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ABSTRACT
DEVELOPMENT AND APPLICATION OF A METHODOLOGY TO
EVALUATE NATURAL ATTENUATION FOR CHLORINATED SOLVENTS
USING CONCEPTUAL & NUMERICAL MODELS
By

Jaime A. Graulau-Santiago

Natural attenuation of chlorinated solvents has being increasingly used by
engineers and regulators as a remedial alternative to contaminated aquifers because the
numerous advantages it has over more traditional engineered solutions. However, natural
attenuation has been clearly demonstrated only for a selected class of organic
compounds, primarily fuel hydrocarbons. The scientific community has recognized that
the surge in use of natural attenuation has outpaced certain guidelines that have been
developed for its application. This study evaluates a novel approach to evaluate natural
attenuation of chlorinated solvents by using models incorporating important physical and
biogeochemical processes that can be critical for a successful evaluation of natural
attenuation.

A hydraulic characterization methodology was developed to estimate parameters
that influence the transport of solutes in groundwater environments. Biogeochemical
data coupled with historical development of the VOC plume were used to develop a
conceptual model for the contaminated site. This model was translated into a numerical
model incorporating the compiled information and two snapshots of the plume historical

development were successfully validated.



The successful application of the methodology developed in this dissertation
could become the foundation for the development of a series of guidelines to evaluate

natural attenuation of chlorinated solvents.
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CHAPTER 1

INTRODUCTION

1.1 Environmental concern of chlorinated solvents

Due to their widespread use as industrial solvents and degreasers, chlorinated
compounds are among the top five contaminants found in groundwater around the world
(Prakash and Gupta 2000). These compounds are substituted hydrocarbons in which
hydrogen atoms have been replaced with a chlorine atom. Figure 1.1 illustrates some of
the chlorinated compounds of environmental concern. Annual production levels in the
U.S. for some of these compounds are on the order of 10° to 10 tons per year (Table 1.1).

Halogenated hydrocarbons can be degraded under both, anaerobic and aerobic
conditions. The anaerobic degradation process is called reductive dechlorination. In this
process, halogen atoms are sequentially removed from the compound molecule and
replaced by hydrogen. The chlorinated compound in this microbially mediated reaction
is used as an electron acceptor; not as a carbon source (Holliger and Schumacher 1994;
McCarty 1997; Sims et al. 1991).

Reductive dechlorination depends on the redox state of the halogenated molecule,
which is determined primarily by the strength of the halogen-carbon bond. The higher
the bond strength, the less likely the halogen will be removed. In general, bromine and
iodine substitutions, which have lower bond strengths than chlorine, are easier to remove.

Fluorine, for example, forms stronger bonds with carbon than chlorine,



Cl Cl
N\ /
C=
/ N\
Cl Cl

tetrachloroethene

(PCE)

H H
AN /
C=
/ AN
Cl Cl

cis-1,2 dichloroethene
(cis-DCE)

vinyl chloride
ve)

Cl (;,l
H—?—?-——H
H H

1,2 dichloroethane
(1,2 DCA)

Cl

Cl— (lj— Cl
Cl

carbon tetrachloride
C7)

H
N
/7N
Cl Cl
trichloroethene
(TCE)
H Cl
N\ /7
c=C
/ AN
Cl H
trans-1,2 dichloroethene
(trans-DCE)

i}

Cl—(|j—C—H
I

Cl H

1,1,1 trichloroethane

(TCA)

Cl Cl

I
Cl—(I:—C—H

I

H H

1,1,2 trichloroethane
(1,1,2 TCA)

Cl

I
H—Cl:—Cl
H

methylene chloride

Figure 1.1. Commonly chlorinated organic compounds found in groundwaters.



Table 1.1. Estimated annual production of the most important hydrocarbons in the U.S. and its

applicaltions.a
Chlorinated Production Major use
hydrocarbon (t103 tons)

Tetrachloroethene (PCE) 165 Solvent for dry cleaning, metal degreasing,
textile finishing, dyeing, extraction
processes; intermediate for the production
of trichloroacetic acid and some
fluorocarbons.

Trichloroethene (TCE) 110 Solvent for vapor degreasing in the metal
industry and for dry cleaning; extraction
solvent; solvent in formulations for rubbers,
elastomers, and industrial paints.

1,1 Dichloroethene (1,1 DCE) N.A. Basic material for polyvinylidene chloride and its
copolymers; production of 1,1,1-
trichloroethane.

Vinyl chloride 6000 Production of polyvinyl chloride (PVC);
production of chlorinated solvents
(primarily 1,1,1- trichloroethane).
1,1,2 Trichloroethane N.A. Intermediate for production of 1,1,1-
trichloroethane and 1,1-dichloroethane.
1,1,1 Trichloroethane 327 Dry cleaning; vapor degreasing; solvent for
adhesives and metal cutting fluids; textile
processing.
1,1 Dichloroethane N.A. Feedstock for the production of 1,1,1-
trichloroethane
1,2 Dichloroethane 7200 Production of vinyl chloride; production of

chlorinated solvents such as 1,1,1
trichloroethane and tri- and
tetrachloroethene: synthesis of
ethylenediamines.

Monochloroethane 70 Production of tetraethyllead; production of
ethylcellulose; ethylating agent for fine
chemical production; solvent for extraction

processes.
Carbon tetrachloride (CT) 150 Production of trichloromonofluoromethane and
dichlorodifluoromethane; solvent.
Trichloromethane 230 Production of monochlorodifluoromethane (for

the production of tetrafluoroethene, which is
used for the manufacture of Hostaflon and
Teflon); extractant for pharmaceutical
products.
Dichloromehtane 162 Degreasing agent; paint remover; pressure

mediator in aerosols; extraction technology

Monochloromethane 390 Production of silicones, tetramethyllead,
methylcellulose; other methylation
reactions.

# from Fetzner (1998)
N.A. = not available



consequently, the energy required to remove chlorine atoms is less than fluorine.
Bouwer et al. (1981) and Bouwer and McCarty (1983(a); 1983(b)) were the first
to demonstrate conclusively that biological transformation of these compounds not only
could occur, but occurred at a faster rate than abiotic transformations. They
demonstrated that a microbial consortium enriched under methanogenic conditions with
acetate as a source of carbon could transform C; and C, halocarbons into carbon dioxide
and methane. Of the compounds screened, only carbon tetrachloride was transformed

using enrichments under denitrifying conditions.

1.2 Natural attenuation: overview of processes

Due to the complexities in the subsurface and the inherent problems and costs
associated with conventional treatment technologies, interest in natural attenuation of
groundwater contaminants has increased over the last decade (Azadpour-Keeley et al.
2001). Numerous potential advantages of natural attenuation over more traditional

engineered approaches have been identified (Swett and Rapaport 1998):

e since it is an in situ process, less volume of remediation wastes are generated

o the site can be used with minimal disruption while remediation is occurring

o few surface structures are required

e implementation of natural attenuation enables managers, remediators, and
regulators to differentiate between sites that are cleaning themselves from those
that are not, so that engineering resources can be allocated to sites where they will

provide the greatest benefit

e associated costs are lower than any engineered remediation technology



A challenge to acceptance of natural attenuation can be public perception since it may
be viewed as a “do nothing approach” in which responsible parties were employing
natural attenuation to avoid remediation costs. As scientists developed better
understanding of the processes and disseminate this information, community and
regulatory perceptions have changed as natural attenuation has become defined (EPA,
1998) and accepted as a remedial approach.

However, real technical challenges exist with natural attenuation. Usually, long
time frames are required to achieve contaminant concentration levels that are protective
of the human health and the environment. Moreover, these times are not easily predicted
even with historical data. Depending on the complexity of the site hydrogeology,
characterization costs can be high and long term monitoring is necessary to show the
effect of changing conditions on the overall remedial effectiveness of natural attenuation.

Natural attenuation has been defined as all naturally occurring physical, chemical,
and biological processes that can reduce water-phase concentration of contaminants
(NRC 2000). These processes can be divided in two categories: non-destructive or
destructive (EPA 1998). Non-destructive are those that reduce the contaminant’s
concentration but not the total contaminant mass. On the other hand, destructive
processes are those that reduce both contaminant mass and concentration. They include

biological and chemical transformation of the contaminants.

Non-destructive processes
Non-destructive processes are all physical mechanisms and include advection,

hydrodynamic dispersion, molecular diffusion, sorption, dilution, and volatilization.



Advection is the migration of solutes in the direction parallel to the groundwater flow.
Transport by advection alone results in strong, sharp concentration fronts. The advective

velocity of the groundwater is given by:

v=-—Vh (1.1

€

where v is the groundwater velocity vector [L-T"']; V is the gradient operator (8/0x, 8/dy,
0/0z); X, y, z, are spatial coordinates [L]; K is the hydraulic conductivity tensor [L-T'Lh

is the hydraulic head [L]; and ¢, is the effective porosity.

Hydrodynamic dispersion results in the spreading of contaminants in directions
longitudinal and transverse to the principal groundwater flow direction. This
phenomenon is attributed to two physical processes: mechanical dispersion and molecular
diffusion. Mechanical dispersion is the mixing of contaminants that result from small
scale variability in velocity around the average linear groundwater velocity. Molecular
diffusion occurs when the contaminant migrates due to the thermal-kinetic energy of the
solute molecules. A hydrodynamic dispersion coefficient which accounts for the two

processes can be obtained from (Freeze and Cherry 1979):

D=av+D" (1.2)

where D is the hydrodynamic dispersion coefficient tensor, [L>T"], ais the dispersivity

*
tensor, [L]; and D is the effective molecular diffusion coefficient for the solute [L>T].



At normal groundwater velocity, mechanical dispersion is often more dominant than the
spreading that occurs due to molecular diffusion.

Sorption is the process whereby contaminants partition from the water and adhere
to the soil particles comprising the aquifer matrix. This mechanism results in retardation
or slowing of solute migration relative to the advective groundwater velocity. The ratio
of groundwater to contaminant velocity is a measure of the relative slowness of the

contaminant:

R=—1 (1.3)

where R is the retardation coefficient; v| is the advective groundwater velocity in the

longitudinal direction, [L-T"']; and v is the contaminant retarded velocity [L-T.

The retardation coefficient can be estimated from:

(1.4)

where py, is the bulk mass density of the sediments, [M-L"]; Kg is the partition

coefficient between soil particles and water, [L* M™']; and ¢ is the soil porosity, [L* L™].
It has been found that partition coefficient values normalized to the total organic carbon
content eliminates the variations observed between different soil types (EPA 1998).

Therefore, the partition coefficient can be estimated by:



Kgq =Kgc foc (1.5)

where K, is the organic carbon-water partition coefficient, [L3 . M‘l]; and f, is the

fraction of total organic carbon in the sediments [M- M'].

Volatilization, while not considered a destructive mechanism, does reduce the
contaminant mass in the groundwater. Factors that affect the volatilization rate of
contaminants in groundwater include concentrations, depth dependant concentration
gradients, Henry’s Law and diffusion coefficients, mass transport coefficients, sorption,
and water and soil gas temperature. The partition coefficient between the contaminant

concentration in water and soil gas is given by Henry’s Law:

C, =HC, (1.6)

where C, is the contaminant concentration in soil air, [M- L'3]; C, is the contaminant

concentration in water, [M- L*]; and H is Henry’s constant (dimensionless). The impact
of volatilization for chlorinated compounds can usually be neglected. It has been found

that volatilization could have a significant impact only for vinyl chloride removal.

Destructive processes

Destructive attenuation mechanisms consist of biological and abiotic processes
that result in transformation and reduction of the contaminant’s mass. Biological
mediated processes for chlorinated solvents in groundwater include reductive

dechlorination, cometabolism, and direct biological oxidation. Reductive dechlorination



and direct biological oxidation are the most common processes responsible for biological
destruction of chlorinated compounds in groundwater under natural conditions.
Hydrolysis is an abiotic process in which H,O or OH' substitutes for an electron-
withdrawing group such as chlorine. 1,1,1-TCA is the only chlorinated compound that
can be hydrolyzed within the one to two-decade time span under conditions likely to be
found in most groundwater (NRC 2000).

Reductive dechlorination of chlorinated compounds has been documented
elsewhere (Ferguson and Pietari 2000; Ndon et al. 2000; Maymé-Gatell et al. 1997,
Vogel et al. 1987; Vogel and McCarty 1987). In this process, the chlorinated compounds
serve as an electron acceptor in anaerobically mediated biological processes. An
appropriate source of carbon for microbial growth must be available in order for
reductive dechlorination to occur. Potential carbon sources include low molecular weight
organic compounds, fuel hydrocarbons, byproducts of fuel hydrocarbons, or naturally
occurring organic matter. The steps involved in the biological degradation of PCE by
reductive dechlorination are illustrated in Figure 1.2 (McCarty 1997).

Gibbs free energy for the reductive dechlorination of PCE to ethene with
hydrogen as the electron donor is shown in Table 1.2. The AG” values in this table
indicate that all these reactions are feasible at standard temperature and pressure from the
thermodynamic standpoint. Also, redox potential ranges at which reductive
dechlorination reactions are feasible are given in Figure 1.3 (Nyer and Duffin 1997).

Due to the oxidized nature of chlorinated compounds they are unlikely to undergo direct
biological oxidation. However, it has been observed that vinyl chloride can be oxidized

to carbon dioxide and water via iron reduction.
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Figure 1.2. Steps in the degradation of PCE by reductive dechlorination.
The chlorinated compounds must compete for electrons with
sulfate, iron, and carbon dioxide (from McCarty, 1997).
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Table 1.2. Gibbs free energy for reductive dechlorination of chlorinated
ethene compounds.

AGOI
Reductive dechlorination reaction (kJ/mol)a
C2C14+H2HC2HCI3+H++CI- -171.8
C,HCl; + Hy; & C,H,Cl, + H + CI' -166.1
C,H,Cl, + H; & C,H;Cl + H' + CI -144.8
C2H3C| + H2 A C2H4 + W +CI -154.5

? from Dolfing (2000)

1.3 Natural attenuation of chlorinated solvents

Several investigations have demonstrated the biodegradability of chlorinated
solvents in natural environments (Clement et al. 2002; Davis et al. 2002; Réling and van
Verseveld 2002; Witt ef al. 2002). However, based on field evidence, the likelihood of
using natural attenuation as a stand alone approach to bring contaminant concentration to
levels that do not represent a risk to the human health and the environment are moderate
(Macdonald 2000). It has been estimated that only 20% of sites contaminated with
chlorinated organics may be amenable to using just natural attenuation (Swett and
Rapaport 1998).

Under anaerobic conditions, reductive dechlorination has been identified as the
major mechanisms for the biological destruction of chlorinated compounds (McCarty
1997). A carbon source capable of creating a reduced environment is required for this
process to occur naturally. This criterion imposes a limitation on the application of
natural attenuation to sites where presence of carbon source ensures a long term

biodegradation of chlorinated solvents.
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Figure 1.3. Redox potential (E;,) in millivolts for various electron acceptors in
groundwater. Values for redox pairs at 25°C and pH = 7.0 (modified from
Nyer and Duffin, 1997).

Numerous protocols for evaluating natural attenuation of chlorinated solvents
have been developed (NRC 2000). These protocols have been applied to document
natural attenuation of chlorinated solvents at numerous sites (Clement et al. 2002;
Wiedemeier et al. 1997; Witt et al. 2002). However, they are used to reach conclusions

about whether a site is candidate for natural attenuation based on approaches that do not

12



consider the field experience or the literature to date.

1.4 Hypothesis and research objective

The research presented in this dissertation provides an insight into the current
discussion of natural attenuation for remediation and restoration of chlorinated solvent
contaminated aquifers. It has been emphasized that existing methodologies for
evaluating natural attenuation of chlorinated solvents should be replaced by approaches
considering the specific conditions of the site.

The hypothesis for this research is that at the Schoolcraft site reductive
dechlorination was the dominant mechanism responsible in the past for the reduction of
the contaminants; however it is no longer a major contributor to the natural attenuation
process occurring at this site. The specific objective of this research is to develop a
methodology for evaluating natural attenuation of chlorinated solvents considering the
hydrogeology, microbial processes, and geochemical processes linked to the historical
development of a contaminant plume. This will help to identify which of the natural
attenuation components is the current dominant mechanism and whether or not this

technology can be applied at this site

1.5 Scope of work
To accomplish the specific objective, the following approach was undertaken in
this research:

e Characterization of hydraulic parameters influencing transport and distribution of
contaminants in the subsurface (Chapter 2)

13



o Characterization of natural attenuation processes based on geochemical
parameters and contaminant concentration data (Chapter 3)

e Development of a conceptual and numerical model incorporating the
hydrogeology, microbial processes, and geochemical processes linked to the
contamination history of the aquifer under consideration (Chapter 4)

The case study for this research is a VOC contaminated aquifer located in
Schloolcraft, MI. Past industrial and commercial activities have resulted in the
development of a plume of chlorinated organic contamination extending approximately

2km from the suspected source of contamination.
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CHAPTER 2

HYDROGEOLOGIC CHARACTERIZATION OF A
VOC CONTAMINATED AQUIFER ZONE

2.1 Abstract

A methodology that couples laboratory and field data with numerical optimization
methods was developed to estimate aquifer physical parameters that influence
distribution and migration of contaminants. Hydraulic conductivity, porosity, and tracer
test data were used to characterize an aquifer zone contaminated with VOC using an
optimization method for solving the generalized groundwater flow and transport
equations. Based on the results a strong correlation between laboratory and field
determined hydraulic conductivity was found. These tests revealed the presence of high
conductivity zones that act as preferential contaminant pathways. Hydraulic conductivity
values for these zones are in the range of 10" to 1cm/s. Based on the optimization
technique, simulated depth-specific average linear velocities agreed reasonably well with
observed tracer velocities. A simulated average linear velocity of 98.4 cm/day was found
for the fastest zone in this aquifer, a value two times higher than the velocity at the
slowest depth interval. Sensitivity analysis using the root mean square errors (RSME)
showed that a 10% change in porosity field yielded a 25% average linear velocity
deviation from optimal values. Although length scale dependency of longitudinal
dispersivity was not taken into account, a single value per depth interval described tracer
distribution reasonably well. This methodology can be used to characterize aquifer zones

intended to be use for engineered remediation purposes.
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2.2 Introduction

The physical characteristics composing the aquifer matrix exert a profound
influence on the movement and distribution of chemical compounds in groundwater. It is
widely accepted that transport of contaminants migrating to the saturated zone of an
aquifer occur through high energy or less resistant stratigraphic units (Hyndman et al.
2000b; Lee et al. 2001). Therefore, study of the fate and transport of pollutants in a
contaminated site must incorporate a detailed hydraulic characterization. Moreover, if an
assessment of a contaminated site is being conducted, sufficient site-specific data is
necessary to develop reliable numerical models that incorporate the heterogeneous nature
of subsurface environments. This is critically important if numerical models are going to
be used for predicting the future extent of contaminant migration (Wiedemeier ef al.
1998). Among the many physical properties of geologic units that influence subsurface
contaminant migration, the most important are hydraulic conductivity, porosity, and
dispersivity. These parameters are strongly correlated to the heterogeneous nature of the
aquifer matrix.

Field and laboratory methods have been developed to estimate these parameters.
Hyndman et al. (1994) developed a theoretical algorithm, which combines field data from
cross-well tomograms with tracer concentration tests to estimate transport parameters of
lithologic zones in two dimensions. That methodology was further expanded and applied
to a field site to estimate properties in three dimensions (Hyndman and Gorelick 1996;
Hyndman et al. 2000b). Cho et al. (2000) developed a field procedure to measure
vertical profiles of hydraulic conductivity using direct push methods. They identified

small-scale variations in hydraulic conductivity that would have not been detected by
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laboratory or conventional field methods. A similar procedure was used at a BTEX
contaminated site to estimate the role of small-scale heterogeneities upon contaminant
distribution (Hurt et al. 2001). Concentrations of BTEX compounds were highly
underestimated when variations in parameters such as hydraulic conductivity and
porosity were not properly measured in the field.

In the laboratory, several assays have been developed to estimate hydraulic
conductivity, porosity, and dispersivity from core samples (Freeze and Cherry 1979).
Although it has been recognized that it is unlikely to reproduce field conditions, a good
indication of approximate values of transport parameters can be obtained with well
designed laboratory experiments.

The objective of this study is to develop and test a methodology to quantify
heterogeneities and physical properties of an aquifer region contaminated with volatile
organic compounds. The main goal is to identify small-scale heterogeneities that
influence the migration and distribution of contaminants in an unconfined aquifer. For
this purpose, a series of laboratory and field tests coupled with numerical groundwater
flow and transport models were developed to estimate hydraulic conductivity, porosity,

and optimal depth-specific dispersivity values within the region.

2.3 Site description

The Village of Schoolcraft is a small rural community located approximately 16
km south of Kalamazoo, MI, USA (Figure 2.1). The unconfined aquifer underneath the
village has been contaminated with organic and metal compounds as result of previous

industrial and commercial activities in the village. Regional and local hydrogeologic
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conditions have been described elsewhere (Lipinski 2002; Dybas et al. 1998; Mayotte et
al. 1996). The focus of this investigation is an area where a pilot scale study is being
conducted to evaluate the feasibility of remediating a volatile organic compound plume in
this aquifer (Figure 2.1).

Currently, bioremediation and natural attenuation studies are being conducted on-
site to evaluate the potential of using a combined treatment strategy to reduce
concentration of organic compounds to acceptable levels. For this purpose, two “side-by-
side” delivery and monitoring well networks have been drilled approximately in the
plume’s center of mass (Figure 2.2). The purpose of the study on the north well network,
i.e. stimulation grid, is to stimulate the native microbial flora to degrade VOC
contaminants. Bioaugmentation effects on contaminant degradation are being evaluated

on the south well network, i.e. the augmentation grid (Figure 2.2).

2.4 Methods
Hydraulic conductivity and porosity tests

To estimate depth-specific values of hydraulic conductivity and porosity, soil
cores from 9m to 24.3m below ground surface (bgs) (in 1.5m intervals) were collected
from monitoring well locations using the Waterloo cohesionless continuous sand sampler
method (Dybas et al. 1998). These cores were visually inspected in the laboratory using
the ASTM Standard D2488-00 Practice for Description and Identification of Soils (Visual
Manual Procedure) to determine relative grain size distribution of the glaciofluvial
sediments composing the unconfined aquifer. Cores from pump wells (9 — 24.3 m bgs)

were inspected on-site since they were extracted in approximately 6 meter intervals and
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undisturbed transport to the laboratory was not possible. The Rotosonic drilling method
(Lewis 2001) was used for those holes. Boring logs for all monitoring and pumping
wells are given in Appendix I.

After visually classifying the cores, approximately 250 sediment samples were
collected for hydraulic conductivity and porosity tests. A constant head permeameter
apparatus was used to estimate the hydraulic conductivity of repacked soil samples
(Hoard 2002). Bail tests were also performed on selected wells in the field screened at
different depths to evaluate the accuracy of laboratory methods. The methods of
Hvorslev (1951) and Bower and Rice (1976) were used.

The following equation was used to estimate the total porosity of sediment

samples:

o=1-Pb Q.1
Ps

where ¢ is the porosity; p}, is the bulk mass density of the sample [M-L?]; and p is the

particle mass density [M-L?] (Freeze and Cherry 1979).

Field tracer tests

Field tracer tests were conducted on the augmentation and stimulation well
networks to estimate flow and transport parameters that influence distribution of solutes
within this aquifer section. The main objective of these experiments was to study the
impacts that the stratigraphy exert upon contaminant migration and distribution in this

region.
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Table 2.1. Details of tracer experiments.

Solute Parameter value Description‘

Bromide Tracer injected into DW's by
injected concentration (1=0) 100 ppm pumping water from FCW's,
injection into DWAI-DWA2 adding the solute to the
pumping rate 1.3x10° m’/s (each well) pumped water and injecting it
pumping time 4 hrs back into DW''s.

Fluorescein Same as Bromide injection.
injected concentration (t=0) 100 ppb
injected into DWAI-DWA2, DWSI-
pumping rate DWSs2
pumping time 1.3x10° mj/s (each well)

4 hrs

*see F igure 2.2 for well notation

Fluorescein and bromide tracers were chosen because experiments have shown
they are relatively conservative tracers, do not sorb to soil particles, do not affect
bacterial activity, and are very easy to detect (Hyndman et al. 2000a). An “injection-
extraction” strategy was used to deliver tracer solution to the saturated zone of the
aquifer. To achieve uniform tracer delivery in the geologic formation, a 4hr injection
time was chosen since preliminary numerical models predicted an approximate 80%
tracer breakthrough in the extraction well at the end of the pumping period. The screened
interval for the extraction and injection wells in the network is between 18.3 to 25.0m
bgs. Details of the field tracer experiments are provided in Table 2.1.

Samples for tracer measurement were taken at downgradient multi-level
piezometers at time and depth intervals specified in Table 2.2. A bromide electrode
(Cole-Parmer) and a digital field fluorometer (Model 10-005-CE Turner Designs Inc.)
were used to measure bromide and fluorescein concentrations in collected samples,

respectively.
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Table 2.2. Logistim of tracer tests.

. Sampling time
Interval Sampled (days after tracer
Sampled wells (m bgs) injection)
Augmentation well network
Bromide Tracer Test
MPA4 — MPA6 16.81t024.1 7
MPA7 16.8 10 24.1 814,15
MPA8 — MPA9 1581t024.1 812, 14,15
MPAI0 16.81024.1 8
MPAII 16.8 10 24.1 12,14, 15
MPAI2 16.8 10 24.1 12, 14
Fluorescein Tracer Test
MPA4 — MPAS 16.8 10 24.1 1-4,6-8, 10, 14
MPA6 16.8 10 24.1 3,468 10, 14
MPA7 — MPAI10 1581t024.1 8,10, 14,17, 22,
24, 27, 30
MPALll - MPAI2 16.81024.1 810 14,17, 22,
24, 27, 30
Stimulation well network
Fluorescein Tracer Test
MPA7 — MPAI0 17.1t024.4 7.9 12,15
MPAIll — MPAIS 18.01t024.1 7.9 12,15

* All multi-level wells consist of multiple 15.3cm screens spaced at 0.9 m intervals

Conceptual and numerical models

A conceptual model for this site was constructed to develop an understanding of
the important features that affect solute transport within this region. A northwest-
southeast cross section through the site (Figure 2.3) shows the main geologic features of
the region. Groundwater flow in the vicinity is from northwest to southeast at an average
velocity of 15cm/day (Dybas et al. 2002; Mayotte et al. 1996) and recharge for this area
is approximately 23.7cm/yr. Pertinent boundary conditions were assigned based on a
regional-scale model constructed by Lipinsky (2002). Figure 2.4 shows the boundaries

for the regional aquifer which control groundwater flow in the study area.
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Information compiled from the conceptual model was incorporated into a three
dimensional numerical groundwater flow and transport model. The objective for this
experiment was to understand the influence of local heterogeneities on solute distribution
in this region. By analyzing vertical profiles of tracer concentration a quantitative
description of those heterogeneities can be obtained.

A three dimensional finite difference grid was constructed by telescopic mesh
refinement (Anderson and Woessner 1992) from the numerical regional groundwater
flow model of Lipinski (2002). The horizontal resolution of the grid was 15cm in both,
longitudinal and transverse direction. Vertical resolution of the grid varied from 90cm at
the bottom of the aquifer to 620cm at the top resulting in 15 model layers. This grid
discretization was adequate to represent the physical resolution of the monitoring well
networks on the site while minimizing artificial dispersion effects. Local boundary
conditions were determined based on the regional groundwater flow model. Figure 2.5
shows the numerical model grid in horizontal and vertical directions.

Groundwater flow was simulated using the classical mathematical expression

from Bear (1979):

v-(K-Vh)+W=sy%% 2.2)

where V is the gradient operator (0/0x, 0/0y, 0/0z); X, y, z, are spatial coordinates [L]; K
is the hydraulic conductivity tensor [L-T']; h is the hydraulic head [L]; W is the fluid

source sink term [L-T"']; Sy is the specific aquifer yield; and t is the time [T].
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Figure 2.5. Numerical model grid in (a) horizontal, and (b) vertical directions. (No. of
cells in the horizontal is 52,890, with 15 layers in the vertical direction.
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This equation was coupled to the advection-dispersion equations for simulating

tracer transport:

%:VO(DVC)—V(VOC)+C w

(2.3a)

(4

v=-—Vh (2.3b)

(<

where c is the tracer concentration in pore fluid [M-L]; v is the groundwater velocity

vector [L-T']; ¢' is the tracer concentration in source or sink [M-L‘3]; de is the effective

porosity; and D is the hydrodynamic dispersion coefficient tensor [L2T'] with
coefficients a-v, where a is the dispersivity vector [L].

Equations 2.2 and 2.3 were solved numerically using MODFLOW (McDonald
and Harbaugh 1988) and MT3DMS (Zheng and Wang 1999), respectively. For the flow
model, hydraulic conductivity and porosity data obtained from field and laboratory
analysis were kriged to the 3-D finite difference grid. Two stress periods were simulated:
1) 4 hr of tracer injection followed by; 2) 29.83 days of tracer transport under natural
gradient influence, for a total simulation time of 30 days.

A constrained optimization method was developed to solve the objective function

(Equation 2.4) and find a set of optimal dispersivity values for the geologic formation.

A
f(a)= ZX (: )) 2.4)
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In the previous equation i is the index for the dispersivity at a particular depth; N
are depths at which tracer data was collected in monitoring wells; and the A operator is

given by:

Cobs — csnm|
Ma )= F o 2.5)
Z Cobs . (

where the integral represents normalized absolute differences between observed (cobs)

and simulated (csi,) tracer concentrations over the entire simulation time t, for depth

interval i; and the summation is over all multi-level piezometers M, located at depth

interval i. Simulated tracer concentrations in Equation 2.5 are given by Equation 2.3.
The denominator (A,) in Equation 2.4 is the operator evaluated at an initial set of

dispersivity values.

The objective function (Equation 2.4) was minimized by solving a set of
generalized Kuhn-Tucker equations (Phanikumar et al. 2002). Methods for solving these
equations are available in many programming packages. The sequential quadratic
methods in MATLAB Optimization Toolbox (Coleman et al. 1999) were used in this
study. The MATLAB script for this optimization is provided in Appendix II.

Depth intervals included in the objective function (Equation 2.4) were 18.6, 19.5,
20.4,21.3,22.3, and 23.2m bgs. Multi-level piezometers at 15.8, 16.8, and 17.7 were not
included because tracer was not detected at any of these depths. This was expected since

the screen top of injection wells is at 18.3m bgs. Also, piezometers with insignificant
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tracer concentration were excluded in the formulation of Equation 2.5.

2.5 Results and discussion
Hydraulic conductivity and porosity

Figure 2.3 shows the main features found during the visual classification analysis.
Material from shallower depths (0 ~ 10m bgs) of this aquifer is mostly fine sand
changing to medium sand as one moves deeper into the formation. From 10m bgs to
approximately 18m bgs the aquifer is composed of medium to coarse sands. A layer of
poorly sorted sands with gravel and cobbles was identified at an average depth of 19m in
most of the cores. The thickness of this layer varies from 0.5m to about 1.0m. The
underlain sediments changed again to a mixture of coarse and medium sands with an
approximate thickness of 3m. A second layer of coarse material at an approximate depth
of 23m bgs was apparent from the analysis. Well graded gravels with a significant
amount of coarse gravel (40mm average diameter) were the principal materials of this
second layer. Thickness of this layer is approximately 1.2m on the average. Below this
material, a medium to coarse sand layer was deposited. Cobbles of significant size (~
100mm) were found interbedded within this layer. Hard, gray clay was found
approximately at 24.5m bgs in soil cores from MW1 to MW3. Apparently, this clayey
layer gradually slopes downward as evidenced by the location (25.9m bgs) at which clay
was found in cores from wells located at the southeast boundary of the network.

Based on the visual classification, it is evident that distinct stratigraphic units
(may act as preferential flow paths for contaminant migration) exist at average depths of

20 and 23m bgs. The extent of these layers; however, cannot be predicted since cores
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were taken in a relatively small area compared to the entire extension of the VOC plume
(Figure 2.1). In a study by Dybas et al. (2002), cores from a location approximately
1.8km north of this site showed the underlying unconfined aquifer to be composed mostly
of medium sands.

Figure 2.6 and Table 2.3 show hydraulic conductivity results from laboratory
permeameter and field bail tests, respectively. Laboratory determined hydraulic
conductivity ranged from 1x107 to 4x10"'cm/s with an average of 6.6x10">cm/s and a
standard deviation of 0.066cm/s. The scatter plot in Figure 2.6(a) shows that between 5
to about 15m bgs hydraulic conductivity is in the range of 10~ to 10" *cm/s. Data is
clustered around 107 to 1cm/s below the 15m bgs interval.

Bail test results (Table 2.3) showed that values obtained by the Hvorslev method
were, in general, an order of magnitude higher than hydraulic conductivity obtained by
the Bower and Rice method. However, these values are within the expected range of
hydraulic conductivity for glacial outwash sediments (Fetter 2001). Laboratory measured
hydraulic conductivity correlated well to field values obtained by the Hvorslev (1951)
method.

A total porosity scatter plot from laboratory repacked samples is shown in Figure
2.6(b). Average total porosity was 0.331 with a standard deviation around the mean of
0.050. Maximum and minimum values were 0.504 and 0.208, respectively. Total
porosity of shallower sediments seems to be around 10% lower than deepest ones. From
Figure 2.6 an inverse correlation between hydraulic conductivity and total porosity can be

observed. A similar pattern was also reported in the study conducted by Hoard (2002).
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Figure 2.6. Scatter plots of (a) hydraulic conductivity and
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Table 2.3. Bail test results.

Screen depth K (cm/s)b
Well ida (m bgs) Bower and Rice (1976) Hvorslev (1951)
MP-A2 23.8-24.4 29x 10729 1.58x10"¢
MP-A1S 23.8-24.4 4.02x10% + 0.001 2.21x10" £ 0.008
MP-A6° 223-22.9 430x107 £ 0.017 2.35x10" + 0.091
MP-S3 24.4-25.0 3.28x10°% + 0.004 1.82x10™" + 0.021
MP-S15 24.4-250 3.15x107 £ 0.004 1.72x10" + 0.023
MP-S6° 22.9-23.5 8.32x107 + 0.027 4.54x10" + 0.146
MSU-1 192-19.8 4.11x102 £ 0.016 2.25x10" + 0.089
? see Figure 2.2 for well location

b .
average value + one standard deviation

° measurements taken on a nearby well not identified in Figure 2.2
d . o
average of two bail tests; standard deviations not calculated

To incorporate hydraulic conductivity to the flow and transport model a statistical
analysis of the data was performed. A log K histogram analysis showed this data to be
approximately normally distributed (Figure 2.7(a)). Vertical anisotropy in this geologic
formation was evident from the variogram analysis shown in Figure 2.7(b). From this
analysis, horizontal and vertical correlation lengths were 18.2 m and 4.4 m, respectively.
A variance at zero separation distance of 0.03cm?/s* was found, with a log K variance of
0.13cm*/s%. These results were similar to the findings of Hyndman et al. (2000), and
Hoard (2002).

An exponential variogram model with parameters from the experimental
variograms was used to krig hydraulic conductivity data to the numerical model grid. A
similar procedure was used for porosity data. Cross section images of log K and porosity
are shown in Figure 2.8. High K areas in the image at approximate depths of 20m bgs
and 24m bgs were found to correlate well with the two layers of coarse material
identified in the conceptual model. These high K zones might act as preferential

pathways for contaminant migration in this aquifer.
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Tracer tests and Numerical models

A series of tracer tests were conducted to test the hypothesis that local
heterogeneities influence solute distribution in the study region. Observed depth-specific
tracer breakthrough curves were coupled to an optimization algorithm to estimate
dispersivity values across the formation. Groundwater was pumped from the flux control
well to a mixing tank where tracer was added using an in-tank recirculation system
(Figure 2.9). Solution from the mixing tank was injected into the ground in delivery
wells 1 and 2. The screened interval for these wells is between 18.9 and 25.0m bgs.

Preliminary numerical transport models using limited hydraulic conductivity from
wells in the outer boundary of the grid predicted an average tracer travel time of 3.5
days/m in the high conductivity zones. Tracer samples were taken from downgradient
wells at an interval of 7 day for 21 days. Due to the limited hydraulic conductivity data
used in this model, the raising limb of the observed tracer breakthrough was not properly
described. In this first tracer test, a 140ppm bromide solution was injected into DW-Al
and DW-A2.

A second tracer test using fluorescein was designed with sampling intervals of 1
and 2 days. Figure 2.10(a) and 2.10(b) show breakthrough curves during tracer injection
at the flux control and delivery wells, respectively. Hydraulic conductivity results from
sediment samples of monitoring and delivery wells were incorporated into the flow and
transport model and simulation results validated field observations reasonably well.
Based on these results, about 60% tracer breakthrough occurred in the flux control after
170min of pumping time. Tracer breakthrough at delivery wells reached a maximum

relative concentration (C/Cy) of 1.8 at 4hr of pumping. Relative concentration in delivery
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40



wells are greater than 1 as soon as tracer breaks through in the flux control well. When
this condition occurs, the injected concentration will increase by the relative
concentration coming from the flux control well. To model this recirculation system in
MT3DMS (Zheng and Wang 1999) a series of additions and modifications were made to
the main code and subroutines. Breakthrough results indicate that at least 2.7hrs of pump
time at a rate of 2.6x10°m?/s is required in order to create a uniform solute distribution
region across the well screens.

Heterogeneity effects upon tracer distribution could not be evaluated during tracer
injection due to strong hydraulic gradients induced by pump operation. Dispersion
effects were more evident during transport under natural gradient conditions.

Two scenarios were simulated with the optimization approach described by
Equations 2.4 and 2.5. In the first scenario, depth-specific dispersivity values were
estimated. During the second scenario, only one value of dispersivity was used by
assuming that a single value was enough to describe the differences seen in tracer
breakthrough curves.

Tracer breakthrough curves for the optimized per-layer dispersivity and the grid
optimal dispersivity scenarios along with observed data are shown in Figure 2.11.
Breakthrough curves obtained in the optimum per-layer scenario closely matched
observed tracer concentration for some depth intervals in monitoring points A4 and AS.
Dispersivity values assigned on a per-layer basis seems a better representation than a
single dispersivity value for the entire model domain. Although dispersivity is a length
dependent parameter (Kim et al. 2002), one value per model layer was adequate for this

simulation. Peak arrival times for the per-layer simulation scenario and observed data
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Figure 2.11. Simulated and observed tracer breakthrough curves in downgradient

monitoring points: (*) observed, (—) optimum per-layer case, (= —)
single optimum value case.
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Table 2.4. Depth-specific dispersivities and corresponding velocities.

Velocity (cm/day)
optimal dispersivity, a
depth (m bgs) (cm) observed simulated
19.5 15.25 57.3+10.7 47.7+£2.0
204 15.24 449+5.5 40.1+1.5
213 33.43 39.0+10.5 33.2+3.00
22.3 15.24 498+173 50.1+7.8
23.2 12.19 98.4 + 29.0 99.5+9.8

L]
Average of multi-level wells at the same depth + uncertainty in the mean
based on the 95% confidence interval as given by the t-distribution.

were used to estimate simulated and observed depth-specific average linear velocity,
respectively. Table 2.4 shows optimal dispersivity values and corresponding velocity
calculated from observed and simulated tracer breakthrough curves.

Based on these results, the average linear velocity at 23.2m is around two times
higher than velocities for other intervals. Similarly, the depth interval with slowest
velocity is 21.3m bgs. Results from Table 2.4 indicate that the bottom of this aquifer will
serve as a preferential flow path for contaminant migration. This fact can be seen in
Figure 2.12, where the concentration contours in a cross through the augmentation grid
illustrates the position of the tracer plume at 4hrs, 1 day, and 15 days after tracer
injection. From figure 2.12(c), it is evident that the tracer solution is more distributed in
the high conductivity zones.

Sensitivity with respect to porosity and dispersivity was evaluated by perturbing
these parameters and examining the relative change in the root mean square error
between simulated and observed average linear velocity (Anderson and Woessner 1992).
This analysis revealed that average linear velocity is more sensitive to changes in
porosity than dispersivity. A 10% change in porosity caused approximately a 25%

deviation in average linear velocity when compared to optimal values (Figure 2.13). A
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3% overall perturbation in the simulated velocity occurred when dispersivity values

changed by 10% from the optimal values.
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2.6 Conclusions

A methodology to investigate the influence of local heterogeneity on the
distribution of solutes in an unconfined aquifer was evaluated. This methodology
coupled laboratory and field tests with optimization techniques for solving the
generalized groundwater flow and transport equations. Hydraulic conductivity results
revealed the existence of high-energy zones that could act as preferential flow pathways

for contaminant migration. This was further confirmed by observations made during
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tracer experiments.

Optimal depth-specific dispersivity values for these zones were found by solving
the advection-dispersion equation using an inverse modeling approach. This approach
yielded dispersivity values that better represent the distribution of tracer as compared to a
solution scenario where a single dispersivity value was used for the entire model domain.
The values obtained during these simulations were used to estimate depth-specific
average linear velocities. The magnitude of the average linear velocity at the 23.2m bgs
interval was, in general, two times greater than the rest of the zones.

Simulated tracer concentrations were more sensitive to changes in dispersivity
than porosity. One limitation of the methodology developed here is that it does not
consider the length scale dependency of the dispersivity parameter. However, since a
small study area was selected, a single value per depth interval was adequate to describe
the longitudinal dispersivity value in the region. This approach might be adequate in
small aquifer areas where a treatment technology is being evaluated for in-situ
groundwater remediation. Since laboratory experiments for hydraulic conductivities are
tedious, a similar approach can be developed to estimate optimal values for hydraulic
conductivity and dispersivity based solely on tracer concentration histories.

This characterization provides the foundation for understanding the impacts that
the hydrogeologic environment exert upon the distribution of contaminants and
geochemical constituents. This could reveal important information regarding the natural
processes that are responsible for changes in concentrations observed in chemically

polluted environments.
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CHAPTER 3

EVALUATION OF NATURAL ATTENUATION IN A CONTROL
VOLUME OF A VOC CONTAMINATED AQUIFER

3.1 Abstract

Natural attenuation was evaluated in a study region of an aquifer located
approximately in the center of mass of VOC contaminant plume. The approach
undertaken in this chapter provides a methodology for evaluating natural attenuation of
chlorinated solvents when both parent and daughter products of dechlorination are
identified in the contaminant source. This study includes solid and liquid phase data
collected over a three year period. Generally, studies of natural attenuation of chlorinated
solvents often emphasize the liquid phase concentration, which downplays the role of
sediment associated constants. In this study, TCE concentrations in the solid phase up to
1,200pug/kg were detected. This value is twice the concentration found in the liquid
phase for the same sampling event. Levels of cis-DCE were similar for solid and liquid
phase concentrations (on a per Kg basis).

The co-existence of high levels of TCE and cis-DCE, with only low
concentrations of the parent PCE, indicates that reductive dechlorination has occurred to
some extent at some point in time. However, VC concentrations were very low
compared to its parent products, and coupled with the accumulation of cis-DCE, indicates
incomplete reductive dechlorination of chlorinated parent products.

Low nitrate concentrations in the deepest zones of this aquifer along with elevated

chloride concentration suggest that dechlorination of VOC has occurred in the anaerobic
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zones of this aquifer. However this is not strong evidence to support the hypothesis that

dechlorination processes are still taking place within the study region.

3.2 Introduction

Over the past few years there has been an increased reliance on natural processes
to clean-up contaminated sites (NRC 2000). Natural attenuation include physical,
chemical, and biological processes that, under favorable circumstances, act upon
contaminants to reduce its mass, toxicity, mobility, volume, or concentration (EPA 1998).
Although natural attenuation has been implemented at a significant number of sites
contaminated with a broad range of organic compounds, concern has been raised in the
scientific community because the behavior of most of these compounds in the
environment is not fully understood.

Natural attenuation has been successfully demonstrated at sites contaminated with
BTEX compounds. Suarez and Rifai (2002) analyzed historical data for a benzene plume
at an industrial facility and found a constant decrease in extent and concentration of
contaminants with time. These results were further confirmed by a geochemical
characterization of the site. Frazmann et al. (2002) demonstrated toluene degradation
under sulfate reducing conditions in a coastal plain in Western Australia. However,
degradation of benzene within the plume was not significant. Extensive natural
attenuation of BTEX compounds was observed at a Coast Guard base facility in Traverse
City, MI (NRC 2000). In this aquifer, the presence of breakdown products of BTEX
degradation along with oxygen depleted zones followed by methane and rich Fe(II) zones

where indicative footprints of aerobic and anaerobic decomposition of BTEX

52



compounds.

Due to their wide spread use during the last few decades perchloroethene (PCE),
trichloroethene (TCE), and trichloroethane (1,1,1 TCA) are among the most common
contaminants found in groundwater. Attenuation of these compounds presents a major
challenge since they are highly recalcitrant in the environment. Although the
biodegradability of these compounds have been demonstrated in laboratory (Ferguson
and Pietari 2000; Kao and Wang 2001; Maymé-Gatell et al. 1997; Ndon et al. 2000;
Vogel et al. 1987; Vogel and McCarty 1987; Witt et al. 1999; Yang and McCarty 1998),
attenuation of these compounds in natural environments is mostly attributed to physical
mechanisms such as dilution, dispersion, and immobilization. However, sequential
biodegradation of these compounds has been observed at some contaminated sites.

Weaver et al. (1996) observed sequential dechlorination of TCE at the St. Joseph,
MI, Superfund site. Presence of methanogenic zones evidenced the strongly reducing
conditions suitable for sequential dechlorination of TCE to ethene. Data from individual
boreholes at the site confirmed that high cis-DCE concentrations correlated with declines
in oxygen and sulfate concentrations. Also, high concentrations of ethene and vinyl
chloride where found in the most methanogenic zones of this aquifer.

At Area 6, Dover Air Force Base, metabolic byproducts of the degradation of
PCE/TCE, and oxygen depleted zones with elevated methane and hydrogen concentration
evidenced that natural attenuation processes are acting to reduce the contaminants at this
site (Davis et al. 2002; Witt et al. 2002). Similar observations were made at a Superfund
hazardous waste site in Louisiana (Clement et al. 2002) where the “lines of evidence”

approach suggested by the United States Environmental Protection Agency (EPA 1998)
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was employed to demonstrate that natural attenuation processes were responsible for the
degradation of PCE and TCE.

In all these cases, the presence of electron donors necessary for the reductive
dechlorination process is readily available either as co-contaminants to the chlorinated
organics or as naturally occurring organic matter. However, partial dechlorination is
frequently encountered due to deficiency or depletion of electron donors (McCarty et al.
1998; Richmond et al. 2001). This deficiency translates into accumulation of metabolic
by-products such as cis-DCE or VC that might be more toxic or are regulated at lower
concentrations than their parent compound.

To evaluate the extent to which natural attenuation is occurring at a particular site,
several protocols have been developed (NRC 2000). A “lines of evidence” approach is
the basis of most of these protocols where evidence of natural attenuation can be
provided by: (1) documented loss of contaminants from the site; (2) evidence that the
biodegradation potential is actually realized in the field; and (3) laboratory assays
showing that microorganisms from site have the potential to transform the contaminants
(Roling and van Verseveld 2002). A “scoring system” assigns a numeric value based on
the evidence collected and that number is used to reach conclusions about the natural
attenuation potential for a particular site. This approach has been criticized for assigning
a numerical value to a series of qualitative assessments; an assignment which implies
more confidence than justified by field evidence (NRC 2000).

The objective of this study is to analyze geochemical and VOC concentration data
in a control volume located within the contaminant plume to determine if natural

attenuation is occurring in this particular area. This might be a useful approach to
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evaluate natural attenuation of chlorinated organic compounds, especially when both,
parent and daughter products are found in the contaminant source area. Clement et al.
(2002) indicate that the scoring system proposed by the EPA (1998) might result in
underestimation of overall attenuation because metabolic by-products from the
degradation of parent chlorinated compounds have to be excluded from the evaluation if
they are present in the source area. Analysis of data in a control volume might be useful
in resolving this conflict.

Also, a detailed hydraulic characterization of the control volume will be used to
investigate the influence that variations in geophysical parameters may have upon natural
attenuation of these compounds. A control volume approach will be compared to the
scoring system used by the EPA to derive conclusions regarding the natural attenuation

processes in this area.

3.3 Site description
Site history

The village of Schoolcraft is a small rural community located in Kalamazoo, MI
(Figure 3.1). Several plumes of organic and metal contaminants were discovered in the
unconfined aquifer beneath the village approximately two decades ago by the Michigan
Department of Environmental Quality (MDEQ). The most extensive of them is a VOC
plume, designated by MDEQ as Plume G. It has been estimated that this plume has
impacted about 1.3x10'm’ of aquifer material. ARCO Industries, a former manufacturer

of automobile plastic parts, was identified as the source of this contamination. A detailed
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investigation conducted in 1986 on the ARCO premises identified five major areas where
usage and disposal of chlorinated compounds occurred throughout the history of the
facility (Figure 3.2). Table 3.1 shows the major chlorinated compounds and the
maximum concentration found in soil samples collected at different locations over the
property during the 1986 site investigation. In addition to the compounds listed in Table
3.1, toluene was found in several sediment samples ranging from non-detectable levels to
a maximum concentration of 115,000pg/kg. Although there were no historical record of
toluene usage in the industrial operations at ARCO, one of the chemical providers
admitted that one supplied product was, at least, contaminated with toluene.

Water and bottom sediment samples from the wastewater disposal pond (Figure
3.2) showed low level concentrations of xylene, ethylbenzene, and chlorobenzene in
addition to VOC. However, VOC concentration from these sediments and from the
pond’s water was several orders of magnitude lower than concentrations found at other
locations.

The combined effects of the five areas shown in Figure 3.2 resulted ina VOC
contaminant plume extending about 2km southeast from the ARCO facility (Figure 3.1).

Near the center of mass, the plume is approximately 400m wide.

Table 3.1. Chlorinated compounds and concentrations found in
sediment samples at ARCO facilities.

Compound concentration, pg/kg
PCE 300,000
TCE 280,000
cis + trans-DCE 520,000"
vC NA.S

a . .
estimated based on percent recovery from a pilot vapor
extraction system.

not available in historical reports
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Figure 3.2. Location of the major source areas of contaminants identified during the
1986 investigation (modified form Lipinsky, 2002).
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Hydrogeological characterization

The unconfined aquifer beneath the Schoolcraft Village is mostly composed of
highly stratified glacial outwash deposits (Lipinski 2002; Mayotte et al. 1996). The
surficial layer overlaying this outwash sand is a dark brown, silty sandy clay that extends
from the ground surface to about 0.6 to 1.2m below ground surface (bgs). Underlying the
outwash sediments, a light gray clay deposit was found at depths ranging from 21.3 to
30.5m bgs. Itis believed that this layer prevents further contaminant migration to the
underlying confined sandy aquifer.

The water table in the unconfined aquifer is, on the average, at 4.6m bgs. General
groundwater flow direction is towards the southeast at an average linear velocity of
15cm/day (Dybas et al. 2002; Mayotte et al. 1996). Hydrogeological features that control
the regional groundwater flow are shown in Figure 3.3. Recharge for the entire area is
approximately 23.7cm/yr (Lipinski 2002). It is believed that upon further migration, this
plume will eventually discharge at the surface water bodies located southeast of the

Schoolcraft region.

Characterization of the control volume for evaluating natural attenuation

An area located approximately in the center of mass of a VOC contaminated
plume was selected to study the natural attenuation processes using a control volume
approach. Figure 3.4 shows the control area with all the monitoring wells installed for
this study. The approximate dimensions for this area are 30.5m x 30.5m x 24.4m
(LxWxD). Groundwater flow direction is approximately perpendicular to the northwest

and southeast boundaries and parallel to the other two sides.
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Figure 3.3. Regional hydrologic boundaries that control groundwater flow in the
Schoolcraft area (modified from Lipinski, 2002).
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Figure 3.4. Control area with monitoring wells for the natural attenuation study.

All monitoring wells consists of Scm internal diameter PVC pipes with 8 or 9
multi-level ports attached at different locations for depth specific sampling. Details of
the monitoring wells with the multi-level ports are illustrated in Figure 3.5.

A hydraulic characterization of the control volume using tracer tests coupled to
numerical models and optimization techniques were conducted to estimate relevant flow
and transport parameters. A summary of the depth-specific physical parameters found in
this study is given in Table 3.2. Total porosity based on the bulk density of the sediments

in this region ranged from 0.21 to 0.50 with a mean value of 0.33 % 0.006 (95%
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confidence interval). A cross-section through the site (A-A’ in Figure 3.4) is shown in
Figure 3.6. Two preferential flow path regions were identified from the soil cores

extracted from the site. These zones are located on the average at 20m, and 23m bgs.

Table 3.2. Depth-specific summary of physical parameters.

hydraulic average linear optimal solute
depth conductivity, velocity, v dispersivity, retention

(m bgs) K(* 10‘2) ( cm/day)a a time

(c m/s)a (cm) (1/day)
19.5 8.1+34 57.3+10.7 15.3 53.2
20.4 11.6+4.4 449+55 15.2 67.9
213 10.7+ 4.0 39.0+10.5 334 - 78.1
223 9.0+29 49.8+17.3 15.2 61.2
23.2 16.6 + 4.9 98.4 + 29.0 12.2 31.0

? mean of samples at the same depth + uncertainty in the mean at the 95%
confidence interval given by a t-distribution.
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Figure 3.5. Details of the multi-level wells installed for the natural attenuation
study.
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3.4 Materials and methods
Samples for geochemical constituents and organic compounds were collected in
four sampling events over a three year period. The logistics for the sampling event and

the matrix sampled in each one is given in Table 3.3.

Aquifer sediment sampling

Aquifer sediment samples were obtained during drilling of the monitoring wells.
Cores were extracted from each borehole using the Waterloo cohesionless continuous
sand sampler (Dybas ef al. 1998) from 15.5m to 25.0m bgs in 1.5m intervals or the
Rotosonic method, where cores where extracted in 6m intervals. Solid samples from
both core types were collected by inserting a syringe-type sampler to extract
approximately 2 to 4cm’ of sediment. These samples were place in 40mL headspace
vials containing 10mL of 2% (w/v) NaHSOj solution and were sealed with Teflon-lined

septa. Samples were transported in ice to the laboratory for volatile organic analyses.

Groundwater sampling

Groundwater samples for organic and inorganic analyses were collected from
each port attached to the multi-level wells after purging three well casing volumes.
Groundwater w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>