteria (DEC)

ÅPollutant Mobility Criteria (PMC) 

ïNo migrating or mobile LNAPL present 

ïMNA not applicable to DNAPL 

ïMNA not applicable at SW discharge point above 10 times 
the acute toxicity level (WQS) 

ïNo one currently exposed to the groundwater that exceeds 
GW Protection Criteria or Volatilization Criteria 
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Building the Remedial Action Framework

ÁEvaluate relationship between 
source strength, contaminant 
plume transport and impact to 
receptors.

ÁCritical Parameters to Evaluate:

ïReceptors and associated risk 
pathways

ïSource strength

ïAquifer assimilation capacity for 
plume contaminants

ïContaminant plume dynamics-
expanding, stable, shrinking

City Supply Well

Plume

Source Area

City Supply Well

Plume

Source Area

Remediation of DNAPL Sites
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Mass Balance and Flux-Based Site Metrics

In the source, 

dissolution from 

DNAPL to water 

takes place Plume Decay?

Understanding site mass balance can lead to 
consideration of alternative site remedial 
objectives possibly based on mass discharge or 
mass flux
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Mass Discharge for a Contaminant Plume

ÁMass discharge (Md)

ïThe total mass of any solute
conveyed by a plume at
a given location per time

ïMd is a scalar quantity,
expressed as mass/time

ÁMass per time  [M/T]

ÁSource or plume strength

ÁAnalogous to Total Maximum 
Daily Loads (TMDLs)

JAij= Individual mass flux 
measurement at Transect A

MdA= Mass discharge at transect A

MdA=S[Jaij x A]

Md = Sum of Mass Flux over 

a Transect

MdB

Transect A

Flux JBi,j

MdA

MdB

Flux JAi,j

Source

Mass Discharge (Md) =

Sum of Mass Flux 

Estimates

JAi,j = Individual mass flux measurmentat Transect A

MdA = Mass discharge at Transect A (Total of all JAi,j estimates)

Transect B

Transect A

Flux JBi,j

MdA

MdB

Flux JAi,j

Source

Mass Discharge (Md) =

Sum of Mass Flux 

Estimates

JAi,j = Individual mass flux measurmentat Transect A

MdA = Mass discharge at Transect A (Total of all JAi,j estimates)

Transect B

MdA

Remediation of DNAPL Sites

Concentration vs. Mass Discharge

Á Traditional Concentration Approach:Measure existing 
plume to assess

ï Impact on receptor (MCLs)

ï Natural attenuation rates

ï Remedial options

Á Mass Discharge Approach: Define rate across 

specified cross-sectional areas of plume to assess

ï Impact on receptor (TMDLs)

ï Natural attenuation rates

ï Remedial options

Mass discharge approach based on Einarson and Mackay (2001) ES&T, 35(3): 67A-73A

Pumping 
well

Md = g/day

Pumping well 
Conc. = Md / Q

Mass discharge approach potentially offers a 
better understanding of potential risks and 
attenuation rates, and can lead to sounder 
remediation strategies.

KEY 
BENEFITS:
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Mass Flux Mass Discharge Measurement Methods

ÁMethod 1:  Transects (wells or multilevel samplers)

ÁMethod 2:  Well Capture/Integral Pump Tests

ÁMethod 3:  Passive Flux Meters

ÁMethod 4:  Existing Historical Data

ÁMethod 5:  Solute Transport Models

Source Zone

Transect

B

Aô

A

Bô

Contaminant

Flux (Jc)

Remediation of DNAPL Sites

Alternative Remedial Goals

ÁMass Discharge at a control plane such source zone, property 
boundary or surface water discharge (e.g., TMDLs)

ÁAlternative concentration-based metric with a treatment  or 
buffer zone.

ÁNatural attenuation-based flux or mass discharge to transition site 
to MNA.

What degree of 
source 

remediation

combined with 
natural 

attenuation in 
the plume

will be 
protective of 
the Receptor?
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Interim and Transitional Remedial Goals

ÁGoals applied to different portions of the source and plume

ÁWhen to transition from one technology to another

ÁWhen to transition from active to passive remediation (MNA)

Heterogeneous 

Sites

Homogeneous 

Sites
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Remediation of DNAPL Sites

/ƻƴǎƛŘŜǊ άOoMsέ ǿƘŜƴ ǎŜǘǘƛƴƎ wŜƳŜŘƛŀǘƛƻƴ Dƻŀƭǎ

Why use Orders of magnitude (OoMs) for remediation?

ÁOrders of magnitude are powers of 10

ÁHydraulic conductivity is based on OoMs

ÁVOC concentration is based on OoMs

ÁRemediation performance (concentration, mass, mass discharge) 
can be also evaluated using OoMsΧΦ
ï90% reduction: 1 OoMreduction

ï99.9% reduction: 3 OoMreduction

ï70% reduction: 0.5OoMreduction 
Example: 

ïBefore concentration 50,000 ug/L 

ïAfter concentration 5 ug/L

ïNeed 4 OoMs(99.99% reduction)
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Remedial Objectives

ÁHow do you define objectives in a clear and concise manner?

ÁWhat is the process to make your objectives SMART?

ï(specific, measureable, attainable, relevant, and time bound)

Remedial objectives Set/revisit Functional 
Objectives

Remediation of DNAPL Sites

Types of Objectives

ÁAbsolute objectives

ïBased on broad social values

ÅExample: protection of public health and the 
environment

ÁFunctional objectives

ïSteps taken to achieve absolute objectives

ÅExample: reduce loading to the aquifer by treating, 
containing, or reducing source
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Functional Objectives Should be SMART

SMART means:

ÁSpecific
ïObjectives should be detailed and well defined 

ÁMeasureable
ïParameters should be specified and quantifiable

ÁAttainable
ïRealistic within the proposed timeframe and availability of 

resources

ÁRelevant
ïHas value and represents realistic expectations

ÁTime-bound
ïClearly defined and short enough to ensure accountability

Remediation of DNAPL Sites

Functional Objectives Time Frame

ÁTime frame should accommodate

ïAccountability

ïNatural variation of contaminant concentration and aquifer 
conditions

ïReliable predictions

ïScientific understanding and technical ability

Á ITRC suggests 20 years or less for Functional Objectives 

Site management and active 
remediation timeframe may 

continue much longer
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Communication ςThe Key to Acceptance

ÁStakeholders

ïRegulators, Responsible Parties, Affected Parties, General Public

ÁConceptual Site Model

ïKey to understanding what is possible

ÁAbsolute Objective

ïProtection of Human Health and the Environment

ïFirst and foremost ςAddress/Prevent Exposure

ïRestoring Aquifers / beneficial use. 

ÁFunctional Objectives

ïSMART

ïInterim goals and metrics

ïPlanned transitions

Remediation of DNAPL Sites

DNAPL Treatment Technologies

ÁTechnologies have limitations, especially in 
heterogeneous DNAPL source zones

ÁHow do you to avoid the trap of relying on a 
single remedial technology that wont get 
the OoMsreduction you need, in the 
timeframe you need it?
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Technologies have Limitations
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Jeremy Birnstingl, Regenesis UK

Remediation of DNAPL Sites

It becomes harder and harder to reduce plume 
flux at heterogeneous DNAPL sites

30

Plume

Flux 

% 

Reduction

Heterogeneous 

Sites

Homogeneous Sites

Source Mass % Reduction
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Modified from Basu, et al. (2008)




