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DISCLAIMER

Several remedial technologies are represented in DNAPL TEST. NAVFAC ESC does not
endorse the use of any specific technology nor vendor. The information pertaining to the
technologies performance was collected from various sources including conference proceedings,
ESTCP reports, consultant’s reports, government documents, peer-reviewed journal articles,
theses, and vendor publications. The source of the information is made available to the DNAPL
TEST user in the citations. Additionally, numerical modeling of remediation technologies was
completed to supplement available field and laboratory data, and to quantify other metrics
difficult to quantify in a field setting. NAVFAC ESC does not necessarily endorse the use of any
modeling or simulations software programs used in this exercise.

The Data Quality Rankings (DQRs) in the DNAPL TEST are provided to the user as a means to
express the completeness of the data set from the various literature sources. However, a high
DQR should not be misconstrued as an endorsement to a specific journal, conference, website, or
vendor publication.

Furthermore, the user of the DNAPL TEST software should be aware that results of the analysis
do not constitute a prediction of how a technology will perform under the specified conditions.
At the heart of the DNAPL TEST are the results of 200+ case studies, including over 80
modeling simulations. However, past performance and modeling simulations do not guarantee
future performance. DNAPL architecture, the site’s biogeochemical conditions and
geology/hydrogeology will determine technology performance. DNAPL TEST is to be used only
as a guide for technology selection and cannot replace appropriate site-specific evaluations based
on engineering judgment. ESTCP, NAVFAC ESC, Geosyntec Consultants, Queen’s University,
and the University of Edinburgh are not liable for misuse of the information contained in, or
output by, the DNAPL TEST software. Moreover, NAVFAC ESC does not endorse Geosyntec
Consultants, Queen’s University, the University of Edinburgh, nor any of the participating
entities in this effort.
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EXECUTIVE SUMMARY

Multiple technologies have been developed and applied over the past few decades for
remediation of chlorinated solvents in the subsurface. The remediation of solvents in the form of
dense nonaqueous phase liquids (DNAPLs) is particularly challenging. Factors such as geology,
geochemistry, hydrogeology, the composition and distribution of the DNAPL, as well as the
presence and absence of other contaminants, play a role in technology selection and
performance. To date, despite a multitude of reviews on several individual technologies, no
comprehensive studies have been completed that illustrate which technologies generally work
best under specific site conditions and desired remedial outcomes/goals.

ESTCP project ER-200424’s main goal was to address this data gap and assist environmental
remediation practitioners in evaluating and selecting appropriate remedial technologies (given
particular site conditions and performance goals). More importantly, given that the U.S.
Department of Defense (DoD) is moving rapidly towards achieving Response Complete (RC) at
95% of Installation Restoration Program (IRP) sites by 2021, the information and screening tool
developed as part of this project can be utilized to evaluate existing remedial systems. For those
sites where remedies are not meeting established remedial action objectives, the screening tool
can assist in determining whether there is a realistic expectation of meeting the remedial action
objectives for a given site and technology. The screening tool also can provide an assessment of
alternative technologies to consider that may offer a higher likelihood of success.

Information on site characteristic parameters and remedial performance data was collected for a
range of site characteristics and remedial technologies and compiled into a database as part of the
effort. To supplement this dataset, numerical modeling simulations were conducted on template
sites having frequently encountered site characteristics. A software interface was then
constructed to allow for a user-friendly means of evaluating the case study information on a site-
by-site basis. Recognizing that each site is unique and that performance goals and regulatory
constraints will vary from site to site, the DNAPL Technology Evaluation Screening Tool
(DNAPL TEST) enables the user to select and constrain their analysis to focus on those
performance goals, remedial technologies, and site characteristics of interest.

The remedial technologies evaluated in DNAPL TEST include in situ chemical oxidation
(ISCO), thermal technologies [including thermal conductive heating (TCH), steam flooding,
electrical resistive heating (ERH) and microwave heating, surfactant flushing (also known as
surfactant enhanced aquifer remediation, or SEAR) and/or co-solvent flushing, hydraulic
displacement (HD), enhanced in situ bioremediation (EISB), and chemical reduction with zero-
valent iron (ZVI). For these technologies, DNAPL TEST provides a summary of observed
remedial performance for a number of performance metrics, including decrease in the DNAPL
mass in the subsurface, decrease in VOC concentrations in soil and groundwater, achievement of
MCLs in groundwater, rebound in groundwater concentrations after termination of treatment,
duration of treatment, achievement of remedial goals (including achieving desired reductions in
DNAPL mass, groundwater and soil concentrations, and contaminant mass discharge and/or flux,



as well as achievement of site closure or reduction of groundwater concentrations to below
MCLs), and unit treatment cost.

Field and laboratory cases studies were collected from various sources including conference
proceedings, ESTCP reports, consultant’s reports, government documents, peer-reviewed journal
articles, theses, and vendor publications. Additionally, as part of the tool development, numerical
modeling of remediation technologies was completed to supplement available field and
laboratory data, and to quantifiy other metrics difficult to quantify in a field setting. Template
sites were create for simulations in unconsolidated media, fractured rock, and fractured clay, and
the four remedial technologies that were simulated and included in DNAPL TEST are anaerobic
EISB, ISCO (using permanganate as an oxidant), HD, and SEAR. Modeling was performed
using the numerical code DNAPL3D-RX and the process included sensitivity studies to evaluate
the influence of site parameters (e.g. DNAPL type and release volume, fracture aperture, matrix
porosity, fraction of organic carbon, fracture spacing, bedrock type, bulk density, matrix
tortuosity, hydraulic conductivity, and heterogeneity) on the performance of each remedial
technology.

DNAPL TEST allows the user to customize their analysis to meet their own objective by
providing two options. With the General Analysis, the user can query the database of case
studies for general performance information by refining their search to include specific
technologies, case study type, data quality rankings, and site characteristics. The tool will
generate reports of average and select individual performance data from case studies matching
the search criteria. With the Site Specific Analysis, the user can input characteristics of the site of
interest and specify other search criteria (e.g., specify data quality rankings and case study types
to be included, geologies, DNAPL types, etc.). DNAPL TEST then searches for case studies
with statistically similar site characteristics for performance metrics where correlations between
technology performance and site characteristics were observed. The Site Specific Analysis
output reports provide more details of case-study specific performance as well as average and
min/max performance trends. Output reports also are provided on an individual performance
metric basis as well as technology specific basis.

The basis of the Site Specific Analysis is a statistical evaluation that identified and quantified
correlations between site parameters and performance metrics. This evaluation was completed in
a two-step process. In the first step, a series of correlation tests were conducted to identify linear
associations between a given site parameter and a given technology performance metric. A five
percent (%) level of significance was used as the criteria for statistically significant linear
correlations. In the second step, site parameter — performance metric pairs that showed a
statistically significant correlation were analyzed using simple linear regression methods.
Regression quantifies the sensitivity of the technology performance to each site parameter, and
also was used to calculate a range of site parameters values given a particular technology
performance value via a 95% confidence interval. A total of nine pairs for all technologies were
found to have statistically significant correlations. For EISB, reduction in DNAPL mass
correlated to hydraulic conductivity. For SEAR, reduction in DNAPL mass was correlated to the



areal extent of the DNAPL zone, pre-remediation DNAPL mass, and the volume of the DNAPL
zone. For thermal (steam), treatment duration was correlated to the volume of the DNAPL zone,
and for thermal (resistive), reduction in DNAPL mass was correlated to the area and volume of
the DNAPL zone, and treatment duration was correlated to the pre-remediation DNAPL mass
and electrode spacing.

Observations on technology performance can be made based on the modeling results and field
case study data collection completed to date. Some of these are summarized below.

. Reductions in Groundwater Concentrations: None of the site characteristic or
technology implementation parameters that were evaluated as part of the statistical
analysis were found to have a statistical correlation with reductions in groundwater
concentrations, however, there does appear to be a relationship between the amount of
DNAPL mass removed from the subsurface during treatment and reduction in
groundwater concentration. This relationship appears to be independent of treatment
technology.

. DNAPL Mass Removal: Near complete mass removal has been achieved with all
technologies with the exception of hydraulic displacement. In field studies, the highest
DNAPL mass removal was observed in thermal treatment case studies (94% to 96%)
and the median mass removed for anaerobic EISB, ISCO, SEAR, and co-solvent
flushing ranged from 64% to 81%. If modeling cases are included, for each technology
the range of percent DNAPL mass removal increases, but the median value decreases.
This is likely due to the different remedial time frames used in the modeling case
studies.

. Matrix Diffusion: Modeling results demonstrated that in fractured rock environments,
with an older DNAPL release, matrix diffusion (diffusion of DNAPL into lower
permeability media) has a substantial influence on the distribution of DNAPL mass. If
degradation of DNAPL within the lower permeability matrix is limited, back-diffusion
of contaminant mass out of the matrix will sustain groundwater concentrations for long
periods of time.

. DNAPL Properties: The solubility of the DNAPL was observed to influence the
resulting net benefit of implementing more aggressive DNAPL treatment technologies
over other approaches primarily on dissolution of the DNAPL as the DNAPL mass
reduction mechanism. For more soluble DNAPLs such as trichloroethene (TCE),
dissolution of the DNAPL is a significant component of the DNAPL mass removal and
incorporating other degradation or mass removal mechanisms (e.g., oxidation,
biodegradation, enhanced dissolution) may only result in relatively small incremental
increases in DNAPL mass removal.

. Precipitate Formation: Through the modeling sensitivity analysis, it was observed
that the formation of a manganese dioxide rind (resulting in encapsulation of DNAPL
pools and flow bypassing around DNAPL areas) significantly increased the time
required to remove TCE DNAPL in ISCO applications using permanganate as the
oxidant. This evaluation is specific to permanganate treatment and the corresponding



manganese dioxide rind formation; however, it is anticipated that similar results may
be observed with other technologies that result in the formation of a precipitate or
result in permeability reductions. The influence of the precipitate formation on
DNAPL treatment is anticipated to be particularly pronounced where the precipitate
forms within close proximity of the DNAPL phase, as occurs when permanganate
reacts with the DNAPL.

DNAPL TEST has been designed to be updated in the future to reflect new data. As new field,
laboratory, or modeling case studies become available, they can be added to the database. When
sufficient new case studies have been added, the statistical analysis can be conducted again to
refine statistical relationships.
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1. INTRODUCTION

This Final Report provides a summary of the scope of work and findings of the
Environmental Security Technology Certification Program (ESTCP) project ER-200424,
Development of a Dense, Non-Aqueous Phase Liquid (DNAPL) Remediation Technology
Screening Tool. The report is structured as follows:

e Section 1: Introduction - Includes background information, a discussion of the
objectives and regulatory drivers that influence the project scope;

e Section 2: Technology — Includes a description of the technology (i.e., DNAPL
TEST), an overview of the screening tool developments, and a discussion of
advantages and limitations of the screening tool;

e Section 3: Performance Objectives;

e Section 4: Site Description;

e Section 5: Test Design;

e Section 6: Technology Performance Assessment;

e Section 7: Cost Assessment;

e Section 8: Implementation Issues; and

e Section 9: References.

1.1 Background

Multiple technologies have been developed and applied over the past few decades for
remediation of chlorinated solvents in the subsurface. The remediation of solvents in the
form of DNAPLs is particularly challenging. Factors such as geology, geochemistry,
hydrogeology, the composition and distribution of the DNAPL, as well as the presence
and absence of other contaminants, play a role in technology selection and performance.
To date, despite a multitude of reviews on several individual technologies, no
comprehensive studies have been completed that illustrate which technologies generally
work best under specific site conditions and desired remedial outcomes/goals.

This project’s main goal was to address this data gap and assist environmental
remediation practitioners in evaluating and selecting appropriate remedial technologies
(given particular site conditions and performance goals). More importantly, given that
the U.S. Department of Defense (DoD) is moving rapidly towards achieving Response
Complete (RC) at 95% of Installation Restoration Program (IRP) sites by 2021, the
information and screening tool developed as part of this project can be utilized to
evaluate existing remedial systems. For those sites where remedies are not meeting
established remedial action objectives, the screening tool can assist in determining
whether there is a realistic expectation of meeting the remedial action objectives for a
given site and technology. The screening tool also can provide an assessment of
alternative technologies to consider that may offer a higher likelihood of success.



Information on site characteristic parameters and remedial performance data was
collected for a range of site characteristics and remedial technologies and compiled into a
database. To supplement this dataset, numerical modeling simulations were conducted
on template sites having frequently encountered site characteristics. A software interface
was then constructed to allow for a user-friendly means of evaluating the case study
information on a site-by-site basis. Recognizing that each site is unique and that
performance goals and regulatory constraints will vary from site to site, the DNAPL
Technology Evaluation Screening Tool (DNAPL TEST) enables the user to select and
constrain their analysis to focus on those performance goals, remedial technologies, and
site characteristics of interest.

1.2 Objective of the Demonstration

The primary objective of the project was to develop a user-friendly screening tool that
can be utilized by decision makers [e.g., site owners, United States Department of
Defense (DoD) remedial program managers (RPMs), regulators, and site consultants]
during the remedial technology selection or evaluation process to:

i)  Evaluate potential technology performance at a particular site;

i)  Evaluate potential technology performance in different geological strata at a
complex site;

i) Aid in the selection of feasible technologies for a particular site based on
desired performance metrics; and

IV)  Reduce the uncertainty of estimating and predicting remedial outcomes and
implementation costs at DNAPL source zone sites.

1.3 Regulatory Drivers

This project focused on the remediation of chlorinated ethenes. The United States
Environmental Protection Agency (USEPA) maximum contaminant level (MCL) for
tetrachloroethene (PCE) and trichloroethene (TCE) in drinking waters is 5 micrograms
per liter (ug/L). This concentration is considerably less than the concentrations present in
groundwater at many sites throughout the United States. The MCLs for vinyl chloride,
cis-1,2-dichloroethene (¢cDCE), and trans-1,2-dichloroethene (tDCE) are 2 ug/L,70 pg/L,
and 100 pg/L, respectively.

A number of DoD sites have volatile organic compounds (VOCs) present as DNAPLs
that will act as long-term sources of VOCs to groundwater. Although it is uncertain how
many sites still contain a DNAPL source area, many contain chlorinated hydrocarbons at
significant concentrations in soil and groundwater. Due to the slow dissolution of VOCs
from residual or pooled DNAPL, as well as the slow diffusive release of VOCs from low
permeability materials (i.e. back-diffusion), conventional treatments often serve solely as



containment technologies and require long operational periods to remove significant
amounts of DNAPL and VOC mass. Therefore, this project’s deliverables promote the
use of more effective technologies in remediating DNAPL source areas and meeting
these regulations.



2. TECHNOLOGY

This section provides a description of DNAPL TEST (Section 2.1), a summary of the
development of the screening tool (Section 2.2) and the advantages and limitations of the
screening tool (Section 2.3).

2.1 Technology Description

DNAPL TEST is a user-friendly, Microsoft Access'" -based screening tool that is
intended to be used to: (i) aid in the selection of technologies based on desired
performance metrics (ii) evaluate potential technology performance; and (iii) reduce the
uncertainty of estimating and predicting remedial outcomes and implementation costs at
DNAPL source zone sites. The tool focuses on remediation of chlorinated solvent
DNAPL sources only.

The components of DNAPL TEST and the software development process are illustrated
in Figure 2-1. The basis of the screening tool is a database of information derived from
case studies of field implementation of various remedial technologies, supported by
numerical modeling of targeted technologies to address data gaps, and laboratory studies
to provide information on fundamental processes impacting technology performance.
Information from field and laboratory case studies was collected as discussed in Section
2.2.1 through reviewing the available literature (including on-line databases, peer-
reviewed journals, conference proceedings, guidance documents, consultant reports, €tc.).
A list of case studies included in DNAPL TEST and the associated reference information
is provided in Appendix B. The remedial technologies evaluated in DNAPL TEST
include:

e Insitu chemical oxidation (ISCO);

e Thermal technologies [including thermal conductive heating (TCH), steam
flooding, electrical resistive heating (ERH) and microwave heating];

e Surfactant flushing (also known as surfactant enhanced aquifer remediation, or
SEAR) and/or co-solvent flushing;

e Hydraulic displacement (HD, sometimes referred to as waterflooding);

e Enhanced in situ bioremediation (EISB); and

e Chemical reduction with zero-valent iron (ZVI).

Numerical modeling of five remedial technologies (anaerobic EISB, ISCO using
permanganate, SEAR, hydraulic displacement, and pump and treat [P&T]) was
conducted as discussed in Section 2.2.2 on a select number of representative template
sites to provide information that is difficult and costly to collect in the field in a timely
manner (e.g., long-term impacts, estimates of mass removal, post-treatment changes in
DNAPL architecture, sensitivity of technology performance to site characteristics, €tc.).



DNAPL TEST provides a summary of observed remedial performance for a number of
performance metrics, including:

)] Decrease in the DNAPL mass remaining in the subsurface;
i)  Decrease in VOC concentrations in groundwater;

iii)  Reduction of VOC concentrations in soil;

iv)  Achievement of MCLs in groundwater;

V)  Occurrence of rebound in groundwater concentrations after termination of
treatment;

vi)  Duration of treatment;

vii) Achievement of remedial goals (including achieving desired reductions in
DNAPL mass, groundwater and soil concentrations, and contaminant mass
discharge and/or flux, as well as achievement of site closure or reduction of
groundwater concentrations to below MCLs); and

viii) Unit treatment cost.

Information provided includes technology performance statistics (e.g., average
performance, standard deviation, range in performance), and data quality information
(e.g., total number of case studies and average data quality rankings for the case studies
included in the analysis). Development of data quality rankings is described in Section
223.2.



Numericql Meodeling

F > = ;
Literature Review l \

»
»

.if 'i

Site Parameters

l Input
Screening Tool
I ’ User-Friendly
Interface
<H

- DNAPL panel reports

+ Refereed literature Database/Protocol OQutput

(journal publications) Database / l P
* Non-refereed literature Interface

(conference proceedings)
+ Guidance documents Forms DNAPL Remedial
+ Other print sources Tec hnology
+ Web databases Screening Tool
- SERDP & ESTCP projects Report

Figure 2-1. Components of DNAPL TEST development process.

2.2 Technology Development

Sections 2.2.1 to 2.2.3 provide an overview of the development of DNAPL TEST,
focusing on field case study collection (Section 2.2.1), the numerical modeling completed
to supplement the field case studies (Section 2.2.2), and development of DNAPL TEST
code (Section 2.2.3).

2.2.1 Collection of Field and Laboratory Case Studies

The screening tool software interfaces with a database that contains raw data from 216
DNAPL remediation case studies. Case studies entered into the database include 129
field and laboratory studies, as well as 87 modeling studies. In order for any case study to
be entered into the database, it must have met the following five criteria:

e Information on at least one performance metric (e.g. mass removal,
concentration reduction, cost, treatment duration, etc.) was available.

e Chlorinated solvent DNAPL was present within the treatment zone.

e The DNAPL remedial technology used was specified in the document.

e The components of the DNAPL were specified (e.g. PCE, TCE, 1,1,1-
trichloroethane [1,1,1-TCA]); and




e Site characterization data (e.g. hydraulic conductivity, geology/lithology,
concentration data) was available.

Once studies were determined to meet the requirements for inclusion in DNAPL TEST,
they were entered into the database using a set of database interface forms following a
defined protocol (i.e., a set procedure to extract and analyze data from case studies), to
ensure consistency between entries.

The majority of field and laboratory case studies in the database were collected from a
review of publicly available literature, which included both peer-reviewed and grey
literature, online databases, guidance documents, consultant reports, and Environmental
Protection Agency Superfund Innovative Technology Evaluation (EPA SITE) reports. A
limited number of case study results were provided under a confidential basis, and
references for these sites are not available. Appendix B provides a comprehensive listing
of the case studies compiled and included in DNAPL TEST database. Figure 2-2
provides the breakdown of case studies contained within DNAPL TEST by case study
type, reference source and DNAPL remediation technology.
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Figure 2-2. Breakdown of the case studies included in DNAPL TEST by reference
source, case study type, and technology.

Information Source Case Studies Percent
Academic Documents 1 0%
Conference Proceedings 41 19%
Consultant Reports 17 8%
ESTCP Reports 8 4%
Government Documents 23 11%
Journal Articles 17 8%
News|etters 2 1%
Theses 88 41%
Vendor Publications 5 2%
Web-Based Databases 12 6%

Type of Study Case Studies Percent
Field - Full Scale 57 26%
Field - Pilot Scale 61 28%
Laboratory 11 5%
Modeling 87 40%
Technology Case Studies Percent
Co-Solvent 1 0%
EISB-A 2 1%
EISB-An 48 22%
HD 14 6%
ISCO-FP 16 7%
1SCO-Mn04 61 28%
1SCO-0Ozone 1 0%
Other 4 2%
SEAR 28 13%
Th-Conductive 5 2%
Th-ERH 20 9%
Thermal = Other 1 0%
Th-Steam 15 7%




2.2.2 Development of Modeling Case Studies

Modeling of remediation technologies was completed to provide additional information
with regards to long-term performance and other metrics that are difficult to quantify in a
field setting (e.g., DNAPL mass destruction, post-treatment groundwater concentration
reductions, etc.). Five remedial technologies were simulated in both unconsolidated and
consolidated media, including anaerobic EISB, ISCO wusing permanganate, HD
(unconsolidated media only), SEAR, and P&T (unconsolidated media only). As
discussed below, the modeling process included sensitivity studies to evaluate the
influence of key processes and site parameters on the performance of each remedial
technology. Pump and treat was primarily simulated to provide a baseline comparison
for the in Situ remediation technologies, and these simulations were therefore not
included in the screening tool.

2.2.2.1 Modeling Overview

The numerical modeling of the remediation of the template sites was performed using the
numerical code DNAPL3D-RX. This model has been extensively tested, validated, and
employed for DNAPL field scale studies (e.g., Kueper and Gerhard, 1995; Gerhard et al.,
1998; Gerhard et al., 2001; Gerhard and Kueper, 2003a, 2003b, 2003¢; Grant et al., 2006,
2007; Grant and Gerhard, 2007a, 2007b; Mundle et al., 2007; West et al., 2008; West and
Kueper, 2010). In this work, the model was employed to examine the sensitivity of
DNAPL source zone remediation to a variety of key site characteristics (e.g., mean and
variance of intrinsic permeability for unconsolidated media, fractured rock type for
consolidated media, DNAPL type) and remedial system design parameters (e.g.,
concentration/duration of injected remedial fluid, pulsed injection strategies, applied
gradient for hydraulic displacement). In order to complete the maximum number of
sensitivity simulations, the unconsolidated media simulations were conducted in three-
dimensions while the computationally more expensive fractured rock simulations were
conducted in two-dimensions. This latter assumption is considered conservative insofar
as it minimizes bypassing of the injected remedial fluids around the DNAPL source zone
and thereby provides the best chance of remediation technology success in fractured rock.

In this work, a four-stage modeling process was employed to recognize that the history of
DNAPL scenarios is often complex (e.g., most often remediation is attempted several
years to decades after the initial DNAPL release). The first stage contained two parts: (1)
a near-surface release of DNAPL below the water table was simulated, followed by (2)
the DNAPL source was terminated and DNAPL redistribution was simulated until the
DNAPL had come to rest in an equilibrium distribution of residual (i.e., immobile blobs
and ganglia) and pools (i.e., potentially mobile, continuous distributions). This period
lasted on the order of 1 to 10 years depending on the DNAPL type, size of release, and
site characteristics.



The second stage simulated the “aging” of the DNAPL scenario. For a subset of the
unconsolidated media simulations, DNAPL dissolution and removal of DNAPL pools
through pre-remediation hydraulic displacement was simulated prior to initiation of the
remedial technology to simulate “aged” sources that have predominantly residual
DNAPL. For all of the consolidated media (i.e., fractured rock/clay) simulations, a 20-
year aging period was simulated during which a natural hydraulic gradient was applied;
this permitted DNAPL mass reduction as well as VOC mass diffusion into the matrix.
These first and second stages were simulated for each different template site scenario
(e.g., granite, sandstone, etc.) and the end-point of the second stage (i.e., the aged
DNAPL site) was used as input for the many different remediation simulations.

The third stage simulated the remedial activities, using a numerical code that incorporates
both non-reactive (i.e., dissolution, sorption, desorption, diffusion) and reactive (e.g.,
biodegradation, oxidation) transport processes, including processes specific to each
technology (e.g., dechlorination for enhanced biodegradation, manganese dioxide
precipitation for oxidant flushing, and micelle formation for surfactant flushing). Table
2-1 below provides a summary of the specific processes included in modeling of each
technology in each type of porous media. It is noted that some of the second-order
processes (e.g., permeability reductions due to manganese dioxide in ISCO and due to
biomass growth in EISB) were not included in the fractured rock simulations because
they would have unfairly reduced technology performance in the two-dimensional
domain employed. The treatment period typically lasted on the order of one to several
years with sensitivity simulations exploring the influence of treatment design parameters
such as amendment concentration/duration.

The fourth stage involved simulating a post-remediation period on the order of 5 to 20
years. In the consolidated media simulations, forward/back diffusion of mass and
injected fluids between the fractures and matrix occurred during this stage. DNAPL
mass, groundwater concentrations and VOC mass flux were monitored throughout this
period. For most technologies, a ‘no treatment’ case was included to distinguish the
influence of the remedial approach from natural dissolution/diffusion effects.
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Table 2-1. Physical processes incorporated into numerical modeling for each remedial
technology.

2.2.2.2 Development and Validation of the Numerical Model

The development and validation of all the numerical codes employed in this study
followed essentially the same steps, including:

)

i)

A comprehensive literature review to evaluate the relevant processes that
occur during DNAPL remediation using the specified technology;

Development of the code and verification that it is error-free through
comparison to analytical solutions (where available) and thorough rigorous

testing;
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iii) Validation of the numerical approach through direct comparison to well-
characterized laboratory experiments conducted under controlled conditions
(where available); and

iv)  Publication of simulation results in peer-reviewed journals, graduate student
theses, and conference proceedings.

The results of the above have been published in several peer-reviewed journal articles,
including Mundle et al. (2007), West et al. (2008), and West and Kueper (2010) and in
student theses, including Mundle (2007), and Pang (2010), based upon which several
additional manuscripts are in preparation for submission to peer-reviewed journals.

The numerical code was developed to simulate both DNAPL migration and reactive
transport processes (in both unconsolidated and consolidated media), as described in
Sections 2.2.2.3 and 2.2.2.4 respectively. Details on the model development,
verification,validation, and testing processes are provided in Appendices C
(unconsolidated media) and D (consolidated media).

2.2.2.3 DNAPL Migration Code

The existing DNAPL migration numerical code (DNAPL3D) has been developed and
extensively tested and peer reviewed over the past 15 years by researchers at Queen’s
University and the University of Edinburgh (Kueper and Frind, 1991a,b; Kueper and
Gerhard, 1995; Gerhard et al., 1998, 2001; Gerhard and Kueper, 2003a,b,c; Gerhard et
al., 2007; Grant et al., 2006, 2007; Grant and Gerhard, 2007a,b). The first version of the
fractured media code was developed in 1991 (Kueper and McWhorter, 1991) and
numerous revisions to the code have taken place since that time. The numerical code was
developed to incorporate all relevant parameters that govern migration of two phases
(DNAPL and groundwater) through the subsurface, including relevant fluid parameters
(e.g., density, viscosity, interfacial tension) and the relative permeability — saturation —
capillary pressure constitutive relationships that govern two-phase (nonwetting- and
wetting-phase) fluid migration pathways and rates. For porous media, spatially variable
soil parameters (e.g., permeability, displacement pressure, fraction organic carbon) are
incorporated. For fractured media, fracture spacing can be assigned from any distribution
as can fracture-specific hydraulic apertures and constitutive relationships (i.e., capillary
pressure and relative permeability). Fracture entry pressures are scaled according to
DNAPL-water interfacial tension and the code is capable of simulating the formation of
both residual and pooled DNAPL in fractures. DNAPL3D is capable of simulating
DNAPL migration in one-, two-, and three-dimensions in porous media (i.e.,
unconsolidated deposits) and in one- and two-dimensions for fractured media. Extensive
model validation has been undertaken for a variety of scenarios, including DNAPL
infiltration and redistribution in two-dimensional, heterogeneous porous media (Grant et
al., 2007).
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2.2.2.4 Reactive Transport Code

DNAPL3D has been coupled with RT3D (a publicly available, peer-reviewed reactive
transport code) to allow simulation of remedial technologies such as EISB, ISCO and
SEAR. The coupled code is referred to as DNAPL3D-RX (porous media) and
DNAPL3D-RX-FRAC (fractured media). The fractured media code (DNAPL3D-RX-
FRAC) was also modified to incorporate an adaptive gridding routine; this step was
necessary to preserve the accuracy of predictions of DNAPL migration and diffusion into
the rock matrix while minimizing computational expense in order to perform field scale
simulations (see Appendix D for details).

Dissolved phase fate and transport incorporated into the numerical code include the
following processes:

e Dissolution of the DNAPL according a mass transfer routine selected by the user
from a range of published models;

e Diffusion of the dissolved phase into and out of low permeability zones, including
the incorporation of compound-specific diffusion coefficients;

e Sorption/desorption of the dissolved phase onto/from the soil/bedrock; and
e Degradation of the dissolved phase.

Of these four processes, diffusion and sorption/desorption are incorporated into the
unconsolidated media numerical code through calculation of a local retardation factor
including a diffusive transport term and allowing for spatial variability of the soil organic
carbon content. RT3D has been modified such that DNAPL3D-RX and DNAPL3D-RX-
FRAC can accommodate compound specific diffusion coefficients. This will allow, for
example, an oxidant such as permanganate to diffuse through a manganese dioxide rind at
a different rate than TCE will diffuse out. The consolidated media code employs this
local retardation term for sorption but model diffusion separately via a highly resolved
numerical grid in the matrix adjacent to fractures, ensuring that forward/back diffusion as
well as diffusive mass storage are accurately and independently simulated. The
numerical codes also have the ability to accommodate cross-correlated permeability —
fraction organic carbon (foc) fields and to track foc as it varies in space and time (e.g., as
organic carbon is consumed by permanganate, thus reducing local sorption capacity).

A total of six empirical equilibrium and non-equilibrium mass transfer equations from
published literature were incorporated into the model (Miller et al., 1990; Powers et al.,
1992; Powers et al., 1994; Imhoff et al., 1993; Saba and Illangasekare, 2000; Nambi and
Powers, 2003) as well as a non-empirical model based upon fluid-fluid interfacial area
(Grant and Gerhard, 2007a,b). When utilizing models to simulate the dissolution
observed in experimental work, it is difficult to predict a priori whether to use an
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equilibrium or non-equilibrium approach, and which (if any) of the numerous published
non-equilibrium approaches is most representative. Each of these empirical equations is
best suited to one particular set of conditions (e.g., range of DNAPL saturation, type of
porous medium). For each remedial technology, the mass transfer routine most
appropriate for the template site conditions is employed. In some cases (e.g., SEAR in
fractured rock) the mass transfer routine was varied as a sensitivity parameter.

Reactive transport processes specific to each remedial technology incorporated into the
numerical code as appropriate are outlined in more detail below:

Hydraulic Displacement

Processes that have been included in the numerical model for the hydraulic displacement
simulations (unconsolidated media only) include the following:

i) Transient infiltration of various types of DNAPL into a spatially correlated,
random hydraulic conductivity field. The random hydraulic conductivity field
follows a log-normal distribution and is characterized by a mean hydraulic
conductivity, the variance of hydraulic conductivity, and spatial correlation
lengths (assuming an exponential autocorrelation function). Simulations have
focused on horizontally bedded media with horizontal correlation lengths
greater than vertical correlation lengths.

ii) Redistribution of the DNAPL to residual and pools following cessation of
‘source on’ (i.e., DNAPL release to surface) conditions. The relative
percentage of residual to pools (i.e., ganglia to pool ratio) is governed by the
DNAPL density, the DNAPL-water interfacial tension, and the degree of
porous media heterogeneity incorporated into the hydraulic conductivity field.

iii) Mobilization and recovery of the DNAPL via hydraulic displacement through
the incorporation of groundwater injection and recovery wells. Hydraulic
displacement is continued until all recoverable DNAPL is removed via the
extraction wells.

iv) Simulation of DNAPL dissolution (plume formation) both before and after
hydraulic displacement to assess the impacts of the technology on post
remediation plume concentrations and mass flux.

More details on the numerical code development and simulation results for hydraulic
displacement are included in Appendix C.1.
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Chemical Oxidation using Permanganate

Processes that have been included in the numerical models (both unconsolidated and
consolidated media) for the chemical oxidation simulations include the following:

e Compound-specific, concentration-dependent reaction rates of the chlorinated
solvents with permanganate;

e Formation of manganese dioxide (MnO;) rind as a reaction byproduct, and the
associated depletion in permanganate available for remediation;

e Permeability reductions caused by the clogging of soil pores with the MnO,
precipitate (unconsolidated media simulations only);

e Destruction of organic matter due to reaction with permanganate and the
associated local reduction of sorption capacity;

e Diffusion of both dissolved phase contaminants and permanganate through the
MnO;, rind (unconsolidated media) and forward/backwards between
fractures/matrix (consolidated media), with compound-specific diffusion
coefficients; and

e Equilibrium and non-equilibrium dissolution of the DNAPL phase using
published mass transfer routines. Equilibrium mass transfer is being used for the
field-scale simulations to keep run times reasonable and to better identify the
potential beneficial impact of oxidation on DNAPL mass depletion rates.

The development and calibration of the ISCO reactive transport code is described in more
detail in Appendix C.2 (porous media simulations), Appendix D.1 (fractured clay
simulations) and both Appendices D.2 and D.3 (fractured rock simulations).

Bioremediation

As outlined in Table 2-1, bioremediation was handled differently in the unconsolidated
and consolidated porous media simulations. The latter employed a simpler conceptual
model because the primary factors dictating bioremediation success in fractured rock are
considered to be associated with delivery issues (i.e., of the organic substrate and
amendments to the source zone), diffusive transport of VOCs and amendments, and
ability of microorganisms to achieve degradation in the rock matrix. The following
process were included and evaluated in the numerical models:

e Sequential dechlorination of PCE and TCE to DCE, VC, and ethene, with all

parent and daughter products exhibiting individual transport, sorption, and
diffusion parameters (unconsolidated and consolidated media).
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e Biomass growth kinetics, including growth and decay of biomass linked to
electron donor and acceptor availability, and potential impact to soil permeability
(unconsolidated media only);

e First-order degradation kinetics in the presence of both electron donor and
microbial community, where the organic substrate can diffusive into the rock and
the ability of microorganisms to penetrate the rock matrix was a sensitivity
parameter (consolidated media only);

e Fate and transport of the electron donor including: consumption of donor as it is
transported away from the point of injection; and temporal changes in
consumption rate as a function of supply and demand (unconsolidated and
consolidated media).

The development and testing of the bioremediation reactive transport code is described in
more detail in Appendix C.4 (unconsolidated media simulations) and Appendices D.2
and D.4 (consolidated media simulations).

Surfactant Flooding

With respect to surfactant flushing, the following processes were represented in all
template site simulations:

e Micellar solubilization of the DNAPL at surfactant concentrations greater than the
critical micelle concentration (CMC);

e Surfactant diffusion into rock matrix and extramicellular encapsulation of
dissolved phase VOC when diffused surfactant concentrations exceed the CMC
(consolidated media only);

e Conservation of mass between injected surfactant and monomers and micelles in
the subsurface and independent transport/diffusion of VOCs, monomers and
micelles;

e Sorption of the surfactant.

e Equilibrium mass transfer between DNAPL and water and DNAPL and micelles
was assumed in all template sites, except an empirically derived rate-limited
expression for DNAPL solubilization in fractured rock (Dickson and Thomson,
2003) was included in the consolidated media model and tested as a sensitivity
parameter.

The numerical code and results for the surfactant flooding simulations are described in
more detail in Appendix C.5 (porous media simulations) and Appendices D.1 and D.4
(fractured media simulations).
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Treatment Trains

For the unconsolidated media simulations, the use of treatment trains was evaluated
through comparing changes in remedial performance when ISCO, EISB and SEAR are
applied both before and after the use of hydraulic displacement (which tends to “smear”
the DNAPL pools such that the majority of the mass remaining is in the form of residual,
with higher interfacial areas available for dissolution).

2.2.2.5 Template Site Development and Remediation Simulations

Site characteristic parameters that were evaluated as part of the sensitivity study for the
unconsolidated and consolidated media are listed in Table 2-2 to Table 2-4 below. In
each table, Site characteristic parameters that were varied are shown in bold font. These
included the degree of soil heterogeneity, DNAPL density and solubility, soil
permeability, and DNAPL release volume in unconsolidated simulations, and average
fracture aperture, DNAPL density, matrix porosity, and fraction organic carbon within
the matrix in fractured clay simulations, and fracture spacing and aperture, and rock
matrix bulk density, porosity, f,., and tortuosity in fractured rock simulations.

Mean Hydraulic Soil Heterogeneity

Template Site DNAPL Type DNAPL Release Volume Conductivity (variance In K)
Low Heterogeneity TCE 7.57 m* (2000 gallons) 1.0x10™ cm/s InK=1
Low K TCE 7.57 m® (2000 gallons) 1.0x10™* em/s InK=2
Low DNAPL Volume TCE 1.89 m® (500 gallons) 1.0x10™ cm/s InK=2
DNAPL Type 2 (lower density) 1,1,1-TCA 7.57 m® (2000 gallons) 1.0x10™ cm/s InK=2
Base Case TCE 7.57 m* (2000 gallons) 1.0x10* cm/s InK=2
DNAPL Type 3 (high density) PCE 7.57 m® (2000 gallons) 1.0x107 cm/s InK=2
High DNAPL Volume TCE 3.79 m* (5000 gallons) 1.0x107 cm/s InK=2
High K TCE 7.57 m” (2000 gallons) 1.0x107 cm/s mK=2
High Heterogeneity TCE 7.57 m® (2000 gallons) 1.0x10™ cm/s InK=4

Table 2-2. Template site parameters for unconsolidated media simulations.
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Fracture

Fraction

Fracture

Template Site DNAPL Type Aperture Matrix Porosity Organic Carbon Spacing
Low Organic o
Carbon TCE 75 um 30% 0.0015 1.0m
Low Matrix o
Porosity TCE 75 um 15% 0.003 1.0m
Low Fracture TCE 37.5 pm 30% 0.003 1.0m
Aperture e ’ ' )
Low Density o
DNAPL 1,1.1-TCA 75 um 30% 0.003 1.0m
Base Case TCE 75 um 30% 0.003 1.0 m
High Density Iy
DNAPL PCE 75 um 30% 0.003 1.0m
High Fracture T 0
Aperture ICE 150 pm 30% 0.003 1.0m
High Matrix =0
Porosity TCE 75 um 45% 0.003 1.0m
High Organic , o
Carbon TCE 75 um 30% 0.006 1.0m
Table 2-3. Template site parameters for fractured clay simulations.
Template DNAPL  Bedrock Fracture BUI!( Matr'l X Matrlx. Fracture
Site Type Type Spacing (m) Density  Porosity foc Tortuosit  Aperture
' ' B @em) () y (sm)
1.0 (h) x 4.0 150
Bedrock 2 TCE Shale W) 2.619 3 0.009 0.10 (50-250)
1.0 (h) x 6.0 125
Base Case TCE Sandstone ) 2.490 7.7 0.005 0.20 (25-230)
Higher
Density PCE  Sandstone (}(13)" 60 5 490 7.7 0.005 0.20 e 512253 0
DNAPL
. 2.0(h)x2.0 300
Bedrock 3 TCE Granite W) 2.697 0.1 0.0005 0.05 (100-500)

Table 2-4. Template site parameters for fractured rock simulations.

2.2.2.5.1 Porous Media

Table 2-2 lists the template sites used for the porous media numerical simulations. Each
porous media template site has dimensions 20 meters (m;65.6 feet [ft]) by 20 m (65.6 ft)
by 5 m (16.4 ft) high. In cases where the site of interest is larger than this, the simulation
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results can be scaled up. The water table is located at the top of the domain, and constant
head boundaries are assigned to opposite ends to create horizontal flow conditions. The
side boundaries and bottom boundary are assigned no-flow conditions for the DNAPL.
For some of the remediation simulations (e.g., ISCO), the template site domain was
reduced in size along lines of symmetry to allow simulations to be completed in a
reasonable time frame. In such cases, the results will be scaled up to match those of the
full template site size prior to entering into the protocol database.

The base case for the analysis was a TCE DNAPL release (7.57 cubic meters [m’]; 2000
US gallons) sufficient to form DNAPL pools as well as residual DNAPL in soil with an
average hydraulic conductivity (K) of 1.0 x 107 centimeters per second (cm/s) and
moderate variability in hydraulic conductivity (variance In K = 2). Table 2-1 lists the
parameters associated with the other template sites. The collection of template sites is
intended to span a reasonable range in average hydraulic conductivity, DNAPL release
volume, and degree of heterogeneity. In addition, the template sites include use of TCE,
PCE and 1,1,1-TCA as the DNAPL of interest.

2.2.2.5.2 Fractured Media

With respect to fractured media, both fractured rock and fractured clay were examined.
The emphasis of the fractured clay simulations was the application of ISCO and a study
of the effects of concentration rebound. For the fractured rock simulations, template sites
were developed to provide a basis for follow-on simulation of ISCO, EISB and SEAR
technologies.

The fractured clay simulations adopted parallel, equally spaced fractures in a two-
dimensional domain. Table 2-3 summarizes the parameters that describe each fractured
clay template site. The presented numerical simulations are based on a two-dimensional
(2D) fracture-matrix system in which the results can be scaled up using symmetry to
represent a larger, three-dimensional (3D) parallel fractured system subject to
unidirectional groundwater flow. In order to manage computational run times, lines of
symmetry were located along the center of the fractures and the matrix blocks so that the
modeled domain consisted of a half fracture and a half matrix block. Figure 2-3
illustrates how the modeled domain is scaled up to represent a 3D template site 15 m long
in the direction of groundwater flow, 20 m wide orthogonal to the direction of
groundwater flow, and 5 m high. The modeled domain is a 2D vertical slice of the 3D
domain. It should be noted that although the presented domain incorporates horizontal
fractures, the results are directly applicable to a set of vertical fractures having the same
hydraulic characteristics (i.e., aperture, spacing and applied hydraulic gradient) as the
modeled horizontal fractures since diffusion is independent of orientation. The source
zone emplaced within the fracture is 5 m long, 20 m wide, and is initially assigned a
specified non-wetting phase (DNAPL) saturation. Constant head boundaries were applied
to the upgradient and downgradient ends of the domain, producing unidirectional
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groundwater flow in the fracture subject to advection and longitudinal dispersion.
Longitudinal and vertical transverse (2D) diffusion are permitted in the matrix.

Source Zone Fracture

< 15m » Modeled
Domain

Figure 2-2 Model domain and scaled up system (Mundle et al., 2007).

Table 2-4 lists the template sites that are being used for the ISCO, EISB and SEAR
fractured rock numerical simulations at the field scale. Figure 2-4 presents the
distribution of intrinsic permeability for the three domains, illustrating the distribution of
horizontal and vertical fractures. In each case, the mean aperture is at the midpoint of the
range specified in the table. The collection of template sites is intended to span a
reasonable range in fracture aperture mean, fracture aperture range, fracture spacing,
matrix porosity, matrix fraction organic carbon, and matrix permeability. Each fractured
rock template site has dimensions 20 m (65.6 ft) long by 5 m (16.4 ft) high and unit
depth.
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Figure 2-3. Distribution of permeability for the field scale fractured rock domains: (a)
sandstone, (b) shale, and (c) granite. Colour corresponds to fracture permeability according to
the scale bar provided; matrix permeability is uniform (black). Note that fracture apertures are
exaggerated for visual purposes.

In cases where the site of interest is larger than this, the simulation results can be scaled up.
Each template site includes a DNAPL release sufficient to form pooled and residual DNAPL in
fractures followed by a period of ‘aging’ providing sufficient time for TCE diffusion into the
rock (with an average matrix permeability of 1.05 x 10™° square meters [m?]). The water table is
located at the top of the domain, and constant head boundaries are assigned to opposite ends to
create horizontal flow conditions.

Remedial fluids are injected at the upgradient boundary at the start of the treatment period. Each
study provided suites of sensitivity simulations to key treatment parameters. Tables 2-5, 2-6,
and 2-7, provide the sensitivity simulations conducted in fractured rock for ISCO, EISB, and
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SEAR, respectively. In each study, a ‘no treatment’ simulation was also conducted

comparison purposes.

Run No. DNAPL Rock KMnO4 KMnOy4
Type Type Concentration Injection Strategy
(mg/L)
1 (Base Case) TCE Sandstone 2500 Continuous Injection for 2 Years
2 TCE Sandstone 5000 Continuous Injection for 1 Year
3 TCE Sandstone 1250 Continuous Injection for 4 Years
4 TCE Sandstone 2500 3 Months On 3 Months Off for 4 Years
5 TCE Sandstone 2500 6 Months On 3 Months Off for 4 Years
6 TCE Sandstone 2500 12 Months On 12 Months Off for 4 Years
7 TCE Shale 2500 Continuous Injection for 2 Years
8 TCE Granite 2500 Continuous Injection for 2 Years
9 PCE Sandstone 2500 Continuous Injection for 2 Years
10 TCE Sandstone 0 No Treatment

Table 2-5. Field Scale ISCO Fractured Rock Simulations
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Run DNAPL Rock Lactate Dechlor- Lactate Injection Bioremediation

No. Type Type Concentra- ination Strategy Location
tion (mg/L) Rate

1 (Base TCE Sandstone 2000 Mean Continuous Injection for 2 Years Fractures + Matrix

Case)
2 TCE Sandstone 2000 Mean Continuous Injection for 2 Years Fractures Only
3 TCE Sandstone 2000 Mean x 10 Continuous Injection for 2 Years Fractures + Matrix
4 TCE Sandstone 2000 Mean x 0.10 Continuous Injection for 2 Years Fractures + Matrix
5 TCE Sandstone 2000 Mean 3 Months on 3 Months Off for 4 Years Fractures + Matrix
6 TCE Sandstone 2000 Mean 6 Months on 6 Months Off for 4 Years Fractures + Matrix
7 TCE Sandstone 2000 Mean 12 Months on 12 Months Off for 4 Fractures + Matrix

Years

8 TCE Sandstone 1000 Mean Continuous Injection for 4 Years Fractures + Matrix
9 TCE Sandstone 4000 Mean Continuous Injection for 1 Year Fractures + Matrix
10 TCE Shale 2000 Mean Continuous Injection for 2 Years Fractures + Matrix
11 TCE Granite 2000 Mean Continuous Injection for 2 Years Fractures + Matrix
12 PCE Sandstone 2000 Mean Continuous Injection for 2 Years Fractures + Matrix
13 TCE Sandstone 0 Mean No Treatment Fractures + Matrix

Table 2-6. Field Scale EISB Fractured Rock Simulations
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Run No. DNAPL Rock Surfactant Degree of  Mass Transfer

Type Type Concentration Matrix Assumption
(mg/L) Loading
1 (Base Case) TCE Sandstone 40000 20 Years Aging Equilibrium
2 TCE Sandstone 20000 20 Years Aging Equilibrium
3 TCE Sandstone 60000 20 Years Aging Equilibrium
4 PCE Sandstone 40000 20 Years Aging Equilibrium
5 TCE Shale 40000 20 Years Aging Equilibrium
6 TCE Granite 40000 20 Years Aging Equilibrium
7 TCE Sandstone 40000 0 Years Aging Equilibrium
8 TCE Sandstone 40000 5 Years Aging Equilibrium
9 TCE Sandstone 40000 10 Years Aging Equilibrium
10 TCE Sandstone 40000 20 Years Aging Rate Limited
11 TCE Sandstone 0.0 20 Years Aging Equilibrium

Table 2-7. Field Scale SEAR Fractured Rock Simulations

Assuming a two-dimensional domain for the fractured rock simulations is conservative since it
reduces the potential for the injected remedial fluids to bypass the source zone and thus provides
the best opportunity for remediation success. Full details of the fractured rock simulations are
presented in Appendix D.2 (model development and testing), Appendix D.3 (ISCO), Appendix
D.4 (EISB), Appendix D.5 (SEAR), and Appendix D.6 (notation definition and full references).

2.2.3 Screening Tool Development

Sections 2.2.3.1 to 2.2.3.3 provide an overview of the programming of DNAPL TEST, focusing
on an overview of the screening tool structure (Section 2.2.3.1), calculation of case study data
quality rankings (Section 2.2.3.2), and formulation of the site specific analysis case study
selection protocol (Section 2.2.3.3).
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2.2.3.1 Screening Tool Structure

DNAPL TEST was developed to allow the user to customize their analysis to meet their own
unique goals and objectives. The user is provided with two options:

e The General Analysis option, in which the user can query the database of case studies for
general performance information. In this option, the user can refine their search to
include specific technologies, case study type, data quality rankings, and site
characteristics, and the tool will generate reports of average and select individual
performance data from case studies matching the search criteria.

e The Site Specific Analysis option, in which the user is given the opportunity to tailor
their analysis to provide performance information from case studies with specific
characteristics. Using this alternative, the user is asked to input characteristics of the site
of interest and specify other search criteria (e.g., specify data quality rankings and case
study types to be included, geologies, DNAPL types, etc.). DNAPL TEST then searches
for case studies with statistically similar site characteristics (i.e., case studies with site
characteristics that are anticipated to have similar technology performance) for
performance metrics where correlations between technology performance and site
characteristics were observed (see Section 2.2.3.2 for more details). For performance
metrics where correlations were not observed, case studies that meet the user-specified
search criteria are included in the analysis. The Site Specific Analysis output reports
provide more details of case-study specific performance as well as average and min/max
performance trends. Output reports are also provided on an individual performance
metric basis as well as technology specific basis.

2.2.3.2 Development of Data Quality Rankings

Data Quality Rankings (DQRs) were designed to provide DNAPL TEST users an assessment of
the relative quality of the data upon which their analyses are based. They are not to be
interpreted as a judgment on the quality of the modeling, field, or laboratory work described in
each case study, as this would require a detailed evaluation of the technical aspects of each case
study and more detailed information than typically available. Rather the DQRs have been
developed to use certain key indicators to provide an assessment of the quality of each case
study, based on readily available information.

There are some limitations to this approach. For example, some well-implemented case studies
may have been assigned lower DQRs in DNAPL TEST if detailed reports could not be obtained
by the project team and insufficient information was available to develop a full assessment of the
DQR. The converse situation may also occur, with a poorly implemented program being
assigned a higher DQR if more information was available describing the implementation or if the
remediation program was implemented more recently.
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While such ratings cannot be developed with complete objectivity, efforts were made to
minimize subjectivity by automating the DQR calculation. The DQR calculation reflects the
following five criteria:

e A — Quality of the information source;
e B - Age of the study;
e C—Type and density of DNAPL assessment methods and locations;

e D — The methodology used and amount of information available for pre-treatment
performance monitoring; and

e E — The methodology used and amount of information available for post-treatment
performance monitoring.

Case studies receive an integer ranking between 1 and 3 (three being highest) for each of these
criteria (criteria ranking assignment described below), and the DQR is their weighted average
calculated as follows:

DQR =0.1A+0.2B +0.2C + 0.25D + 0.25E
The average was weighted according to the following rationale:

e A: Information sources vary in reputability (e.g., a peer-reviewed journal article
versus a technology vendor’s project description). However, this criterion does not
weigh as highly as other criteria that reflect the completeness of the data record.

e B: Older studies were ranked lower than more recent studies to account for improved
technology application resulting from lessons learned from previous technology
applications and ongoing technology developments.

e (: The density of sampling and methods used to characterize the DNAPL are an
important subset of site characterization activities.

e D and E: The completeness of site characterization and monitoring (e.g.,
hydrogeological parameters, area or volume treated, and assessment of performance
metrics, particularly DNAPL mass removal), both before and after treatment, are the
most important indicators of data quality.

For use in DNAPL TEST, DQRs were considered low if the value was <1.8 out of 3.0, medium

if the DQR ranged from >1.8 to <2.4, and high if the value is 22.4. Appendix E provides
additional details on each of the criterion, and how the rankings were assigned.

The average DQR as well as the number of studies included in the analysis is shown on the
bottom left corner of General Analysis input screens. This information is automatically updated
as the user changes selection criteria.

Users can output a Data Quality Rating Summary for the case studies included in their analysis
in Step 5 of the General Analysis or Step 6 of the Site Specific Analysis. Appendix B of this
report provides the DQR for all of the case studies included in DNAPL TEST version 2.0.
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2.2.3.3 Site-Selection Protocol Development

A statistical correlation analysis between site characteristics and technology performance was
completed with the following objectives in mind:

e Identify correlation between various site parameters and remedial performance and
assess the relative influence that specific site parameters have on technology
performance; and

e Develop a protocol for the Site Specific Analysis to provide a basis for DNAPL
TEST to find and extract case studies from the database that are anticipated to have
statistically similar technology performance as that of the user’s site.

The following sections summarize the methodology used to perform the statistical analysis and
the results of the analysis (Section 2.2.3.3.1), and describe how the statistical results were used to
develop the site selection protocol that is the basis of the Site Specific Analysis (Section
2.2.3.3.2).

2.2.3.3.1 Satigtical Analysis

The identification and quantification of correlations between site parameters and performance
metrics was completed in two steps:

i) A series of correlation tests were conducted to identify linear associations between a
given site parameter and a given technology performance metric. A five percent (%)
level of significance was used as the criteria for statistically significant linear
correlations; and

ii) Site parameter — performance metric pairs that showed a statistically significant
correlation were analyzed using simple linear regression methods. Regression quantifies
the sensitivity of the technology performance to each site parameter, and was also used to
calculate a range of site parameters values given a particular technology performance
value via a 95% confidence interval.

The majority of the case studies did not report information for the complete list of site
parameters and performance metrics evaluated, which resulted in limited information available
for many performance metric — site parameter pair datasets. A total of nine pairs for all
technologies were found to have statistically significant correlations, including two performance
metrics: removal of DNAPL mass (EISB, ERH, and SEAR only) and treatment duration (thermal
resistive heating and steam flushing only). Five site parameters, specifically areal extent of the
DNAPL zone, electrode spacing, hydraulic conductivity, pre-remediation DNAPL mass, and
volume of the DNAPL zone were correlated with these two performance metrics, as summarized
in Table 2-8 below. Coefficient of determination (R?) values for the regression model ranged
from 0.44 to 0.99, indicating a relatively good to an almost perfect fit, respectively. Appendix F
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provides a detailed summary of the statistical procedure that was followed, the data considered,
and the resulting correlations that were observed.

Performance Metric Input Parameter
Technology Media Type (Dependent Variable) {Independent Variable) R

EISB Unconsolidated Reduction in DNAPL mass Hydraulic conductivity 0.44
SEAR Both Reduction in DNAPL mass Areal extent of DNAPL zone 0.69
SEAR Both Reduction in DNAPL mass Pre-remediation DNAPL mass 0.51
SEAR Both Reduction in DNAPL mass Volume of DNAPL zone 0.93
Thermal - resistive Both Reduction in DNAPL mass Areal extent of DNAPL zone 0.82
Thermal - resistive Both Reduction in DNAPL mass Volume of DNAPL zone 0.87
Thermal - resistive Both Treatment Duration Pre-remediation DNAPL mass 0.88
Thermal - resistive Both Treatment Duration Electrode spacing 0.59
Thermal - steam Both Treatment Duration Volume of DNAPL zone 0.99

Table 2-8. Summary of correlations observed between performance metric and site parameter
pairs.

The correlated site parameter — performance metric pairs listed in Table 2-8 were further
analyzed via regression techniques to quantify intervals of site parameter values that would
correspond to a statistically significant similar level of performance for each performance metric.
The results of this analysis are summarized in

Table 2-9 below, and these provide the basis for the case study selection protocol described in
Section 2.2.3.3.2. The R” values for the regression model ranged from 0.51 to 0.99, again
representing a reasonably good to an almost perfect fit of the data to the model.

2.2.3.3.2 Development of the Case Study Selection Protocol for the Ste Specific Analysis

DNAPL TEST has been developed to allow for the use of “statistical filters” where correlations
between technology performance and site parameters have been identified, and to allow for the
use of “non-statistical filters” where correlations do not exist. As discussed in Section 2.2.3.3.1
above, statistical correlations between performance metrics and site characteristics were
observed for only select technologies and for select performance metrics. For these performance
metric-site correlation pairs, the statistical correlations govern the selection of case studies, such
that case studies included in the DNAPL TEST output are those that are statistically more likely
to have similar performance to the User’s site. For the remainder of the technology —
performance pairs (e.g., reductions in groundwater concentrations, ISCO technologies, €tc.),
there is no ability to predict technology performance based on site parameters; however, it is
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recognized that the user may still wish to refine their analysis using specific ranges for particular
site parameters; hence the incorporation of “non-statistical filters”.

The case study selection process for the Site Specific Analysis follows the protocol described
below:

e  Where a correlation exists between a site parameter and a technology performance
metric: the statistical filter is preferentially used to select case studies to include in the
analysis. Sites included in the analysis are those with parameter values that fall within
the range dictated by the confidence intervals calculated in the second regression
analysis. Case studies with no information on that site parameter will not be included in
the analysis. For cases where more than one site parameter exhibits a correlation to the
performance metric (e.g., DNAPL mass removal for thermal resistive heating), the Site
Specific Analysis will include all sites that have site parameters that fall within the range
calculated from the second regression analysis (i.e., the selection criteria is an OR
statement, and the inclusion of sites is additive).

e  Where no correlation exists between a site parameter and a technology performance
metric: user-specified, non-statistical filter ranges are preferentially used to select
applicable case studies. The case studies included in the analysis must meet all non-
statistical criteria (i.e., the selection process is an AND criteria, and all site parameters
must fall within all ranges specified by the user or they are excluded from the analysis).
Case studies with no data for any of the site parameters with specified ranges will not be
included in the analysis. Where no non-statistical filters are specified by the user, then all
case studies containing data for that performance metric is included in the output to the
user.

2.3 Advantages and Limitations of the Technology
Advantages offered by the screening tool include the following:

e The screening tool allows users to easily and quickly access performance information
on a large number of case studies;

e The filtering capabilities built into the tool allow for customized analyses, such that
the output presents only performance information from case studies relevant to the
particular site or case study profile under evaluation;

e The data can be filtered according to data quality, to restrict output to only those case
studies categorized of being “higher quality”, although this will reduce the amount of
information presented in the output;

e The screening tool allows users to access the results of laboratory and modeling
studies along with documented field studies, or conversely, to filter out modeling
studies and/or field studies to focus on only a subset of case studies;
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e Users may modify filtering criteria input to the screening tool to conduct sensitivity
analyses. Such sensitivity analyses could help to streamline site data collection
activities to better refine those site parameters that govern the performance of the
selected remedial technology; and

e (ase study reference details are provided to the user, which allows them to follow up
with a more detailed assessment of the case study performance, if so desired.

Some of the limitations of the screening tool include the following:

e Chlorinated solvent DNAPL remediation case studies have been collected from
multiple sources and incorporated into the screening tool database. These case
studies were obtained from a wide range of sources (on-line databases such as CLU-
in.org, peer-reviewed journal papers, conference proceedings, €tC.); as such the level
of information provided and peer-review on information provided varies widely.

e Field case studies representing a range of "implementation quality" have been
collected, including technologies that were applied under less optimal or ideal or
controlled conditions.

e Field-scale numerical simulations of remediation were used to provide additional
information that was incorporated into the database for parameters that are often
difficult to quantify under field conditions (€.g., DNAPL mass removal; see Section
2.2.2). Multiple modeling runs were completed per template site to evaluate the
sensitivity of technology performance to individual site or technology characteristics.
For these types of parameters (e.g., DNAPL mass removal), the output may be
dominated by modeling results.

e The case study selection protocol developed for the Site Specific Analysis was
developed using a dataset that was limited by incomplete information for field case
studies and multiple modeling case studies developed using similar site parameters,
which sometimes resulted in a dataset biased towards those particular site parameters.
As described in Appendix F, several quality assurance/quality control (QA/QC)
measures were undertaken to minimize to the extent possible the influence of biased
and small datasets in the regression analysis to avoid artificially influencing case
study selection in the Site Specific Analysis.

Extensive efforts have been made over the past 15 years to validate DNAPL-3D used for the
simulations and to ensuring that critical functions and site characteristics have been incorporated
into the model so that “typical” performance of each simulated technology is captured in the
model results. The development and validation of the numerical code followed the steps below:

1) A comprehensive literature review to evaluate the relevant processes that occur
during DNAPL remediation using the specified technology;

i)  Development of the code and verification that it is error-free through comparison to
analytical solutions (where available) and thorough testing;
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i)

V)

Validation of the numerical approach through direct comparison to well-
characterized laboratory experiments conducted under controlled conditions (where
available); and

Publication of simulation results in peer-reviewed journals, graduate student theses,
and conference proceedings.

However, the user should be aware that models by their nature require the incorporation of
simplifying assumptions, finite domain sizes, controlled boundary conditions, and other
approximations of system conditions that contain more complexity in reality. Specific examples
of limitations of the modeling completed for incorporation into DNAPL TEST include the

following:

i)

i

Naturally occurring biological attenuation, a process that may occur at many sites to
varying degrees, was not incorporated into the numerical modeling. Natural
biological attenuation would further enhance concentration and mass reductions
beyond that simulated due to active remediation efforts. As a result, concentration
and mass reductions simulated should be considered conservative, and more
representative of sites in which natural attenuation is not occurring or is occurring
very slowly, or where the remedial application interferes with the natural attenuation
by modifying the geochemistry (e.g., redox, pH, temperature) to conditions not
favorable to biological attenuation;

For the EISB simulations, the role of the biomass itself in sustaining elevated levels
of bioactivity beyond termination of active treatment was not simulated. Biomass
decay and its use by dechlorinating bacteria as a secondary electron donor source has
been well documented (e.g., Adamson and Newell, 2009) to result in sustained
reductions in concentrations and little to no rebound for extended periods of time
beyond the end of active EISB treatment. For the numerical modeling simulations
conducted for DNAPL TEST, rebound was observed immediately upon consumption
of the amended lactate, which is inconsistent with field observations (e.g., McGuire
et al., 2006). To avoid inconsistencies with field observations, the rebound behavior
for the EISB simulations was not incorporated into the DNAPL TEST database;

For the SEAR simulations, biodegradation of the surfactant and resulting micelle
breakage was not simulated. As a result, elevated contaminant concentrations were
observed for a period of time (months to years) beyond the end of surfactant injection
as the surfactant was flushed from the model domain and enhanced dissolution of
DNAPL continued. Many surfactants are biodegradable, which results in faster
reductions of the surfactant concentrations post injection. SEAR treatment often
includes flushing of one or more pore volume flushes of water alone through the
treatment area after termination of the SEAR flush to maximize contaminant
recovery. To reflect more representative “post-treatment” concentrations, the end of
treatment concentrations were taken approximately 12 months after termination of
surfactant injection when the majority of the surfactant had been flushed from the
domain.
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Iv) For the fractured rock simulations, it is unknown whether biodegradation can be
stimulated within the rock matrix. Pore size limitations may physically prevent the
migration of the bacteria into the matrix itself; however, limited research has been
conducted to date to demonstrate the extent that biodegradation can be physically
stimulated in the rock matrix. For these simulations, matrix biodegradation was
assumed, and in one case, biodegradation was assumed to occur only in the fractures.
Due to the idealized assumptions representing end-points of the spectrum of behavior
and the uncertainty as to which scenario is most representative of actual field
behavior, the EISB fractured rock simulations were not included in the DNAPL
TEST database. However the full suite of ESIB fractured rock simulation results,
including a sensitivity to the presence of biodegradation in the fractures or in the
fractures and matrix, is presented in Appendix D.4.

In an effort to minimize bias created through incorporation of case studies representing “non-
typical” or “non-optimal” field scenarios or poor quality case studies, technology performance is
reported as average or median performance of multiple sites. Ranges in performance
(minimum/maximum) are provided to give the user information on potential variation in
performance observed at other sites. The user is also provided with performance on a case study
by case study basis, as well as reference sources (where publicly available) if additional
information on particular case studies is desired. Other options available to the user include the
ability to filter case studies retained in the analysis by study type (field study, modeling
simulation, etc.) and data quality rankings (see Section 2.2.3.2 for details), which provide a
measure of the quality of information available on a case study.
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3. PERFORMANCE OBJECTIVES

Specific performance objectives for the screening tool development are summarized in Table 3-1
below and consist of one quantitative and two qualitative performance objectives. The first two
objectives listed in Table 3-1 pertain to the screening tool itself, and require development of a
screening tool that is easy to use and provides output that is accurate and relevant to the user. To
ensure that these performance objectives were met, the following actions were taken:

Beta testing of the tool was completed partway through development. Multiple reviewers both
from within the DoD, ESTCP, industry, and USEPA were contacted and asked to review the beta
version of the screening tool and provide specific feedback, which included targeted questions
regarding ease of use, errors encountered, and relevance of information included in the screening
tool output. Feedback was also solicited for suggestions for improvement. In general, reviewers
provided positive feedback with regards to the ease of use of the screening tool and only minor
comments were received. A summary of the beta version review comments and how these were
addressed in the final version of the screening tool is provided in Section 5.5.

Upon completion of the screening tool programming, a detailed verification of the screening tool
code was undertaken to verify that appropriate case studies were included in the output as
dictated by the case study selection protocol and filtering criteria, and that the information
included in output reports accurately reflected the information included in the case study
database. Section 6.1 provides a summary of the various checks completed and the result of the
verification process.

The third performance objective listed in Table 3-1 specifically addresses Demonstration
Objective iv): “Reduce the uncertainty of estimating and predicting remedial outcomes and
implementation costs at DNAPL source zone sites” (Section 1.2). By improving our
understanding of the relative influence of various factors on DNAPL remediation technology
performance, we can reduce the uncertainty of estimating and predicting remedial outcomes. As
described in Section 2.2.2.5, this performance objective was addressed through completing: (i) a
sensitivity study as part of the numerical modeling exercise; and (ii) statistical correlation
analyses of both field and modeling case studies to investigate the relative influence that site
parameters have on technology performance. Section 6.2 provides a discussion of the findings of
this evaluation.
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Performance
Objective

Data Requirements

Success Criteria

Results

Quantitative Performance Objectives

DNAPL TEST should
accurately select case
studies according to
the site selection
protocol and
accurately output
information included
in the selected
database.

Verification of screening tool
code and output.

Output accurately reports
technology performance data
and includes appropriate case
studies.

Data verification
confirmed that reports
generated from the tool
were appropriate (See
Section 6.1 and
Appendix G).

Qualitative Performance Objectives

Ease of use of the
screening tool and
information reported
relevant  and  of
interest to users.

Beta testing - Feedback from
peer reviewers on ease of use
of the screening tool.

Screening tool should be
easy to use, and output
should be of interest and
relevant to users.

Beta testing was
conducted and changes
were made to the tool
based on user comments
to improve ease of use.
A summary of the
comments from beta test
reviewers is provided in
Table 5-1.

Evaluation of factors
that influence
DNAPL remediation
technology
performance.

Sensitivity study completed as
part of the numerical modeling
exercise and statistical
correlation analysis between
site parameters and technology
performance.

Identification of factors that
influence technology
performance.

Sensitivity analysis
during modeling
allowed for evaluation
of factors influencing
technology
performance. See
Section 6.2 for a
discussion of the
DNAPL remediation
technology performance
assessment.

Table 3-1. Screening Tool Performance Objectives
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4. SITE DESCRIPTION

Although the technology developed and demonstrated during this project was not demonstrated
at specific sites, DNAPL TEST development relied on information compiled from a large
number of field sites in the general domain and simulations dealing with contaminated sites.
Information on the field and numerically simulated sites is presented in Sections 2.2.1 and 2.2.2,
respectively, and is summarized below.

4.1 Site Location and History

The field case study sites that are in DNAPL TEST are predominantly located in the United
States, with 29 individual states represented. Additionally, there is one site in Asia, one site in
Canada, and three sites in Europe.

4.2 Site Geology/Hydrogeology

There is a wide range of geological and hydrogeological settings represented by the field case
studies available in DNAPL TEST. Sites include have varying unconsolidated media such as
clays, sands and gravels with hydraulic conductivities ranging from 3x10™"2 to 0.2 cm/s, as well
as consolidated media such as sedimentary limestone, sandstone, and shale, igneous basalts and
granites, and metamorphous rock.

For the modeling sites, three general geologies are represented: porous media, fractured clay, and
fractured bedrock. For each of these geological settings, a ‘base case’ site was created, and site
characteristic =~ parameters were varied as part of a  sensitivity analysis.
Geological/hydrogeological site characteristic parameters that were varied included
heterogeneity and permeability in unconsolidated simulations, fracture aperture, matrix porosity,
and f,. in fractured clay simulations, and fracture spacing and aperture, rock matrix bulk density,
porosity, fo., and tortuosity in fractured rock simulations.

In the porous media modeling template sites, each site had dimensions 20 m (65.6 ft) by 20 m
(65.6 ft) by 5 m (16.4 ft) high. The water table is located at the top of the domain, and constant
head boundaries were assigned to opposite ends to create horizontal flow conditions. The side
boundaries and bottom boundary were assigned no-flow conditions for the DNAPL. For some of
the remediation simulations (e.g., ISCO), the template site domain was reduced. The base case
for the porous media analysis was a TCE DNAPL release (7.57 m’; 2000 US gallons [gal])
sufficient to form DNAPL pools as well as residual DNAPL in soil with an average K of 1.0 x
107 cm/s and moderate variability in hydraulic conductivity (variance In K = 2). Table 2.1 lists
the parameters associated with the other template sites. The collection of template sites is
intended to span a reasonable range in average hydraulic conductivity, and degree of
heterogeneity.

The fractured clay modeling template sites had parallel, equally spaced fractures in a two-
dimensional domain. Table 2-3 summarizes the parameters that describe each fractured clay
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template site. The presented numerical simulations are based on a 2D fracture-matrix system
which is scaled up to represent a 3D template site 15 m long in the direction of groundwater
flow, 20 m wide orthogonal to the direction of groundwater flow, and 5 m high. The modeled
domain is a 2D vertical slice of the 3D domain. It should be noted that although the presented
domain incorporates horizontal fractures, the results are directly applicable to a set of vertical
fractures having the same hydraulic characteristics (i.e., aperture, spacing and applied hydraulic
gradient) as the modeled horizontal fractures since diffusion is independent of orientation.
Constant head boundaries were applied to the upgradient and downgradient ends of the domain,
producing unidirectional groundwater flow in the fracture subject to advection and longitudinal
dispersion.

The fractured rock modeling template sites each have dimensions 20 m (65.6 ft) long by 5 m
(16.4 ft) high and unit depth. The collection of template sites is intended to span a reasonable
range in fracture aperture mean, fracture aperture range, fracture spacing, matrix porosity, matrix
fraction organic carbon, and matrix permeability. The water table is located at the top of the
domain, and constant head boundaries are assigned to opposite ends to create horizontal flow
conditions.

4.3 Contaminant Distribution

In the field sites the areal extent of DNAPL ranges from 10 to almost 40,000 m” with the
maximum depth of DNAPL at sites between 4 and 100 m. The volume of DNAPL at the sites
ranges from less than 1 to over 100,000 m”.

For the modeling sites sensitivity analysis was conducted by varying the type of DNAPL from
the Base Case (i.c., altering the DNAPL density and solubility) in each of the porous media,
fractured clay, and fractured bedrock sites. DNAPL types included PCE, TCE, and 1,1,1-TCA in
each of these media. In the porous media template sites only, the volume of DNAPL release was
also varied, and the template sites included released of 500 gal, 2000 gal, and 5000 gal of
DNAPL. For the fractured rock sites, the DNAPL release was followed by a period of “aging’
providing sufficient time for TCE diffusion into the rock.
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5. TEST DESIGN

There was no test conducted as part of the scope of this project, thus this section is not relevant.
Discussion of the development of DNAPL TEST is provided in Section 2.2.

5.1 Treatability or Laboratory Study Results

Eleven laboratory case studies are included in DNAPL TEST. These are column studies that
evaluated a range of technologies, including ISCO, EISB, steam injection, and thermal treatment.

5.2  Field Testing

A beta version of the screening tool (focusing on thermal technologies only for the Site Specific
Analysis) was developed and in 2008 was peer-reviewed by several people from outside of the
development team (including DoD, USEPA, and ESTCP personnel. Beta testers were asked to
spend time analyzing sites using the tool, and provide feedback on the tool with respect to four
performance criteria: ease of use, relevancy of reported information, accuracy, and reliability.
Suggestions for improvements in each of these areas and overall were requested. All of the beta-
tester comments were fully reviewed and implemented or addressed as appropriate. Table 5-1
below summarizes the beta comments and actions taken.
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Comment

Action

Problems running on a Mac or Windows
ME

Incompatibility between MS Access and MAC

More transparency on how metrics were
defined (e.g. how 'achieving MCLs' was
defined)

Addressed in final user's manual and final report
for project

Discussion on costs and limitations was
not consistent between the technologies

Due to parity in level of information available at
time of beta release - Addressed for final version

Greater detail on statistical analysis as
Appendix (e.g. types of tests run, p-values,
coefficients)

Added to the final User's Manual

Consider running statistical analyses on the
field studies alone

This was done

Add page numbers and bookmarks to the
User's Manual

Added to the final User’s Manual

Manual negative about ISCO use

Manual described results of modeling, which
indicated some limitations of ISCO. Not intended
to be negative.

Expand report window

Can manually expand, will look into whether
maximizing an option

Add ability to screen based on
heterogeneity to General Analysis section

Has been added to DNAPL Test

Table 5-1. Beta-tester comments and resulting actions
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6. TECHNOLOGY PERFORMANCE ASSESSMENT

6.1 Verification of DNAPL TEST Software Code

Verification of the DNAPL TEST software code was conducted through completion of a site-
specific technology performance analysis for two well-characterized sites at which remediation
has been completed. The characteristics of the case studies identified for the screening tool
analysis were compared to the filtering criteria and confirmed to be appropriate for inclusion in
the analysis. Validation of the General Analysis search function was also verified with site
characteristics compared to filter criteria. Finally, cross-checking of output statistics to actual
case study data confirmed that the statistics were being calculated correctly. Details on the
verification process and results are included in Appendix G.

6.2  DNAPL Technology Performance Evaluation

General observations on trends in technology performance are discussed in further detail below.
This information was developed from an analysis of general trends seen from the field case
studies and supplemented with additional information gleaned from the results of the numerical
modeling simulations.

6.2.1 Reductions in Groundwater Concentrations

The influence of various site characteristics and technology implementation parameters on
achievable reductions in groundwater concentrations for each DNAPL remediation technology
was evaluated as part of the numerical modeling studies and the statistical correlation
evaluations. As discussed in Section 2.2.3.3.1, of the site characteristic and technology
implementation parameters that were evaluated statistically, none were found to statistically
correlate to reductions in groundwater concentrations. Similar observations were seen from the
numerical modeling exercise, with the exception of the duration of treatment (i.e., longer
treatment durations generally resulted in greater reductions in groundwater concentrations).
Longer treatment durations in the modeling also generally resulted in greater removal of DNAPL
mass.

The graph below (Figure 6-1) illustrates the correlation between the reduction of mass in the
system at the start of remediation and groundwater concentration reductions. The data included
in this plot includes both results observed in field case studies (open symbols) as well as in the
numerical modeling studies (closed symbols). Groundwater concentrations correspond to
concentrations observed at the termination of treatment, and do not reflect rebound post-
treatment (if any). Overall there appears to be an approximate 1:1 correlation between the
amount of DNAPL mass that is removed from the subsurface and the corresponding reductions
in groundwater concentrations that result (with some deviations as discussed below). This
overall relationship between DNAPL mass and groundwater concentration reductions is
generally independent of remedial approach, which suggests that the greatest influence on
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remedial performance from a groundwater concentration reduction perspective is the degree of
DNAPL mass removal. Therefore, as a rule of thumb, if 50% groundwater concentration
reductions are the remedial goal, it is likely that removal of approximately 50% of the DNAPL
mass will be required. Similarly, if achievement of maximum contaminant levels (MCLs) is
desired (typically representing >99% reduction in groundwater concentrations), then >99%
removal of the DNAPL mass is likely going to be required.

100 . -
’ 8 't R
§ S o F A
: A
L 4 ISCO
g g = ° + SEAR
4 It o . u EISB
E E , %7 o Thermal
g : : e P&T
= £ 20
v o
s Y 40 %
o
-60 s
80 ¥
O » " 60 80 100

Reductionin DNAPL Mass (%)

Figure 6-1. Relationship between reduction of mass in the system at the start of remediation and
groundwater concentrations reductions by remedial technology.

Slight deviations from the above behavior are evident for a couple of technologies. For example,
for EISB, the resulting DNAPL removal — groundwater concentration reduction pairs
consistently plot above the 1:1 line, indicating that the groundwater concentration reduction
achieved with EISB is consistently greater than the corresponding reduction in DNAPL mass
removal, even after treatment is terminated. As a result, slightly less DNAPL mass removal is
required for EISB to achieve similar results as would be observed with ISCO, for example. This
can be explained by ongoing natural attenuation processes that have been enhanced by
implementation of EISB and are sustained after treatment by cycling of biomass as electron
donor as it decays (Adamson and Newell, 2009).

Another example of slight deviation from this behavior is the consistent plotting of groundwater
concentration reduction — DNAPL removal pairs for pump and treat below the 1:1 line. This
behavior suggests that greater reductions in DNAPL removal are required for pump and treat to
achieve similar reductions in groundwater concentrations. Thermal case studies tend to cluster at
the upper range of the reduction in DNAPL mass and groundwater concentrations (i.€., typically
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>90-99% mass removal and corresponding reductions in groundwater concentrations are
achieved), due to the fact that thermal technologies are very effective at achieving near complete
mass removal, when designed appropriately and the treatment zone encompasses the entire
DNAPL zone.

At sites where ISCO has been applied, the groundwater concentration reduction — DNAPL mass
removal pairs plot consistently on both sides of the 1:1 line, indicating that a reasonable predictor
for groundwater concentration reductions would be the reduction in DNAPL mass for ISCO
technologies. Conversely, the variability in the position of groundwater concentration reduction
— DNAPL mass removal pairs for sites where SEAR has been applied varies widely on both
sides of the 1:1 line. It should be noted that the variability at the low end of the DNAPL removal
range occurs in the modeling studies, and may be an artifact of the modeling assumptions.

6.2.2 DNAPL Mass Removal

Table 6-1 provides a summary of DNAPL mass removal achieved for the various technologies
for field case studies only and for both field and modeling studies for technologies where
modeling was completed (shown in brackets). As seen in Table 6-1 near complete removal of
the DNAPL mass has been achieved by the majority of the technologies; the one exception being
hydraulic displacement, which relies upon mobilization of the DNAPL phase as the primary
DNAPL removal mechanism. Capillary forces acting upon the DNAPL phase effectively traps
smaller blobs and ganglia of residual DNAPL, and enhancement of pressure gradients to levels
high enough to mobilize residual DNAPL is unlikely to be achievable. Therefore, hydraulic
displacement can only achieve partial removal of the DNAPL, but may be (i) a cost-effective
means of stabilizing a source zone (i.e., eliminating the potential for future pool mobilization to
deeper depths), (ii) a cost-effective means of removing large quantities of DNAPL mass, and (iii)
a pre-treatment step as it results in an increase in the DNAPL surface area to volume ratio which
is beneficial for mass-transfer driven remedial technologies.

As seen by the median % DNAPL mass removal in Table 6-1 thermal technologies typically
achieve high levels of DNAPL mass removal (94% to 96%). Median removals for the remaining
technologies including anaerobic EISB, ISCO, SEAR and co-solvent flushing ranged from 64%
to 81% for the field case studies. When modeling case studies are included, the ranges are larger
and the medians tend to be lower; however, this is more likely due to the fact that treatment
duration during the modeling was varied to evaluate sensitivity of remedial performance, rather
than treatment being terminated as a result of achieving desired performance levels as is more
typical for field applications.
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Median % DNAPL Range in % DNAPL Mass

Technology No. of Studies Mass Removal Removal
Aerobic EISB 1 39% --

Anaerobic EISB 3 (15) 64% (63%) 48% to 97% (12% to 98%)
Hydraulic Displacement 0(13) (31%) (9% to 45%)

ISCO - Fenton’s Reagent 4 68% 38% to 99%

ISCO — Permanganate 5(19) 77% (44%) 70% to 99% (1% to 100%)
SEAR 2(27) 81% (72%) 66% to 98% (0% to 99%)
Co-solvent Flushing 1 64% --

Thermal — TCH 2 NA NA

Thermal — ERH 15 94% 37% to 98%
Thermal — Steam 9 96% 79% to 100%

Table 6-1. Summary of DNAPL mass removal achieved with the various technologies for field
case studies only and where modeling studies are also included (shown in brackets).

6.2.3 Influence of Matrix Diffusion

The potential influence of matrix diffusion into lower permeability media and the resulting
influence of back-diffusion on remedial performance were investigated as part of the sensitivity
study for the numerical modeling. The numerical modeling included simulations of ISCO
(permanganate) treatment of TCE and PCE diffused into fractured clay, and EISB, ISCO and
SEAR treatment of TCE diffused into fractured rock matrices of various porosities (i.€., ranges
typical for shale, granite and sandstone) and fraction organic carbon content (which governs the
level of influence that sorption/desorption mechanisms dictate contaminant behavior within the
matrix).

Through incorporating various fate and transport processes into the numerical model (e.g.,
sorption/desorption of TCE onto organic matter within the matrix, degradation of amendments
both within the fractures and matrix, constituent-specific forward- and back-diffusion into and
out of the matrix, etc.), the following was demonstrated:

e The significance of matrix diffusion in a particular fractured rock environment will have
a substantial influence on the distribution of DNAPL and VOC mass at the start of
remediation, particularly if the DNAPL release is not recent. Fractured rock types that
exhibit higher matrix porosity, higher fracture density, lower mean fracture apertures
(contributing to lower groundwater velocities) and/or higher matrix fraction organic
carbon (e.g., sandstone and shale) may exhibit a much higher fraction of VOC mass
present in the matrix. Large amounts of sorbed and aqueous VOCs in the matrix may
correspond to a decrease in DNAPL mass present, particularly if the DNAPL release is
not recent. In many simulations in this work, more than 97% of the DNAPL released was
present as sorbed VOC mass in the matrix at the end of the site aging stage. In contrast,
factors contribute to a significant amount of DNAPL remaining in the fractures (DNAPL
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release is recent, matrix diffusion is low, DNAPL type has low solubility, etc) then
groundwater flow rates through the source zone may be low, impacting delivery of
amendment. The impact of any treatment must be considered in the context of the
distribution of DNAPL and VOC mass prior to treatment application.

For sites where degradation/transformation of the contaminant phase within the lower
permeability matrix is limited, back-diffusion of contaminant mass from the matrix will
sustain groundwater concentrations for long periods of time. This can occur, for
example, due to pore size restrictions on the ability of microorganisms to penetrate the
matrix, or natural organic matter in the matrix consuming permanganate during forward
diffusion, or amendments with high reactivity that react and degrade faster than they can
diffuse very far into matrix. As a result, treatment primarily occurs within the fracture
network and treatment of contaminant mass contained within the matrix is limited to the
rate it can back-diffuse into the matrices and thus very slow. Moreover, it can be difficult
to maintain amendment in the advection-dominated fractures for a long enough period to
effectively address contaminant mass via back diffusion. Due to the majority of the
contaminant mass being unavailable in such cases, in Situ treatment is unlikely to have a
substantial net benefit in terms of reducing treatment durations over containment
approaches like pump and treat. Reduction in overall treatment costs over pump and treat
may be achieved if an approach with lower operation and maintenance (O&M) costs is
used (e.g., EISB). This scenario (i.e., insubstantial matrix treatment) can occur at sites
with a very tight matrix (e.g., granite) or with sites exhibiting high VOC mass loading in
the matrix but limited ability for diffused amendment to be effective in the matrix
(SEAR, possibly EISB) or with sites dominated by large horizontal apertures (such that
mean residence time for amendment in the source zone is low) or with treatment
approaches that depend on advective flushing of the contaminant mass for ex situ
treatment (e.g., pump and treat) or those that require the use of amendments that do not
persist for very long in the subsurface (e.g., oxidants).

Where degradation/transformation can occur within the lower permeability matrix, and
thus treatment effectiveness is less influenced by back-diffusion to the fractures, in situ
treatment times are likely to be shorter than flushing technologies such as pump and treat,
and post-treatment rebound of groundwater concentrations will be less likely to occur.
This scenario (i.e., substantial matrix treatment) is expected to occur for sites where
significant VOC mass is stored in the matrix (e.g., sandstone) and the amendment can
penetrate and react effectively in the matrix (e.g., ISCO in a low-foc matrix, possible
EISB). Note that this latter example assumes that significant rates of biodegradation can
be attained and sustained within the matrix; there is little data currently available to
quantify such rates.

Where significant amounts of DNAPL have accumulated and remain in fractures, then
treatment approaches that depend on advective flushing may provide significant benefit
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in DNAPL mass reduction. This scenario may apply for sites that have a tight matrix
(e.g., granite) and for technologies that directly target DNAPL (e.g., SEAR).

e  Where DNAPL has accumulated in dead-end fractures, DNAPL removal may again be
limited for technologies, such as SEAR, that rely on delivery of the amendment directly
to the NAPL phase.

The maximum rebound of concentrations in the fracture can occur years after termination of
treatment, which has implications with respect to designing and interpreting the results of
performance monitoring programs. The limitations of diffusion also imply that complete mass
removal is not going to be achievable in a reasonable time frame in fractured clay or rock
environments, and that partial mass removal to target reductions in groundwater concentrations
and mass flux may be a more appropriate remedial goal.

6.2.4 DNAPL Properties

The solubility of the DNAPL was observed to influence the resulting net benefit of implementing
more aggressive DNAPL treatment technologies over other approaches such as monitored
natural attenuation or pump and treat that rely primarily on dissolution of the DNAPL as the
DNAPL mass reduction mechanism. For more soluble DNAPLSs such as TCE, dissolution of the
DNAPL is a significant component of the DNAPL mass removal and incorporating other
degradation or mass removal mechanisms (€.9., oxidation, biodegradation, enhanced dissolution)
may only result in relatively small incremental increases in DNAPL mass removal. However,
introducing other mass removal mechanisms can potentially result in more significant
enhancements over dissolution alone for lower solubility DNAPLs such as PCE.

6.2.5 Impact of Precipitate Formation on Technology Performance

The impact of precipitate formation on treatment performance for ISCO applications using
permanganate as the oxidant was investigated as part of the numerical modeling sensitivity
study. The formation of manganese dioxide rind specific to permanganate injections can result
in encapsulation of the DNAPL (particularly pools) and flow bypassing around DNAPL areas
(Conrad et al., 2002). Once the rind forms around the DNAPL, the rate at which permanganate
can contact the DNAPL becomes diffusion limited, and the rate of DNAPL mass removal slows
significantly as a result. Ongoing diffusion of dissolved contaminant phase through the rind
occurs as well, and rebound of concentrations post-treatment is common as a result.

Table 6-2 illustrates the results of the numerical modeling sensitivity study (West et al., 2008)
where 3 kg of TCE DNAPL were assumed to be evenly distributed throughout a 1 m® volume of
homogeneous sand. The simulation continued until all TCE mass was removed from the domain
for several scenarios, including:

e Dissolution of the DNAPL only;
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e Dissolution of the DNAPL for 10 years, then either: (i) 1 year permanganate amendment
followed by dissolution only; (ii) 2 years permanganate amendment followed by
dissolution only; and (iii) continuous treatment with permanganate until all of the TCE
mass had been degraded. To illustrate the impact of rind formation on treatment
performance, two sets of runs were completed, one with rind formation and the second
without rind formation.

As seen in Table 6-2 the formation of the rind significantly increased the time required to
remove the TCE DNAPL (14 years) when compared to the scenario with no rind being formed (8
years). Where only partial treatment with permanganate was completed, the encapsulation of the
remaining DNAPL phase resulted in a longer persistence of TCE (25 years) than if no treatment
had been completed (20 years).

Scenario DNAPL Lifespan
Dissolution only 20 yrs
1 yr treatment with permanganate with rind, followed by dissolution 25 yrs
2 yr treatment with permanganate with rind, followed by dissolution 25 yrs
Continuous treatment with permanganate without rind formation 7 yrs
Continuous treatment with permanganate with rind formation 14 yrs

Table 6-2. Results of the sensitivity study completed to investigate the potential influence of
manganese dioxide rind formation during permanganate treatment (West et al., 2008).

The influence of the manganese dioxide rind formation in consolidated media environments will
vary, depending on where the rind forms. Rind formation and the associated permeability
reductions in fractures is anticipated to have a much larger influence on technology performance
than formation of the manganese dioxide rind in the matrix, where contact with the contaminant
is already diffusion-limited.  Similar behavior as seen in the numerical modeling sensitivity
study has been observed at the field scale; a prime example being the Watervliet Arsenal site
(Goldstein et al., 2004).

The above examples are specific to permanganate treatment and the corresponding manganese
dioxide rind formation; however, it is anticipated that similar results may be observed with other
technologies that result in the formation of a precipitate or result in permeability reductions. The
influence of the precipitate formation on DNAPL treatment is anticipated to be particularly
pronounced where the precipitate forms within close proximity of the DNAPL phase, as occurs
when permanganate reacts with the DNAPL.

6.3 Benefits of Partial DNAPL Mass Removal

Figure 6-2 illustrates near- and long-term groundwater concentration reductions, DNAPL mass
removal, and reduction in contaminant mass flux from the source area for four different partial
DNAPL treatment scenarios based on the base case modeling scenario (i.e., TCE DNAPL
source, moderate heterogeneity and permeability, etc. as described in Section 2.2.2), including:
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i)  Treatment with ISCO (permanganate) or EISB for approximately 2 years only;

ii)  Treatment with ISCO or EISB for approximately 2 years followed by monitored natural
attenuation (MNA), assuming physical attenuation mechanisms only (e.g., DNAPL
dissolution, dispersion, sorption, etc., no biological attenuation);

iii)  Continuous treatment with ISCO or EISB for 10 years; and
iv)  Continuous treatment with ISCO or EISB for 30 and 20 years respectively.

As seen in Figure 6-2, ongoing treatment results in increasing groundwater concentrations
reductions, removal of DNAPL mass and reduction in mass flux from the downgradient source
zone boundary for both ISCO and EISB. Interestingly, the results achieved with 2.3 years of
ISCO implementation followed by 7.7 of MNA were not much less than those achieved with 10
years of active treatment. The benefit achieved with ongoing treatment appears to be less for
ISCO than for EISB particularly, for example, the further removal of DNAPL mass. This trend
reflects the impact that the formation of the manganese dioxide rind has on the DNAPL removal
efficiency when using permanganate, as discussed in Section 6.2.5. Similarly, continuing ISCO
treatment beyond 10 years to 30 years has little to no net benefit in reducing groundwater
concentrations at the downgradient source boundary for the site conditions evaluated.
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In comparison, EISB appears to have some net benefit for continuing treatment, although again
the difference between 2.5 yrs of active treatment followed by 7.5 years of MNA and 10 years of
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Figure 6-2. Comparison of technology performance with partial mass
removal compared to near-complete treatment for ISCO and EISB

approaches.

active treatment may not be substantial enough to justify the added costs of an additional 7.5
years of treatment.

Please note that the trends presented in Figure 6-2 may only be relevant to DNAPLs with higher
solubilities only (e.g., TCE), where dissolution has a greater influence on the rate of DNAPL
removal than would be observed with a lower solubility DNAPL such as PCE. For PCE sites,
ongoing treatment is likely to have correspondingly greater benefit than would be observed for

partial mass removal followed by MNA.
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6.4 Post-Treatment Rebound of Groundwater Concentrations

Table 6-3 summarizes post-treatment rebound of groundwater concentrations observed at field
sites included in the screening tool database. Rebound was defined as a significant (i.e., >20%)
increase in groundwater concentrations after treatment was terminated, in comparison to
concentrations observed at the end of active treatment. Technologies not included in Table 6-3
did not have any case studies reporting rebound behavior in the screening tool database.

As seen in Table 6-3 rebound was not observed at any of the thermal sites, and was observed at
only a small proportion (23%) of the anaerobic EISB sites. The lack of rebound at thermal sites
is due to the high proportion of DNAPL mass removed, while at EISB sites, rebound is
suppressed due to ongoing bioactivity for a period of time upon termination of active treatment
due to the biomass using decaying biomass as a nutrient source (Adamson and Newell). In
comparison, rebound was observed at the majority of ISCO and SEAR sites (>67%), where
partial DNAPL mass removal is typically achieved and treatment effectively terminates once
amendment injection is terminated. In general, fractured rock sites saw concentration rebound
due to back diffusion of contaminants stored in the matrix after the fractures have been
flushed/cleaned. The back-diffusion, and thus the concentration rebound, is more significant for
scenarios with a higher proportion of the VOC mass stored in the matrix (e.g., longer time since
DNAPL release, higher solubility DNAPL, higher matrix porosity, higher fracture density, lower
mean apertures, higher matrix foc). This rebound behavior is consistent with observations
reported in an independent study completed by McGuire et al. (2006).

Technology Site Observing Rebound Percentage of Sites with
Post-Treatment Rebound

Anaerobic EISB 3 of 13 sites 23%

ISCO - Fenton’s Reagent 5 of 7 sites 71%

ISCO — Permanganate 8 of 11 sites 73%

ISCO — Ozone 1 of 1 sites 100%

SEAR 2 of 3 sites 67%

Thermal — ERH 0 of 9 sites 0%

Thermal — SEAR 0 of 3 sites 0%

Table 6-3. Summary of post-treatment groundwater concentration rebound behavior observed at
field sites.

6.5 Treatment Costs

Limited cost data was available for the case studies collected in DNAPL TEST, as case-study
specific costs are rarely discussed in publicly available literature sources. Table 6-4 below
presents a summary of the costs available, presented as costs per unit volume of the treatment
zone. Costs are normalized by volume in an effort to provide comparable values between both
large and small remedial implementations. It should be recognized that, although unit costs
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reduce some of the variability in costs related to treatment scale, they can still be skewed in cases
where the treatment volume size is small. For example, the ISCO — permanganate application
that had a unit cost of $60,000 per m’ in Table 6-4 below was a 1 m’, highly instrumented
research demonstration that is not representative of larger scale costs.

As seen in Table 6-4, median unit costs for EISB, ISCO, and thermal technologies are of similar
order of magnitude ($100 to $270/m’) with similar ranges in unit costs as well ($9 to $770/m").
Costs for co-solvent flushing and SEAR for the case studies included in the screening tool
database are an order of magnitude higher, although a limited number of case studies for these
technologies were available with cost data, and the range in costs may not therefore be
representative of costs for all sites.

Technology No. of Case Studies Median Ul;it Range in U131it Costs
Reporting Costs Cost ($/m”) ($/m”)
Aecrobic EISB 1 $100 -
Anaerobic EISB 4 $270 $9 - 5630
ISCO - Fenton’s Reagent 4 $260 $51-8770
ISCO — Permanganate 5 $240 $35 - $60,000
SEAR 3 $8,200 $5,500 - $41,000
Co-solvent Flushing 1 $23,000 --
Thermal - ECH 2 $270 $150 - $380
Thermal — ERH 11 $170 $42 - $720
Thermal - Steam 4 $170 $18 - $390

Table 6-4. Breakdown of unit costs by treatment technology.
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7. COST ASSESSMENT

The costs to operate DNAPL Test are very low. The tool is available for free download at
http://projects.geosyntec.com/DNAPL/dnapltest.aspx and will also be available from the ESTCP
website in the near future. The time required to run an analysis on the tool is approximately 10-
20 minutes.
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8. IMPLEMENTATION ISSUES

8.1 Limitation of DNAPL TEST

Limitations of DNAPL TEST are discussed above in Section 2.3.

8.2  Effective Use of DNAPL TEST

Given the limitations of the information incorporated into DNAPL TEST, this tool is most
effectively used as a preliminary screening for technology selection or as a screening for possible
performance limitations for a remedy in place. It cannot replace appropriate site-specific
evaluations based on engineering judgment.

Specific applications of the screening tool could include the following:

e Assessment of a realistic level of performance for a particular remedial technology
given specific site conditions;

e Comparison of potential remedial performance between various technologies for
specific site conditions;

e Comparison of potential remedial performance of a particular technology in different
geological strata at a complex site; and

e Performance of sensitivity analyses on key site parameters to optimize remedial
performance.

DNAPL TEST cannot “predict” technology performance for a particular site, but will provide the
user with an anticipated range of performance and the ability to compare performance observed
for multiple technologies. This information can be used as the basis for developing realistic
remedial end goals, as well as develop a short list of potential technologies for a site.

For users that are interested in obtaining potential technology performance information for a
specific site, a Site Specific Analysis will better focus the screening evaluation to include sites
that are anticipated to have similar performance. Multiple Site Specific Analyses may be
completed for the same site to focus on different areas with different site characteristics. It
should be noted that the Site Specific Analysis does require a minimum level of knowledge of
conditions at the user’s site, which may limit its usefulness for some sites. Guidance for
estimating of these parameters is provided within the tool.

For more general analyses of overall performance trends between parameters, and for sites at
which key site parameters are unquantified, the General Analysis will be a better option.
Modifications to search parameters can easily be changed at any time during the screening
process, allowing the user to refine their analysis to better meet their needs. Specific examples
illustrating a General and a Site Specific Analysis are provided in the User’s Manual, which is
accessible at http://projects.geosyntec.com/DNAPL/, to better illustrate how the tool can be
effectively used to meet the user’s goals.
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8.3 Lessons Learned

Lessons learned with regards to DNAPL remediation technology performance and factors that
influence performance are discussed in Section 6.2. Lessons learned from development and
testing of the tool include the following:

e Because of limited information typically provided in publically available literature
sources, case study details are frequently sparse and a complete dataset of performance
metrics and site parameters are rarely reported. As such, evaluating correlations between
site characteristics and performance metrics is challenging without having a very large
dataset of sites available. Although a large dataset of 87 modeling studies, 118 field
studies and 11 laboratory studies is available, correlations between many performance
metric and site parameter pairs could not be evaluated due to lack of data.

e Finally, there is a need for continued compilation of case studies to maintain and keep the
screening tool up-to-date. Technology developments and improvements are ongoing, and
technology performance as such can change over time. Also, increasing the dataset of
case studies as more DNAPL remediation programs are completed will improve the
accuracy of the statistics included in the tool output and allow for expanded evaluation of
the influence of site characteristics on DNAPL remediation performance and thus
improved prediction of DNAPL remediation performance.
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University, Kingston, ON.

Richards, A. 2006. Hydraulic Displacement of Dense Non-Aqueous Phase
70 27 Thesis Liquid Source Zones. M.Se. Thesis, Dept. of Civil Engineering, Queen's
University, Kingstor, ON.

Richards, A. 2006. Hydraulic Displacement of Dense Non-Aqueous Phase
HD 71 27 Thesis Liquid Source Zones. M.Se. Thesis, Dept. of Civil Engineering, Queen's
University, Kingston, ON.

Richards, A. 2006, Hydraulic Displacement of Dense Non-Aqueous Phase
72 27 Thesis Liquid Source Zones. M.Sc. Thesis, Dept. of Civil Engineering, Queen's
University, Kmgston, ON.

Richards, A. 2006. Hydraulic Displacement of Dense Non-Aqueous Phase
73 27 Thesis Liquid Source Zones. M.Sc. Thesis, Dept. of Civil Engineering, Queen's
University, Kingston, ON.

Richards, A. 2006. Hydraulic Displacement of Dense Non-Aqueous Phase
74 27 Thesis Liquid Source Zones. M.Sc. Thesis, Dept. of Civil Engineering, Queen's
University, Kingston, ON.

Richards, A. 2006. Hydraulic Displacement of Dense Non-Aqueous Phase
g4 27 Thesis Liquid Source Zones. M.Se. Thesis, Dept. of Civil Engineering, Queen's
University, Kmgston, ON.

Richards, A. 2006. Hydraulic Displacement of Dense Non-Aqueous Phase
88 27 Thesis Liquid Source Zones. M.Se. Thesis, Dept. of Civil Engineering, Queen's
University, Kingston, ON.

Richards, A. 2006. Hydraulic Displacement of Dense Non-Aqueous Phase
89 2.7 Thesis Liquid Source Zones. M.Sc. Thesis, Dept. of Civil Engineering, Queen's
University, Kingston, ON.
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Site Reference
Identifier DOR Reference
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Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
HD 242 24 Thesis Numerical Simulation, Ph.D. thesis, The University of Edinburgh,
Edinburgh, Scotland, United Kingdom. March, 2010

Levin R, Kellar E, Wilson T, Ware L, Findley I, and Bachr T. 1998. Full-
scale remediation of chlorinated solvents in clay soils by i situ chemical
oxidation. In Proceedings of the First International Conference on
Remediation of Chlorinated and Recalcitrant Compounds, vol. C1-5:
Physical, Chemical, and Thermal Technologies (Editors: Wickramanayake
GB and Hinchee RE), Monterey CA, May 18-21.

19 Conference
14

Environmental Secunty Technology Certification Program (ESTCP). 1999.

19 ESTCP Technology Status Review: In Situ Oxidation. Nov. 1999.

Environmental Protection Agency (US EPA). DNAPL Remediation:

= 2.3 Government selected projects approaching regulatory closure. December 2004.

24 2.0 Government |Confidential. Reference not available.

Wemer P. 2002. Chemical oxidation of tetrachloroethene contammation in
a fractured saprolitic bedrock aquifer. Paper 2C-44 in Proceedings of the
Third Tnternational Conference on Remediation of Chlorinated and
Recalcitrant Compounds Monterey CA, May 20-23.

29 15 Conference

FRTR, 2004. In Situ Treatment at Three Dry Cleaner Sites, Various

33 19 Web Locations. www.costperformance.org/pdf/20040706_356.pdf

Cho HJ, Fiacco RT Ir. and Daly MH. 2002. Soil vapor extraction and
36 1.9 Journal  |chemical oxidation to remediate chlormated solvents in fractured crystalline

[SCO-FP bedrock: pilot study results and lessons learned. Remediation. 12: 35-50.

Lisiecki JB and Colvin MD. 2004. Assessment and remediation of TCE
DNAPL and adjacent plume. Paper 2A-19 in Proceedings of the Fourth
37 1.7 Conference |International Conference on Remediation of Chlormated and Recalcitrant
Compounds (Chairs: Gavaskar A and Chen ASC), Monterey CA, May 24-
27.

U.S. Department of Energy. Final Report for Demonstration of In Situ

2.0 Government [Oxidation of DNAPL using the Geo-Cleanse ® Technology (Report #
WSRC-TR-97-00283). September 1997.

54 Terome KM, Looney BB, Wilson I. 1998. Field demonstration of in situ
fentons destruction of DNAPLSs. In Proceedings of the First International
Conference on Remediation of Chlorinated and Recalcitrant Compounds
(Wickramanayake GB and Hinchee RE, eds.) C1(5) 353-358.

2.0 Conference

123 2.4 Web Accessed Mar. 2007 www.costperformance.org/pdffoxidation. pdf
Harding Lawson Associates, 2000. Letter to Florida Department of
Environmental Protection 30 August 2000, Re: Chemical Oxidation

1.4 Consultant |(OxyCat) Pilot Test Report, Beaches Laundry, Florida Department of
Environmental Protection (FDEP) ID No. 169602467, Jacksonville Beach,

144 Duval County, Florida
14 a tant Harding ESE, 2001 . Remedial Alternatives Evaluation, Beaches Laundry
’ onsu and Cleaners, FDEP Facility Identification Number: 169602467,
146 1.9 Consultant |Confidential. Reference not available.
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U.S. Army Corps of Engineers, 2000. Summary Report for the In Situ
150 1.7 Government |Chemical Oxidation Remediation Pilot Study of the Bedrock Aquifer at the
Southeastern (SE) Disposal Area (DA), Letterkenny Army Depot

EA Engineering, Science, and Technology, 2004. Phase IT Chemical
151 1.8 Consultant [Oxidation Pilot Study Report, Site 3: Ball Road Landfill and Burn Pits,
Naval Support Activity, Mechanicsburg, Pennsylvania. 30 December, 2004.

EA Engineermg, Science, and Technology, 2004. Phase I Chemical
152 1.8 Consultant |Oxidation Pilot Study Report, Site 3: Ball Road Landfill and Burn Pits,
Naval Support Activity Mechnaicsburg, Pennsylvania. 29 December 2004,

DeHghi, B., Hodges, A., Feng, T.H. Full Scale Application of Fenton's

19 Consultant Reagent In Situ Chemical Oxidation.

208
CH2M HILL. Semiannual Status Report, January 2006 through Tune 2006

19 Consultant Former Baron-Blakeslee Facility, Belmont, Califormia. 24 July, 2006.

ISCO-FP

IVI Environmental, Inc. October 1998. Supplemental Site Investigation
1.4 Consultant |Report Response Action WorkPlan. Green Oaks Village Shopping Center,
Arlington, Texas. Prepared for: Today Realty Advisors.

IVI Environmental, Inc. Letter dated: March 7, 2000. Monthly Status

1.4 Consultant |Report No. 10; February 2000. To: Smith M., Voluntary Cleanup Sectior,
Remediation Division, Texas Natural Resource Conservation Commission
214

IVI Environmental, Inc. Letter dated: September 10, 2001. Monthly Status
1.4 Consultant |[Report No. 21; May-July 2001. To: Smith M., Voluntary Cleanup Section,
Remediation Division, Texas Natural Resource Conservation Commission

VI Environmental, Inc. Letter dated: February 28, 2001. Monthly Status
1.4 Consultant |Report No. 25; Tanuary 2002. To: Smith M., Voluntary Cleanup Sectior,
Remediation Division, Texas Natural Resource Conservation Commission

Department of Energy. In situ chemical oxidation using potassium
permanganate. September 1999.

Parker BI, Cherry JA and Al TA. 2002. Passive permanganate remediation
of a solvent DNAPL source zone. Paper 2C-05 in Proceedings of the Third
International Conference on Remediation of Chlorinated and Recalcitrant
Compounds Monterey CA, May 20-23.

26 21 Government

28 20 Conference

15CO-MnO4 Wemer P. 2002. Chemical oxidation of tetrachloroethene contamination in
a fractured saprolitic bedrock aquifer. Paper 2C-44 in Proceedings of the
Third Tnternational Conference on Remediation of Chlorinated and
Recalcitrant Compounds Monterey CA, May 20-23.

30 18 Conference

MacKinnon LK and Thomson NR. 2002. Laboratory-scale in situ
31 2.6 Journal  |chemical oxidation of a perchloroethylene pool using permanganate.
Toumal of Contarmmmant Hydrology 56: 49-74.
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Blicke FW, Richards K, Balba T and Landale B. 2004. Performance
evaluation of chemical oxidation treatment of chlormated groundwater
34 1.9 Conference |plumes. Paper 2A- 16 in Proceedings of the Fourth International
Conference on Remediation of Chlorinated and Recalcitrant Compounds
(Chairs: Gavaskar A and Chen ASC), Monterey CA, May 24-27.

Drescher E, Gavaskar A, Sass B, Cumming L, Drescher M and Williamson
T. 2000. Batch and column testing to evaluate chemical oxidation of

35 2.0 Conference |DNAPL source zones. In Proceedings of the Second International
Conference on Remediation of Chlorinated and Recalcitrant Compounds,
Monterey CA, May 22-25.

Ladaa T, Tingle A, Kirkpatrick T, Iehn S and Caretti T. 2004. Successful
pilot test using USP-grade potassium permanganate. Paper 2A-11 in

38 1.7 Conference |Proceedings of the Fourth International Conference on Remediation of
Chlorinated and Recalcitrant Compounds (Chairs: Gavaskar A and Chen
ASC), Monterey CA, May 24-27.

Moes M, Peabody C, Siegrist R and Urynowicz M. 2000. Permanganate
injection for source zone treatment of TCE DNAPL. Vol. C2-6 in
Proceedings of the Second International Conference on Remediation of
Chlorinated and Recalcitrant Compounds, Monterey CA, May 22-25.

39 15 Conference

Williams CL. 2002, Degradation of trichloroethene (TCE) mn a fractured
bedrock aquifer using sodium permanganate. Paper 2C-43 in Proceedings
of the Third International Conference on Remediation of Chlorinated and
Recalcitrant Compounds Monterey CA, May 20-23.

40 17 Conference

ISCO-MnO4

Hood E. 2000. Permanganate flushing of DNAPL source zones:
42 23 Thesis experimental and numerical investigation. PhD Thesis. Dept. of Civil
Engineering, University of Waterloo, Waterloo Ontario

Fittor, D. 2001 In situ chemical oxidation at Butler Cleaners, JTacksonville,
Florida. www.frtr. gov/pdffabstractsvol 5. pdf

Hood E. 2000. Permanganate flushing of DNAPL source zones:

46 25 Thesis experimental and numerical investigation. PhD Thesis. Dept. of Civil
Engineering, University of Waterloo, Waterloo Ontario

Battelle. Demonstration of ISCO Treatment of a DNAPL Source Zone at
28 Government |Launch Complex 34 in Cape Canaveral Air Station: Final Inmovative
Technology Evaluation Report. October 2002.

IT Corporation. In Situ Oxidation System Demonstration Test, Final

28 Consultant |Report, Treatment Cell C, Launch Complex 34 DNAPL Source Oxidation
Project, Cape Canaveral, FL. Revision 1, October 2000.

Siegrist RL, Lowe KS, Murdoch LC, Case TL, and Pickening DA. 1999. In
53 1.9 Journal  |situ oxidation by fracture emplaced reactive solids. Joumal of
Environmental Engineering 125: 429-440

43 23 Government

50

U.S. Environmental Protection Agency. Field Applications of In Situ

2.0 Government |Remediation Technologies: Chemical Oxidation (Report No. 542R98008)
September 1998,

LaChance IC, Reitsma S, McKay D, Baker R. In situ oxidation of
trichloroethene using potassium permanganate Part 1. Theory and design.
2.0 Conference |1998. Vol C1-5 in Proceedings of the First International Conference on
Remediation of Chlorinated and Recaleitrant Compounds, Monterey CA,
May 18-21.

58
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Site Reference
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Technology
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McKay D, Hewitt A, Reitsma S, LaChance J, Baker R. In situ oxidation of
trichloroethene using potassium permanganate Part 2. Pilot study. 1998.
58 2.0 Conference |Vol C1-5 in proceedings of the First International Conference on
Remediation of Chlorinated and Recalcitrant Compounds, Monterey CA,
May 18-21.

Gonullu T and Farquhar G. 1989. Oxidation to Remove TCE from Soil.
59 1.9 Academic |Dept. of Civil Engineering, University of Waterloo, Waterloo, ON.
Accessed Dec. 2005, www.civil. uwaterloo.ca/groundwater/oxlitrev html

60 19 Web Navon, D. and Pirnie, M. 2005 www clu-in org/fracrock/

Mundle K. 2006. Concentration Rebound Following In Situ Chermical
91 29 Thesis Oxidation in Fractured Clay. M.Sc. Thesis, Dept. of Civil Engineering,
Queen's University, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chemical
92 29 Thesis Oxidation in Fractured Clay. M. Sc. Thesis, Dept. of Civil Engineering,
Queen's University, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chemical
93 29 Thesis Oxidation in Fractured Clay. M.Sc. Thesis, Dept. of Civil Engineering,
Queen's University, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chemical
94 29 Thesis Oxidation in Fractured Clay. M.Sc. Thesis, Dept. of Civil Engineering,
Queen's Umversity, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chemical
95 29 Thesis Oxidation in Fractured Clay. M. Sc. Thesis, Dept. of Civil Engineering,
Queen's University, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chermical
97 29 Thesis Oxidation in Fractured Clay. M.Sc. Thesis, Dept. of Civil Engineering,
Queen's Umversity, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chemical
98 29 Thesis Oxidation in Fractured Clay. M. Sc. Thesis, Dept. of Civil Engineering,
Queen's University, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chemical
99 29 Thesis Oxidation in Fractured Clay. M. Sc. Thesis, Dept. of Civil Engineering,
Queen's University, Kingston, ON.

Mundle K. 2006, Concentration Rebound Following In Situ Chermical
100 29 Thesis Oxidation in Fractured Clay. M.Sc. Thesis, Dept. of Civil Engineering,
Queen's Umversity, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chemical
101 29 Thesis Oxidation in Fractured Clay. M. Sc. Thesis, Dept. of Civil Engineering,
Queen's University, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chernical
102 29 Thesis Oxidation in Fractured Clay. M.Sc. Thesis, Dept. of Civil Engineering,
Queen's University, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chemical
103 29 Thesis Oxidation in Fractured Clay. M.Sc. Thesis, Dept. of Civil Engineering,
Queen's Umversity, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chemical
104 29 Thesis Oxidation in Fractured Clay. M. Sc. Thesis, Dept. of Civil Engineering,
Queen's University, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chermical
105 29 Thesis Oxidation in Fractured Clay. M.Sc. Thesis, Dept. of Civil Engineering,
Queen's University, Kingston, ON.

ISCO-MnO4
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Mundle K. 2006. Concentration Rebound Following In Situ Chemical
106 29 Thesis Oxidation in Fractured Clay. M. Sc. Thesis, Dept. of Civil Engineering,
Queen's University, Kingston, ON.

Mundle K. 2006. Congcentration Rebound Following In Situ Chemical
107 29 Thesis Oxidation in Fractured Clay. M.Sc. Thesis, Dept. of Civil Engineering,
Queen's Umversity, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chemical
108 29 Thesis Oxidation in Fractured Clay. M. Sc. Thesis, Dept. of Civil Engineering,
Queen's University, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chemical
109 29 Thesis Oxidation in Fractured Clay. M.Sc. Thesis, Dept. of Civil Engineering,
Queen's University, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chemical
110 29 Thesis Oxidation in Fractured Clay. M.Sc. Thesis, Dept. of Civil Engineering,
Queen's Umversity, Kingston, ON.

Mundle K. 2006. Concentration Rebound Following In Situ Chemical
111 29 Thesis Oxidation in Fractured Clay. M. Sc. Thesis, Dept. of Civil Engineering,
Queen's University, Kingston, ON.

Viellenave JH, Lauer JP, Fontana, J'V. Using Risk Based Cleanup Goals for
In Situ Chemical Oxidation of PCE in Vadose Zone Soils Under a
Voluntary Cleanup Program.

http://ipec.utulsa.edu/conf2002/viellenave lauer fontana 66.pdf

122 1.7 Web Accessed Mar. 2007, http://costperformance org/pdffisco perm.pdf
Shaw Environmental Inc., 2005. Alaric Superfund Site-Tampa, FL. Interim
143 1.7 Consultant [Remedial Action Vital Signs Report V7.0, November 1, 2004 to October
31, 2005.

122 1.7 Web

ISCO-MnO4

West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone

159 2.7 Thesi . R . . . .
SIS Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

West, M. R. (2009), Mathematical Modellng of DNAPL Source Zone

163 29 Thesis Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone

167 29 Thesi L R . . . .
osIs Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone

171 29 Thesis Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

West, M. R. (2009), Mathematical Modellmg of DNAPL Source Zone

173 27 Thesis Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone

179 29 Thesi o . . . . .
RIS Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone

182 29 Thesis Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone

186 29 Thesis Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario
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West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone

190 29 Thesis Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone

198 29 Thesi o R . . . .
SIS Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

U.S. Environmental Protection Agency, Region 1, Boston Massachusetts.
207 22 Government [Five-Year Review, Eastern Surplus Company Superfund Site,
Meddybemps, Maine. 29 September 2006.

IT Corporation .April 4, 2002, Response Action Progress Report, Former
212 1.7 Consultant  [Dry Cleaner Tract, McKinney and Lemmon Avenue East, Dallas, Texas.
Prepared for: Mr. Neal Sleeper, Blackburn Central Holdings, L.P.

Pastor, Behling & Wheeler, LLC. .April 7, 2004. Site Investigation Report
212 1.7 Consultant  [Addendum, Source Tract, McKinney and Lemmon Avenue East, Dallas,
Texas. Prepared for: Blackburn Central Holdings, L.P.

U.S. Environmental Protection Agency. September 1998.(EPA 542-R-98-
1.8 Government [008) Field Applications of In Situ Remediation Technologies, Chemical
Oxidation.

215
U.S. DOE, Implementation of Deep Soil Mixing at the Kansas City Plat,

18 Government Oak Ridge National Laboratory, Grand Junction, CO, February 1997

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
233 27 Thesis Numerical Simulation, Ph.D. thesis, The University of Edinburgh,
ISCO-MnO4 Edinburgh, Scotland, United Kingdom. March, 2010

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
234 2.7 Thesis Numerical Simulation, Ph.D. thesis, The University of Edinburgh,
Edinburgh, Scotland, United Kingdom. March, 2010

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
235 2.7 Thesis Numerical Simulation, Ph.D. thesis, The University of Edinburgh,
Edinburgh, Scotland, United Kingdom. March, 2010

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
236 27 Thesis Numerical Simulation, Ph.D. thesis, The University of Edinburgh,
Edinburgh, Scotland, United Kingdom. March, 2010

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
237 29 Thesis Numerical Sunulation, Ph.D. thesis, The University of Edinburgh,
Edinburgh, Scotland, United Kingdom. March, 2010

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
238 2.7 Thesis Numerical Simulation, Ph.D. thesis, The University of Edinburgh,
Edinburgh, Scotland, United Kingdom. March, 2010

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
239 2.7 Thesis Numerical Simulation, Ph.D. thesis, The University of Edinburgh,
Edinburgh, Scotland, United Kingdom. March, 2010

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
240 29 Thesis Numerical Sunulation, Ph.D. thesis, The University of Edinburgh,
Edinburgh, Scotland, United Kingdom. March, 2010

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
241 29 Thesis Numerical Simulation, Ph.D. thesis, The University of Edinburgh,
Edinburgh, Scotland, United Kingdom. March, 2010

Kerfoot, W., K-V Associates. Accessed Sept. 2005. www.clu-

in org/products/siteprof/sitedtl.cfm?mid=50

1SCO-Ozone 49 1.7 Web
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Site Reference
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Puls R, Olson M, and Sale T. ZVI-clay soil mixing treats DNAPL source
13 22 Newsletter |area at 35-foot depth. Technology News and Trends, February 2006.
http://www.cluin. org/products/news ltrs/tnandt/view. ofin 7issue=0206.cfm#2

Quinn J, Geiger C, Clausen C, Brooks K, Coon C, O'Hara S, Krug T, Major
D, Yoon W3, Gavaskar A, Holdsworth T. 2005. Field demonstration of
DNAPL dehalogenation using emulsified zero-valent iron. Environmental
Science and Technology 39: 1309-1318.

Farrell, T. Site Profile: Butler Cleaners (#2). Accessed Nov. 2005.
http://www.drycleancoalition. org/profiles/display.cfm?id=10

Siegrist RL, Lowe KS, Murdoch LC, Case TL, and Pickenng DA. 1999. In
52 1.9 Journal  |situ oxidation by fracture emplaced reactive solids. Joumnal of
Environmental Engimeering 125: 429-440

Environmental Security Technology Certification Program (ESTCP). Cost
15 2.6 ESTCP  |and Performance Report: Surfactant Enhanced DNAPL Removal (CU-
9714). Aug. 2001.

Childs J, Acosta E, Annable M, Brooks M, Enfield C, Harwell J, Hasegawa
M, Knox R, Suresh P, Rao D, Shiau B, Szekeres E and Wood L. 2006.

16 26 Journal  |Field demonstration of surfactant-enhanced solubilization of DNAPL at
Dover Air Force Base, Delaware. Journal of Contaminant Hydrology 82: 1-
22.

Other 21 30 Tournal

44 2.1 Web

Londergan I, Meimardus H, Mariner P, Jackson R, Brown C, Dwarakanath
V, Pope G, Ginn J and Taffinder S. 2001. DNAPL removal from a
heterogeneous alluvial aquifer by surfactant-enhanced aquifer remediation.
Groundwater Momtoring and Remediation Fall 2001: 57-67.

18 17 Tournal

Drummond CD, Lemke LD, Rathfelder KM, Hahn ET, and Abriola LM.
2000. Simulation of surfactant-enhanced PCE recovery at a pilot test field
site. Vol. C2-2 in Proceedings of the Second International Conference on
Remediation of Chlormated and Recaleitrant Compounds
(Wickramanayake G, Gavaskar AR, and Gupta N., eds.). Battelle Press,
SEAR Columbus, Ohio. pp. 77-84.

61 1.5 Conference

Holzmer FI, Pope GA, and Yeh L. 2000. Surfactant-enhanced aquifer
remediation of PCE-DNAPL in low-permeability sand. Vol C2-2 in

63 25 Conference |Proceedings of the Second International Conference on Remediation of
Chlorinated and Recalcitrant Compounds (Wickramanayake G, Gavaskar
AR, and Gupta N., eds.). Battelle Press, Columbus, Ohio. pp. 187-193.

Suchomel EJ and Permell KD. 2004. Assessment of Contaminant Plume
Development Following Surfactant-Based DNAPL Source Zone Treatment.
76 22 Conference |Paper 5C-01 in Proceedings of the Fourth International Conference on
Remediation of Chlormated and Recaleitrant Compounds (Chairs: Gavaskarf
A and Chen ASC), Monterey CA, May 24-27.

ITRC DNAPL Team Case Summary Report: Alameda Naval Air Station,
132 2.7 Government |Alameda, California.

http://www.itreweb.org/Documents/DNAPLs-3.pdf

Martel R; Gelinas PJ;, Saumure L. Aquifer washing by micellar solutions:
142 24 Journal  |Field test at the Thouin Sand Pit (L' Assomption, Quebec, Canada). Journal
of Contaminant Hydrogeology. 1998, 30: 33-48
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162 20 Thesis West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone
i Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

166 25 Thesis West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone
’ Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

170 20 Thesis West, M. R. (2009), Mathematical Modellng of DNAPL Source Zone
i Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

178 25 Thesis West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone
i Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

181 29 Thesis West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone
’ Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

185 20 Thesis West, M. R. (2009), Mathematical Modellmg of DNAPL Source Zone
i Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

189 29 Thesis West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone
i Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

103 29 Thesi West, M. R. (2009), Mathematical Modellng of DNAPL Source Zone
i os1S Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

. West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone
197 29 Thesis Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

201 2 Thesis West, M. R. (2009), Mathematical Modelling of DNAPL Source Zone

Remediation, Ph.D. thesis, 431 pp, Queen's University, Kingston, Ontario

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
243 29 Thesis Numerical Simulation, Ph.D. thesis, The University of Edinburgh,
Edinburgh, Scotland, United Kingdom. March, 2010

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
244 29 Thesis Numerical Simulation, Ph.D. thesis, The University of Edinburgh,
Edinburgh, Scotland, United Kingdom. March, 2010

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
245 29 Thesis Numerical Simulation, Ph.D. thesis, The University of Edinburgh,
Edinburgh, Scotland, United Kingdom. March, 2010

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
246 29 Thesis Numerical Simulation, Ph.D. thesis, The University of Edinburgh,
Edinburgh, Scotland, United Kingdom. March, 2010

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
247 29 Thesis Numerical Simulation, Ph.D. thesis, The University of Edinburgh,
Edinburgh, Scotland, United Kingdom. March, 2010

Pang, T. W. (2010), DNAPL Remediation of Fractured Rock Evaluated via
248 29 Thesis Numerical Simulation, Ph.D. thesis, The University of Edinburgh,
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Abstract

Hydraulic displacement is a mass removal technology suitable for stabilization of
a DNAPL source zone, where stabilization is defined as reducing DNAPL saturations and
reducing the risk of future pool mobilization. High resolution three-dimensional
multiphase flow simulations incorporating a spatially correlated, heterogeneous porous
medium illustrate that hydraulic displacement results in an increase in the amount of
residual DNAPL present, which in turn results in increased solute concentrations in
groundwater, an increase in the rate of DNAPL dissolution, and an increase in solute
mass flux. A higher percentage of DNAPL recovery is associated with higher initial
DNAPL release volumes, lower density DNAPLs, more heterogeneous porous media,
and increased drawdown of groundwater at extraction wells. The fact that higher rates of
recovery are associated with more heterogeneous porous media stems from the fact that
larger contrasts in permeability provide for a higher proportion of capillary barriers upon
which DNAPL pooling and lateral migration can occur. Across all scenarios evaluated
in this study, the ganglia to pool (GTP) ratio generally increased from approximately 0.1
to between approximately 0.3 and 0.7 depending on the type of DNAPL, the degree of
heterogeneity, and the imposed hydraulic gradient. The volume of DNAPL recovered as
a result of implementing hydraulic displacement ranged from between 9.4% and 46.1%
of the initial release volume, with the largest percentage recovery associated with 1,1,1

TCA, the least dense of the three DNAPLSs considered.



1.0 - Introduction

Dense, non-aqueous phase liquids (DNAPLs) will distribute themselves in the
subsurface as both disconnected blobs and ganglia of organic liquid referred to as
residual, and in connected distributions referred to as pools. Pooled DNAPL frequently
accumulates above capillary barriers, eventually achieving hydrostatic equilibrium with
pool thickness typically varying from centimeters to meters (Kueper et al., 2004).
Manipulating the hydraulic gradient has the potential to mobilize pooled DNAPL while
residual DNAPL remains immobilized by capillary forces. An increase in hydraulic
gradient can be implemented through the use of injection and extraction wells, or
extraction wells alone, to create a capillary pressure imbalance across the pools resulting
in the mobilization of DNAPL towards the extraction wells. Once having reached the
well, DNAPL will enter the well screen as a result of both hydraulic gradient induced
mobilization and gravity.

The recovery of pooled DNAPL from the subsurface by means of
injection/extraction wells is referred to in a variety of ways including hydraulic
displacement, waterflooding (Craig, 1971; Willhite, 1986) and dual phase extraction
(Gerhard et al., 2001). It can be employed as a remedial option at sites exhibiting pooled
DNAPL in order to (1) remove DNAPL mass, and (2) reduce pool heights and saturations
so as to reduce the risk of future DNAPL mobilization (referred to as source zone
stabilization). Hydraulic displacement can be employed with or without injection wells;
the use of injection wells along with extraction wells, however, typically results in steeper
hydraulic gradients and therefore faster rates of DNAPL recovery.

Hydraulic displacement was initially employed by the petroleum industry as a

secondary recovery procedure (Craig, 1971). More recently, hydraulic displacement has

3



been applied to DNAPL source zones, in some cases using horizontal wells to address
large DNAPL accumulations below the watertable (e.g., Sale and Applegate, 1997;
Gerhard et al., 1998). Selection of injection and extraction well placement is influenced
by the DNAPL fluid properties, the characteristics of the pool(s) and subsurface geology,
and the specific remedial action objectives. Extraction wells placed at the base of a large
accumulation of DNAPL tend to experience the largest recovery by taking advantage of
gravity drainage. Recovery rates of DNAPL in extraction wells are typically highest at
early time and decrease over time due to depletion in pool height and reduction of
DNAPL relative permeabilities. Intermittent pumping of extraction wells is an effective
means for reducing the amount of contaminated groundwater extracted while maximizing
DNAPL yield by allowing DNAPL saturations and relative permeabilities to recover
periodically (Gerhard et al., 2001).

DNAPL will dissolve into groundwater prior to, during and following hydraulic
displacement operation. Partitioning of components from the DNAPL phase to
groundwater has been examined extensively via both experiments and modeling (e.g.,
Miller et al., 1990; Powers et al., 1992; Powers et al., 1994; Imhoff et al., 1993; Saba and
Illangasekare, 2000; Nambi and Powers, 2003; Grant and Gerhard, 2007a,b). At the field
scale, pooled DNAPL will dissolve more slowly than residual DNAPL due to reduced
relative permeability to water at high DNAPL saturations. This results in groundwater
bypassing around DNAPL pools (similar to flow around low permeability lenses), and the
low water flux through and adjacent to DNAPL pools limits mass removal (Brusseau et

al., 2002; Parker and Park, 2004). Hydraulic displacement is expected to increase the



ganglia-to-pool (GTP) ratio of a source zone and thereby modify the groundwater flow
field and thus affect global mass transfer rates.

The objective of this study is to examine the efficacy of hydraulic displacement
on the removal of pooled DNAPL from heterogeneous porous media through the use of
vertical injection and withdrawal wells. A two-phase numerical flow model was
employed to simulate DNAPL infiltration, redistribution, and recovery through hydraulic
displacement for a number of scenarios. Specifically, this study examined the sensitivity
of source zone mass removal and DNAPL distribution to (i) DNAPL type, (i1) degree of
porous media heterogeneity, (iii) release volume, and (iv) hydraulic gradient. To evaluate
the effect of hydraulic displacement on mass transfer, dissolution simulations were
carried out both before and after hydraulic displacement. Specific metrics that were
evaluated in this context included ganglia-to-pool ratio, groundwater concentration, and

mass flux changes.

2.0 - Numerical Modd

This work employed the three-dimensional two-phase flow reactive transport
model DNAPL3D-RX (West et al., 2008). This model was developed for the simulation
of DNAPL infiltration and redistribution, mass transfer between the non-aqueous and
aqueous phases, and advective—dispersive aqueous phase reactive transport of
contaminants in heterogeneous porous media. This was achieved by coupling the
migration model DNAPL3D [Gerhard et al., 1998, Gerhard and Kueper, 2003a,b,c] and
the dissolved phase reactive multispecies transport model RT3D (version 2.5) (Clement,
1997, 2003; Clement et al., 1998) through a mass transfer module (Grant and Gerhard,

2007a,b).



The model employs a seven-point node-centered finite difference scheme to
discretize the three-dimensional multiphase flow equations, formulated in terms of two

unknowns Py and Sy (Kueper and Frind, 1991):
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where i,j = x, y, z and are spatial coordinates, k; [L?] is a second order tensor defining the
porous medium permeability, k. » and &,y are the relative permeabilities of the wetting
and non-wetting phases respectively [-], pw is the non-wetting phase density [M/L"], y is
the non-wetting phase viscosity [M/L T], Pc and Py are the capillary and wetting phase

pressures with P, = B, + P, where Py is the non-wetting phase pressure [M/L T?], g is the
gravitational constant [L/T*], and Sy [-] is the non-wetting phase saturation with
Sy +Sy =1.

The advection-dispersion equation utilized by the multi-component transport

model, formulated in terms of the single unknown, Ck, is (Zheng, 1990):
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where C is the aqueous phase concentration of component K [M/L], 2R, is a chemical
reaction term which can be used to include effects of general biochemical and
geochemical reactions (set to zero for this study), ¢,Ck s represent the external supply of
species K to the o phase through biotic and abiotic transformations with ¢, representing
the volumetric flow rate per unit volume of aquifer representing fluid sources and sinks
[L*/T], and v, ; 1s the groundwater velocity calculated according to Darcy’s Law (Bear,

1972):

4)

The groundwater velocity is calculated by DNAPL3D as part of the solution to (1) and
(2), where it is influenced by DNAPL saturation via the relative wetting phase
permeability function, and then is passed to MT3D for solution of (3).

DNAPL3D and MT3D are coupled by a mass transfer routine that permits the
user to select one of a variety of published, local, mass transfer expressions. A standard
split-operator (SO) approach is used to link the two sub-models, where a DNAPL
migration time step is followed by dissolved phase transport performed over the same
time period. A source of error proportional to the numerical time step size is introduced
in split-operator approaches (Barry et al., 2002). After a dissolution and aqueous phase
transport step is solved, the saturation change at every node is updated, and if any single
node exceeds a user-specified tolerance then the migration and dissolution steps are rerun

with a smaller timestep.

3.0 - Numerical Simulations



DNAPL releases into a heterogeneous porous media domain were simulated prior
to performing hydraulic displacement simulations. The model domain spanned 20.0 m in
both lateral dimensions (x and z) and 5.0 m in the vertical dimension (y). A nodal spacing
of 0.4 m in the x and z directions and 0.05 m in the y direction discretized the domain
into 250,000 nodes. Each node was assigned a permeability value using a spatially
correlated random field generator (FGEN) (Robin et al., 1993), thereby creating a
heterogeneous, horizontally stratified deposit.

Initially, the entire domain was saturated with wetting fluid (water). The four
vertical faces of the rectangular domain were assigned boundary conditions that specified
(1) constant wetting phase pressures distributed hydrostatically, and (ii) zero non-wetting
phase flux which prohibited DNAPL migration outside of the domain. Water pressures
specified on the upgradient vertical face were slightly higher than along the downgradient
vertical face, such that an ambient hydraulic gradient of 0.001 was achieved in the
positive x-direction. The top (water table) and bottom boundaries were assigned zero
fluxes for both the non-wetting and wetting phases, except for the DNAPL source
location. To simulate a DNAPL release, a 0.4 m x 0.4 m x 0.05 m high non-wetting
phase source boundary was specified at the center of the top boundary via a constant

wetting phase pressure of 0.0 Pa and a constant non-wetting phase saturation of 0.50.

3.1 —-Base Case Simulation
The base case permeability field was log-normally distributed and characterized
by a mean In-k (m?®) of -27.6 and a variance of In-k of 2.0 (moderate heterogeneity).

Correlation lengths of 3.0 m for x and z (7.5 nodes) and 0.2 m for y (4 nodes) were used



to create horizontally stratified deposits with grain sizes ranging from silt to medium
sand. All porous medium and fluid properties employed for the base case scenario are
listed in Tables 1 and 2. For the base case, the non-wetting fluid properties are

characteristic of trichloroethylene (TCE), a common chlorinated solvent DNAPL.

Table 1 —Base case simulation input parameters. See Gerhard and Kueper
(2003a,b) for further definition and explanation of model input parameters.

Parameter Value
Wetting phase density 1000 kg/m’
Non-wetting phase density 1460 kg/m’
Wetting phase viscosity 0.001 Pa-s
Non-wetting phase viscosity 0.00057 Pa-s
DNAPL-water interfacial tension 0.020 N/m
Porosity 0.30
Residual wetting phase saturation 0.13
Emergence saturation 0.92
Terminal/Displacement pressure ratio 0.52
Maximum non-wetting phase relative permeability 0.85
Maximum non-wetting phase residual saturation 0.25
Drainage pore size distribution index 2.50
Wetting pore size distribution index 1.25

The base case simulation release involved activating the source boundary
condition until 7.57 m® (2000 gallons) of DNAPL had entered the domain. The source
boundary condition was then eliminated and the infiltrated DNAPL was allowed to
redistribute until migration effectively ceased (i.e., approximately 95% occupation of the

total number of nodes ultimately invaded) which, for the base case, occurred after



approximately 14 years. This distribution of DNAPL was then utilized as the initial
condition for the hydraulic displacement simulation.

Hydraulic displacement was simulated employing a total of six fully penetrating
wells: three for water injection in the upgradient portion of the domain and three for the
extraction of both DNAPL and water in the downgradient portion of the domain. For the
base case, three evenly spaced injection wells were placed 1.0 m away from the
upgradient boundary (6.4 m between each outer well and the center well). Similarly, three
evenly spaced extraction wells were placed 1.0 m from the downgradient boundary. The
well boundary conditions comprised constant, hydrostatically distributed wetting phase
pressures and a constant wetting phase saturation equal to 1.0, which dictates
instantaneous removal of DNAPL upon entering the well. Drawdown was specified
through the wetting phase pressures and was set to 2.0 m for the base case. All hydraulic
displacement runs simulated 200 days of source zone treatment, by which time the
majority of runs were observed to reach a maximum for cumulative DNAPL volume
recovery. DNAPL migration and hydraulic displacement simulations were conducted
with the mass transfer routine inactive, which is a reasonable approach for low to

moderate solubility DNAPLs given the time scales of interest.

3.2 — Senditivity Analysis Simulations

Table 2 lists the base case (Run 1) and 12 sensitivity simulations, each one
modifying a single parameter from the base case. Runs 2 and 3 varied the volume of
DNAPL released to form the source zone, Runs 4 and 5 varied the DNAPL type (see

Table 3 for fluid properties), Runs 6 and 7 varied the mean hydraulic conductivity of the

10



generated permeability field (maintaining the same structure), Runs 8 and 9 varied the
variance of the permeability field (maintaining the same structure), Runs 10 and 11
varied the hydraulic gradient (by varying the drawdown) employed during treatment, and
Runs 12 and 13 varied the injection and extraction well spacing. Runs 2 — 9 involved re-
simulating the DNAPL release and redistribution phase, whereas Runs 10 — 13, looking at
modifications to the hydraulic displacement design, utilized the DNAPL distribution from
the base case. For each simulation, the parameters evaluated with time included (i) the
volume of DNAPL recovered by the extraction wells, (ii) the number of nodes invaded by
DNAPL and the fractions exhibiting pooled and residual saturations (i.e., the ganglia-to-
pool ratio), and (iii) the distribution of DNAPL saturations.

Table 2 — Schedule of ssimulations (T CE = trichloroethylene, PCE =
tetrachloroethylene, TCA =1,1,1 trichlor oethane)

Run# | DNAPL | Yolume | MeanK g . e s;Z;llllg Drawdown

(m”) (m/s) (m) (m)
1 TCE 7.57 1x10” 2.00 6.4 2.0
2 TCE 1.89 1x107 2.00 6.4 2.0
3 TCE 18.9 1x107 2.00 6.4 2.0
4 TCA 7.57 1x107 2.00 6.4 2.0
5 PCE 7.57 1x107 2.00 6.4 2.0
6 TCE 7.57 1x10™ 2.00 6.4 2.0
7 TCE 7.57 1x10° 2.00 6.4 2.0
8 TCE 7.57 1x107 1.00 6.4 2.0
9 TCE 7.57 1x107 4.00 6.4 2.0
10 TCE 7.57 1x10” 2.00 6.4 0.5
11 TCE 7.57 1x107 2.00 6.4 1.0
12 TCE 7.57 1x107 2.00 8.0 2.0
13 TCE 7.57 1x107 2.00 3.6 2.0

1-7.57 m’ =2000 US gallons, 1.89 m’ = 500 US gallons, 18.9 m’ = 5000 US gallons
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Table 3 —Fluid properties

. Aqueous Effective Diffusion . .
Density o . Viscosity
Compound (ke/m’) Solubility Coefficient (cP)
& (mg/L) (m?/s)
1,1,1- Trichloroethane 1350 1300 6.4E-10 0.84
Trichloroethylene 1460 1100 6.6E-10 0.57
Tetrachloroethylene 1630 200 6.0E-10 0.89

3.3—-DNAPL Dissolution

A select number of dissolution simulations (one each for TCE, PCE and TCA)
were performed to assess changes in aqueous phase concentrations attributable to
hydraulic displacement. Local scale mass transfer rate coefficients were predicted by the

correlation model of Nambi and Powers (2003):

ShD
K= : 0 (5)
Sh=37.28* Re"® (6)

where Sh is the Sherwood number [-], /. [L] is the median grain size and D, [L¥T] is the
diffusion coefficient for the contaminant in water, S, [-] is the non-wetting phase

saturation and Re (vp,ds,/ i) is the Reynolds number, calculated by the model at each

node at each timestep utilizing:
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y=-1 (7)

where ¢ is the Darcy flux [L/T] solved for at the node, ¢ is the porosity of the medium [-]

and Se is the effective saturation [-] of the node. Nambi and Powers (2003) was chosen
as the most appropriate, published correlation model because it was derived from multi-
dimensional experiments characterized with heterogeneous porous media and relatively
high initial NAPL saturations.

The effective diffusion coefficient (Table 3) was calculated via D, = D,z where

7 1s the tortuosity, assigned a value of 0.7 (consist with medium to fine grained sands) and
the median grain size (/.) was represented by dsp = 0.05 cm. Diffusion coefficients are
calculated according to Wilke and Change (1955) and Lyman et al. (1982). Dissolution
simulations employed the same boundary conditions as the DNAPL infiltration
simulations, namely a uniform, ambient hydraulic gradient of 0.001 in positive x and no

injection or extraction wells. These runs simulated 10 years of dissolution.

4.0 - Results and Discussion

4.1 - Hydraulic Displacement Simulations

Figures 1 and 2 superimpose on the permeability field the spatial distribution of
DNAPL saturations before and after hydraulic displacement, respectively, for the base
case simulation. Visual inspection indicates that a substantial number of discrete DNAPL
pools with moderate to high saturations are present in the subsurface prior to hydraulic

displacement. In contrast, Figure 2 reveals that these pools generally decrease in
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saturation following hydraulic displacement (with a few exceptions) and that the

remaining DNAPL is spread through a larger portion of the domain.

Figure 1l - Base case DNAPL distribution before hydraulic displacement. Grey scale
represents hydraulic conductivity field, with darker shadesrepresenting lower
permeabilities. Color scalerepresents DNAPL saturation expressed as fraction of
por e space.
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Figure 2 - Base case DNAPL distribution before hydraulic displacement. Grey scale
represents hydraulic conductivity field, with darker shadesrepresenting lower
permeabilities. Color scalerepresents DNAPL saturation expressed as fraction of
por e space.

Figure 3 presents the volume of subsurface invaded by DNAPL (expressed as the
percentage of model domain nodes invaded by DNAPL) versus time for the base case
scenario. The figure further identifies the fraction of nodes experiencing drainage,
experiencing wetting, and existing at residual. In this context, drainage refers to DNAPL
displacing water, wetting refers to water displacing DNAPL, and residual refers to
locations (i.e., nodes) in which DNAPL continuity is lost. The definition of residual in
the model is that capillary pressure for a node has decreased to the terminal pressure,
which is the capillary pressure associated with complete residual formation and loss of

non-wetting phase continuity (Gerhard and Kueper, 2003a,b); this strict definition of
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residual implies that a large fraction of the invaded subsurface may have low DNAPL
saturations at late time, but not be classified as residual. All nodes containing DNAPL
that are not at residual are referred to as exhibiting pooled DNAPL, denoting their
continuity of DNAPL with adjacent nodes and potential for mobilization.

Figure 3 demonstrates that approximately 5.6% of the model domain nodes are
occupied by DNAPL at the start of hydraulic displacement (i.e., the end of migration and
redistribution) for the base case simulation. Figure 3 further demonstrates that greater
than 90% of the DNAPL body is experiencing drainage conditions while the DNAPL
source is active; however, once the source is terminated, this fraction steadily decreases
to approximately 60% at end of the DNAPL redistribution period. This corresponds to
increases in the fractions experiencing wetting and residual, achieving 21% and 7%,
respectively, of the subsurface invaded by the DNAPL body at the start of hydraulic
displacement. Similar trends in nodal distribution are observed for all simulations with
the major difference associated with the time required for complete redistribution of the
DNAPL released (ranging from 6 to 34 years, figures not shown). Migration timescale
has been demonstrated to be correlated to mean intrinsic permeability, DNAPL release

volume, and DNAPL fluid properties (Gerhard et al., 2007).
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Figure 3 — Base case simulation per centage of model domain nodesinvaded by
DNAPL (drainage, residual, wetting and total).

The volume of DNAPL recovered by the extraction wells in the base case
simulation is 2.37 m’ (626 gallons) [31% of the initial volume of DNAPL present].
Figure 3 illustrates that hydraulic displacement brings about an increase (from 5.6% to
7%) in the volume of subsurface occupied by DNAPL. Hydraulic displacement brings
about an abrupt increase in the amount of residual DNAPL during the 200 day treatment
period. This is accompanied by the simultaneous decrease in locations experience
wetting, although the magnitude of the decrease does not entirely offset the increase in
residual. The total increase in subsurface volume invaded is observed to result from a
combination of increased locations on drainage (i.e., DNAPL driven into previously
unoccupied pores) and previously occupied pore space driven to residual. This pattern is
repeated for all simulations, although the magnitudes of the changes in each case vary

(figures not shown).
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The DNAPL recovery results for all 13 simulations are presented in Figures 4 - 6,
with each curve providing the cumulative DNAPL volume recovered summed over all
extraction wells. Characteristic of oil and DNAPL extraction data, all curves exhibit an
initial rapid recovery rate that decreases and eventually plateaus over time. This is due to
the high relative permeability to DNAPL that exists at the initially high DNAPL
saturations, and the rapid decrease in DNAPL permeability as saturations decrease.
Figure 4 illustrates that DNAPL recovery rate and final extracted volume is highly
sensitive to the original amount released. Moreover, the recovered volume does not
increase proportionally to the volume released; only 9.35% of the 1.89 m® (500 gallon)
TCE release is recovered, compared to 31% of the 7.57 m’ (2000 gallon) TCE release,
and 45% of the 18.9 m® (5000 gallon) TCE release (which is an underestimate of the
potential total since 200 days of hydraulic displacement was insufficient to reach the
recovery plateau in this simulation). It is also observed that the final recovered volume of
the lower density DNAPL (TCA) is approximately twice that of the higher density
DNAPL (PCE), attributable to the greater ability of lower density DNAPL to form pools

above capillary barriers.
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Figure 4 — DNAPL volume recovery comparisonsfor DNAPL typeand initial
volume of DNAPL released.

Figure 5 reveals that DNAPL recovery is sensitive to the mean and variance of
hydraulic conductivity of the aquifer. Both lower mean hydraulic conductivity and
higher variance of permeability correspond to increased final amounts of DNAPL
recovered. This contrasts with general expectations that overall higher hydraulic
conductivity and smaller variations in hydraulic conductivity (less heterogeneity)
typically are considered beneficial for remedial flushing technologies. In the case of
hydraulic displacement, however, the technology benefits from overall lower hydraulic
conductivity and greater variations in hydraulic conductivity because these conditions
provide the capillary barriers capable of supporting pooled DNAPL (higher GTP ratio).
A larger proportion of capillary barriers provides for more lateral DNAPL spreading,

more formation of pools, the accumulation of higher saturations within pools, and less
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vertical plunging of the infiltrating DNAPL prior to application of hydraulic

displacement.
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Figure5- DNAPL volumerecovery comparisonsfor different mean hydraulic
conductivity and degree of heter ogeneity (variance).

Figure 6 demonstrates that DNAPL recovery for the base case release scenario is
less sensitive to injection/extraction well spacing than to the other parameters
investigated. While some early time sensitivity to well spacing is demonstrated, the final
recovered volumes are not significantly different. This conclusion may be limited to the
scale of this study, however, since it is expected that in the general case, fewer wells
would ultimately result in less DNAPL recovery. Figure 6 also demonstrates that
decreases in extraction well drawdown resulted in reductions in the DNAPL volume

recovered because of the weaker hydraulic gradients that were achieved.
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Figure 7 presents the distribution of DNAPL saturations as grouped in 10%
intervals both before and immediately after hydraulic displacement for the base case
simulation. The figure reveals that a significant fraction of the DNAPL is present at high
saturations within the domain prior to hydraulic displacement, providing the potential for
DNAPL recovery. For the DNAPL volume not extracted, hydraulic displacement clearly
decreases the highest saturation regions and shifts the distribution towards low and
residual DNAPL saturations present in the domain. Similar shifts in saturation
distribution were exhibited in all 13 hydraulic displacement simulations; in summary,
those parameters associated with increased lateral spreading during release and increased
DNAPL recovery during HD (decreased DNAPL density, increased release volume,

decreased mean permeability, and increased variance of permeability) all presented initial
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saturation distributions skewed towards the higher saturation bins and substantial

reductions in those bins following HD (figures not shown).
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Figure 7 — Base case simulation distribution of nodal DNAPL saturation (fraction of
por e space) before and after hydraulic displacement.

Figure 8 presents the pre- and post-hydraulic displacement GTP (ganglia to pool)
ratios for all simulations. In all cases, hydraulic displacement results in a substantial
increase in the GTP ratio. The greatest increases (GTP ratio between 0.50 and 0.70) are
associated with those simulations exhibiting the highest initial DNAPL saturations and
largest DNAPL recovery volumes. As mentioned previously, a strict definition of
residual is employed; hence, Figure 8 may be biased towards low GTP ratios for

‘practical’ purposes.

22



0.8 1
u Pre Hydraulic Displacement

0.7 1 m Post Hydraulic Displacement

0.6 1

0.5 A

0.4 A

Ganglia To Pool Ratio

0.3 A

0.2 1

0.1 A

1 2 3 4 5 6 7 8 9 10 11 12 13

Simulation

Figure 8 - Ganglia to pool ratio before and after hydraulic displacement.

4.2 - Dissolution Simulations

Figure 9 presents the results of the TCE base case dissolution simulation, both in
terms of average concentration and average mass flux at the downgradient (exit) face of
the domain. In each case a simulation examining 10 years of plume evolution following
200 days of hydraulic displacement were compared to the same scenario in which no
hydraulic displacement was conducted. Figure 9 illustrates that hydraulic displacement
causes the concentrations leaving the treatment zone to increase relative to what they
would have been if no hydraulic displacement was undertaken (similar results were
obtained for PCE and TCA, figures not shown). Consequently, the mass flux leaving the
domain is greater post-hydraulic displacement than in the absence of hydraulic

displacement. The higher concentrations and mass flux exiting the domain post-
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hydraulic displacement are due to the reduced DNAPL saturations (including increased
amounts of residual) present in the subsurface. Low and residual DNAPL saturations are
predicted to dissolve more quickly into the passing groundwater than higher saturations
associated with pooled DNAPL due to the increased groundwater velocities through the
lower saturation nodes (associated with increased relative permeability to water). It is
likely that the mass flux for the post-hydraulic displacement case will eventually decrease
below that of the no hydraulic displacement case and achieve zero sooner due to (i) the
redistribution of DNAPL to lower saturations, and (ii) reduced DNAPL mass in the
subsurface. The total time required to achieve this condition was not a focus of this

study.
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Figure 9 — Base case exit face TCE mass flux (log scale) and aver age exit face TCE
concentration (linear scale) versustime with and without hydraulic displacement.
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5.0 - Conclusions

Hydraulic displacement, also referred to as dual phase extraction and
waterflooding, is a non-chemical and non-thermal remediation technology suitable for
reducing DNAPL saturations and removing DNAPL pools from the subsurface. Because
hydraulic displacement results in the depletion of DNAPL pools, it can be viewed as a
mass removal technology suitable for stabilization of a DNAPL source zone, where
stabilization is defined as reducing DNAPL saturations and reducing the risk of future
pool mobilization. Hydraulic displacement involves increasing the hydraulic gradient
within a source zone, thereby altering the capillary pressure distribution within pools,
bringing about DNAPL mobilization and subsequent recovery at extraction wells.

High resolution numerical simulations illustrate that hydraulic displacement
results in an increase in the amount of residual DNAPL present, which in turn results in
increased solute concentrations in groundwater, an increase in the rate of DNAPL
dissolution, and an increase in solute mass flux. A higher percentage of DNAPL
recovery is associated with higher initial DNAPL release volumes, lower density
DNAPLSs, more heterogeneous porous media, and increased drawdown of groundwater at
extraction wells. The fact that higher rates of recovery are associated with more
heterogeneous porous media stems from the fact that larger contrasts in permeability
provide for a higher proportion of capillary barriers upon which DNAPL pooling and
lateral migration can occur. Across all scenarios evaluated in this study, the ganglia to
pool (GTP) ratio generally increased from approximately 0.1 to between approximately
0.3 and 0.7 depending on the type of DNAPL, the degree of heterogeneity, and the
imposed hydraulic gradient. The volume of DNAPL recovered as a result of

implementing hydraulic displacement ranged from between 9.4% and 46.1% with the
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largest percentage recovery associated with 1,1,1 TCA, the least dense of the three

DNAPLSs considered.
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Appendix C.2

The Influence of Precipitate Formation on the Chemical Oxidation of
TCE DNAPL with Potassium Permanganate
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Abstract

A three-dimensional two-phase flow model is coupled to a non-linear reactive
transport model to study the efficacy of potassium permanganate treatment on dense,
non-aqueous phase liquid (DNAPL) source removal in porous media. A linear
relationship between the soil permeability (k) and concentration of manganese dioxide
precipitate ((MnOx)]), k = ko + Syina [MnOxs)], 1s utilized to simulate nodal permeability
reductions due to precipitate formation. Using published experimental column studies, an
Syind = -5.5 x 107 m? L/mg was determined for trichloroethylene (TCE) DNAPL. This
Syina Was then applied to treatment simulations on three-dimensional TCE DNAPL source

zones comprising either DNAPL at residual saturations, or DNAPL at pooled saturations.

DNAPL dissolution without oxidation treatment, simulated using equilibrium and
the Nambi and Powers (2003) mass transfer expression, required 31 and 36 years,
respectively, to eliminate the residual source zone. For equilibrium dissolution with
continuous treatment and no precipitate influence (Sying = 0 m? L/mg), the residual source
zone was removed after 11 years. However, when considering the precipitate influence
(i.e., Sying = -5.5 x 101 m? L/mg), 21 years of treatment were necessary to remove the
DNAPL. When considering pulse treatments of 1 and 2 years duration followed by only
dissolution, approximately 36 and 38 years, respectively, were required before the source
zone was depleted, suggesting that there is no benefit to pulse treatment. Similar trends
were observed when allowing 10 years of dissolution prior to treatment initiation. The
treatment behaviour of the pooled TCE source, while slightly more efficient than the

residual saturation source, was similar.
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Based on simulation findings, the precipitate (rind) formation significantly
influences DNAPL treatment with permanganate; the most significant reductions in
efficacy were observed for single pulse treatments (of 1 and 2 years), which exhibited

times to source depletion similar to the case of dissolution without treatment.
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1.0 Introduction

A variety of technologies have been proposed for the remediation of sites
impacted by dense, non-aqueous phase liquids (DNAPLs). Their effectiveness and the
benefits of partial mass removal have been recently examined by a variety of authors
including Sale and McWhorter (2001), Saenton et al. (2002), Rao and Jawitz (2003), Seol
et al. (2003), and Jawitz et al. (2005). The efficacy of in situ DNAPL source zone
treatment with chemical oxidation is highly dependent on heterogeneity (Ibaraki and
Schwartz, 2001) and the presence of organic materials in the aquifer (Yan and Schwartz,
2000). With respect to chlorinated ethene and potassium permanganate (KMnOy)
systems, the reaction products have been found to significantly reduce soil permeability
and treatment efficiency (e.g., Schnarr et al., 1998). During fractured rock treatment
studies, Tunnicliffe and Thomson (2004) suggested that reaction products formed
adjacent to the DNAPL (potentially encapsulating portions of the DNAPL) reduced mass
transfer rates. As a result, complete source removal potentially cannot be achieved in a
reasonable time with the technology. The goal of this work is to explore some of these
issues as they pertain to the treatment of trichlorethene (TCE) with permanganate in

porous media.

The modeling of DNAPL-permanganate processes in complex sub-surface
domains must incorporate the system specific influences of chemistry, heterogeneity,
differential diffusion, and reaction kinetics. The main chemical oxidation approaches,
associated chemistry, and practical limitations have recently been reviewed by Seol et al.

(2003). For the purpose of this study subsequent discussion is limited to chemical
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oxidation of DNAPLs by potassium permanganate. The stoichiometry of chemical
oxidation of TCE by potassium permanganate can be described as (Seol et al., 2003;

Crimi and Siegrist, 2004):

C,HCI, +2MnO, = 3CI” +2CO0, + H" +2MnO, (1)

One- and two-dimensional laboratory studies have consistently demonstrated the
formation of manganese dioxide (MnOyy)) precipitate (or ‘rind’) and its ability to
encapsulate NAPL (MacKinnon and Thomson, 2002; Schnarr et al., 1998; Schroth et al.,
2001; Conrad et al., 2002). [In situ field experiments with chemical oxidation have
reported DNAPL mass destruction and post-treatment concentration rebound, but have
not provided significant detail with respect to rind formation (Schnarr et al.,, 1998;
Seigrist et al.,, 1999; Jordana et al., 2005). The rind is sparsely soluble in non-acidic
groundwater (Li and Schwartz, 2004a). Li and Schwartz (2004 a,b) investigated the
composition and characteristics of the rind and methods to solubilize the precipitate using
acidic solutions. While ultimately successful, the dissolution efficiency of the rind was
poor, requiring 20 to 45 times more acid than predicted from stoichiometry. The authors
suggested that heterogeneity and insufficient contact times lead to flow bypassing and

poor sweep efficiency.

In heterogeneous porous media, permeability can vary over several orders of
magnitude. As a result, there will be some regions of transport dominated by advection

and others by diffusion. The published free water diffusion coefficient (D°) for TCE is
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approximately 40% less than that of MnO4 (CRC, 2004). Therefore, all other conditions
being equal, the permanganate ions will migrate further than TCE solute for a given time
under diffusive transport. Siegrist et al. (1999) and Struse et al. (2002) observed
significant diffusive transport of permanganate in low permeability media with hydraulic

conductivity less than 10™ cm/s.

Yan and Schwartz (1999) and Huang et al. (2001) experimentally determined
second-order rate constants for the oxidation of PCE, TCE, cis-DCE, trans-DCE, and 1,1-
DCE in the presence of KMnQO,. In other studies, Hood et al. (2000) and Dai and
Reitsma (2004), examined PCE degradation kinetics. These studies assumed and
demonstrated that the reactions between KMnO,4 and chlorinated ethenes are second-
order when KMnOy is always in excess. The assumption of excess KMnO4 may not be
valid in subsurface systems with significant dispersion, low KMnO4 injection
concentrations, low injection duration, and high rates of KMnO4 consumption. Dai and
Reitsma (2004) observed that the reaction rate is highly dependent on permanganate
concentrations between 200 mg/L and 5000 mg/L. Hood et al. (2000) found that the
reaction rate for PCE decreased for PCE concentrations below 0.5 mg/L and suggested
that, in some circumstances, in situ treatment times could be greater than those times
predicted using published rate constants. Both Yan and Schwartz (1999) and Dai and
Reitsma (2004) demonstrated the successful prediction of the second-order constant for
TCE and PCE at non-standard temperatures using the Arrhenius equation. This

observation is helpful for estimating rate constants appropriate to groundwater systems.
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To date, only a few reactive transport models have been developed to examine
DNAPL source zone treatment by chemical oxidation. Zhang & Schwartz (2000)
conducted simulations that reasonably matched one-dimensional experiments by Schnarr
et al. (1998) and three-dimensional field experiments. A key aspect of that modelling
work was examining the influence of organic aquifer materials on treatment efficiency.
Ibaraki and Schwartz (2001) conducted two-dimensional simulations of a chemical
oxidation injection/withdrawal system, with a particular focus on incorporating density-
driven treatment characteristics and studying the influence of soil heterogeneity on sweep

efficiency.

This study examines the benefits and challenges of TCE source zone remediation
by chemical oxidation with potassium permanganate (KMnOj4). A numerical model
capable of simulating two-phase flow, with NAPL dissolution and non-linear reactive
contaminant transport is introduced. Novel model features include multiple species
diffusion and the formation of chemical oxidation precipitates (i.e., rind) accompanied by
a corresponding reduction in soil permeability within a transient flow field. The model is
calibrated to published one-dimensional column experiments. Subsequently, the
calibrated model is employed to investigate the influence of MnO,(s) rind formation on
mass transfer from both residual and pooled three-dimensional DNAPL source zones
using multiple species advection, dispersion and diffusion. Of particular interest is the
influence of rind formation on in situ chemical oxidation treatment efficiency. The use of
numerical simulation allows the long term performance (i.e., decades) of the technology

to be examined in a cost-effective manner.
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2.0 Model Formulation

The model developed for this work (DNAPL3D-RX) is a coupling of the three-
dimensional two-phase flow model (DNAPL3D) (Gerhard et al., 1998, 2001; Gerhard
and Kueper, 2003 a,b,c) and RT3D, a three-dimensional multi-species contaminant
transport model with non-linear kinetic reactions (Clement,1997; Clement et al.,1998).
This coupling was executed using a split operator approach similar to Grant (2005).
Within a time step, DNAPL migration is initially simulated using DNAPL3D. The
contaminant solute is then added to the aqueous phase at nodes with DNAPL present via
equilibrium or non-equilibrium mass transfer routines. RT3D is then employed within
the same time step to simulate advection, dispersion and reactions of the solute. Finally,
the phase saturations are updated at the end of the time step in accordance with the

amount of mass transferred from the DNAPL to the aqueous phase.

2.1 Multiphase Flow

The governing equations for two phase flow are (Gerhard and Kueper, 2003c):
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where P is the pressure {M L™ T'z}, P¢ is the capillary pressure {M L™ T'z}, ki 1s the
intrinsic permeability tensor {L*}, k. is the relative permeability, x is the dynamic
viscosity {M L T'l}, p 1is the fluid density {M L'3}, @ is the porosity, S is the phase
saturation, g is gravitational acceleration, « is the porous medium compressibility {M™' L
T?}, B is the wetting phase compressibility { M L T2}, ¢ is time {T}, and x, y, z denote
spatial coordinates {L}. The subscripts W and NW specify the wetting and non-wetting
phase, respectively. The multiphase flow component of the coupled model employs
detailed submodels of capillary pressure and relative permeability, incorporating
hysteresis and trapping mechanisms that have been validated against physical
experiments in one (Gerhard and Kueper, 2003a,b) and two (Grant et al., 2007a,b)
dimensions. It has also been verified against the analytical solution of McWhorter and
Sunada (1990) and validated against a two dimensional heterogeneous laboratory

experiment for drainage conditions (Kueper and Frind, 1991).

The multiphase flow component of the model permits the accurate simulation of NAPL
migration during release, redistribution, and remediation with various technologies.
During treatment, the hydraulic gradients can be enhanced relative to natural conditions,
and soil properties can be modified to account for reaction byproducts. The multiphase

flow simulator is integral to capturing the physics of the NAPL-porous medium system.

2.2 Interphase Mass Transfer
Interphase mass transfer is an important component of the chemical oxidation

process. When utilizing models to simulate the dissolution observed in experimental
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work, it is difficult to predict a priori whether to use an equilibrium or non-equilibrium
approach, and which (if any) of the numerous non-equilibrium approaches is most
representative. It is often most elucidating to select several appropriate approaches and
test them against an experimental dataset. For model calibration purposes, the work
presented here considers both equilibrium and non-equilibrium dissolution correlation
expressions to the simulation of TCE DNAPL dissolution in a one-dimensional column

experiment.

Non-equilibrium behaviour can be attributed to both chemical (e.g., rate-limited
dissolution) and physical (e.g., flow bypassing) processes (Sale and McWhorter, 2001).
The bulk of work examining rate limited mass transfer has been conducted using one-
dimensional column experiments (e.g., Miller et al., 1990; Powers et al., 1992, 1994,
1998; Imhoff et al., 1993; Geller and Hunt, 1993), a limited number of two-dimensional
experiments (e.g., Seagren et al., 1999; Saba and Illangesakare, 2000; Nambi and Powers,
2003), and a few three-dimensional field trials (e.g., Rivett and Feenstra, 2005). Due to
the complexity of NAPL dissolution, conceptual models have generally not been derived
to describe the mechanisms, and the core of research has progressed by developing
empirical expressions that capture the general equilibrium/non-equilibrium dissolution
behaviour for a particular system. Most models are derived using the steady-state

approximation of the thin stagnant film model:

% k' (€, ~C)=K,(C,~O) @
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where C; is the thermodynamic equilibrium solubility of the NAPL species in aqueous
solution {ML™}, C is the average solute concentration in the aqueous solution {ML™}, a"
is the specific interfacial area between the NAPL phase and the aqueous phase {L*L>}, ¢
is time {T}, ki, is the average mass transfer coefficient for the NAPL-aqueous phase
interface {LT™'}, and K; is a lumped kinetic mass transfer coefficient {T"'}. The mass
transfer coefficient K; is typically related to a dimensionless Sherwood coefficient (Sh),
which in turn is related to other dimensionless parameters (e.g., Reynolds number,
Schmidt number). While these expressions have elucidated system characteristics that
are pertinent to the dissolution process, they are not universally applicable, thus limiting
their utility to general systems (Mayer and Miller, 1996; Sale, 1998; Zhu and Sykes,

2000; Grant and Gerhard, 2004). The S% is typically correlated to K; by:

Kl (dSO )2
Do

Sh= &)

where ds) is the mean grain size diameter {L} and D’ is the free-water diffusion
coefficient {LZT'I}. In this work, the correlation expressions by Miller et al. (1990) and
Nambi and Powers (2003) are utilized to assess the potential influence of non-equilibrium
dissolution on chemical oxidation processes in a one-dimensional column experiment.
The flow rates and saturations used in the development of these empirical expressions are
representative of the simulations conducted herein; these expressions also provide some
contrast with respect to dimensionality given their one- and two-dimensional
configurations. The Sherwood correlation expressions by Miller et al. (1990) and Nambi

and Powers (2003) are, respectively:
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Sh=12 Re"™ 8% Sc°° (6)

Sh=37.15 S, > Re" (7)

where Re is the Reynolds number (Re = dso pw v / uw), Ovw 1s the volumetric content of
non-wetting phase, Sy is the non-wetting phase saturation, Sc is the Schmidt number (Sc
= uw! (pwD°)), dsp is the mean particle diameter {L}, v is mean pore velocity {LT '}, and

D’ is the free-water molecular diffusion coefficient {L*T™'}.

Following each DNAPL migration time-step of DNAPL3D-RX, each of the mass
transfer parameters is calculated at nodes with Sy > 0. For equilibrium conditions,
nodes with NAPL are assumed to have a concentration equal to solubility (C;), while
equations (4) through (7) are utilized for the rate-limited cases. The concentration fields
are then passed into RT3D to simulate solute transport. The dissolution and non-reactive
transport components of the model have been tested and assessed in two-dimensional
heterogeneous porous media experiments (Grant and Gerhard, 2007c, 2007d) for both

equilibrium and non-equilibrium mass transfer from complex DNAPL source zones.
2.3 Solute Transport

The governing equation of contaminant transport of the mobile species is

(Clement, 1997; and Clement et al., 1998):
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while the immobile species governing equation is:

aeCs)
Y DR, (9)

where Dj is the hydrodynamic dispersion tensor (L> T", v is the average linear
groundwater velocity {L T™'} obtained from the multiphase flow model, ¢, is volumetric
flux representing sources and/or sinks {T™'}, R is the rate of all reactions {M L™ T™'}, and
tis time {T}. The superscript n denotes the species number, while the subscripts m and
im designate mobile and immobile species, respectively. The subscript s denotes a source
or a sink. Note that DNAPL3D-RX additionally simulates multiple species diffusion,
allowing the inclusion of unique diffusion coefficients for each mobile species (i.e., TCE
and MnOy). This feature is not available in RT3D and was added to DNAPL3D-RX to

permit the differential diffusion of TCE solute and MnOy'.

Using a split-operator approach specific to the simulated transport processes
(Clement, 1997; and Clement et al., 1998), the reaction equations of interest for TCE with
permanganate are as follows (Zhang and Schwartz, 2000; Randwana, 2001; Mundle et

al., 2007):
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JATCE] _ - K, [TCE][MnO;] (10)
ot Ry

% = 2K, [TCE)[MnO; ] (11)

% =3K, [TCE][MnO;] (12)

% =2K, . [TCE][MnO;] (13)

O] -2k, [TCE MO (14)

where the square brackets [ ] denote molar concentration, K., is the second-order
reaction constant between aqueous TCE and MnOy {M'1 L’ T'l}, and Rrcr is the
retardation factor for TCE,. For reasons provided later, CO, is considered an aqueous
species, rather than a gaseous species for this study. The rind is designated as an
immobile aqueous species: it undergoes reactions, but does not advect or disperse. It is
recognized that this assumption is an approximation in that it may be possible for solid
MnO; to migrate as a colloidal substance in some porous media systems.Further

discussion of the rind behaviour is provided in the following section.

2.4 Representation of Rind Formation
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It has been reported that manganese dioxide is transported and deposited as
colloids (e.g., Li and Schwartz, 2004a; Randwana, 2001), and that subsequent rind
formation has adverse consequences for the successful implementation of chemical
oxidation (MacKinnon and Thomson, 2002; Conrad et al., 2002). The modeling of
colloidal transport is complex, and particular to the species and porous media properties.
The inherit physiochemical characteristics that influence the behavior of the colloids are
often captured with macroscopic coefficients and simplified kinetic equations, which are
evaluated using laboratory experiments (e.g., Randwana, 2001; Bekhit and Hassan, 2005;
Bradford and Bettahar, 2005). In order to apply these approaches to a TCE-
permanganate system, the experimental data set must have a detailed record of the
influent and effluent TCE, permanganate, and manganese dioxide concentrations. While
thorough one-dimensional column experiments have been conducted by some researchers
(e.g., Schnarr et al., 1998; Schroth et al., 2001; Huang et al., 2002), the data necessary to
calibrate a representative colloidal transport model has not been obtained. However,
experimental and modeling work by Randwana (2001) for PCE and permanganate
demonstrated that rind formation, and the subsequent degree of permeability reduction,
was a function of fluid velocity and greatly exceeded the magnitude predicted using
published colloidal transport models: when using 3 cm long sand pack columns with a
hydraulic conductivity of 0.008 to 0.013 cm/s, 5 g/L of KMnOy, 61 mg/L of PCE, and a
hydraulic gradient of 1.0 (the maximum was 8.0), complete plugging occurred with a
period of 4 to 8 days. Given that PCE and permanganate are considerably less reactive
than TCE (approximately one order of magnitude), it is anticipated that plugging effects

may be more significant for the latter species. Although the PCE and permanganate
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concentrations used by Randwana (2001) were representative of field conditions, the
hydraulic gradients of 1 to 8 are considered extreme. For the case of much lower
hydraulic gradients (0.001 to 0.01) commonly used in the field, and given the degree of
uncertainty regarding the related colloidal transport mechanisms, it is reasonable to
assume that colloidal transport will be minimal, and that manganese dioxide can be
considered as an immobile species for the purposes of modeling. Conrad et al. (2002)
conducted two-dimensional visualization TCE-permanganate experiments in
heterogeneous porous media using a hydraulic gradient of 0.007; upon inspection, it was
visually observed that the bulk of the rind encapsulated the TCE sources zones. Similar
deposition behaviour was also visually observed in the two-dimensional experiments by

Li and Schwartz (2004b).

The formation of the rind and its influence on the flow field are incorporated into
the model by modifying the intrinsic permeability of the porous medium as a function of

aqueous rind concentration. A pseudo linear relationship is adopted for each node:

k= (k,)+S,,, [MnO,] (15)

where £ is the nodal permeability at the time of interest, &, is the original permeability of
the node, and S, is the slope of the assumed linear relationship between &k and the MnO,
concentration. Equation (15) is kinetic; the concentration of MnO; is obtained from (14),
whose reaction rate and order has been independently determined via laboratory batch

experiments (Yan and Schwartz, 1999; Huang et al., 2001). Due to aforementioned
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uncertainty regarding MnO, colloidal transport, the macroscopic lumped-reaction term
Syina 18 utilized and calibrated to experimental conditions; it is analogous to the
implementation of the term K; in (4) (i.e., Miller et al. (1990) stated that K; is function of
ten different dimensionless parameters, yet it is typically simplified to one or two).
Although explained in detail later, S, is evaluated against a one-dimensional column
experiment using: (i) experimental column effluent concentrations, (ii) stoichiometry in
(1), (ii1) equations (10) to (14), (iv) kinetically modelled MnO, concentration, and (v)
experimental column pressure head values. S,,; is a bulk parameter related to flow
characteristics, reaction kinetics, and species concentration, but decoupled from the
explicit influence of geochemistry and other influences that have not been ascertained in
sufficient detail for discrete model implementation. Hence, (15) implicitly captures the

net effect of rind formation by altering the overall permeability.

While the concentrations of aqueous CO, are simulated, the permeability
reduction due to CO, gas formation is not considered in this study; in this sense, the
current approach represents a conservative estimate of permeability reduction where the
buffering capacity of the system maintains CO; as dissolved bicarbonate (HCO5") above
neutral pH (Randwana, 2001; Schroth et al., 2001; Drever, 2002). In contrast, unbuffered
experiments have yielded relatively more severe clogging due to CO, gas formation
(Schroth et al., 2001). Hence, CO; does not appear in (15). In addition, the porosity is
constant throughout the domain and does not change with reducing permeability;

although research regarding porosity change due to MnO,(s) deposition is limited, this
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assumption is consistent with the experimental findings of Struse et al. (2002) for low

permeability silty-clay media.

2.5 Metrics for Source zone Study

The DNAPL mass removal and the total boundary mass discharge are the two
metrics utilized in this study to assess the performance of TCE DNAPL remediation by
permanganate. Reductions of mass discharge and/or increases of mass removal are
typically desirable when conducting a remediation program. The instantaneous DNAPL
mass is calculated using saturations outputted by the two-phase flow model, the non-
wetting phase density, and the nodal volume. The total boundary mass discharge (Mp)
{M T} is calculated as per Bockelmann et al. (2003), where Mj; is the cumulative sum of

all instantaneous mass discharges for each boundary node:
M, =Y Cq. 4, (16)
i=1

where i denotes an individual node, ¢ is the Darcy flux {L T}, and A4 is the cell area

{L?} centered at the node.

2.6 Verification to Analytical Solutions

The DNAPL3D-RX chemical oxidation model was tested against published
analytical solutions to verify its accuracy. Analytical solutions used for comparison
purposes include: 1) one-dimensional semi-infinite advection and dispersion in

homogeneous porous media with sorption and first-order decay (Bear, 1979); 2) one-
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dimensional semi-infinite advection and dispersion in homogeneous porous media with
steady-state, non-equilibrium mass transfer (Miller et al., 1990); 3) advection, dispersion,
linear sorption and first-order decay of a tracer in an infinite one-dimensional column of
homogenous porous media (Bear, 1979); 4) two-dimensional advection and dispersion in
homogeneous porous media with linear sorption and first-order decay (Batu, 1989); and,
5) one-dimensional diffusion in porous media (Crank, 1975) to evaluate simultaneous
multiple species diffusion with different diffusion coefficients. In all cases, numerical

model results were in agreement with the analytical solution.

3.0 Model Calibration

One-dimensional column experiments by Schroth et al. (2001) were used to
validate and calibrate the model: to date, this is the most useful dataset available for
evaluating the influence of rind formation on permeability. Using residual TCE DNAPL,
Schroth et al. (2001) conducted one dissolution experiment and two chemical oxidation
experiments with potassium permanganate. Experiment 3 (buffered chemical oxidation)
by Schroth et al. (2001) was utilized for the calibration, as the influence of CO, gas
formation on permeability reduction in this experiment was minimal. Note that
Experiment 2 (unbuffered treatment) was terminated at approximately 33 hours due to
excessive permeability reductions and only a partial data set is available: at 30 hours, the
Experiment 2 increase in pressure head due to permeability reduction from CO; and rind

formation was three orders of magnitude greater than Experiment 3 over the same time.
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A schematic of these experiments is provided in Figure 1 and the system and simulation
parameters are listed in Table 1. Effluent concentrations were monitored for TCE,
chloride (CI'), and permanganate (MnOy'), and were subsequently used to assess model
behaviour. Constant flow conditions were maintained in the column throughout the
duration of the experiment. Seven ports were located along the column to monitor TCE
saturations and wetting phase pressures. This feature was particularly useful, as Schroth
et al. (2001) were interested in assessing permeability reductions due to MnOy(s) rind
formation. These data were utilized to calibrate the slope of the assumed linear

relationship (S,,4) identified in (15).

Despite the utility and thoroughness of work by Schroth et al. (2001), this dataset
does have some shortcomings with respect model calibration. In Experiment 3, the
system was buffered with a Na,HPOy, solution, which (to some degree) may have yielded
stoichiometry somewhat dissimilar to (1). The authors also visually observed a brownish
colour to the effluent prior to permanganate breakthrough, which they hypothesized could
be due colloidal transport or the reduction of MnOs to Mn,"; there also were
discrepancies with CI" mass balance. That being noted, this is the most complete data set
published to date. The authors did not resolve any of the foregoing issues, but did
observed a 53% reduction in permeability during chemical oxidation (compared to a 96%
reduction in Experiment 2) and a general lack of CO, gas formation. Given the
uncertainty surrounding geochemistry, but high resolution of the pressure head and

effluent data sets, (15) was deemed the most reasonable approach. Again, in light of the
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permeability reductions and failure of Experiment 2, the use of Experiment 3 and (15)

will yield a highly conservative approximation of the rind formation.

Simulations for only dissolution are presented in Figure 2. These simulations
were conducted using equilibrium and the two non-equilibrium expressions (Nambi and
Powers, 2003, and Miller et al., 1990) to elucidate the dissolution kinetics of the system.
In the absence of treatment (only dissolution — Experiment 1 by Schroth et al., 2001), the
expression by Nambi and Powers (2003) was a superior fit to the column effluent data
when compared to equilibrium dissolution and the expression by Miller et al. (1990).
The latter two expressions over-predicted dissolved phase concentrations, with Miller et

al. (1990) and equilibrium yielding nearly identical breakthrough curves.

Measured effluent TCE concentrations (Schroth et al., 2001) were compared to
the predicted effluent concentrations of DNAPL3D-RX in Figure 3 for the case of
chemical oxidation with a buffered potassium permanganate solution (i.e., Schroth et al.,
2001, Experiment 3). In accordance with the experimental methodology of Schroth et al.
(2001), the chemical oxidation simulations comprise 87 hours of potassium permanganate
injection at a concentration of 790 mg/L. As indicated in Table 1, Schroth et al. (2001)

measured an effective TCE solubility of 829 mg/L in the buffered solution.

In an effort to reproduce the data sets, both the reaction constants (K,.,s) reported
by Yan and Schwartz (1999) and Huang et al., (2001) (0.65 M's? or 0.8 M's,

respectively) were employed. It can be observed in Figure 3 that utilizing either K,.,s =
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0.65 M's" or 0.8 M's' in conjunction with either equilibrium or rate-limited
dissolution, produces a range of model outputs. The cases of equilibrium dissolution and
rate-limited dissolution with Miller et al. (1990) behave similarly with higher
concentrations than Experiment 3 for the bulk of the experiment, but accurately
simulating the time to complete TCE removal. The application of Nambi and Powers
(2003) accurately reproduces the earlier-time behaviour of Experiment 3, but does not
provide a reasonable fit to data at late-time due to excessive tailing. Although the
Experiment 3 data demonstrates that the application of chemical oxidation enhances the
interphase mass transfer as theoretically proposed by Reitsma and Dai (2001), the
associated modelling suggests that correlation expressions developed for dissolution are
system specific and potentially not applicable to reactive systems. It is further noted that
the one-dimensional expression by Miller et al. (1990), while sufficient for this chemical
oxidation experiment, may be inappropriate for two- (and three-) dimensional systems

(Saba and Illangasekare, 2000).

Figure 4 plots normalized MnOj4 effluent concentrations versus time for
Experiment 3 (Scroth et al., 2001) and the model. The consumption of MnOy” is well-
predicted using both K., = 0.65 and 0.8 M's?t in conjunction with either equilibrium
dissolution or rate-limited dissolution utilizing the correlation of Miller et al. (1990) when
compared to the experimental data. Whether considering equilibrium dissolution or the
correlation expression by Miller et al. (1990), the trend and timing of abrupt break-
through is captured. The utilization of the expression by Nambi and Powers (2003)

produces a more pronounced sigmoidal shape and excessive tailing. Given the
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reasonable match between the equilibrium model results and the experimental data, only
equilibrium conditions were considered for all subsequent simulations of the column

experiments.

The data set from Experiment 3 was used to test, and subsequently calibrate, the
parameter S,z in (15) utilizing K,,s = 0.39 to 0.8 M s for equilibrium dissolution
conditions. The former K., value was determined using the Arrhenius equation (Yan
and Schwartz, 1999; Dai and Reitsma, 2004). The reaction rate determined by Yan and
Schwartz (1999) at 21°C (i.e., Kyxns = 0.65 M'ls'l) was calculated to be K., = 0.39 Mls™!
for 10°C. The Experiment 3 and simulation final wetting phase pressure heads and the
observed and predicted changes in wetting phase pressure for each port are plotted in
Figure 5 and 6, respectively. To achieve this fit, the model was executed iteratively until
the Pearson correlation coefficient () between the experimental and model data reached a
value of » = 0.99 in Figure 5. These results demonstrate that the application of equation
(15) is satisfactory.  The selection of 4, and its influence on the steady-state post-
treatment wetting phase pressure field, is seemingly independent of K., for the range of
values considered (Figure 5): the relative pressure head difference between K., = 0.39 to
0.8 M's™ ranges from -0.1% to 0.6%. However, the simulated pressure heads are
sensitive to the value of S,;,s as demonstrated by the + 25% range presented on Figure 5.
Note that both Experiment 3 and the model exhibit considerable increases in wetting
phase pressure at all seven ports (i.e., approximately 50 to 900 Pa) as shown in Figure 6.
Although not presented here, the modeled pressure heads were compared to Experiment

#3 at ports T1 (influent end) and T7 (effluent end). The model matched the steady-state
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pressure at both ports (Figure 5), but the experimental pressure head increased rapidly
with a sigmodial behavior at the inlet port (T1) compared with a much slower, rectilinear
model behavior. In other words, the model is kinetically conservative when predicting

the rate of permeability reduction.

The model reasonably captures the timing and general behaviour of the Schroth et
al. (2001) one-dimensional column TCE experiments for chemical oxidation by
potassium permanganate. A range of parameter values for K., (i.e., values equal to, or
slightly less than, those determined by Yan and Schwartz, 2000, and Huang et al., 2001)
and S, generate representative results, with §,;,; being independent of the K,,,, values
tested. When the absence of rind is simulated (S, = 0 m> L/mg), the model produces an
excellent match to the pre-treatment Experiment 3 pressure head data. Utilizing S0 = -
55x1071° mzL/mg for K,.us = 0.39 to 0.80 M's™! yields a good match to the experimental
pressure head results. It should be noted that when considering (15), the aforementioned
Syina value yields an ‘apparent’ maximum [MnOy)] of 1854 mg/L. In fact, the model is
set up such that [MnO,)] is unrestricted, but only MnO,, concentrations up to 1854
mg/L contribute to the reduction in permeability. The approach identified in (15)

produces a good ‘average’ match to the data for all seven ports.

It is worthwhile summarizing the salient outcomes of the calibration exercise. Equation
(15) uses a single lumped parameter (S,,4) that relates MnO, concentration, wetting phase
pressure head, and a chlorinated ethene reaction rate to a corresponding reduction in

permeability. Using (15), DNAPL3D-RX was tested against the laboratory Experiment 1
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by Schroth et al. (2001). Using a number of different mass transfer routines, the model
was able capture the effluent concentrations of the dissolution experiment. More
importantly, the model was calibrated to, and successfully captured, the pressure head
and concentration behaviour of the buffered TCE-permanganate Experiment 3. Equation
(15) is highly conservative in many respects, and can be easily modified for the
calibration to, and simulation of, a different data set of sufficient resolution. Although
Schroth et al. (2001) encountered several difficulties during Experiment 3, (15) utilizes a
single calibration parameter, thus capturing the overall behavior of the system. Notable
conservative aspects of the calibration exercise include: (i) Schroth et al. (2001)
demonstrated that the unbuffered chemical oxidation of TCE (Experiment 2) yielded
pressure head increases approximately 1000-fold greater than the buffered system
(Experiment 3); (ii) the rate of pressure increase for the unbuffered Experiment 2 is
significantly greater than Experiment 3; (iii) the influence of MnO, concentration on
modeled permeability is limited to 1854 mg/L; and, (iv) equation (15) employs (1) and

(10) through (14), but utilizes the ensemble permeability from Experiment 3.

4.0 Numerical Simulations

The findings from the one-dimensional column simulations were applied to three-
dimensional simulations of chemical oxidation of a single TCE source zone. Two cases
are considered: (i) a simple block of residual TCE (Figure 7a), and (ii) a finite-volume
surface release resulting in a final distribution that includes both pooled and residual TCE
DNAPL (Figure 7b). Due to computational demands, the bulk of the simulations are

conducted using case (i). The system parameters are listed in Table 1. The case (i)
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source zone contained 2.981 kg of TCE DNAPL at a residual non-wetting phase
saturation of 20% of pore space, while case (ii) comprises a TCE DNAPL mass of 2.952
kg with non-wetting phase saturations ranging from 1 to 40%. The domain configuration
and nodal discretization are identical for both cases; only the shape and degree of

saturation of the TCE DNAPL source zone differs.

Case (ii) was generated using a constant saturation point release at the top center
of the domain until 2.952 kg of TCE was present. The source was then terminated and
the DNAPL was allowed to migrate and redistribute. This resulted in 6.1% of the total
nodes invaded by DNAPL (4001 nodes), with 8.2% of invaded nodes (329 nodes) at
residual saturations between 1-14%. The remaining 91.8% of invaded nodes (3672
nodes) were at non-residual/pooled saturations. The dissolution and chemical oxidation

were initiated only after the DNAPL was hydraulic stable, as depicted in Figure 13.

The simulations were designed with a focus on assessing the influence of rind
formation on the efficacy of DNAPL removal and concurrent downstream boundary mass
discharges. Although the configurations are idealized, they capture the essential physics
of an in situ source zone, while neglecting the effects of sorption, heterogeneous soil
structure, organic carbon consumption, and non-symmetrical flow in the x-z plane. Stated
otherwise, the simulations have been designed to assess the influence of rind formation in
the absence of other, potentially complicating processes. The two-phase flow simulator
component of the model resolves local changes in wetting phase relative permeability

(i.e., the flow field) due to DNAPL dissolution. The permanganate is introduced by
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specifying the entire upstream boundary face as a constant concentration source. To
optimize the effectiveness of treatment, a KMnO, inlet concentration of 5000 mg/L was
utilized for all cases. A reaction constant of K,.,s = 0.39 M's™ was selected for all
simulations by utilizing the Arrhenius equation to adjust a K,,; = 0.65 M s for an
assumed groundwater temperature of 10°C (Yan and Schwartz, 1999 and Dai and
Reitsma, 2004), and a S0 = -5.5 X 107 mzL/mg was selected based on the calibration
presented in the section 3.0. In all cases, equilibrium dissolution is utilized due to nodal
dimensions (Miller et al., 1990; Imhoff et al., 1993; Sale and McWhorter, 2001). As a
check, dissolution of the residual block using both equilibrium dissolution and the
expression of Nambi and Powers (2003) produced similar results, with the latter yielding

a small degree of tailing relative to the former.

Three suites of simulations are considered for this work with the objective of
assessing the influence of rind formation on DNAPL removal efficacy. Each of these
suites comprises a set of similar simulations that are summarized in Table 2. Suites 1 and
2 examine the block of residual TCE (case (1)), while Suite 3 simulates treatment of the
surface released TCE DNAPL (pooled and residual, case (ii)). In Suite 1, chemical
oxidation with potassium permanganate in the absence of prior dissolution is considered
(Simulations 2 through 5 in Table 2). In Suite 2, ten years of dissolution is permitted
prior to initiating the treatment to represent remediation of a historical release
(Simulations 7 through 10 in Table 2). Note that Simulation 1 (dissolution only) is
utilized as the benchmark for treatment efficiency in Suite 1 and 2. In Suite 3, nine years

of dissolution is permitted prior to initiating either continuous or one year of treatment on
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the surface released TCE. These results are then compared to dissolution in the absence

of treatment for the same release.

Details on the influence of rind formation on media tortuosity are sparse in the
literature. Struse et al. (2002) conducted a number of treatment studies with TCE and
KMnO, in low permeability soil cores for period of 30 to 60 days and reported no
significant change in the soil pore size or apparent tortuosity. Therefore, a global
tortuosity value of 0.7 (Bear, 1972) was used for all simulations and combined with the
D’ values (Wilke and Chang, 1955) presented in Table 1 to arrive at effective diffusion

coefficients.

4.1 Suite 1: Treatment Without Prior Dissolution

Figure 8 presents the TCE mass remaining versus time for the Suite 1 simulations
(see Table 2). In the absence of rind formation, it is observed that 11 years of continuous
treatment is necessary to completely deplete the source zone (Simulation 2). Treatment
efficiency is greatly reduced when including rind formation, as depletion time is extended
to approximately 21 years (Simulation 3). Treating the source zone for only brief periods
of time does not appear to be beneficial. Treatment periods of only 1 or 2 years extends
the source zone life span beyond dissolution alone, with complete depletion times of 36
years and 38 years, respectively (Simulations 4 and 5). The corresponding total boundary
mass discharges are plotted in Figure 9. Note that in the absence of rind formation
(Simulation 2) the time to achieve negligible mass discharge matches closely the time for

DNAPL mass depletion for this simulation (11 years). However, these times are
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observed to differ significantly when rind formation is incorporated. For continuous
treatment with rind formation (Simulation 3), the total mass discharge becomes negligible
after 11 years compared with the 21 years required to deplete the DNAPL. For the case
of 2 years pulse oxidation (Simulation 5), the discharge is greatly reduced during
treatment; however, once treatment has ceased, the mass discharge substantially rebounds
and is only eliminated after 39 years compared with 32 years for dissolution without

treatment (Simulation 1).

A visual inspection of Figure 10 illustrates the mechanisms controlling treatment
efficacy. This figure is a time sequence for a simulation displaying Sy and k. Once the
permanganate treatment is initiated, rind formation ensues at the zones of high TCE
solute concentrations. Typically, these zones surround the pools, blobs and ganglia
where dissolution is occurring, but extend downstream as well. The rind significantly
reduces the permeability of the porous medium, effectively encapsulating the source and
resulting in flow bypassing of the dissolving source zone. Transport of dissolved
constituents then becomes diffusion limited. If treatment is completely discontinued, the
DNAPL is depleted solely by dissolution and diffusion through the rind encapsulation
zone into the surrounding flow field. If treatment is continued, the differential diffusion
rates between TCE and MnOy4 favour source depletion as the diffusion coefficient for
MnOy4 is greater than that for TCE. Essentially, the combination of rind and

permanganate can behave as an in sifu diffusive chemical reactor.

4.2 Suite 2: Treatment With Prior Dissolution
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Figure 11 presents a plot of TCE mass remaining versus time for treatment
initiated after 10 years of dissolution (Suite 2 in Table 2). The trends observed in this
figure are similar to Suite 1. In the presence of continuous treatment, 24 years are
required for source depletion when considering rind formation (Simulation 7), while the
absence of a rind yields a depletion time of 18 years (Simulation 6). Surprisingly, despite
a 50% reduction in source mass at the time of chemical oxidation initiation (10 years), a
pulse treatment time of 2 years (Simulation 9) extends the time of source depletion
several years beyond that of only dissolution (35 years and 31 years, respectively).
Similar complications are observed in Figure 12, where the pulse treatments (Simulation
8 and 9) yield tailing of the total boundary mass discharge when compared to only
dissolution (Simulation 1). Although the degree of tailing in Suite 2 is less pronounced

than Suite 1, the pulse treatment still has adverse consequences.

An examination of the mass balance provides some insight into treatment
efficiency in three-dimensional heterogeneous domains. At the end of the two year
injection period for Simulation 9, approximately 0.55 kg of TCE DNAPL was removed
during chemical oxidation. During this same period 11.87 kg of MnO,4" was injected, but
only 1 kg of MnOy participated in the destruction of TCE. The contrast is more notable
for Simulation 7, where after 25 years (15 years of injection), 87.9 kg of MnO4 was
injected, but only 2.7 kg of MnO4 was used in the destruction of the TCE DNAPL. This
reduction in treatment efficiency is primarily due to flow bypassing following rind

formation and encapsulation of the DNAPL.
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4.3 Suite 3: Treatment of Pooled TCE with Prior Dissolution

The influence of chemical oxidation on mass removal from a TCE pool is
presented in Figure 13. Although slightly more efficient, the trends in the pooled TCE
scenarios are similar to those for the residual block scenarios; one year of treatment
(Simulation 12) reduces the source life to approximately 24 years compared with 25 years
for only dissolution (Simulation 10). Once initiated, continuous treatment (Simulation
11) for 6 years (elapsed time of 15 years) is required to completely remove the source
zone; this represents a 2 to 3 fold reduction in source life span compared to only
dissolution, which requires approximately 15 years after the same reference start time
(Simulation 10). When examining Figure 13 it is observed that the initial reduction in
TCE mass occurs quickly (i.e., 9 to 10 years); however, as the rind forms, the system
becomes progressively more diffusion dominated and the rate the mass removal

concurrently decreases.

Figure 14 presents the total mass discharge. As with the residual block suites (1
and 2), the 1 year pulse treatment on the pooled TCE (Simulation 12) initially yields a
rapid reduction in discharge due to solute consumption and rind formation. However,
once treatment is discontinued, significant rebound occurs with discharge values
recovering to near non-treatment conditions (i.e., Simulation 10). Approximately 24 and
25 years are required to achieve negligible mass discharge values for the case of 1 year of
treatment and only dissolution, respectively.  Conversely, continuous treatment

(Simulation 11) reduces TCE concentrations to negligible levels for the entire treatment
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period. As with the block residual suites, it should be noted that although the mass

discharge can be negligible during treatment, substantial DNAPL may remain.

In terms of model output, the 9 years of dissolution prior to treatment reduced the
total number of DNAPL invaded nodes from 4001 to 637 and the number of nodes at
residual from 329 to 112, thus increasing the residual TCE from 8.2% to 17.6%. Upon
completion of the subsequent 12 months of chemical oxidation, 328 nodes remained
invaded with only 73 nodes at residual saturations, representing a 35% increase in
residual and 52% reduction in non-residual/pooled nodes. Interestingly, a visual
inspection of a DNAPL saturation plot time-sequence for Suite 3 (not presented)
demonstrated that while there was a significant increase in residual saturations, the TCE
pooled on the low permeability lens remained following treatment. Based on these
findings, it can be surmised that in complex DNAPL architectures, chemical oxidation
will be most effective at destroying residual DNAPL and pooled DNAPL will be

recalcitrant once rind encapsulation occurs.

5.0 Conclusions

Three-dimensional numerical simulations of TCE DNAPL overlying a low
permeability lens within a higher permeability porous media domain were carried out.
The TCE was subjected to both dissolution and chemical oxidation with potassium
permanganate. Separate suites of simulations were carried out with the DNAPL
distributed at either residual saturation, or a combination of pooled and residual

saturations from a surface release of TCE.
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Due to computational demands, the bulk of the simulations were conducted with
the residual block of TCE. For the case of dissolution without treatment, approximately
32 years elapsed before the 2.981 kg source was completely depleted. In the presence of
continuous chemical oxidation, the formation of the MnO,(s) rind doubled treatment
times when compared to the case of no rind. The rind formation resulted in source
encapsulation and flow bypassing, and subsequently, the transport of solute from the
source zone to the contiguous aqueous phase became diffusion limited. Single pulse
treatments of one and two years greatly exacerbated treatment efficiency as the
encapsulated DNAPL behaved as a long-term diffusive source. Continuous treatment is
beneficial due to the higher diffusion rates for permanganate relative to TCE; the
combination of rind and favourable differential diffusion rates permits the encapsulated

source zone to behave as a self-contained in situ chemical reactor.

The behaviour of pooled TCE was similar to the residual saturation configuration,
although the chemical oxidation proved slightly more efficient. In the case of 1 year of
treatment initiated after 9 years of dissolution, the 2.952 kg source zone (both pool and
residual) was depleted after 24 years, which was similar to the time to depletion for the
corresponding dissolution only simulation. Continuous treatment initiated at 9 years
completely removed the source zone by approximately 15 years (i.e., 6 years of
continuous treatment was required). The mass discharge for continuous treatment
exhibited similar trends for both the residual and pooled configurations. Partial treatment

initially depleted the TCE solute, but once terminated, substantial concentration / mass
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flux rebound occurred. Continuous treatment effectively reduces the TCE solute to
negligible concentrations, despite substantial mass remaining in the source zone. It was
also observed that non-residual/pooled DNAPL is particularly recalcitrant to chemical

oxidation once the rind precipitation encapsulation occurs.

This study suggests the potential importance of the rind formation on treatment
efficacy. Chemical oxidation with KMnQOy4 can potentially exacerbate DNAPL source
longevity and the time to achieve maximum allowable concentrations, depending on how
it is implemented. In the absence of rind dissolution, results suggest that pulsed (i.e.,
non-continuous) KMnO4 treatment methodologies are ineffective mass removal
strategies for DNAPL source zones. Clearly, a more thorough fundamental
understanding of in situ chemical oxidation precipitates, and their consequences and
benefits is necessary, if both numerical simulators and field treatment programs are to be

optimized.

Although the rind formation significantly influences chemical oxidation treatment
efficiency and the intended rate of mass destruction, the encapsulation tendency can also
be viewed as a potential benefit in certain specific situations. Although not demonstrated
directly, this work suggests KMnOj injection could be utilized to entrap and stabilize

pooled (i.e., non-residual) DNAPL that is actively migrating or potentially mobile.

62



References

Batu, V. (1989) “A generalized two-dimensional analytical solution for hydrodynamic
dispersion in bounded media with the first-type condition at the source”, Water Resources

Research, Vol. 25, No. 6, pg. 1125-1132.

Bekhit, H. and Hassan, A. (2005) “Stochastic modeling of colloid-contaminant transport
in physically and geochemically heterogeneous porous media”, Water Resources

Research, 41, W02010, 1-18.

Bear, J. (1972) “Dynamics of Fluids in Porous Media”, Dover Publications Inc., pg 111-

112.

Bear, J. (1979) “Hydraulics of Groundwater”, McGraw-Hill Inc., 1979.

Bockelmann, A., Zamfirescu, D., Ptak, T., Grathwohl, P., and Teutsch, G. (2003)

“Quantification of mass fluxes and natural attenuation rates at an industrial site with a

limited monitoring network: a case study”, Journal of Contaminant Hydrology, 60, 97-

121.

Bradford, S. and Bettahar, M. (2006) “Concentration dependent transport of colloids in

saturated porous media”, Journal of Contaminant Hydrology, 82 (1-2), 99-117.

63



Clement, T. (1997) “RT3D — A Modular Computer Code for Simulating Reactive Multi-
species Transport in 3-Dimensional Groundwater Systems”, Version 1.0, Pacific

Northwest National Laboratory, PNNL-11720.

Clement, T., Sun, Y., Hooker, B., and Petersen, J. (1998) “Modeling Multi-species
Reactive Transport in Groundwater Aquifers”, Groundwater Monitoring & Remediation,

18 (2): 79-92.

Conrad, S., Glass, R., and Peplinski, W. (2002) “Bench-scale visualization of DNAPL
remediation processes in analog heterogeneous aquifers: surfactant floods and in situ

oxidation using permanganate”, Journal of Contaminant Hydrology, 58, 13-49.

Crank, J. (1975) “The Mathematics of Diffusion”, Second Edition, Clarendon Press,

Oxford, England.

Crimi, M. and Siegrist, R. (2004) “Impact of Reaction Conditions on MnO, Genesis

during Permanganate Oxidation”, Journal of Environmental Engineering, May, 562-572.

“CRC Handbook of Chemistry and Physics”, Edition 85, Chemical Rubber Company,

Cleveland, Ohio, United States of America.

64



Dai, Q. and Reitsma, S. (2004) “Kinetic Study of Permanganate Oxidation of
Tetrachloroethylene at a High pH Under Acidic Conditions”, Remediation, Autumn, 67-

79.

Drever, J. (2002) “The Geochemistry of Natural Waters — Surface and Groundwater

Environments”, Third Edition, Prentice Hall, New Jersey, pp. 436

Geller, J. and Hunt, J. (1993) “Mass Transfer From Nonaqueous Phase Organic Liquids

in Water-Saturated Porous Media”, Water Resources Research, Vol. 29, No. 4, 833-845.

Gerhard, J., Kueper, B. and Hecox, G. (1998) “The Influence of Waterflood Design on

the Recovery of Mobile DNAPLs”, Ground Water, Vol. 36, No. 2, 283-292.

Gerhard, J., Kueper, B., Hecox, G. and Schwarz, R. (2001) “Site-Specific Design for
Dual Phase Recovery and Stabilization of Pooled DNAPL”, Ground Water Monitoring

and Remediation, Spring, 71-88.

Gerhard, J. and Kueper, B. (2003a) “Capillary pressure characteristics necessary for

simulating DNAPL infiltration, redistribution, and immobilization in saturated porous

media”, Water Resources Research, Vol. 39, No. 8, SBH 7, 1-17.

65



Gerhard, J. and Kueper, B. (2003b) “Relative permeability characteristics necessary for
simulating DNAPL infiltration, redistribution, and immobilization in saturated porous

media”, Water Resources Research, Vol. 39, No. 8, SBH 8, 1-16.

Gerhard, J. and Kueper, B. (2003c) “Influence of constitutive model parameters on the
predicted migration of DNAPL in heterogeneous porous media”, Water Resources

Research, Vol. 39, No. 10, SBH 4, 1-15.

Grant, G. and Gerhard, J. (2004) “Sensitivity of Predicted DNAPL Source Zone
Longevity to Mass Transfer Correlation Model”, Geoenvironmental Engineering:
Integrated management of groundwater and contaminated land, R.N. Young and H.R.

Thomas (eds), Telford Publishing, London, pp. 59-67.

Grant, G. (2005) “The Evolution of Complex DNAPL Releases: Rates of Migration and
Dissolution”, Ph.D. Thesis, The University of Edinburgh, Edinburgh, Scotland, United
Kingdom. (MIKE: Best not to reference a student thesis unless we absolutely have to —

do the journal papers by Gavin not cover the issues we want to reference?)

Grant, G., Gerhard, J, and Kueper, B., (2006a) “Field scale impacts of spatially correlated

relative permeability in heterogeneous multiphase systems”, Advances in Water

Resources, 30 (5), 1144-1159.

66



Grant, G., Gerhard, J, and Kueper, B., (2006b) “Multidimensional validation of a

numerical model for simulating a DNAPL release in heterogeneous porous media”.

Journal of Contaminant Hydrology, 92 (1-2), 109-128 .

Grant, G.P. and Gerhard, J.I. (2007¢) “Simulating The Dissolution Of A Complex
DNAPL Source Zone: 1. Model To Predict Interfacial Area”, Water Resources Research,

accepted for publication.

Grant, G.P. and Gerhard, J.I. (2007d) “Simulating The Dissolution Of A Complex
DNAPL Source Zone: 2. Experimental Validation Of An Interfacial Area-Based Mass

Transfer Model”, Water Resources Research, Accepted for publication.

Hood, E., Thomson, N., Grossi, D., and Farquhar, G. (2000) “Experimental determination
of the kinetic rate law for the oxidation of perchloroethylene by potassium

permanganate”, Chemosphere, 40, 1383-1388.

Huang, K.-C., Hoag, G., Chheda, P., Woody, B., and Dobbs, G. (2001) “Oxidation of
chlorinated ethenes by potassium permanganate: a kinetics study”, Journal of Hazardous

Materials, B87, 155-169.

Huang, K.-C., Hoag, G., Chheda, P., Woody, B., and Dobbs, G. (2002) “Chemical
oxidation of trichloroethene with potassium permanganate in a porous medium”,

Advances in Environmental Research, 7, 217-229.

67



Ibaraki, M. and Schwartz, F. (2001) “Influence of Natural Heterogeneity on the
Efficiency of Chemical Floods in Sources Zones”, Ground Water, Vol. 39, No. 5, 660-

666.

Imhoff, P., Jaffé, P., and Pinder, G. (1993) “An experimental study of complete
dissolution of a nonaqueous phase liquid in saturated porous media”, Water Resources

Research, Vol. 30, No. 2, 307-320.

Jawitz, J., Fure, A., Demmy, G., Berglund, S., and Rao, P. (2005) “Groundwater
contaminant flux reduction resulting from nonaqueous phase liquid mass reduction”,

Water Resources Research, Vol. 41, W10408, 1-15.

Kueper, B and Frind, E. (1991) “Two-phase flow in heterogeneous porous media, 1.

Model Development”, Water Resources Research, Vol. 27, No. 6, pp. 1049-1057.

Jordana, S., Guimera,J., Domenec, J., and Subirana, J. (2005) “In situ chemical oxidation
test of organic solvents with potassium permanganate”, Bringing Groundwater Quality
Research to the Watershed Scale (Proceedings of GQ2004, the 4™ TInternational
Groundwater Quality Conference, Waterloo, Canada, July 2004), IAHS Publication 297,

398-403.

68



Li, D. and Schwartz, F. (2004a) “DNAPL remediation with in situ chemical oxidation
using potassium permanganate. Part I. Mineralogy of Mn oxide and its dissolution in

organic acids”, Journal of Contaminant Hydrology, 68, 39-53.

Li, D. and Schwartz, F. (2004b) “DNAPL remediation with in situ chemical oxidation
using potassium permanganate. Part II. Increasing removal efficiency by dissolving Mn

oxide precipitates”, Journal of Contaminant Hydrology, 68, 39-53.

MacKinnon, L.K. and Thomson, N. (2002) “Laboratory-scale in situ chemical oxidation
of a perchloroethylene pool using permanganate”, Journal of Contaminant Hydrology,

49-74.

Mayer, A. and Miller, C. (1996) “The influence of mass transfer characteristics and
porous media heterogeneity on nonaqueous phase dissolution”, Water Resources

Research, Vol. 32, No. 6, 1551-1567.

McWhorter, D. and Sunada, D. (1990) “Exact integral solutions for two-phase flow”,

Water Resources Research, 23, 399-414.

Miller, C., Poirier-McNeill, M., and Mayer, A. (1990) “Dissolution of Trapped

Nonaqueous Phase Liquids: Mass Transfer Characteristics”, Water Resources Research,

Vol. 26, No. 11, 2783-2796.

69



Mundle, K., Reynolds, D., West, M., and Kueper, B.K. (2007) “Concentration Rebound
Following In Situ Chemical Oxidation in Fractured Clay”, Ground Water, accepted for
publication. MIKE: I think we have an issue number etc. for this paper — should be able

to get it online at either Ground Water, or NGWA, or Blackwell Publishing.

Nambi, [. and Powers, S. (2003) “Mass transfer correlations for nonaqueous phase liquid
dissolution from regions with high initial saturations”, Water Resources Research, Vol.

39, No. 2, SBH 4, 1-11.

Powers, S., Abriola, L., and Weber, W. (1992) “An experimental investigation of
nonaqueous phase liquid dissolution in saturated subsurface systems: Steady state mass

transfer rates”, Water Resources Research, Vol. 28, No. 10, 2691-2705.

Powers, S., Abriola, L., and Weber, W. (1994) “An experimental investigation of
nonaqueous phase liquid dissolution in saturated subsurface systems: Transient mass

transfer rates”, Water Resources Research, Vol. 30, No. 2, 321-332.

Powers, S., Nambi, I., and Curry, G. (1998) “Non-aqueous phase liquid dissolution in
heterogeneous systems: Mechanisms and a local equilibrium modeling approach”, Water

Resources Research, 3293-3302.

70



Randhawa, J. (2001) “Manganese Dioxide Induced Permeability Reduction of Porous
Media During Permanganate Oxidation of Chlorinated Alkenes”, Thesis — Master of

Applied Science, University of Windsor, Windsor, Ontario, Canada. pp. 88

Rao, P. and Jawitz, J. (2003) “Comment on “Sale, T. and McWhorter, D. (2001) “Steady
state mass transfer from single-component dense nonaqueous phase liquids in uniform
flow fields” by T.C. Sale and D.B. McWhorter”, Water Resources Research, Vol. 39, No.

3,COM 1, 1 -3.

Reddi, L., Ming, X., Hajra, M., and Lee, 1. (2000) “Permeability Reduction of Soil Filters
due to Physical Clogging”, Journal of Geotechnical and Geoenvironmental Engineering,

March, 236-246.

Reitsma, S. and Dai, Q. (2001) “Reaction-enhanced mass transfer and transport from

non-aqueous phase liquid source zones”, Journal of Contaminant Hydrology, 49, 49-66.

Rivett, M. and Feenstra, S. (2005) “Dissolution of an Emplaced Source of DNAPL in a

Natural Aquifer Setting”, Environmental Science and Technology, 39, 447-455.

Saba, T. and Illangasekare, T. (2000) “Effect of groundwater flow dimensionality on

mass transfer from entrapped nonaqueous phase liquid contaminants”, Water Resources

Research, Vol. 36, No. 4, 971-979.

71



Saenton, S., Illangasekare, T., Soga, K. and Saba, T. (2002) “Effects of source zone
heterogeneity on surfactant-enhanced NAPL dissolution and resulting remediation end-

points”, Journal of Contaminant Hydrology, 59, 27-44.

Sale, T. (1998) “Interphase Mass Transfer From Single Component DNAPLs”, Ph.D.
Dissertation, Department of Chemical and Bioresources Engineering, Colorado State

University, Fort Collins, Colorado, United States of America.

Sale, T. and McWhorter, D. (2001) “Steady state mass transfer from single-component
dense nonaqueous phase liquids in uniform flow fields”, Water Resources Research,

Vol.37, No.2, 393-404.

Schnarr, M., Truax, C., Farquhar, G., Hood., E., Gonullu, T., and Stickney, B. (1998)
“Laboratory and controlled field experiments using potassium permanganate to remediate
trichloroethylene and perchloroethylene DNAPLs in porous media”, Journal of

Contaminant Hydrology, 29, 205-224.

Schroth, M., Oostrom, M., Wietsma, T., and Istok, J. (2001) “In-situ oxidation of

trichloroethene by permanganate: effects on porous medium hydraulic properties”,

Journal of Contaminant Hydrology, 50, 79-98.

72



Seagren, E., Rittman, B., and Valocchi, A. (1999) “An experimental investigation of
NAPL pool dissolution enhancement by flushing”, Journal of Contaminant Hydrology,

37, 111-137.

Seol, Y., Zhang, H., and Schwartz, F. (2003) “A Review of /n Situ Chemical Oxidation

and Heterogeneity”, Environmental & Engineering Geoscience, Vol. IX, No. 1, 37-49.

Siegrist, R.L., Lowe, K.S., Murdoch, L.C., Case, T.L., and Pickering, D.A. (1999) “In
Situ Oxidation by Fracture Emplaced Reactive Solids”, Journal of Environmental

Engineering, May, 429-440.

Struse, A.M., Siegrist, R.L., Dawson, J.E., Urynowicz, M.A. (2002) “Diffusive Transport
of Permanganate during In Situ Oxidation”, Journal of Environmental Engineering, April,

327-334.

Tunnicliffe, B. and Thomson, N. (2004) “Mass removal of chlorinated ethenes from

rough-walled fractures using permanganate”, Journal of Contaminant Hydrology, 75, 91-

114.

Wilke, C. and Chang, P. (1955) “Correlation of diffusion coefficients in dilute solutions”,

American Institute of Chemical Engineers Journal, 1, 264-270.

73



Yan, E. and Schwartz, F. (1999) “Oxidative degradation and kinetics of chlorinated

ethylenes by potassium permanganate”, Journal of Contaminant Hydrology, 37, 343-365.

Yan, E. and Schwartz, F. (2000) “Kinetics and Mechanisms for TCE Oxidation by

Permanganate”, Environmental Science and Technology, 30, 2535-2541.

Zhang, H. and Schwartz, F. (2000) “Simulating the in situ oxidative treatment of
chlorinated ethylenes by potassium permanganate”, Water Resources Research, Vol. 36,

No. 10, pg. 3031-3042.

Zhu, J. and Sykes, J. (2000) “The influence of NAPL dissolution characteristics on field-

scale contaminant transport in subsurface”, Journal of Contaminant Hydrology, 41, 133-

154.

74



Table 1 — Simulation parameters

Parameter 1D column calibration 3D source zone simulation
pw 1000 kg m™ 1000 kg m™
DONW 1460 kg m™ 1460 kg m™

Uw 0.001 Pa-s 0.001 Pa-s
UNw 0.00057 Pa-s 0.00057 Pa-s

o 0 Pa’! 0Pa’

S 0Pa’ 0Pa’

ds 0.0005m 0.0005 m
Kdomain 12x100m> @ 1.02x 10 m*
Kions - 1.02x 10 m*

Z 034D 0.34

O 0.01 m 0.01 m

o, 0.001 m 0.001 m

0, 0.0001 m 0.0001 m

T 0.7? 0.7

Kins Various 039M's' @ 10°C @
Snw 16% (residual) 20% (residual)
Sying (rind slope) Various 55x 10 m’ L mg'1
Solubility (TCE) 829 mg/L 1100 mg/L

C (KMnOy) 790 mg/L 5000 mg/L

D° rcg 1.0x10°m?s'T @ 1.0x 107 m?s'T @
D° ymos 1.6x10°m°st © 1.6x10°m’s! ©
D 20x10°m’sT © 20x10°m’sT ©
Rrce 1.0 D 1.0

0 21.77 ml/min -

Vi - 0.005

X 095m @ 1.0 m

Y 0.045 m 1.0 m

7 0.045 m 1.0m

Ax 0.0l m 0.025 m

Ay 0.045 m 0.025 m

Az 0.045 m 0.025 m
Number of nodes 95 64,000

1 — From Schroth et al., 2001

2 — From Bear, 1972.

3 — Calculated as per Yan and Schwartz, 2000.

4 — Calculated from Wilke & Chang, 1955. Reference temperature is 25°C.

5 — From CRC Handbook of Chemistry and Physics, 2004.
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Table 2 — Descriptions of three-dimensional simulations.

Suite | Simulation Description
No.
1 1 Only equilibrium dissolution
(residual)
2 Equilibrium dissolution with continuous oxidation; no prior
dissolution; no rind formation
3 Equilibrium dissolution with continuous oxidation; no prior
dissolution; rind formation included
4 Equilibrium dissolution with 1 year of treatment followed by
only equilibrium dissolution; rind formation included
5 Equilibrium dissolution with 2 years of treatment followed by
only equilibrium dissolution; rind formation included
2 6 10 years of equilibrium dissolution, then continuous treatment;
(residual) no rind formation
7 10 years of equilibrium dissolution, then continuous treatment;
rind formation included
8 10 years of equilibrium dissolution, then 1 year of treatment
followed by only equilibrium dissolution; rind formation
included
9 10 years of equilibrium dissolution, then 2 years of treatment
followed by only equilibrium dissolution; rind formation
included
3 10 Only equilibrium dissolution
(surface
release) 11 9 years of equilibrium dissolution, then continuous treatment;
rind formation included
12 9 years of equilibrium dissolution, then 1 year of treatment

followed by only equilibrium dissolution; rind formation
included
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Figure 1 — Experimental setup by Schroth et al. (2001) used to calibrate DNAPL3D-RX.
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Figure 2 — Comparison of dissolution experiment by Schroth et al. (2001) with numerical
model utilizing various mass transfer expressions.
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Figure 3 — Comparison of experimental TCE effluent concentrations in the presence of
chemical oxidation (Schroth et. al, 2001) with model results for various mass transfer

expressions and TCE-KMnOQ, reaction rate constants.
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Figure 4 - Comparison of experimental MnO4 effluent concentrations (Schroth et. al,

2001) with model results for two TCE-KMnOQy reaction rate constants.
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Figure 5 - Comparison of experimental wetting pressures (Schroth et. al, 2001) with

model results for two TCE-KMnQ, reaction rate constants and two different S,,,s values.
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Figure 6 — Comparison between experimental and model pre- and post treatment wetting
pressures due to rind formation. The changes in wetting pressure are presented as the

difference between initial (pre-treatment) and final (post treatment) measurements.
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Figure 7a — Configuration of three-dimensional domain used in model simulation of

residual TCE source zone dissolution and chemical oxidation.
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Figure 8 — Influence of rind formation on treatment effectiveness for Suite 1. Chemical

oxidation initiated at t = 0 years. Label descriptors refer to simulations identified in

Table 2.
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Figure 9 - Comparison of total boundary mass discharge for different chemical oxidation

treatment for Suite 1. Label descriptors refer to simulations identified in Table 2.
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Figure 10 — Time sequence of S,,, and k for Simulation 9 (refer to Table 2) for a cross-
section through the source zone. Permeabilities are identified in the legend. Red denotes

nodes with S, > 0, not the actual saturation.
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Figure 11 — Influence of rind formation on treatment effectiveness after 10 years of
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Label descriptors refer to simulations identified in Table 2.
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Figure 12 - Comparison of total boundary mass discharge for different chemical
oxidation treatment scenarios initiated after 10 years of dissolution for Suite 2. Chemical
oxidation initiated at t = 10 years. Label descriptors refer to simulations identified in

Table 2.
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Figure 13 — Influence of rind formation on treatment effectiveness after 9 years of
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Label descriptors refer to simulations identified in Table 2.
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Appendix C.3

Numerical Simulation of Field Scale DNAPL Source Zone Remediation with
In Situ Chemical Oxidation (ISCO): Unconsolidated Porous Media



Abstract

Numerical simulations were conducted to evaluate the efficacy of in situ field scale
chemical oxidation (with permanganate) for trichloroethylene (TCE) and tetrachloroethylene
(PCE) DNAPL in eight idealized heterogeneous porous media sites. Both dissolution and
treatment were unable to completely deplete DNAPL mass or boundary mass flux for any of the
sites. Performance was highly variable due to competition with oxidizable organic aquifer
materials, manganese dioxide (rind) formation, DNAPL architecture, and geologic
characteristics. Enhancement factors for DNAPL mass depletion (Er,) at the end of treatment
ranged from 0.93 (i.e., adverse impacts) to 3.07 (i.e., benefit), with values between 0.96 and 1.44
at the end of 10 years. Similarly, the enhancement in boundary mass flux reduction (E;) was
between 1.03 and 2.22 at the termination of treatment, but at 10 years ranged from 0.84 to 9.78.
During post-treatment monitoring, most of the benefits achieved during active treatment were

negated due to dissolution tailing.



1.0 Introduction

The benefit of source zone partial mass removal on plume evolution at sites impacted by
dense non-aqueous phase liquids (DNAPLS) is a topic of considerable interest in the remediation
industry (Sale and McWhorter, 2001; Kavanaugh et al., 2003; McWhorter and Sale, 2003; Rao
and Jawitz, 2003; Fountain et al., 2005). A variety of approaches can be considered for in-situ
DNAPL mass removal including hydraulic displacement, chemical flushing, thermal treatment,
and enhanced biodegradation. Within the broad class of chemical flushing technologies, much
attention has been given to oxidation using permanganate.

The oxidation of trichloroethylene (TCE, C,ClsH) and tetrachloroethylene (PCE,

C,Cl,) by permanganate (MnO,) are represented as (Yan and Schwartz, 1999):

C2Cl3H +2MnO4” = 3CI" + 2CO; + H* + 2MnOy
1)
C2Cls + 2Mn0O4 = 4CI + 2CO; + 2MnOys)

@)

The successful enhancement of TCE and PCE DNAPL mass removal by permanganate
has been demonstrated experimentally in the laboratory (Schnarr et al., 1998; Schroth et al.,
2001; MacKinnon and Thomson, 2002; Petri et al., 2008) and at the field scale (Schnarr et al.,
1998). However, the effectiveness of treatment is conditional. In (1) and (2) the solid manganese
dioxide is a byproduct of the chemical oxidation process. The MnOg is a colloidal particle that

can precipitate (Huang et al., 2002a; Crimi and Siegrist, 2004), reducing permeability by



clogging soil pores (Randhawa, 2000; Schroth et al., 2001; Siegrist et al., 2002) and portions of
fractures (Tunnicliffe and Thomson, 2004), and forming a low permeability deposition zone
(rind) at the DNAPL-aqueous phase interface (Urynowicz and Siegrist, 2005) that can
encapsulate DNAPL source zones (Schroth et al., 2001; Conrad et al., 2002; MacKinnon and
Thomson, 2002; Li and Schwartz, 2004). The factors that influence the formation and
precipitation of MnOy) are highly variable and site specific, depending on pH, interstitial pore
velocity, contaminant concentration, cation concentration, buffering capacity, and permanganate
loading (Nelson et al., 2001; Crimi and Siegrist, 2004, 2005; Kao et al., 2008).

It has been found that (1) and (2) follow a second-order reaction rate when MnQ,” is in
excess (Yan and Schwartz, 1999; Hood et al., 2000; Huang et al., 2001; Siegrist et al., 2001; Dai
and Reitsma, 2004; Waldemer and Tratnyek, 2006). Experimentally determined second-order
reaction constants for TCE and MnO4" (krce) have been reported to range between 0.24 and 1.19
M™ s (for 20°C to 25°C) (Yan and Schwartz, 2000; Huang et al., 2001; Waldemer and Tratnyek,
2006) . Similarly, values ranging from 0.028 to 0.051 M™ s™ (for 20°C to 25°C) have been
determined for PCE and MnQ4" reactions (Hood et al., 2000; Huang et al., 2002b; Dai and
Reitsma, 2004; Waldemer and Tratnyek, 2006; Kao et al., 2008). This second-order reaction rate
follows the Arrhenius equation with respect to temperature, which is useful for estimating
reaction rate constants consistent with groundwater temperatures (Yan and Schwartz, 2000; Dai

and Reitsma, 2004).

Since MnO," indiscriminately reacts with a multitude of naturally-occurring organic and
reduced inorganic compounds, the presence of organic and inorganic species on soil subject to
chemical oxidation can result in substantial competition with the targeted chlorinated solvents,

yielding reduced treatment efficiency (Siegrist et al., 2001; Mumford et al., 2005). Considering



only reactive organic aquifer material (OAM), the reaction between OAM and permanganate can

be given by (Mumford, 2002):

3CH,0 +4Mn0O4” = 3CO;, + 4MnOy) +H20 + 40H
3)

Equation (3) represents a reactive sink often referred to as the natural oxidant demand (NOD).
The NOD of soil has been experimentally investigated by Mumford (2002), Mumford et al.
(2005), Hagnning et al. (2007), and Urynowicz et al. (2008). The authors reported that the NOD
reaction between OAM and MnQ," consisted of independent fast and slow reactions. Mumford
(2002) modelled the experimental data using two independent second-order Kinetic reactions
with a reasonable match; Hagnning et al. (2007) studied NOD for two aquifers finding that 50%
of the MnO," is consumed in the fast reaction that occurs within the first 12 hours of treatment
and followed a first-order reaction rate; Urynowicz et al. (2008) derived a rate expression
comprising two independent first-order reaction rates solely dependent on [MnO,] that was a
good match to their experimental results, with the transition between fast and slow occurring at
approximately 48 hours.

Field-scale modelling of the in situ chemical oxidation of DNAPLS is sparse in the
literature. Zhang and Schwartz (2000) conducted two simulations: a three-dimensional domain
(3 m by 2.5 m by 1 m with 1350 nodes) representing the Borden aquifer test cell experiment
conducted by Schnarr et al. (1998), and a large scale two-dimensional domain (120 m by 70 m
with 2601 nodes) representing a US Department of Energy site. Ibaraki and Schwartz (2001)
investigated the influence of soil heterogeneity and fluid density-effects on sweep efficiency with

a 15 m by 12 m two-dimensional domain comprising 11640 nodes.



In this study, the three-dimensional two-phase flow reactive transport model, DNAPL3D-
RX, is modified and utilized to investigate the treatment of TCE and PCE DNAPL source zones
in field scale heterogeneous porous media by chemical oxidation with potassium permanganate.
Treatment effectiveness is primarily evaluated with respect to DNAPL mass removal,
concentration reduction and solute mass flux reduction over a period of 10 years in both the
presence and absence of treatment. This work focuses on the influence of: (i) soil permeability
and heterogeneity, (ii) DNAPL source zone architecture, (iii) DNAPL composition, (iv) DNAPL
release volume, (v) the use of hydraulic displacement prior to chemical oxidation, (vi) MnOy

rind deposition, and (vii) the competition with NOD.

1.1 Field Scale Model Domain

Template sites were developed that encompass ranges in mean permeability, variance of
local scale permeability, DNAPL type, and DNAPL release volume (Table 1). The “base case”
permeability and saturation fields are presented in Figure 1. The software application F-GEN
(Robin et al., 1993) was utilized to generate spatially correlated random permeability (k) fields.
Mean permeability ranges over two-orders of magnitude amongst the sites, with the variance in
In k varying from 0.87 to 3.48. The mean permeability values are representative of sites
compromising medium to fine grained sands.. The variance values represent sites with low (¢*1,
« = 0.87), moderate (6°1n = 1.74), and high (6%« = 3.48) heterogeneity, consistent with studies
presented by Sudicky (1986), Woodbury and Sudicky (1991), Hess et al. (1992), Rehfeldt et al.
(1992), Turcke and Kueper (1996), and Maji (2005) . The permeability field is assumed to
follow an exponential correlation structure with a correlation length of 3.0 m in the horizontal

plane (isotropic) and 0.2 m in the vertical plane.



Richards (2006) generated the initial non-wetting saturation fields in a 20 m (long) by 20
m (wide) by 5 m (thick) domain by specifying a point release at the top-center node. The
released DNAPL subsequently underwent migration and redistribution. Upon stabilizing, the
domain was then subject to hydraulic displacement (HD) to remove pooled DNAPL. The post-
HD simulations are primarily utilized in this work; however, the pre-HD fields for the small
volume release (simulation 6b) were utilized to assess the influence of HD on treatment. The
DNAPL initial masses/volumes listed in Table 1 are the post HD quantities utilized in this work.
The initial DNAPL volumes represent small, medium, and large releases.

Trial simulations with chemical oxidation revealed that the original 20 m by 20 m by 5 m
domain (250000 nodes) proved to be excessively computationally demanding for a simulation
period of 10 years. The width of the domain was reduced from 20 m to 10 m ensuring a
statistically similar (with respect to Syw) domain for a total 125000 nodes. The domain was
discretized into 0.4 m by 0.4 m (horizontal plane) by 0.05 m blocks to ensure a minimum of four
nodes per correlation length. As such, the current suite of simulations utilized the symmetric
half-domain (with respect to the original DNAPL release node) of the simulations conducted by

Richards (2006).

Table 1. Summary of template sites.

Template Site Simulation | DNAPL | Initial Initial Mean k Mean Variance
Number Mass | Volume (m?) Ink In k
(kg) (m°) (In(m%) | (In (m%)?
Base case 1 TCE 3520 2.41 3.03x10% | -27.36 1.74
High mean k 2 TCE 3496 2.39 3.02x10" | -25.06 1.74
Low mean k 3 TCE 3535 2.42 3.04x10"° | -29.66 1.74
Low heterogeneity 4 TCE 3355 2.30 1.87x10™° | -27.43 0.87
High heterogeneity 5 TCE 3186 2.18 7.41x10"% | -27.26 3.48
Small DNAPL 6a TCE | 785 | 054 | 3.03x10% | -27.36 | 174
volume (post HD)
Small DNAPL 6 TCE | 803 | 055 | 3.03x10% | -27.36 | 1.74
volume (pre HD)
Large DNAPL 7 TCE 7343 5.03 | 3.03x107% | -27.36 1.74




volume
High density 8
DNAPL

PCE 3871 2.37 3.03%x 10" -27.36 1.74

DNAPL release

Figure 1. Three-dimensional view of porous media domain. Figure A presents the initial non-wetting phase
saturation field, domain configuration, and the location of the original DNAPL release. Figure B depicts the
corresponding permeability field. The domain is the symmetric half-domain (with respect to the DNAPL release
location) from work by Richards (2006).

Sorption processes were accounted for by generating an organic aquifer material (OAM)
field cross-correlated to permeability using F-GEN (Robin et al., 1993). The OAM was
simulated using a fraction organic carbon (f,c) assigned to each node and applying a linear

sorption isotherm (input statistics presented in Table 2). Following Brusseau and Srivastava

(1997), fo. was perfectly negatively cross-correlated to permeability utilizing o .. equal to 0.24
In foc

for all template sites. This approach varies from Brusseau and Srivastava (1997) in that their



work assumed o . =o} = 0.24. Since o}, Vvaries between 0.87 and 3.48 in this work,
assuming o .. = o Would produce excessively large retardation factors (R = I + py Ko foc /0

) (Freeze and Cheery, 1979). By assumingo ... equals 0.24 for all template sites, more

moderate R values are achieved. For example, 1.4 <R < 13.0 (0.0005 < foc < 0.015) for the base

case with a mean R of 3.4 (f,c = 0.00306).

Table 2. F-GEN (Robin et al., 1993) input statistics.

Parameter Templates Site k (m%) foc
Mean, u Base case 1x107%
High mean k 1x10™
Low mean k 1x10™ 0.003
Low heterogeneity 1x10™2
High heterogeneity 1x10™2
Ink (In (m%) In o
Variance, ¢° Base case 2.0
High mean k 2.0
Low mean k 2.0 0.24!
Low heterogeneity 1.0
High heterogeneity 4.0
Degree of
Correlation, 1
R2
Coherency Base case -0.35
level, a High mean k -0.35
Low mean k -0.35
Low heterogeneity -0.49
High heterogeneity -0.24
Correlation k field foc field
lengths
g @ 3.0m 3.0m
Av 0.2m 0.2m
Nugget Effect 0.0 0.0

"Brusseau & Srivastava (1997).
2 Horizontal isotropy assumed.

In an effort to reduce the model complexity, all domains are considered perfectly
buffered while implicitly incorporating relevant geochemistry: the authors recognize that

alternations in redox conditions, pH and cations can influence treatment efficiency, and the



formation and dissolution of the MnO;, rind (e.g., Crimi and Seigrist, 2004; Li and Schwartz,
2004). The hydrogeochemistry of actual sites is highly complex, dynamic, and spatially variable.
The current understanding of the influences of hydrogeochemistry on chemical oxidation
processes, and the formation, fate and transport of manganese dioxide precipitates, is limited.
While some of these issues can be resolved to some degree for actual sites, employing complex
hydrogeochemistry in a transient heterogeneous three-dimensional reactive multiphase model

with the current state of knowledge is the topic of future studies.

1.2 Model Development

The development, testing and calibration of DNAPL3D-RX for the simulation of
chemical oxidation are discussed in West et al. (2008). Details regarding the multiphase flow
and solute transport aspects of the model are presented by Kueper and Frind (1991), Gerhard and
Kueper (2003), Grant and Gerhard (2007), and West et al. (2008). As discussed Grant and
Gerhard (2007), DNAPL3D-RX incorporates a variety of rate limited and local equilibrium mass
transfer routines. Dissolution is simulated in this work by applying local equilibrium to source
nodes; a similar approach was recently utilized by Basu et al. (2008). The three-dimensional
heterogeneous configuration of the domain permits the simulation of advection-dispersion
processes at all nodes, thus capturing the reduction in downgradient concentrations due to flow
bypassing and dilution processes. The advection and dispersion of individual solute species was
solved using the standard explicit finite-difference method (Clement, 1997; Clement et al.,
1998); while there are several solver options available to the user in RT3D, testing with the
template sites revealed that the former technique was a good balance between memory usage and
computational run-time. All solute reactions were solved using the automatic switching Gear-

stiff/non-stiff solver option in RT3D.
10



1.2.1 Reaction Kinetics

The reaction equations of interest for TCE with permanganate follow Randhawa (2000),
Zhang and Schwartz (2000), and Mundle et al. (2007), while the reaction between OAM and
permanganate is adopted from Yan and Schwartz (1999), Mumford (2002), and Mundle et al.
(2007).

For TCE or PCE:

O[TCE]  —kyee[TCEMNO;]

at I:QTCE
(4)
where Rrce is the retardation factor as defined earlier.
For permanganate:
o[MnO, _ _
% = _ZkTCE ([TCE]"' [TCEsorbed ])[MI‘IO4 ]_ 4kOAM [OAM][MI‘]O4 ]
()
where the coefficients 2 and 4 are derived from stoichiometry.
For OAM (Mumford, 2002):
0|OAM B
[ at I —3Koam [OAM][MnO4]
(6)
For sorbed TCE:
a[TCEsorbed ] [ f]
T = _kTCE [TCEsorbed] Mno4
(7)

11



where the square brackets [ ] denote molar concentration, krce and koam are the second-order
reaction constants between aqueous TCE and MnO, {M™ L* T}, and OAM and MnO, {M™
L® T}, respectively. The mass concentration can be determined by computing the product of
the molar concentration and the molar mass for a given species. Equations (4) to (7) also apply
to the case of PCE, although kpce is different (see Table.3). Following the study by West et al.
(2008), the influence of CO5() on permeability is not simulated; it is recognized that this
assumption will likely impart a bias that reduces soil clogging and flow bypassing. The
modelling approach of Mumford (2002) was selected for this work due to its explicit dependence
on both OAM and MnO," (see equation (6)), and the need for only one OAM species within the
domain, thus improving computational efficiency; although the usage of (6) has some limitations
in capturing the full spectrum of OAM-permanganate reaction kinetics (Mumford, 2002;
Mumford et al., 2005; Hgnning et al., 2007; Urynowicz et al., 2008), it is a reasonable starting
point for the simulation of a complex heterogeneous domain. To ensure that MnO,4
consumption by OAM is representative, the average value of four slow reaction rate constants

reported by (Mumford, 2002, Table 5-2, page 76) was utilized for modelling.

1.2.2 Representation of Rind Formation

As noted in (1), (2), and (3), the manganese dioxide rind forms as a byproduct of reaction
with TCE, PCE, and OAM. Due to potential highly adverse impacts on treatment efficacy, the
subject of manganese dioxide formation, transport, deposition, and influences on chemical
oxidation are the subject of continued research. For this modelling work, the findings of West et
al. (2008) are employed, where the permeability was modified by the following expression:

k = (ko )+ Srind [Mnoz]

(8)
12



where k is the nodal permeability at the time of interest, k, is the original permeability of the
node {L?}, and Sying is the slope of the assumed linear relationship between k and the MnO,
concentration {L? L* M™}. As discussed in West et al. (2008), the parameter Sying in (8) captures
the aggregate response of the system to changes in pressure from the deposition of rind particles
whose concentration is determined from stoichiometry (equations (1) to (3)) and reaction kinetics
(equations (4) to (7)). Following West et al. (2008), the MnO, species is considered immobile
and insoluble, and since all domains are assumed completely buffered, the formation and

influence of CO; gas is not assessed.

1.3 Metrics of Evaluation

The DNAPL mass (MpnapL) {M} removed, boundary mass flux, relative change in local
scale DNAPL saturation (Syw) with respect to permeability, and DNAPL mass versus boundary
mass flux are the four metrics utilized in this study to assess the performance of DNAPL
remediation by permanganate. The DNAPL mass removal is assessed by converting the nodal
saturations to masses, and then summing all non-wetting phase nodal masses within the domain.
The boundary mass flux (M) {M L T} is the sum of the local scale mass flux at each

boundary node:
N
M ? = Zcinqi
i=1

(9)
where i denotes an individual boundary node, n is the mobile aqueous species of interest, g is the

nodal wetting phase Darcy flux {L T™*}, and C is the nodal concentration {M L™}. The relative

change in Syw with respect to permeability is calculated as follows:

13



(6) = ((Sﬁw (i) JxlOO%

Sl(\)lW [
(10)

where e is the relative difference (%) for each node within the domain, Sy, is the initial (t = 0)

non-wetting phase saturation, and S, is the non-wetting phase saturation when treatment is

terminated
The DNAPL mass and boundary mass flux are compared to dissolution only at specific
times of interest to compute enhancement factors. For DNAPL mass depletion, the enhancement

factor is defined as:

E = M gNAPL -M ICDrE,rAnPOLX (t)

m 0 diss
M DNAPL — M DNAPL (t)

(11)

where M Jyp. is the initial DNAPL mass in the domain (t = 0), and MJme* and M35, are the

DNAPL mass values for treatment and dissolution only, respectively, at some time (t). The

enhancement factor for boundary mass flux is defined as:

- _ Mo
f Mchemox t
()
(12)
chemox - diss - .
where My is mass flux for treatment and M¢~ is mass flux for the corresponding

dissolution only output.
DNAPL mass reduction (Myorm) Versus boundary mass flux reduction (Fnorm) and mean

concentration reduction (Cyorm) is the final metric utilized to assess dissolution and treatment
14



processes, and to evaluate treatment effectiveness. Similar approaches have been employed by
other authors (e.g., Sale and McWhorter, 2001; Parker and Park, 2004; Falta et al., 2005; Jawitz
et al., 2005; DiFilippo and Brusseau, 2008). The approach by Falta et al. (2005) is utilized as

follows:

cm:(MDNApL(oT or C. (M. )

C(tO) M DNAPL (tO)
(13)
and
M f (t) _ M DNAPL (t) " _ i
O ) o P =)
(14)

where tg is the reference time {T}, and 7" is an empirical fitting parameter intended to represent

the influence of heterogeneity and source zone architecture.

1.4 Scope of Simulations

All parameters of interest were varied with respect to a base case (see Table 1), for which the

input parameters are listed in Table.3.

15



Table.3. Simulation input parameters

Parameter TCE PCE

Pw 1000 kg m” 1000 kg m*
Daw 1460 kg m>® 1630 kgm=> @
L 0.001 Pa-s 0.001 Pa-s
Lnw 0.00057 Pa-s 0.00087 Pa-s ¥
a 0Pa’ 0Pa’

B 0Pa’ 0Pa’

Koc 126 mL g™ @ 364mLg’®
dso 0.0005 m 0.0005 m
0@ 0.30 0.30

oy 0.004 m 0.004 m
00y 10:1 10:1

Oy .0y 100:1 m 100:1m

T 0.7% 079

Kree orKpce

0.39MisT @ 100c @

0.0141 Ms* @ 10°Cc @

I(OAM

8.8x10% L mgts?®

8.8x10°L mg'st®

Sing (rind slope)

55x10°m?Lmg* ®

55x10° m? L mg? ©

Cs

1100 mg L* @

200mg LT ®

KMnO,
Cinj

2500 mg L™

2500 mg L™

0
D TCE or PCE

7.98x10 % m*st ™

7.17x100%m?st @

D° vnoa” 155x10° m?st ®@ 1.55x10° m?st ©
Vh 0.05 0.05

X (longitudinal) 20.0m 20.0m

Y (vertical) 50m 50m

Z (width) 100 m 10.0 m

Ax 0.40 m 0.40m

Ay 0.05m 0.05m

Az 0.40 m 0.40m
Number of nodes 125000 125000

" pankow and Cherry (1996).

@ Constant porosity assumed (Schaerlaekens et al., 2006; Liang and Falta, 2008).
®) From Bear (1972).

“ From Yan and Schwartz (2000); temperature as per Dai and Reitsma (2004).
® From Mumford (2002).

©) From West et al. (2008).

@) Calculated from Wilke and Chang (1955). Reference temperature is 10°C.

® From Lide (2004).

A schedule of field scale simulations providing information regarding injection concentrations
and durations is provided in Table 4. Simulations were conducted by systemically altering u

(simulations 2 and 3), °1n« (simulations 4 and 5), DNAPL volume (simulations 6 and 7),

16



DNAPL type (PCE, simulation 8) with respect to the base case template site (simulation 1).
Additional simulations were conducted to assess the influence of HD (simulation 6a and 6b),
MnOy rind deposition (simulation 9), the absence of NOD (simulation 10), and combined
absence of rind deposition and NOD (simulation 11) on remediation. To provide a benchmark
for the evaluation of treatment, corresponding dissolution only (no treatment) simulations were

conducted for each of the template sites (total of 9 no treatment simulations).

Table 4 Schedule of treatment simulations

Simulation | Description KMnO, Injection
No. injection duration
concentration (days)
(mg/L)

1 Base case 849

2 High mean k 83

3 Low mean k 3650

4 Low heterogeneity 1086

5 High heterogeneity 575

6a Small DNAPL volume 163
(post HD) @

6b Small DNAPL volume 2500 166
(pre HD)

7 Large DNAPL volume 2251

8 PCE DNAPL 724

9 Base case, no Rind 849

10 Base case, no NOD 849

11 Base case, no NOD & 849
no Rind

@ Only 42% of mass KMnO4 could be injected over 10 years.
@ HD denotes hydraulic displacement.
®) Equilibrium dissolution assumed for all simulations.
A cross-sectional depiction of the domain with all boundary conditions is presented in
Figure 2. Constant head boundary conditions were specified for the wetting-phase at the
upgradient (x = 0) and downgradient (x = 20 m) longitudinal domain exterior faces, while

corresponding no flux boundary conditions were specified for the non-wetting phase. The

horizontal and vertical transverse domain faces were assigned no flux boundary conditions for
17



both the wetting and non-wetting phases. Groundwater flows from x =0 to 20 m subject to a
hydraulic gradient of 0.05, deemed to be representative of a site with ongoing oxidant injection

activities.

CM% —2500mg /L

inj

Constant head

Constant head

onstant hea §=O, @20 M:O
W _ » v v

oy

k (m?)

[~ SE-09
1E-09
5E-10
1E-10
5E-11
1E-11
5E-12
1E-12
5E-13
1E-13

Figure 2. Cross-section of model domain with boundary and initial conditions. Section located a
z =5 m for TCE base case.

A core focus of this study is the effect of heterogeneity on sweep efficiency through the
source zone. As such, emphasis was placed on maximizing deliverability of the chemical

oxidant to the subsurface domain. This was accomplished by utilizing a constant concentration
(Ci':j“"“o‘* = 2500 mg/L) injection boundary along the entire upgradient face of the domain for a

fixed period of time (i.e., one injection, not pulsed); practically, this boundary condition
represents an injection trench or a series of closely-spaced injection wells. The influence of
various design parameters (e.g, Siegrist et al., 2001) on treatment is a worthwhile study and the

subject of future work.
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The initial condition for each simulation adopted the stabilized post-migration and/or
post-HD saturation fields generated following the original DNAPL releases (Richards, 2006).
Neither dissolution during migration, nor dissolution during HD, was simulated. As a
consequence, a solute plume does not exist prior to initiating the simulations in Table 4. Upon
commencing each simulation (i.e., the first time step), equilibrium dissolution yields solute
concentrations at solubility for each node with Syyw > 0 and sorbed mass is generated
accordingly.

All simulations were conducted for a total simulated time of 10 years. The duration of
injection for each simulation was determined from stoichiometry: MnO, was continuously
injected until enough oxidant was present to theoretically completely degrade the initial DNAPL
mass according to (1) and (2) and assuming no other losses (i.e., 2 moles of MnO,4" were injected
for each mole of TCE DNAPL initially present). Injection was terminated once this

stoichiometric initial mass condition was achieved.

1.5 Field Scale Simulations

All simulations were evaluated using the previously discussed metrics. Results are
presented for both the chemical oxidation and dissolution only (no treatment) scenarios. The
dissolution only simulations were conducted for each template site and serve as a benchmark for
comparing treatment efficiency. Conservative tracer simulations were also conducted with a
continuous constant concentration boundary for each template site with the following C/Cy = 0.5
breakthrough times: 47 days for the base case (simulation 1), small DNAPL release volume
(simulations 6a and 6b), and large DNAPL release volume (simulation 7) sites; 5 days for the
high mean k site (simulation 2); 487 days for the low mean k site (simulation 3); 72 days for the

low variance site (simulation 4); and, 23 days for the high variance site (simulation 5).
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1.5.1 DNAPL Source Zone Mass Removal

The TCE dissolution and chemical oxidation simulation results for the base case
(simulation 1, Table 4), and the high and low mean k values (simulations 2 and 3, Table 4) are
plotted in Figure 3 and summarized in Table 5, where it can be observed that the domain mean k
has a significant influence on mass removal for both the dissolution and treatment scenarios.

The low mean k domain was problematic for chemical oxidation as only 42% of the needed
KMnO, was successfully injected over 10 years due to the limited groundwater flux. The
responsiveness of the high mean k simulation is due, in part, to the difference in the transport
times of the MnQO," species relative to the kinetics of the concurrent competitive reactions with
TCE solute and NOD; there is less residence time for a given node, thus minimizing NOD losses
and the degree of rind formation from (3). Consequently, sweep efficiency is relatively greater
in the high mean k domain and TCE solute consumption is more widely spread, ultimately
yielding more nodes with enhanced dissolution and an overall increase in DNAPL mass removal.
Following the termination of treatment, residual MnO," is completely consumed within a few
months, and the remainder of the simulation is dominated by dissolution. At 10 years,
comparison of simulations 1 and 2 indicates that the order of magnitude increase in mean k
yields a 7-fold reduction in DNAPL mass for dissolution only, while chemical oxidation exhibits
a 40-fold relative reduction. When considering dissolution only for simulations 1 and 3, the 10-

fold reduction in mean k increased the DNAPL mass remaining at 10 years by nearly 3-fold.
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Figure 3. Influence of domain mean k on source zone DNAPL mass depletion. Label ‘diss’
denotes the case of dissolution only (no treatment) while simulations with chemical oxidation by
potassium permanganate are labeled ‘chem ox’. Label ‘BC’ denotes the base case with TCE.
Vertical arrows indicate the time when treatment was terminated and the number beneath the
arrow denotes the simulation number from Table 4 Note that treatment was not terminated for
the low mean k template site.
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Table 5. Summary of DNAPL mass depletion enhancement factors (E,) calculated using (11).

Simulation En
no. End of 10 years
treatment
1 1.12 1.01
2 1.82 1.03
3 0.98 0.98
4 1.08 1.01
5 0.93 0.96
6b 0.99 1.00
7 1.12 1.04
8 3.07 1.44
9 1.24 1.05
10 1.51 1.04

The influence of heterogeneity on mass removal during dissolution and chemical
oxidation is presented in Figure 4. When comparing the three plots for chemical oxidation,
simulations 1 (base case), 4 (low variance) and 5 (high variance) have experienced 75%, 70%
and 80% mass removal over the 10 year period, respectively. This trend is similar for dissolution
only. The highly heterogeneous domain will have a greater degree of preferential flow
channeling due to a greater contrast in low and high k zones. Given that the low k features are
also the capillary barriers encountered by DNAPL during migration, it follows that the high
variance simulation will have a DNAPL source architecture characterized by mass concentrated

in higher permeability regions.
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Figure 4. Influence of heterogeneity on source zone DNAPL mass depletion. Label ‘var’ refers
to the variance in heterogeneity.

Figure 5 plots the impact of DNAPL release volume on mass removal. The reduction in
mass over 10 years for simulations 1, 6a (small volume) and 7 (large volume) is 75%, 91% and
47%, respectively, for chemical oxidation; the trends and quantity of mass reduction are similar
for dissolution only (76%, 91% and 45% for simulations 1, 6a and 7, respectively). The benefit
at the time of treatment completion is more pronounced for simulation 7 (6.2 years) with
chemical oxidation producing a 42% reduction in mass versus only 23% for dissolution only;
however, at 10 years the relative mass remaining for treatment is 47% and 45% for dissolution
only. While the high mean k and high volume simulations exhibited a noticeable response to
chemical oxidation when compared to dissolution only, the quantity of DNAPL present in a
given domain over the 10 year period is largely unaffected by treatment (Table 5). Unless all
DNAPL mass has been removed upon completion of chemical oxidation, the trends observed at

10 years, rather than at the completion of injection, are most relevant. As such, Figure 3 through
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Figure 5, and Table 5, suggest that the permeability statistics of the domain (mean and variance)

largely dictate how effective treatment will be on mass removal.

8000 1

large vol diss

1

7000 1
] large vol chem ox
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2000
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1000 1
1 ﬂ small vol chem ox

0 ] T T T T T T T T T T T T T T T T T
0 2 4 6 8 10
Time (yrs)

Figure 5. Influence of DNAPL initial release volume (‘vol’) on DNAPL source zone mass
depletion.

The influence of HD on chemical oxidation and dissolution is presented in Figure 6
(simulations 6a and 6b). In general, the pre-HD initial condition can be characterized as having a
lower ganglia to pool ratio than the post-HD condition. When examining the interim of 0 to 5
years in Figure 6, the benefit from utilizing pre-HD can be observed for both dissolution and
chemical oxidation. However, beyond seven years, the tailing effects of dissolution dominate the
domain, and all simulations produce similar end-points. The overall poor treatment efficacy for

simulations 6a and 6b can be attributed to poor sweep efficiency, where only 8.8% of nodes had

CM% > 0 when treatment was terminated; a review of nodal concentrations revealed that the

contact between DNAPL nodes and MnO,4” was negligible for both simulations.
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Figure 6. Influence of hydraulic displacement (HD) on source zone DNAPL mass depletion for
the small DNAPL volume template site.

Figure 7 presents the influence of DNAPL composition. PCE, despite having a much
lower reaction constant, is relatively more responsive to chemical oxidation than TCE (Table 5).
This is due, in part, to the solubility of each compound and the associated effect of enhanced
dissolution in the presence of chemical oxidation. The TCE and PCE simulations utilized the
same rind functions, which, given the underlying second-order rate kinetics and the reduced

reactivity of PCE with MnQO,", will yield less encapsulation at source nodes.
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Figure 7. Source zone DNAPL mass depletion versus time for the TCE base case and PCE
simulations.

The influence of rind formation and NOD reactions on mass removal are summarized in
Figure 8 (Table 5). This plot presents five scenarios: (i) dissolution only, (ii) treatment for the
base case (iii) treatment without Rind, (iv) treatment without NOD, and (v) treatment in the
absence of both rind and NOD. Relative to dissolution, the base case has 6.4% and 4.1% less
DNAPL mass at 2.33 and 10 years, respectively. For the case of no rind, there is 16.3% and
14.4% less mass relative to dissolution, while relative mass is 34.8% and 10.4% when NOD is
absent for 2.33 and 10 years, respectively. Finally, when both rind and NOD are omitted, the
mass at 2.33 and 10 years is 51.5% and 28.2% less relative to dissolution only. A review of the
nodal saturations, TCE concentrations, and MnOy) formation revealed that rind formation and
encapsulation occurred within the template sites, similar to the findings in West et al. (2008).

The lack of comprehensive permanganate sweep due to NOD competition, and the presence of
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large continuous unsequestered pools across the bottom of the domain, skewed the DNAPL mass
depletion and mass flux results, and mask the effects of rind formation on isolated sub-zones.
Also, the NOD exerts a significant influence on DNAPL mass removal and accounts for the bulk
of reduced treatment efficacy. This is evident when inspecting the nodal concentrations at the

time of treatment termination: the base case, no rind simulation, and the no NOD simulation had

25%, 28%, and 96% nodes with C""% > 0, respectively. The combined case of no rind and no
NOD represents the optimal treatment scenario, where major non-target reactive sinks are
omitted, and treatment efficiency is only due to domain heterogeneity and reaction kinetics.
While there is a two-fold increase in mass removal relative to dissolution for this scenario, a
significant degree of the benefit realized at the termination of treatment (2.33 years) is eliminated

at 10 years due to dissolution tailing.
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BC chem ox
(with NOD & Rind)

/

BC, no Rind

DNAPL Mass (kg)
N
o
8

1000 i
] all
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BC, no NOD & no NOD
o+ .
0 2 4 6 8 10
Time (yrs)

Figure 8. Influence of MnO) formation (Rind) and competitive natural oxidant demand (NOD)
from organic aquifer material on source zone DNAPL mass depletion. Treatment was
terminated at 2.32 years for all simulations.
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Although not presented here, the base case with no NOD simulation (no. 10) was
executed for 30 years with continuous injection of chemical oxidation for the entire duration. At

the end of the 30 year period, 205 kg of TCE DNAPL remained.

1.5.2 DNAPL Source Zone Mass Flux

TCE or PCE and MnQO,4” mass flux was calculated for the downgradient boundary face for
each simulation, with the mass flux enhancement factors (E¢) summarized in Table 6. In general,
the TCE (or PCE) mass flux behaviour for simulations 1 to 8 (Figure 9 to Figure 14) is similar to
their corresponding mass removal simulations (Figure 3 to Figure 8). Figure 11 (different
release volumes) does provide an interesting contrast due to the breakthrough of MnO," at 3.75
years; once treatment is terminated, a rebound in TCE mass flux occurs. The occurrence of
rebound is particularly evident for the simulations that omit NOD (10 and 11) that are plotted in
Figure 14. The exclusion of NOD permits the MnO," to fully penetrate the length of the domain
and consumes a significant quantity of TCE solute; in fact, the MnO, mass flux was
approaching steady-state when treatment was terminated. Once the treatment is discontinued,
zones where DNAPL remain experience a rebound of solute concentration and become a long
term source of aqueous contamination until all DNAPL is depleted. In addition, solute
sequestered in low k features will back-diffuse and contribute to the total mass flux. When
omitting the influence of rind in Figure 14 there is a minor difference in mass flux when
compared to the base case. This is due to incomplete permanganate sweep and competitive

consumption by NOD, but also the presence of large continuous unsequestered DNAPL pools at
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the bottom of the domain, whose interphase mass transfer strongly influences the overall mass

flux signature.

Table 6. Summary of treatment on boundary mass flux enhancement factors (Ej).

Simulation E
End of 10 years
treatment
1 1.25 1.04
2 1.49 9.78
3 1.03 1.03
4 1.05 1.06
5 1.06 0.84
6b 1.05 0.86
7 2.20 1.60
8 1.21 1.22
9 1.31 1.14
10 15.33 1.24
1.0E+00 §
high mean k diss
1.0E-01 3 high mean k chem ox
BC diss
BC chem ox

1.0E-02

Ll

1.0E-03

Ll

Boundary Mass Flux (kg/m?/s)

1.0E-04 A
1 low mean k diss
low mean k chem ox
1.0E-05 —— T ‘
0 2 4 6

Time (yrs)

10

Figure 9. Influence of domain mean k on downgradient solute boundary mass flux. Note that

treatment was not terminated for the low mean k template site.
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Figure 10. Influence of domain heterogeneity on downgradient solute boundary mass flux. The

label “var’ refers to the variance in heterogeneity.
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Figure 11. Influence of DNAPL initial release volume (“vol’) on downgradient boundary mass

flux. Note that the dash line represents the MnO," mass flux for the large DNAPL volume
template site.
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Figure 12. Influence of hydraulic displacement (HD) on downgradient boundary mass flux for the small DNAPL
volume template site.
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Figure 13. Downgradient boundary mass flux for the base case and PCE template sites.
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Figure 14. Influence of MnOy) formation (Rind) and competitive natural oxidant demand
(NOD) from organic aquifer materials on downgradient boundary mass flux. The labels “BC”
and “TCE” both refer to TCE solute mass flux. Treatment was terminated at 2.32 years for all

simulations.

It was noted previously that an additional simulation was executed, where the base case
no NOD site (simulation no. 10) was treated continuously for 30 years, with 205 kg of DNAPL
remaining at the end of treatment. The corresponding TCE mass flux at 30 years was 1.08x 10°®
kg/m?/s, while the MnO4- mass flux was 4.3x 10 kg/m?/s. Although the MnO,” mass flux had
reached an asymptotic value, indicating that maximal potential sweep had been achieved, both
DNAPL and TCE solute persisted. Despite the use of the injection trench along the entire

boundary face, heterogeneity permitted the long-term isolation of DNAPL sub-zones and

unhindered dissolution.
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1.5.3 Mass Flux vs Mass Removal

The DNAPL mass removal plots (Figure 3 to 5.8) and the mass flux plots (Figure 9 to
5.15) were utilized to construct mass flux (and concentration) versus mass removal plots for
either dissolution (Figure 15) or treatment (Figure 16). Equations (13) and (14) were utilized to
generate plots of Cporm and Fnorm Versus Mporm for 770f 0.5, 1 and 2. The plots in Figure 15 and
Figure 16 have been adjusted to discount the effects of initiating the simulations without prior

dissolution by selecting reference times (to) greater than the time for peak TCE/PCE mass flux

for dissolution only.

——F - TCE BC Diss
——F - high k

—>—F - low var
—*—F - high var
—e—F - small vol post
—+—F - small vol pre
——F - large vol
——F-PCE
——C-TCEBC
——C - highk
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—=—C - high var
——C - small vol post
—— C - small vol pre
—*—C - large vol
——C-PCE

—=- I'=05

—_——- = 1

—- =2

Figure 15. Normalized TCE or PCE mass flux and normalized solute concentration versus normalized DNAPL
source zone mass for dissolution only. Due to the initial absence of solute in the domain the results have been
adjusted to discount the effects of initiating the simulations without prior dissolution; hence, the low mean k
simulation is omitted. Note that in the legend “pre” and “post” refer to HD, “F” denotes flux and “C” denotes
concentration.
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Figure 16. Normalized TCE or PCE mass flux and normalized solute concentration versus normalized DNAPL
source zone mass for treatment by chemical oxidation with potassium permanganate. Due to the initial absence of
solute in the domain the results have been adjusted to discount the effects of initiating the simulations without prior
dissolution hence, the low mean k simulation is omitted. Note that in the legend “pre” and “post” refer to HD, “F”

denotes flux and “C” denotes concentration.

Mass flux versus mass removal behaviour in DNAPL source zones is a topic of interest
and debate in the contaminant hydrogeology community, and addresses a key concern: what is
the long-term benefit of partial mass removal on plume evolution? For only dissolution, Figure
15 demonstrates that the flux (Fnorm) versus mass (Mporm) results have 1 <7'<2,and a 0.75 < I'<
2 for mean concentration (Cpom) Versus mass. In general, concentration versus mass can be
approximated by 7" = 1, with the exception of simulation 7 (large volume release). Figure 15
also demonstrates that different degrees of benefit can be surmised depending on whether
concentration or flux is the utilized metric. Figure 16 presents the flux (and concentration)
versus mass plots for the chemical oxidation simulations. The results are similar to the

dissolution only simulations, but generally exhibit slightly greater 7" values.
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1.6 Conclusions

For DNAPL mass removal from the source zone and solute mass flux at the
downgradient boundary, chemical oxidation was most beneficial relative to dissolution (no
treatment) when the DNAPL was PCE, the mean permeability was high (ux = 3.02x 10 m?),
the heterogeneity was high (6%, « = 3.48), and when the initial DNAPL volume was large (5.03
m?®). However, at most template sites, any benefit realized during treatment was greatly
diminished after several years of post-treatment dissolution. Of note is the high permeability,
moderate heterogeneity template site (ux = 3.02x10™ m? 6%, = 1.74) that experienced a
significant enhancement in DNAPL mass removal over the entire duration of the simulation.

The assessment of pre- and post-hydraulic displacement was conducted on the small
DNAPL volume release template site for dissolution only and chemical oxidation. The influence
of hydraulic displacement was negligible for these simulations that initially had 785 to 800 kg of
TCE DNAPL.

Sensitivity analyses were conducted to assess the influence of rind formation and
competitive consumption of MnO," due to the NOD of the OAM. Omitting the rind yielded a
10% improvement in DNAPL mass removal. When the NOD was excluded from the model, the
mass removal improved 28% during treatment, but exhibited mass flux rebound once treatment
was completed. The assessment of NOD suggests that a large fraction of injected MnO,” will be
competitively consumed by the NOD for sites with moderate quantities of fo. present or similar
NOD. The influence of the rind on the solute mass flux was minimal, while an order of
magnitude reduction in solute mass flux was realized for the case of no NOD during treatment.
However, the post-treatment portion of the no NOD simulation experienced dissolution tailing

and a four-fold increase in mass flux. This suggests that field sites with low NOD need to be

35



carefully monitored following treatment to capture solute rebound due to dissolution from
recalcitrant DNAPL and back diffusion from low k features.

A simulation omitting both rind and NOD was conducted to assess the influence of
heterogeneity and flow bypassing on treatment efficacy for the base case template site. When
comparing the mass removal results at the termination of injection (2.33 years), 41% of the
DNAPL mass was removed due to dissolution and 27% was removed due to chemical oxidation
(without rind and NOD). Despite injecting the stoichiometric equivalent mass of MnO,", 32% of
the initial DNAPL mass remains due to the effects of heterogeneity, treatment kinetics, and
sweep inefficiency. Even continuous treatment for 30 years for the case of no NOD competition
could not eliminate all DNAPL or boundary mass flux. Long-term treatment performance at real
sites may be more favourable in presence of changing redox conditions, pH and cation
concentrations, which may lead to the onset of rind dissolution.

The reduction in mean boundary solute concentration (Cnorm) and solute boundary mass
flux (Fnorm) Were plotted against the DNAPL source zone mass (Myorm) for dissolution only and
for chemical oxidation. In general, the relationship between Com and Mo is approximately
linear for all template sites, with the exception being the large volume release site that
experiences a more rapid initial decrease in concentration followed by more significant tailing
effects. Utilizing Fnom resulted in all template sites exhibiting greater initial reductions in mass
flux followed by varying degrees of tailing. Since the actual quantity of DNAPL source zone
mass is rarely known at real sites, the selection of either Cporm OF Frorm as a remediation metric
will yield different interpretations regarding the effectiveness of mass removal on plume
behaviour. Relative to dissolution, treatment by KMnO, results in a greater reduction in

concentration and mass flux, but more late-time tailing effects.
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Source zone remediation can be effective during, or shortly following, the period of
active treatment. However, over the long-term, and depending on the dissolution kinetics and
the characteristics of the domain, the benefit of partial treatment can be greatly reduced due to
dissolution tailing. This work suggests that for many sites, partial treatment of the source zone
will yield limited long-term benefits in terms of both DNAPL mass removal and mass flux
reduction. Due to the high potential for partial mass removal, objective metrics should be
measurable during treatment, in the near term following treatment (a few years), and the long-

term (years to decades). This work demonstrates that the mean hydraulic conductivity and

heterogeneity of the domain largely dictate how successful treatment will be and underscore the

need for thorough site characterization and source zone delineation.
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1.8 Notation

an

C
Cnorm
Cs

d50

DO

Koam

KOC

Kpce

effective interfacial area {L* L™}

concentration {M L'3}

normalized mean average concentration or concentration reduction

effective solubility {M L}

mean grain size diameter {L}

hydrodynamic dispersion tensor {L* T}

free water diffusion coefficient {L® T}

DNAPL mass enhancement factor

boundary mass flux enhancement factor
normalized boundary mass flux or flux reduction
factor of organic carbon

gravitational acceleration {L T2}

hydraulic gradient

interphase mass flux {M L® T}

permeability {L}

intrinsic permeability tensor {L?}

average mass transfer coefficient {L T}

lumped mass transfer coefficient {T™}

original permeability {L?}

reaction coefficient between OAM and MnO, {M™ L* T}
organic carbon partition coefficient

reaction coefficient between PCE and MnO, {M™* L* T}
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Ky relative permeability {-}

krce  reaction coefficient between TCE and MnO,” {M™* L® T}
Mpnape DNAPL mass in domain {M}

M;  total boundary mass flux {M L2 T}

Mnorm Normalized DNAPL mass or DNAPL mass reduction

P pressure {M L* T?}

Pc  capillary pressure {M L T?}

q Darcy flux {L T}

s volumetric flux representing sources and/or sinks {T}
R retardation factor

S phase saturation

Se effective saturation

Sw wetting phase saturation

Sring rind function { L* L M™}

t time {T}

Vv average linear groundwater velocity {L T™}
X horizontal longitudinal direction

y vertical direction

z horizontal transverse direction

Ax nodal dimension along x direction {L}
Ay nodal dimension along y direction {L}
Az nodal dimension along z direction {L}

X dimension of domain along x {L}



Y dimension of domain along y {L}

VA dimension of domain along z {L}

a porous medium compressibility {M™ L T}
axyz: dispersivity {L}

B wetting phase compressibility { M™* L T}
Erel relative difference in saturation

r fitting parameter

AH horizontal isotropic correlation length {L}
Av vertical isotropic correlation length {L}

u dynamic viscosity {M L T}

unk  meanof Ink {In (L}

p fluid density {M L}

o2, variance of Ink {[In (L?)]*}

T tortuosity
0 porosity
R rate of all reactions {M L® T}

Common subscripts

0 initial condition

I ] coordinate indices for x, vy, z
W wetting phase

NW  non-wetting phase

m mobile species

im immobile species



Common superscript

n species number
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Appendix C.4

Numerical Simulation of DNAPL Source Zone Remediation with Enhanced In

Situ Bioremediation (EISB): Unconsolidated Porous Media



Abstract

Numerical modelling was conducted to evaluate the efficacy of in situ enhanced
bioremediation on PCE and TCE DNAPL source zones in eight idealized heterogeneous porous
media sites. During 2.5 years of active treatment neither the DNAPL mass, nor boundary mass
flux, could be completely eliminated. The greatest DNAPL mass depletion enhancement factors
(Em) at the end of active treatment were 1.53 for TCE and 8.86 for PCE, respectively. Similarly,
the greatest boundary mass flux reduction enhancement factors (E;) were 9.56 for TCE and 21.73
for PCE. An additional 7.5 years of post-treatment monitoring revealed that the source zones
were dominated by dissolution tailing effects that negated most of DNAPL mass depletion
enhancement achieved during active remediation at all but the PCE site. Although the long-term

boundary mass flux benefits were more pronounced, rebound was considerable at many sites.



1.0 - Introduction

Over the past two decades a considerable amount of fundamental research has been
conducted to elucidate the biophysiochemical mechanisms controlling the dechlorination of
tetrachloroethylene (PCE) and trichloroethylene (TCE) in groundwater. Experimental work has
focused on column studies with PCE or TCE solute (e.g., Carr and Hughes, 1998; Isalou et al.,
1998; Cope and Hughes, 2001), batch studies with DNAPL (e.g., Yang and McCarty, 1998;
Haston and McCarty, 1999; Nielsen and Keasling, 1999; Rossetti et al., 2003; Yu et al., 2005),
column studies with dense, non-aqueous phase liquid (DNAPL) (e.g., Yang and McCarty,
2000b; Cope and Hughes, 2001; 2002), and two-dimensional sandbox studies with DNAPL
(Sleep et al., 2006). From these studies, details on stoichiometry, reaction kinetics, bioclogging
tendencies, and substrate utilization have been ascertained. In the specific context of subsurface
environments, studies have evaluated the influences of redox and geochemistry (Chapelle et al.,
1996; Hunter et al., 1998), temperature variation (Carter and Jewell, 1993; Holliger et al., 1993;
Zhuang and Pavlostathis, 1995; Gerritse et al., 1996; Friis et al., 2007; Heimann et al., 2007), and
toxicity and inhibition (DiStefano et al., 1991; Isalou et al., 1998; Kengen et al., 1999; Amos et
al., 2007) on the biodegradation of PCE and TCE. Compared to abiotic dissolution,
biodegradation mediated increases in PCE DNAPL phase dissolution have been reported at 2 to
3 fold (Yang and McCarty, 2002; Sleep et al., 2006), 5 fold (Yang and McCarty, 2000b), and up
to 16 fold (Cope and Hughes, 2001).

Building on these experimental findings, complex numerical modelling has been
conducted for one- and two-dimensional domains to elucidate pertinent characteristics conducive
to the success of bioremediation (Fennell and Gossett, 1998; Garant and Lynd, 1998; Chu et al.,

2003, 2004; Clapp et al., 2004; Lee et al., 2004; Yu et al., 2005; Amos et al., 2007; Christ and



Abriola, 2007; Friis et al., 2007). It has been demonstrated that the numerical results are highly
sensitive to biomass utilization rates, biomass yield, initial biomass concentrations, biomass
decay rates, donor substrate injection concentration and fermentation rates, toxic inhibition, and
competition (e.g., Chu et al., 2004; Lee et al., 2004; Christ and Abriola, 2007).

The simulation of in situ bioremediation must account for stoichiometry and reaction
kinetics. Ideally, dechlorination will proceed step-wise from PCE to ethene, where a series of
equations can be stated for each daughter product (i.e., TCE, cis-dichloroethene (cDCE), vinyl
chloride (VC), ethene) (de Bruin et al., 1992). In general, the step-wise degradation of PCE to
ethene by dehalorespiration can be stoichiometrically described by (Maymo-Gatell et al., 1995;

McGuire et al., 2000):

PCE+H, = TCE+CI +H" + biomass

1)
TCE+H, = cDCE+CI" +H" +biomass

(2)
cDCE+H, = VC+Cl +H" +biomass

@)
VC +H, = Ethene + CI” + H" + biomass

(4)

The compound cDCE is the isomer of DCE primarily observed in sequential
dechlorination (de Bruin et al., 1992). In the case of field simulations, some simplifications can

be made. It has been observed at some field sites undergoing enhanced dechlorination that PCE



and/or TCE degrade to cDCE, with negligible quantities of VC and ethene in the system (e.g.,
Fountain et al., 2005; Hood et al., 2008). In addition, the stalling of sequential dechlorination at
cDCE has been observed experimentally to varying degrees by many researchers (de Bruin et al.,
1992; Holliger et al., 1993; Scholz-Muramatsu et al., 1995; Gerritse et al., 1996; Krumholz et al.,
1996; Sharma and McCarty, 1996; Kengen et al., 1999; Yang and McCarty, 2000b, 2002;
Heimann et al., 2007). This tendency can occur for a variety of reasons not discussed here. The
assumption of cDCE accumulation significantly reduces the non-linearity of the system and
improves computational run-times. Hence, for a TCE DNAPL source the only equation of
concern is (2), while the stoichiometry for a PCE DNAPL source becomes (Scholz-Muramatsu et

al., 1995):

PCE + 2H, = cDCE + 2CI" + 2H" + 2biomass

(®)
where (5) implicitly assumes that the rate of TCE degradation is sufficiently fast that it is not
observed in meaningful quantities.

The numerical simulation of PCE and TCE DNAPL biodegradation has been conducted
for one- and two-dimensional cases by many researchers (e.g., Fennell and Gossett, 1998; Garant
and Lynd, 1998; Chu et al., 2003, 2004; Clapp et al., 2004; Lee et al., 2004; Yu et al., 2005;
Amos et al., 2007; Christ and Abriola, 2007; Friis et al., 2007). At present, complex three-
dimensional multispecies reactions with DNAPL at the field scale have not been reported in the
peer reviewed literature. In this study, the two-phase three-dimensional reactive transport
numerical model DNAPL3D-RX is employed to investigate the effectiveness of enhanced
bioremediation of PCE and TCE DNAPL in saturated heterogeneity porous media. This work

examines the influences of domain permeability and heterogeneity, the DNAPL type (TCE or



PCE), the initial DNAPL source zone mass, electron donor injection pulse strategy, and the

effects of bioclogging and competition between dechlorinating and methanogenic species.

2.0 - Model Development

The model DNAPL3D-RX comprises the three-dimensional two-phase flow simulator
DNAPL3D (Gerhard and Kueper, 2003b) and the multispecies reactive transport model RT3D
(Clement, 1997; Clement et al., 1998; Clement, 2002). A summary of the pertinent details

related to this study are provided below.

2.1 - Reaction Kinetics

The kinetics of in situ microbial reactions can be simulated using instantaneous, first-
order, and multi-Monod kinetics (Luong, 1987; Murphy and Ginn, 2000; Barry et al., 2002).
Dual-Monod type kinetics have been successfully employed by several researchers (e.g., Cupples
et al., 2004b; Lee et al., 2004; Yu et al., 2005; Christ and Abriola, 2007) to simulate
dechlorination in complex column experiments. For this work, the kinetic reactions utilized to
simulate PCE and TCE degradation are similar to those employed by Fennell and Gossett (1998),
Chu et al. (2003), and Christ and Abriola (2007). In all cases, bacteria are assumed to be
immobile species adhered to the soil surface of the unconsolidated aquifer materials (Kolbel-
Boelke et al., 1988; Hazen et al., 1991; Godsy et al., 1992; Bekins et al., 1999). For a PCE
DNAPL source, the kinetic equations for the rate of solute consumption are given by (Fennell

and Gossett, 1998):

o[pcE] _qa@;[x@]( [PCE] ](K([HZ]—

at ) RPCE KPCE + [PCE]

. +([H2]-*L*>J't°“°

(6)
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0[DCE] [ Rpee |O[PCE]
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()
where q is the maximum utilization rate {M M T™}, loxic is the PCE inhibition coefficient
accounting for the influence of PCE toxicity on dechlorination (Amos et al., 2007) and
methanogenesis (DiStefano et al., 1991), K is the Monod half-saturation constant {M L}, X is
the biomass concentration {M L}, H is the threshold H, concentration for dechlorinator
subsistence, and R is the retardation factor for the solute species. The square parenthesis ([ ])
designates solute molar concentration. Note that the the mass concentration can be determined
by computing the product of the molar concentration and the molar mass for a given species.

The subscripts PCE, TCE, and DCE denote the mobile solute species, and CE denotes the

immobile dechlorinator species. For a TCE DNAPL source, the kinetic equations of interest are:

a[TCE]__q%@X[XCE]( [TcE] ]{ (H,]-H) J

ot Ree  \ Kpee +[TCE] | Ky, +([H,]-H)
(8)
o[DCE] _ ( Rice J o[TCE]
ot Roee ) Ot
)

While dechlorinating bacteria can utilize a number of electron donor substrates, the
generally accepted principle substrate is H, (DiStefano et al., 1992; Maymo-Gatell et al., 1995;
Ballapragada et al., 1997; Fennell et al., 1997; Carr and Hughes, 1998; Wu et al., 1998; Yang
and McCarty, 1998; Yang and McCarty, 2000a). In this work, the H; is obtained via the in situ

fermentation of injected lactate given by (Fennell and Gossett, 1998):



o laaa +[lactate]

lactate

ollactate] X ( [lactate] j
lactate K

(10)
where the subscript lactate denotes a parameter related to the fermentation of lactate to H.
Similarly, the methanogenic species and corresponding parameters are denoted by either the
subscript or superscript meth. Fennell et al. (1997) and Yang and McCarty (1998) found that
methanogenic species competition with dehalogenators for the electron donor substrate can be
significant. Here the kinetic reaction for the methanogenic utilization of H; is given by (e.g.,

Fennell and Gossett, 1998; Amos et al., 2007):

ot K™ +(H, ]~ Hye

6[H g‘eth] L [Xmeth{ ([Hz]_ H;eth) )Jltoxic

(11)
where H; is assumed to be the only electron donor utilized by microbes for biomass synthesis
(Ballapragada et al., 1997). Note that when the DNAPL source comprises TCE, liic = 1. The
Kinetic reactions for the rate of change of the electron donor substrate (H,) are computed by
summing the sources (i.e., lactate fermentation) and the sinks (biomass utilization) of H,. When

PCE DNAPL is the source, the rate of change of H;, is given by (e.g., Christ and Abriola, 2007):

meth
a[al_tIZ] = I:Iactate a[la;:atE] - [ZFPCE a[PCE] + I:meth a[l_gi ]j

(12)

where F is a stoichiometric production or consumption coefficient for each species (Bagley,

1998). When TCE DNAPL is the source, the rate of change in H; is given by:



meth
6[22] = Flactate a[la;:ate] _(FTCE a[Tact:E] + I:meth a[l-(;i ]]

(13)

The biomass kinetics for immobile species X, can be described by (Fennell and Gossett, 1998):

a[x Iactate] =Y a[IaCtate]

ot - lactate T - ilactate [X lactate ]
(14)
a[Xmeth] Y a[H?EIh]—/l [X ]
_81: meth 8’[ meth meth
(15)

where Y is biomass yield coefficient {-} for each species and A is first-order decay rate
coefficient {T™}. While the use of A is an idealization of microbial population degradation, it has
been successfully employed in several column experiments (e.g., Fennell and Gossett, 1998;
Cupples et al., 2004b). When PCE DNAPL is the source, the dechlorinator biomass is given by:

Xl _ ,, o[PCE]

ot - PCE T_Z%E[XCE]
(16)
When TCE DNAPL is the source, the biomass for dechlorination is given by:
o| X 0|TCE
[atCE] =—Yrce [ ot ]_ e [XCE]
17)

The influence of PCE toxicity on the rate of dechlorination is a function of several factors

including the microbial species present and their ability to acclimate. The effects of toxicity are



varied in the literature. For example, Amos et al. (2007) found that dechlorination ceased when
PCE concentrations were greater than 540 uM, while Yang and McCarty (2000b) had success
with PCE concentrations equal to 1.0 mM (i.e., solubility concentrations). In terms of kinetics,

the influence of PCE toxicity on remediation can be described by (Amos et al., 2007):

[PCE]
11—t ==
ltoxic = [PCE]max
0 if [PCE]>[PCE] .,

if [PCE]<[PCE],

(18)

where [PCE]max IS the maximum tolerable solute concentration. When the concentration of PCE
reaches this maximum value, dechlorination for that solute species will cease, as will H,
utilization by competitors. Obviously, this has strong implications for source zones where

solubility concentrations can occur in the vicinity of residual and pooled DNAPL.

2.2 - Bioclogging

The reduction in subsurface hydraulic conductivity due to growth of micro-organisms is a
topic of great interest in the literature and has been extensively studied by different facets of the
soil science and engineering community (Baveye et al., 1998). However, in the context of
bioclogging in DNAPL source zones, research is limited at present. In column experiments with
PCE, Isalou et al. (1998) reported that biofilm growth was problematic and adversely affected
column pressure gradients; however, it was the view of the authors that the degree of bioclogging
observed in the experiment would be unlikely to occur in the field. In a two-dimensional
sandbox experiment by Sleep et al. (2006), bioclogging adversely impacted the remediation
effort. An additional source of reduced hydraulic conductivity is the formation and entrapment

of methane gas in soil pores due to methanogenesis. This detrimental phenomenon has been



reported in numerous column studies, both in the presence (Yang and McCarty, 2002) and
absence (Sanchez de Lozada et al., 1994) of chloroethenes.

Perhaps owing to the dynamic and complex nature of microbial behaviour and domain
heterogeneities, there is little consensus on the best methodology to mathematically represent
bioclogging effects on permeability. In general, three modelling approaches for bioclogging
have been tested and utilized in the literature: biofilm-type clogging (Vandevivere et al., 1995;
Clement et al., 1996; Thullner et al., 2002; Chu et al., 2003), interstitial plug-type (colony)
clogging (Vandevivere et al., 1995; Thullner et al., 2002; Chu et al., 2003), and macroscopic
clogging (Clement et al., 1996; Thullner et al., 2002). Numerical simulations by Chu et al.
(2003), Thuller et al. (2002), and Vandevivere et al. (1995) demonstrated that the biofilm and/or
macroscopic bioclogging under-predicted reductions in hydraulic conductivity relative t