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The long-termmanagement of dissolved plumes originating from a coal tar creosote source is a
technical challenge. For some sites stabilization of the source may be the best practical solution
to decrease the contaminantmass loading to the plume and associated off-sitemigration. At the
bench-scale, the deposition of manganese oxides, a permanganate reaction byproduct, has
been shown to cause pore plugging and the formation of a manganese oxide layer adjacent to
the non-aqueous phase liquid creosote which reduces post-treatment mass transfer and hence
mass loading from the source. The objective of this study was to investigate the potential of
partial permanganate treatment to reduce the ability of a coal tar creosote source zone to
generate a multi-component plume at the pilot-scale over both the short-term (weeks to
months) and the long-term (years) at a site where there is N10 years of comprehensive synoptic
plume baseline data available. A series of preliminary bench-scale experiments were conducted
to support this pilot-scale investigation.
The results from the bench-scale experiments indicated that if sufficient mass removal of the
reactive compounds is achieved then the effective solubility, aqueous concentration and rate of
mass removal of themore abundant non-reactive coal tar creosote compounds such as biphenyl
and dibenzofuran can be increased. Manganese oxide formation and deposition caused an
order-of-magnitude decrease in hydraulic conductivity.
Approximately 125 kg of permanganate were delivered into the pilot-scale source zone over
35 days, and based on mass balance estimates b10% of the initial reactive coal tar creosote mass
in the source zone was oxidized. Mass discharge estimated at a down-gradient fence line
indicated N35% reduction for all monitored compounds except for biphenyl, dibenzofuran and
fluoranthene 150 days after treatment, which is consistent with the bench-scale experimental
results. Pre- and post-treatment soil core data indicated a highly variable and random spatial
distribution of mass within the source zone and provided no insight into the mass removed of
any of the monitored species.
The down-gradient plume was monitored approximately 1, 2 and 4 years following treatment.
The data collected at 1 and 2 years post-treatment showed a decrease in mass discharge (10 to
60%) and/or total plume mass (0 to 55%); however, by 4 years post-treatment there was a
rebound in both mass discharge and total plume mass for all monitored compounds to pre-
treatment values or higher. The variability of the data collected was too large to resolve subtle
changes in plume morphology, particularly near the source zone, that would provide insight
into the impact of the formation and deposition of manganese oxides that occurred during
treatment on mass transfer and/or flow by-passing.
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Overall, the results from this pilot-scale investigation indicate that there was a significant but
short-term (months) reduction of mass emanating from the source zone as a result of
permanganate treatment but there was no long-term (years) impact on the ability of this coal
tar creosote source zone to generate a multi-component plume.


© 2008 Elsevier B.V. All rights reserved.

1. Introduction


Coal tar creosote that is produced from the fractional
distillation of crude coal tars is a brownish-black/yellowish
dark green non-aqueous phase liquid (NAPL) with a density
between 1.01 and 1.20 g/cm3 (Wu et al., 2000). Creosote is a
complexmixture andmay containmore than several hundred
different chemical compounds; however, the chemical com-
position is influenced by the origin of the coal and by the
nature of the distilling process and thus creosote components
are rarely consistent in their type and concentration. Mueller
et al. (1989) reported that the approximate mass fractions are
85% aromatic hydrocarbons, including polycyclic aromatic
hydrocarbons (PAHs) and alkylated PAHs; 10% phenolic
compounds including cresols; and 5% nitrogen-, sulfur-, and
oxygen-heterocyclics including dibenzofurans. Groundwater
and soil impacted by creosote-contaminated sites may
potentially contain a number of these chemical compounds
depending on the NAPL composition and the aqueous
solubility, vapour pressure, and subsurface attenuation
processes (e.g., dispersion, reactions, sorption) of the indivi-
dual compounds (Priddle and MacQuarrie, 1994; King and
Barker, 1999). Characteristic of NAPL contaminated sites
where low solubility compounds are present, dissolution of
the organic solutes is slow and hence the presence of coal tar
creosote poses a long-term source of groundwater contam-
ination. Due to the potential toxicity, carcinogenicity and
mutagenicity of many of these compounds at low concentra-
tions (IARC, 1998), these sites pose a threat to groundwater
resources and other biosphere receptors.


Over the last 15 years, in situ chemical oxidation (ISCO)
using permanganate has received considerable attention as a
technique with the potential to destroy various chlorinated
ethenes in the subsurface (Schnarr et al., 1998; Siegrist et al.,
2001, Mackinnon and Thomson, 2002; ITRC, 2005; USEPA,
2006; Thomson et al., 2007). While field scale and laboratory
studies have focused on the application of permanganate for
the oxidation of chlorinated ethenes and certain PAH
compounds (Gates-Anderson et al., 2001; Brown et al.,
2003), little effort has been directed at treatment of coal tar
creosote contamination and specifically the oxidation of
arenes by permanganate.


Rudakov and Lobachev (1994), and Rudakov et al. (1996)
proposed two parallel oxidation mechanisms for the per-
manganate oxidation of an alkylbenzene: (1) attack at the
carbon hydrogen bond in the alkyl substituent and (2) an
attack on the aromatic ring that proceeds via electrophilic
aromatic substitution. In their examination of the relative
contributions of the two oxidation pathways, Rudakov and
Lobachev (1994) suggested structural properties that would
determine the dominant pathway. Coal tar creosote contains a
wide variety of alkylbenzenes, and alkyl substituted and non-

substituted polycyclic aromatic hydrocarbons that are sus-
ceptible to oxidation by these twomechanisms. Forsey (2004)
determined the permanganate second-order rate coefficients
for some coal tar creosote constituents including pyrene,
fluoranthene, phenanthrene, chyrsene, naphthalene, carbazole,
fluorene, and biphenyl (Table 1). The compounds investigated
exhibit awide range of reactivities that follow the two different
suspected reaction mechanisms. The second-order rate coeffi-
cients in Table 1 are similar in magnitude to those reported in
the literature for chloroethenes, except for naphthalene which
has a second-order rate coefficient similar to toluene (Walde-
mer and Tratnyek, 2006).


While the oxidation of some creosote compounds is likely
to occur during ISCO treatment of a coal tar creosote source,
not all of the compounds of concern will be susceptible to
permanganate oxidization and hence a source will remain
following treatment which will require long-term site
management. For sites where contaminant mass removal is
not the primary remedial goal, technologies that isolate or
stabilize the NAPL source may be the best practical solution,
since they can reduce the contaminant mass loading to the
plume and associated off-site migration. An important
product of the reduction of permanganate is manganese
oxide, which forms at the point of reaction and is a water
insoluble solid that is highly polar and tends to coagulate by
aggregation to form hydrated colloids with high water
contents (Perez-Benito and Arias, 1991). The degree to
which the colloids will aggregate depends on the presence
of other ions as well as the system Eh and pH (Morgan and
Stumm,1963). Laboratory research has demonstrated that the
precipitation of manganese oxides and the formation of CO2,
another reaction product, decreased the hydraulic conductiv-
ity between 50 and 90% (Schroth et al., 2001) in sand-packed
columns, caused flow divergence around regions of higher
NAPL saturations in a two-dimensional physical model (Li and
Schwartz, 2004), and resulted in pore plugging and the
formation of a distinct manganese oxide layer in the vicinity
of the NAPL that reduced the post-treatment mass transfer
(Mackinnon and Thomson, 2002; Conrad et al., 2002;
Urynowicz and Siegrist, 2005). The longevity of the trapped
CO2 is temporary, but the manganese oxide deposition is
believed to be stable as long as the geochemical conditions
are conducive (e.g., pHN3; Appelo and Postma, 1999). As a
result, it is hypothesized that treatment of a coal tar creosote
source zone by permanganate will initially result in some
degree of mass destruction until manganese oxide deposition
has reached a level to impact hydraulic conductivity andmass
transfer. When this point is reached either the manganese
oxides will adversely affect the performance of the treatment
system and/or the rate of mass destruction will decrease.


The objective of this study was to investigate the potential
of partial permanganate treatment to reduce the ability of a







Table 1
Second-order reaction rate coefficients and suspected oxidation mechanism of selected coal tar creosote compounds


Compound Formula Structure Oxidation mechanism Rate coefficient a [M−1 s−1]


Naphthalene C10H8 EAS b 1.1×10−2±2×10−3


1-methylnaphthalene C11H10 ABH c 1.4×10−2±2×10−3


2-methylnaphthalene C11H10 ABH 1.8×10−2±3×10−3


Biphenyl C12H10 – NR d


Acenaphthene C12H10 ABH 2.1×10−1±3×10−2


Fluorene C13H10 ABH 4.3×10−1±3×10−2


Carbazole C12H9N ABH 4.4×10−1±8×10−2


Dibenzofuran C12H8O – NR


Anthracene C14H10 EAS N6.8 e


Phenanthrene C14H10 EAS 4.2×10−1±3×10−2


Fluoranthene f C16H10 EAS 9.0×10−1±3×10−1


Pyrene g C16H10 EAS 1.7×100±6×10−1


Chrysene h C18H12 EAS 1.2×10−2±1×10−2


Notes:
a Second-order reaction rate coefficient and 95% confidence interval from Forsey (2004).
b Oxidation by permanganate is suspected to be initiated by electrophilic aromatic substitution.
c Oxidation by permanganate is suspected to be initiated by abstraction of a benzylic hydrogen.
d No reaction observed over the 2 day reaction period.
e Reaction rate was too fast to measure; estimate based on initial rate.
f Rate coefficient based on initial data; reaction does not go to completion.
g Rate coefficient based on pseudo first-order portion following initial decrease.
h Rate coefficient tentatively assigned due to solubility issues.
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coal tar creosote source zone to generate a multi-component
plume at the pilot-scale over both the short-term (weeks to
months) and the long-term (years). It was not our intent to
deliver ample permanganate mass to the source zone to
satisfy the stoichiometric requirements of all the reactive coal
tar creosote compounds and the permanganate natural
oxidant demand (NOD), but rather to provide enough
permanganate mass so that sufficient manganese oxide
deposition occurred to impact hydraulic conductivity and
mass transfer. Hence, we have termed this approach partial
permanganate treatment in contrast to a situation where the
remedial goal would be to completely “clean-up” the source
zone. The site used to explore this partial source zone
treatment is located at the Canadian Forces Base (CFB) Borden
near Alliston, Ontario, Canada and has ∼10 years of synoptic
plume data that was used to develop a comprehensive
baseline of the plume morphology and trends. To support
the pilot-scale experimentation, a series of preliminary
bench-scale experiments were conducted to evaluate the
potential for permanganate to oxidize a coal tar creosote
residual NAPL source and to provide specific information
on mass removal, changes in post-treatment effluent con-
centrations, hydraulic conductivity and manganese oxide
deposition.


2. Preliminary bench-scale investigations


A series of column experiments was conducted to assess
the reactivity of specific coal tar creosote compounds to
permanganate, and to provide representative information on
potential or expected reductions in mass discharge and
hydraulic conductivity due to byproduct formation and
deposition within a coal tar creosote residual source. Each

experimental series consisted of a control and a treatment
column. Stop-flow column experiments with a creosote
saturation of 8% were intermittently flushed with either
Milli-Q water (control) or a permanganate solution (8 g
KMnO4/L) (treatment) for 172 days. This intermittent or
pulsed flushing allows for a prolonged residence time to
maximize the oxidation reaction and hence mass removed.
The mass distribution of selected compounds and manganese
oxide deposition following permanganate treatment were
determined at 1 cm intervals. Flow-through column experi-
ments with a creosote saturation of 3% were used to
investigate hydraulic conductivity impacts, and the relation-
ship between mass removal and associated changes in mass
discharge. This series of experiments was flushedwithMilli-Q
water (control) and permanganate solution (15 g KMnO4/L) at
a flow rate of ∼3.3 mL/h (velocity of ∼2.0 cm/h) for ∼7 days to
mimic the physical and NAPL conditions of the pilot-scale site
at CFB Borden. All column experiments were performed with
the same sand and the raw coal tar creosote used to construct
the CFB Borden source (King and Barker, 1999).


2.1. Methods


The stop-flow columns (diameter 5 cm, length 12 cm)
were constructed of thick walled glass tubing fitted with
stainless steel end plates. As required, a 50 mL syringe was
used to inject either Milli-Q water or permanganate solution
into the column from the bottom, and the effluent was
allowed to exit freely from the top of the column into a 60 mL
sample vial. Periodically a 13 mL aliquot from the sample vial
was analyzed for selected compounds (Table 2) following the
addition of 1 mL of a saturated bisulfite solution to quench
any residual permanganate.
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The continuous-flow columns were constructed of nom-
inal 2.54-cm Schedule 40 PVC pipe (length 12.5 cm) modified
to accommodate inlet and outlet tubing, and contained glass
beads (0.59 to 0.84mmdiameter) to act as flow distributors at
either end. The columns were operated under up-flow
conditions where the inlet was maintained at a constant
flow rate and the outlet was maintained at a constant
hydraulic head. A piezometer was attached to the column
influent tubing to monitor hydraulic head.


The chemical composition of the creosote (Carbochem Ltd.
Mississauga ON) used in this experimentation is listed in
Table 2. The selected compounds represent 56.5% of the total
creosote mass assuming the molecular weight of the
unknown fraction was 200 g/mol based on a qualitative
comparison of the gas chromatograph (GC) retention times
for identified and unidentified compounds. The mass spec-
trum of a sample of this creosote indicated that the unknown
mass fractionwas predominately made up of heavymolecular
weight PAHs with a smaller percentage of unknown phenol
and heterocyclic compounds. The density of the creosote was
measured to be 1.10 g/mL at 21 °C.

Table 2
Coal tar creosote chemical composition, variability of bulk soil concentration quan
experiments


Compound MW
[g/mol]


Aqueous
solubility a


[mg/L]


Mass
fraction
[%]


MDL
[μg/L]


Standard
deviation b


[g/kg]


St


In
[g


Phenol 94.1 82,000 0.07 32 – 13
m-xylene 106.2 196 0.01 5.8 – 2.
o-cresol 108.1 25,920 0.04 8.7 – 7.
p and m-cresol 108.1 24,000 0.12 8.7 – 21
2,6-dimethylphenol 122.2 6150 0.02 4.3 – 4.
2,4 and 2,5-
dimethylphenol


122.2 – 0.05 4.3 – 7.


2,3-dimethylphenol 122.2 14,000 0.08 4.3 – 10
3,5-dimethylphenol 122.2 12,000 0.01 4.3 – 4.
Naphthalene 128.2 31.7 8.1 4.3 ±18 24
Indole+2-
Methylnaphthalene c


142.2 24.4 3.9 4.7 ±13 48


1-methylnaphthalene 142.2 28.5 1.8 2.7 ±6.2 61
Acenaphthylene 152.2 – 0.2 2.7 ±0.81 42
Biphenyl 154.2 7.5 1.5 4.8 ±7.5 28
Acenapthene 154.2 3.9 6.0 2.3 ±94 13
Fluorene 166.2 2 4.7 2.7 ±19 11
Carbazole 167.2 1 0.87 4.7 ±3.8 94
Dibenzofuran 168.2 10 4.0 2.7 ±20 72
Phenanthrene 178.2 1.3 10.4 6.5 ±110 29
Anthracene 178.2 0.07 1.1 3.6 ±3.7 22
Fluoranthene 202.3 0.26 5.2 5.2 ±22 22
Pyrene 202.3 0.14 4.0 4.3 ±17 81
Benzo(a)anthracene 228.2 0.3 1.2 3.3 ±4.6 25
Chrysene 228.2 0.002 1.1 6.3 ±4.1 23
Benzo(b)fluoranthene 252.3 – 0.64 20 ±1.7 14
Benzo(k)fluoranthene 252.3 – 0.3 20 ±1.4 37
Benzo(a)pyrene 252.3 0.003 0.44 24 ±1.4 54
Benzo(g,h,i)perylene 276.3 0.084 0.14 b32 ±0.28 11
Indeno(1,2,3,c,b) pyrene+ 278.4 – 0.48 b62 ±1.1 22
Dibenzo(a,h)
Anthracene d


Total: 56.0 14


Notes:
a From Mueller et al. (1989), MacKay et al. (1992), and Forsey (2004).
b Bulk soil concentration standard deviation as estimated from the extraction an
c Since indole and 2-methylnaphthalene elute at the same time they are combin
d Since indeno(1,2,3,c,b) pyrene and dibenzo(a,h)anthracene elute at the same tim

To generate a homogeneous mixture of creosote and sand,
30 mL of Milli-Q water and 300 mL of sand were well-mixed
and then the required volume of creosote was added to the
wet sand and stirred thoroughly. Each column was packed
with material from the middle of the mixture and gently
packed in ∼1 cm lifts. To estimate the initial mass of
individual creosote compounds added to each column, a
20 g sample of the mixture was taken as each column was
being packed and analyzed for the bulk soil concentration of
selected creosote compounds. After packing, each column
was flushed with CO2 for 1 h and then slowly flushed with
Milli-Q water from the bottom to minimize trapped air.


The bulk soil concentration of selected creosote compounds
was determined by soxhlet extraction using a modified version
of the EPAMethod 3540C (extracting with a 200 mLmixture of
CH2Cl2 and acetone (1:1) for 24 h). The analytical determination
of the concentration of all creosote compounds reported in this
paper was performed on a GC (HP5890A) equipped with a
splitless injection port, a 0.25 mm×30 m glass DB5 capillary
columnwith a film thickness of 0.25 μm and a flame ionization
detector (FID). The oven temperature was held at 40 °C for

tification, and the results from the stop-flow and continuous-flow column


op-flow experiments Continuous-flow experiments


itial
/kg]


Control Treatment Control
discharge
[mg/day]


Treatment
discharge
[mg/day]


Percent
change


Final
[g/kg]


Percent
change


Final
[g/kg]


Percent
change


bMDL −100 bMDL −100 – – –


4 bMDL −100 bMDL −100 – – –


2 bMDL −100 bMDL −100 – – –


bMDL −100 bMDL −100 – – –


1 bMDL −100 bMDL −100 – – –


9 bMDL −100 bMDL −100 – – –


bMDL −100 bMDL −100 – – –


1 bMDL −100 bMDL −100 – – –


00 2400 0 1000 −58 0.29 0.25 −14
0 420 0 260 −46 0.035 0.026 −26


0 610 0 600 −2 0.017 0.012 −29
40 0 35 −17 0.0086 0.0021 −76


0 240 −14 65 −77 0.013 0.025 92
50 1350 0 370 −73 0.047 0.021 −55
00 1100 0 280 −75 0.028 0.0098 −65


83 −12 27 −71 0.043 0.0013 −97
0 720 0 640 −11 0.032 0.046 44
00 2900 0 2400 −17 0.025 0.012 −52
0 220 0 2.1 −99 0.0097 0.0039 −60
00 2200 0 2000 −9 0.0029 0.0041 41
0 830 0 560 −31 0.0015 0.00029 −81
0 250 0 170 −32 bMDL bMDL –


0 230 0 220 −4 bMDL bMDL –


0 140 0 170 21 bMDL bMDL –


39 5 19 −49 bMDL bMDL –


56 0 4 −93 bMDL bMDL –


12 0 bMDL bMDL bMDL bMDL –


21 0 4 −82 bMDL bMDL –


,100 13,900 −1 8830 −37 0.55 0.41 −25


d analysis of 4 samples.
ed. The MW and solubility shown are for 2-methylnaphthalene.
e they are combined. The MW shown is for dibenzo(a,h)anthracene.
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0.5 min and then ramped to 300 °C at 15 °C/min where it was
held for 10 min. The FID was maintained at 325 °C and the
helium carrier gas flow ratewas 25mL/min. Quantificationwas
by external and internal standards. The method detection limit
(MDL) for the monitored creosote compounds are provided in
Table 2. To assess the degree of variability inherent in the
soxhlet extraction procedure and subsequent analysis proce-
dure, creosote, sand and water were mixed similar to the
method used prior to packing the columns and four sub-
samples were removed and the bulk soil concentrations were
estimated. The results of this assessment (Table 2) indicate that
for some compounds there is considerable variability; for
example the standard deviation of the dibenzofuran bulk soil
concentration was estimated to be ±20 g/kg.


For the stop-flow columns the permanganate solution or
Milli-Q water was added, on average, every 2 days at room
temperature (21±2 °C) at rate of∼13mL/min using the syringe.
The permanganate solutionwas added to the treatment column
first and the injection episode was terminated when the
permanganate concentration in the effluentwas approximately
the same as the injection concentration. An equivalent volume
of Milli-Q water was injected into the control column. After
172 days the stop-flowcolumnexperimentwas terminated and
each columnwas sectioned into 1-cm thick increments and the
bulk soil concentration of the monitored creosote compounds
and manganese oxides was determined from ∼30 g sub-
samples. Manganese oxides were removed with an acidified
solution of hydroxylamine hydrochloride (Chao, 1972). To each
sample 70 mL of hydroxylamine hydrochloride (0.025 M in
0.01MHNO3) and 10mL of 6MHNO3was added andmixed for
5 min. The concentration of manganese removed by the
extraction was determined by atomic adsorption (Varian
Model 1475 Atomic Absorption Spectrophotometer) with a
MDL of 0.02 mg/L.


For the continuous-flow column experiments the treat-
ment column was flushed with Milli-Q water for ∼1 day
before the influent was switched to the 15 g KMnO4/L
permanganate solution. After ∼7 days of flushing, the influent
on the treatment columnwas switched back to water and the
treatment column was flushed for another day. The control
column was flushed exclusively with Milli-Q water for
∼7 days. Aqueous samples were collected from the effluent
of the control and treatment columns during the pre and
post-treatment water flushes.


Following the termination of the continuous-flow column
experiment, the bulk soil concentration of the monitored creo-
sote compounds and total manganese was determined for the
material in both the control and treatment columns. From each
column, three ∼5 g samples were analyzed for bulk soil man-
ganese concentration using inductively coupled plasma emis-
sion spectroscopy (Spectro Analytical, Fitchburg, MA). Soil
samples were dried (85 °C), reweighed, and then digested
using 2 mL of 50% HNO3 and 10 mL of 50% HCl for 1 h at 100 °C
(Method 3030F, APHA,1998). In this method, all themanganese
species present are converted to Mn+2 and the MDL was
0.07 mg/L Mn. The bulk soil concentration of selected creosote
compounds for the remainder of the soil in the treatment and
control columns were determined as described above for the
stop-flow columns.


Permanganate solutions were made by dissolving solid
KMnO4 (BDH, Toronto, CA) into Milli-Q water. Permanganate

concentration was quantified on filtered samples (0.45-μm
glass fibre, Pall Corporation) by spectrophotometry at 525 nm
with a MDL of 1.3 mg/L. The spectrophotometer was
calibrated prior to each sampling event using a standard
stock solution (APHA, 1998).


2.2. Results and discussion


2.2.1. Stop-flow column experiments
A total of 96 injection episodes were performed over the


172 day duration of the stop-flow column experiments
resulting in ∼29 g of KMnO4 injected into the treatment
column. At the end of the first injection the characteristic
dark purple colour rapidly faded as it was reduced to
manganese oxides by easily oxidizable creosote compounds.
As additional permanganate was added in subsequent
injections the dark purple colour persisted and, through the
glass column walls, preferential flow pathways were clearly
distinguished by the dark purple permanganate solution, and
diffusion into pore spaces that were initially bypassed were
visible. After the injection of 16 pore volumes (PVs) the
bottom screen in the treatment column became plugged,
presumably due to manganese oxide deposition, and an 18
gauge needle was used to make small holes in the screen so
additional permanganate solution could be added. Magne-
sium oxides deposition on the screen did not become a
problem again until 41 PVs had been injected into the column
and the experiment was terminated. The effluent sample
from the treatment column frequently contained visibly
flocculent brown particles, presumably mobile manganese
oxides. No gas phase (e.g., CO2) was observed in the
treatment column during the stop-flow column experiment.


Effluent concentrations from both the control and treat-
ment columns showed a rapid decrease in the aqueous
concentrations for the more soluble compounds such as
phenol, o-cresol and m-xylene (not shown). The less soluble
compounds such as biphenyl, carbazole, dibenzofuran and
anthracene were continually dissolved from NAPL as shown
in Fig.1. Interpretation of these effluent data is complicated by
the stop-flow nature of this column experiment. After each
injection episode the aqueous concentration of an individual
compound would be significantly decreased in both the
control and treatment columns and then gradually increase to
reach its effective aqueous solubility; however, in the
treatment column the rate of mass transfer is affected by
the presence of permanganate. Specifically, in the treatment
column the aqueous concentration of oxidizable compounds
will remain depressed for a longer period of time resulting in
increased dissolution of each oxidizable compound and hence
the more readily oxidizable compounds will be removed to a
greater extent than the less reactive or non-reactive com-
pounds. Since the permanganate concentration was observed
to decrease to approximately zero between injection epi-
sodes, the effective aqueous solubility in the treatment
column was most likely reached before the next injection
episode. If a sufficient mass of reactive compounds were
removed, then the NAPL mole fraction would decrease along
with the effective aqueous solubility consistent with the
solubility analog of Raoult's Law (King and Barker, 1999).
Studies examining mass transfer rates have shown that
equilibrium concentrations can be reached quickly (minutes







Fig. 1. Effluent concentrations for (a) biphenyl, (b) carbazole, (c) dibenzo-
furan, and (d) anthracene from the stop-flow column experiments (open
square—control column; filled square—treatment column).
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to hours) for chlorinated organics (Anderson et al., 1992), but
for slow-stirring batch experiments with diesel fuel and
column experiments with creosote it took 40 to 60 h for all
of the components to reach aqueous phase equilibrium
(Priddle and MacQuarrie, 1994; Schluep et al., 2001). Since
the residence time between injection episodes was ∼48 h we
believe that this was sufficient to allow themore abundant and
soluble creosote components to reach equilibrium concentra-
tions in both the control and treatment columns. For the non-
reactive compounds (e.g., biphenyl, dibenzofuran) the effluent
concentrations in both the control and treatment column
remained relatively constant while more than 42 PVs of
solution was flushed through each column. Considering the
initial high mass fraction of these compounds in the NAPL this
suggests that the effective solubility of at least these two
compounds remained relatively unchanged. The differences in
effluent concentration between the control and treatment
columns were presumed to be due to slight variations in
column packing and NAPL heterogeneity. For the reactive
compounds such as carbazole and anthracene, the effluent
concentration from the treatment column was substantially
lower relative to the control column indicating that enhanced
mass removal of these compounds occurred. Given the

residence time between injection episodes, there seems to be
little difference between the carbazole and anthracene effluent
concentrations despite the order-of-magnitude difference in
their second-order reaction rate coefficient.


Table 2 lists the initial and final bulk soil concentration of
each monitored compound in the control and treatment
columns. The overall bulk soil concentration of the monitored
creosote compounds in the treatment columnwas reduced by
37% compared to only 1% for the control column, clearly
indicative that oxidation of selected compounds occurred in
the treatment column. For compounds that are readily
oxidized by permanganate (e.g., carbazole, fluorene, anthra-
cene) the percent mass removed was much higher in the
treatment column compared to the control column. Surpris-
ingly, compounds that are resistant to permanganate, such as
dibenzofuran and biphenyl, were also removed to a greater
extent in the treatment column relative to the control column,
presumably due to an increase in their NAPL mole fraction
values. For example the data indicated that 77% of the
biphenyl mass was removed from the treatment column
compared to 14% from the control column despite the fact
that biphenyl is resistant to permanganate oxidation.


For the soil samples evaluated in this investigation, it
was assumed that the predominant manganese species was
MnO2 and hence the manganese results are reported in
terms of MnO2 per mass of dry soil. The average bulk soil
manganese concentration precipitated in the treatment
column after 172 days was 20.8 g MnO2/kg, and varied from
14.5 g MnO2/kg at the top of the column to 26.0 g MnO2/kg
at the bottom of the column. This variation is consistent
with the orange/brown precipitate observed near the top of
the column that gradually became blacker further down the
column and at the very bottom a hard manganese oxide
deposition was present. The average bulk soil manganese
concentration of the sand used in these bench-scale
experiments was ∼0.4 g MnO2/kg.


2.2.2. Continuous-flow column experiments
Approximately 8.5 g of KMnO4 was injected into the


treatment column over the 7 day treatment period or about
1/3 of the permanganate mass injected into the stop-flow
treatment column. The mass discharge of the monitored
creosote compounds, as estimated from the product of the
measured aqueous concentration and flow rate, for the post-
treatmentwaterflushare listed inTable2.With theexceptionof
biphenyl, fluoranthene and dibenzofuran, the listed mass
discharge estimates were lower for the treatment column by
14 to 97% relative to the control column. Based on the kinetic
data in Table 1, it was expected that biphenyl and dibenzofuran,
being resistant to permanganate oxidation, would increase in
mole fraction in the NAPL and hence mass discharge. This
increase results in a higher mass removal which is consistent
with observations from the stop-flow experiments. Fluor-
anthene, while susceptible to oxidation by permanganate,
displayed similar trends to biphenyl and dibenzofuran. The
reason for the increase in the fluoranthene mass discharge is
unclear but in kinetic studies it was observed that fluoranthene
was not completely oxidized by permanganate and the reaction
stopped within the first 3 min following the addition of
permanganate (Forsey, 2004). Thus the rate coefficient given
in Table 1 is for the initial reaction and not for the complete
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oxidation of fluoranthene. This apparent increase in fluor-
anthene mass discharge may be due to either incomplete
oxidation of fluoranthene or production of an oxidation
byproduct with a gas chromatograph retention time similar to
that of fluoranthene. Considering that the initial NAPL satura-
tion in the continuous-flow experiments was considerably
lower than in the stop-flowexperiments (3% compared to 8%) it
was not surprising that the percent mass removal of the
monitored creosote compounds in the control column (not
shown)wasmuchhigher (15 to 40%) than those observed in the
stop-flow column experiments. However, the mass removal
trends between the treatment and control column for the
continuous-flow experiment are consistent with the observa-
tions from the stop-flow column experiment.


Following the introduction of permanganate to the treat-
ment column, there was a marked increase in the hydraulic
gradient across the column, resulting in a decrease in
hydraulic conductivity from 1.3×10−3 to 1.6×10−4 cm/s over
1 day. The hydraulic gradient continued to increase and, at the
completion of the permanganate flush, the hydraulic con-
ductivity was estimated to be 9.3×10−5 cm/s. The hydraulic
gradient across the control column was relatively constant
compared to the treatment column. The evolution of the
increased hydraulic gradient and corresponding decrease in
hydraulic conductivity is a result of the formation and
subsequent deposition of manganese solids within the
treatment column presumably obstructing flow pathways. At
the termination of the continuous-flow experiment the
average bulk manganese concentration in the treatment
column was 5.5 g MnO2/kg which was significantly (α=5%)
larger than the average bulk manganese concentration in the
control column of 0.4 g MnO2/kg, confirming that manganese
oxides had been deposited within the treatment column. The
bulk manganese concentrations reported for the stop-flow
experiment were considerably larger than for the continuous-
flow experiment due to a higher permanganate dosing. While
hydraulic conductivity reduction due to the production of CO2


gas has been observed by others (e.g., Schroth et al., 2001), no
CO2 production was observed over the course of this
continuous-flow experiment.


2.3. Conclusions


The results from these preliminary column experiments
indicate that sufficient mass removal of reactive com-
pounds can be achieved during permanganate treatment
so that an increase in the NAPL mole fraction of non-
reactive compounds is realized. This increase in mole
fraction results in an increased effective solubility and
aqueous concentration for the more abundant non-reac-
tive compounds. Consequently, the rate of mass removal of
these compounds also increased. For the continuous-flow
column experiments the 25% decrease in the mass dis-
charge was associated with a 33% decrease in compound
mass; however, there was no relationship between the
percent mass of reactive compounds removed and the
corresponding percent reduction in discharge for indivi-
dual compounds. Both column experiments demonstrated
the physical impact of manganese oxide formation and
deposition; continual clogging of the inlet screen in the
stop-flow experiment giving rise to injection problems,

and an order-of-magnitude decrease in the hydraulic
conductivity of the continuous-flow column. The manga-
nese concentration in the treatment column is within the
range (2 to 24 g MnO2/kg) reported in the literature
(Mackinnon and Thomson, 2002; Siegrist et al., 2002; Li
and Schwartz, 2004) and suggests that mass transfer
impacts may have occurred.


3. Pilot-scale field investigation


3.1. Site description and history


The pilot-scale field investigation component of this study
was conducted on a creosote source zone installed on August
28, 1991 in the ∼10 m thick unconfined aquifer at the CFB
Borden (Fig. 2). The detailed monitoring network depicted in
Fig. 2(a) was originally installed by Mackay et al. (1986)
as part of a previous plume study. The timeline used to
monitor events associated with this source zone are denoted
by the number of days since source zone installation which is
Day 0.


The creosote used to construct this source zone comprised
∼70 kg of raw creosote (Carbochem Ltd. Mississauga ON)
augmented with 0.45 kg carbazole, 0.50 kg p-cresol, 1 kg
phenol and 3 kg m-xylene. This modified creosote was mixed
with ∼5800 kg of sand with a hydraulic conductivity of 3.6×
10−4 m/s to reach a NAPL saturation of 7% (v/v). The hydraulic
conductivity of this sand is approximately a factor of fourhigher
than the native Borden aquifermaterial (8.5×10−5m/s) andwas
used to ensure that groundwater flow though the source zone
would not be inhibited by the NAPL presence. The creosote and
sandmixturewas then installed in twoadjacent zones (denoted
as the east and west source areas. For additional details on the
source zone emplacement see Malcolmson (1992), and King
and Barker (1999).


Prior to permanganate treatment, a detailed plume
monitoring program was undertaken on Day 278, 626,
1357 and 3619 (King and Barker 1999; King et al., 1999). This
monitoring program involved sampling of 63 to 179 multi-
level wells and required the analysis of 717 to 2415 samples
for each sampling episode. Mass entering the plume from
the source was estimated at an up-gradient boundary
coincident with the row of multilevel samplers located
∼2.7 m from the source (denoted here as the 3-m fence line
shown on Fig. 2). King and Barker (1999) developed a model
based on the solubility analog of Raoult's Law to simulate
the dissolution of compounds from the source zone using a
constant groundwater flux of 0.03 m/day and a cross-
sectional flow area of 6 m2. Results from this model were
within a factor of 2 of observed dissolved concentrations in
the source. Using this model, it was estimated that there
was ∼350 mol of creosote compounds remaining in the
source zone at the start of permanganate treatment (Day
3675) and that ∼150 mol are associated with the known
reactive compounds listed in Table 1.


3.2. Source zone treatment


3.2.1. Methods
Based on the findings from the column experiments, and


to meet the objective of this pilot-scale field investigation, a







Fig. 2. Creosote source zone and plume monitoring network: (a) plan view of
source zone and plume monitoring network (each plume monitoring
location represents a multilevel sampler); (b) plan view of the source zone
with permanganate injection/extraction wells, piezometers, core locations,
and 0.3-m sampling fence line shown.
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semi-passive pulse injection system was employed to deliver
permanganate to the source zone using the 4 up-gradient
injection wells shown on Fig. 2(b). A delivery system of this
type is possible in this investigation due to the hydraulic
conductivity of the source zone which, by design, is equal to
or greater than the native aquifer material. Injection wells
were constructed from 5 cm diameter PVC stock well material

and installed by a direct push technique to a nominal depth of
3.5 m below ground surface (bgs) and screened (10-slot) over
the 2.2 m depth of the source zone. A pulse injection system
can sustain permanganate concentrations in the source zone
tomaximize the oxidation reaction rates and diffusion related
concentration gradients (e.g., Schnarr et al., 1998; Lowe et al.,
2002; Thomson et al., 2007). Each injection episode was
designed to deliver a total of 3200 L of permanganate solution
(800 L/well) up-gradient of the source zone. To generate a
uniform permanganate treatment to each source area,
injection into one well up-gradient of each source area was
followed by injection into the other well, thus creating
overlapping injection zones. With the aid of results from
groundwater flow simulations using MODFLOW-2000
(Harbaugh et al., 2000) an injection rate of 5 L/min was
selected for delivery of the design volume in ∼10 h, resulting
in minimal disturbance to the ambient flow field. Based on an
estimated average linear groundwater velocity of 10 cm/day,
the tail of each permanganate pulse was expected to migrate
sufficiently down-gradient of the injectionwells in ∼7 days to
necessitate another injection episode to maintain the pre-
sence of permanganate within the source zone. To limit
density effects and maximize permanganate concentration, a
design concentration of 15 g KMnO4/L was selected which has
a specific gravity of 1.01 at 20 °C (Carus Corporation, 2007).
Prior to each injection episode, the required permanganate
solutionwas mixed on site by adding a sufficient mass of solid
KMnO4 (CAIROX® Technical Grade Potassium Permanganate,
Carus Chemical) to uncontaminated groundwater to achieve
the target concentration. The permanganate solution was
filtered (b5 μm) and then injected using a centrifugal pump
with a throttled outlet to control the flow rate.


The permanganate NOD represents the consumption of
permanganate by the naturally occurring reduced species
(organic carbon, and reduced minerals containing Fe(II), Mn
(II, III) and S(-I, -II)) associated with the aquifer material
(Siegrist et al., 2001; Mumford et al., 2005; Honning et al.,
2007), and for native Borden aquifer material has been
estimated to range from 0.4 to 3.5 g-KMnO4/kg (Thomson
et al. 2007). This permanganate NOD is consistent with the
low TOC and mineralogy of the Borden aquifer material
(calcite, quartz, plagioclase, and feldspar minerals with
surface coatings of iron and manganese oxyhydroxides)
(Ball et al., 1990). The NOD of the sand material used to
construct the source area is not known but it is expected to be
less than the Borden aquifer material NOD. Permanganate
consumption by groundwater was expected to be minimal.


One week after each permanganate injection episode,
permanganate breakthrough was monitored at a sampling
fence line located ∼0.3 m down-gradient from the source
(identified here as the 0.3-m fence line). The 0.3-m fence line
comprised 7 multilevel bundles with 13, 3 mm inside
diameter stainless steel points per bundle. Samples were
collected into 40 mL sample vials using a single-tube vacuum
system (King and Barker, 1999). Quantification of permanga-
nate concentration was completed at the University of
Waterloo following the procedure described in Section 2.1.


To monitor hydraulic conditions during permanganate
treatment, 9 multilevel piezometers were installed using a
direct push technique around the source zone (Fig. 2(b)). Each
piezometer was constructed from 1.25 cm diameter high







Fig. 3. Spatial distribution of permanganate (g KMnO4/L) at the 0.3-m fence line
(a) 7days after thefirst injectionepisode, (b) 7days after the3rd injectionepisode
(c) 7 days after the 5th injection episode, and (d) 35 days after the 6th injection
episode. The east and west source area is on the left and right respectively.
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density polyethylene tubing notched, screened with Nitex®,
and arranged in bundles of 4 tubes extending to nominal
depths of 1, 2, 3 and 4 m bgs.


Sixty days prior to initiating permanganate treatment and
150 days after the termination of treatment, a performance
assessment comprised of ambient mass discharge (King et al.,
1999; Einarson and MacKay, 2001; ITRC, 2004) and forced
mass discharge measurements was performed. Under ambi-
ent gradient conditions a round of samples (∼80) from the
0.3-m fence line were collected and analyzed for representa-
tive coal tar creosote compounds. Samples were collected into
40 mL sample vials using a single-tube vacuum system (King
and Barker, 1999). At least 40mL of groundwater was pumped
through the system prior to sample collection. Samples were
preservedwith 0.4 mL of 10% sodium azide solution, placed in
coolers and transported to the University of Waterloo for
analysis. These data were used to establish an estimate of the
mass loading from the source zone to the plume under
ambient gradient conditions. This mass loading or dissolution
rate (i.e., the rate at which the mass of a specific coal tar
creosote compound crosses the plane defined by the 0.3-m
fence line) was calculated by integrating the spatial distribu-
tion of the aqueous mass flux over the 0.3-m fence line (King
et al., 1999; Einarson and MacKay, 2001; ITRC, 2004; Kubert
and Finkel, 2006).


In contrast to the ambient mass discharge estimate which
is subject to variable hydraulic conditions and spatial
integration errors, the forced mass discharge estimate allows
for a large degree of control between assessment measure-
ments since a similar pumping and hence flow field can be
established through the source zone. The forced mass
discharge measurement is similar to the integral pumping
test used to quantify mass fluxes (Bockelmann et al., 2001;
Béland-Pelletier et al., submitted for publication). Four
extraction wells located ∼0.5 m down-gradient of the source
zone were installed, identical to the permanganate injection
wells described above, to facilitate the forced mass discharge
estimate. During the forced mass discharge assessment,
uncontaminated site groundwater water was injected into
the 4 injection wells, while groundwater was pumped from
the 4 extraction wells. Extracted groundwater was blended
prior to a groundwater sample collection port and then
passed through a carbon filter (Calgon Corporation, model
F300) and released to the ground surface N50 m down-
gradient. Periodic groundwater samples were collected in
40 mL vials with no head space, preserved with 0.4 mL of 10%
sodium azide solution, placed in coolers and transported to
the University of Waterloo for analysis. The forced mass
discharge estimate to the extraction wells from the source
zonewas calculated as the product of the total extraction flow
rate times the concentration of coal tar creosote compound
(Ptak and Teutsch, 2000; Bockelmann et al., 2001; ITRC,
2004).


Two intact soil cores were extracted from the source zone
110 days prior to permanganate treatment using a piston core
barrel technique similar to that described in Starr and
Ingleton (1992). The core tube consisted of 5-cm ID aluminum
pipe and brass core catcher, and was driven to depth with a
jackhammer. Each core tube was capped and placed in a
cooler for transport to the University of Waterloo where they
were stored in awalk-in refrigerator prior to opening. In order

to develop an understanding of the bulk soil concentration
vertical distribution for a number of compounds, the entire
length of one core was sub-sampled in 1 or 2 cm lengths (see
Fig. 2(b) for location). Sample extraction and analysis were as
described in Section 2.1.


Approximately 180 days following permanganate treat-
ment 3 intact soil cores were collected from in and up-
gradient of the source zone. One core was taken immediately
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down-gradient of an injection well but outside the source
zone, and the other 2 cores were taken from the up-gradient
and down-gradient edges of the east source area (see Fig. 2
(b) for locations). Each of the post-treatment soil cores were
sub-sampled (1 mL) using a pre-cleaned micro-sampling
tool on a 1 cm grid and mixed to produce 3 composite
samples for each core. A sub-sample from each composite
was analyzed for the bulk soil creosote compound concen-
trations identical to the pre-treatment analysis. A second
sub-sample was analyzed for total manganese by ASTM
method D 3974-81.


3.2.2. Results and discussion


3.2.2.1. Permanganate delivery system. A total of 6 pulsing
episodes were preformed with an average permanganate
concentration of ∼13 g KMnO4/L for a total of ∼125 kg of
KMnO4. The injections were completed up-gradient of the
source zone from Day 3675 to Day 3710. The volume of
permanganate solution injected during each pulsing
episode varied from 1700 to 2300 L; well short of the
design injection volume of 3200 L. The design injection
rate of 1 L/min was not able to be sustained during any of
the pulsing episodes. Even though the permanganate
solution was filtered prior to injection, the injection rate
had to be reduced on each successive injection episode in
response to a presumed decrease in the surrounding
hydraulic conductivity since there was no evidence of
screen clogging and no solid precipitate was observed in
any of the injection wells. The difficulty in delivering the
permanganate was attributed to the formation and
deposition of manganese oxides and a subsequent reduc-
tion in hydraulic conductivity in the source zone which
affected the ability of the injection wells to function as
expected. Given the proximity of the injection wells to the
source zone, this observation is similar to the continuous-
flow column experiments where a continual reduction in

Table 3
Pre- and post-treatment ambient and forced gradient discharge estimates for select


Compound Ambient gradient discharge


Pre-treatment Post-treatment


[μg/L] a [mg/day] [μg/L] a [mg/day]


Naphthalene 12,000 750 12,600 310
1-methylnaphthalene 850 200 780 120
Acenaphthylene 60 15 80 6
Biphenyl 300 84 380 71
Acenaphthene 1500 430 1500 200
Fluorene 430 110 340 51
Carbazole 270 61 200 18
Dibenzofuran 860 250 1100 210
Phenanthrene 300 96 280 60
Anthracene 150 31 170 14
Fluoranthene 60 13 77 11
Pyrene 46 9 27 3
Benz(a)anthracene bMDL – bMDL –


Chrysene bMDL – bMDL –


Benzo(a)pyrene bMDL – bMDL –


Total 2048 1075


Notes:
a Peak concentration in the 0.3-m fence line.
b Average concentration in blended effluent.

hydraulic conductivity was observed during permanga-
nate treatment. The apparent reduction in hydraulic
conductivity manifested itself in the localized mounding
of the groundwater table.


Permanganate concentration contours at the 0.3-m fence
line 7 days after the 1st, 3rd and 5th pulsed injection episodes,
and 35 days after the 6th pulsed injection episode are
presented in Fig. 3. The spatial distribution of permanganate
at the 0.3-m fence line 7 days after the 1st delivery episode
indicates that much of the injected permanganate mass had
been consumed between the injection wells and the fence
line due to oxidation of selected creosote compounds and
satisfaction of the NOD. The permanganate spatial distribu-
tion at the 0.3-m fence line 7 days after the 3rd and 5th pulsed
injection episodes are consistent with the other distributions
(not shown) and illustrates the heterogeneity of the perman-
ganate distribution down-gradient of the source zone. It
appears that the delivered permanganate was able to migrate
through much of the source zone; however, there were areas
where lower down-gradient permanganate concentrations
were observed (e.g., the right edge of the east source area, and
the upper portion of the west source area). The maximum
permanganate concentration observed in the 0.3-m fence line
was typically located coincident to the bottom of the west
source area and, for some sampling rounds, was close to the
average injected concentration of ∼13 g KMnO4/L indicative
of little permanganate consumption. These data suggest that
the pulsed injection systemwas able to deliver permanganate
to the source zone as designed. Permanganatewas detected at
the 0.3-m fence line at a concentration of ∼6 g KMnO4/L
35 days following the final injection episode (Fig. 3(d))
presumably due to the slow depletion of permanganate
mass trapped in lower hydraulic conductivity regions in the
source zone. Monitoring conducted ∼5 months following the
final injection episode indicated that no detectable perman-
ganate was present in any of the samples collected from the
0.3-m fence line.

ed coal tar creosote compounds


Forced gradient discharge


Percent
change


Pre-treatment Post-treatment Percent
change


[μg/L] b [mg/day] [μg/L] b [mg/day]


−59 910 2900 470 2200 −24
−40 250 810 150 710 −12
−58 19 60 8 35 −42
−15 110 360 83 400 11
−53 600 1900 280 1200 −37
−54 190 630 85 400 −37
−70 130 400 35 170 −58
−16 260 1200 250 1200 0
−37 160 520 110 520 0
−55 41 130 24 110 −15
−11 19 61 18 86 41
−63 14 45 7 35 −22
– bMDL – bMDL – –


– bMDL – bMDL – –


– bMDL – bMDL – –


−47 9016 7066 −22







Fig. 4. (a) Pre-treatment and (b) post-treatment carbazole concentration
contours (μg/L) at the 0.3-m fence line. The east and west source area is on
the left and right respectively.
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3.2.2.2. Ambient mass discharge. Pre- and post-treatment
ambient mass discharge estimates were determined by
spatial integration of the 0.3-m fence line data. The spatial
area associated with each individual concentration measure-
ment was determined by the Theissen polygon method
(Thiessen, 1911). Since the monitoring network used was of
insufficient spatial extent to capture the entire plume, no
attempt was undertaken to extrapolate beyond the spatial
extents of the monitoring fence line. A uniform Darcy flux of
5.4 and 4.4 cm/day were estimated for the pre- and post-
treatment spatial distribution, respectively, based on
observed hydraulic gradients estimated from the surrounding
piezometers on the day of sampling, and an assumed constant
hydraulic conductivity of 8.5×10−5 m/s (Mackay et al., 1986).
Both laboratory and field evidence strongly suggests that
permanganate application to the source zone results in a
decrease in hydraulic conductivity, but no in situ measure-
ments of hydraulic conductivity were obtained. However,
given that the hydraulic conductivity of the source zone
following permanganate application was expected to be
lower, the assumption of an unchanged hydraulic conductiv-
ity value will result in a conservative estimate of the mass
discharge. Table 3 presents the results of the ambient
discharge calculations based on data obtained pre- and
post-treatment.


The results of the ambient discharge calculations indicate
that the mass discharge for all the compounds examined
decreased between pre- and post-treatment. The total load
decreased from 2048 to 1075 mg/day. All compounds
indicated a N35% reduction in mass discharge except for
biphenyl, dibenzofuran and fluoranthene which is consistent
with the findings from the continuous-flow column experi-
ments. There was a general trend toward higher reductions in
compound concentrations at the 0.3-m fence line in areas
associated with observed higher permanganate concentra-
tion during treatment. Fig. 4 presents the pre- and post-
treatment carbazole concentration spatial distribution at the
0.3-m fence line. The general trends are consistent with the
ambient mass discharge calculations and clearly show that
the extent of detectable concentrations of carbazole was
substantially decreased following permanganate treatment.
In particular, the pre-treatment distribution for the east
source area indicates two distinct zones of relatively high
carbazole concentration, while the post-treatment distribu-
tion indicates that both zones remain but with decreased
peak concentrations.


3.2.2.3. Forced gradient discharge. About 100 days prior to
permanganate treatment a quasi-steady state flow field was
established across the source zone by injecting uncontami-
nated site groundwater into the 4 injection wells at a
cumulative rate of ∼4 L/min while simultaneously extracting
groundwater from the 4 extraction wells at a cumulative rate
of 2.2 L/min. The combined effluent from the 4 wells was
blended and sampled daily for ∼9 days. It was not possible to
re-create the identical hydraulic conditions ∼215 days follow-
ing permanganate treatment due to the well efficiency issues
discussed above and thus only the 4 extraction wells were
used but were operated at a slightly higher cumulative flow
rate of ∼3.3 L/min. During the pre-treatment assessment the
hydraulic gradient across the source zone between corre-

sponding pairs of injection/extraction wells was relatively
uniform at ∼0.35 m/m, while during the post-treatment
assessment the hydraulic gradient across the source zone
varied from ∼0.25 m/m for the outermost pairs of injection/
extraction wells to ∼0.10 m/m for the innermost pairs of
injection/extraction wells. In spite of this difference in
hydraulic gradient, the spatial extent of the capture zone for
each assessment is comparable, suggesting that extracted
groundwater was drawn from similar areas. The hydraulic
head contours for the post-treatment assessment indicate a
deflection between the two source areas, suggestive of a
lower conductivity in the source zone relative to the native
aquifer material.


The time series concentration data for the variousmonitored
coal tar creosote species in the blended effluent during both the
pre- and post-treatment assessment showed some initial
variability (a coefficient of variation of b0.1 for the pre-
treatment assessment and b0.3 for the post-treatment assess-
ment) over the initial 2 to 5 days of extraction and then
stabilized. The higher variability observed for the post-treat-
ment assessment was assumed to be a result of the reduced
control over the flow field compared to the pre-treatment
assessment. The average concentration of the last 2 days of the
time series data were used to estimate the mass discharge for
each species under forced gradient conditions (Table 3). The
results indicate that the mass discharge for all compounds,
except biphenyl, dibenzofuran, phenanathrene and fluor-
anthene, decreased following permanganate treatment. There
was essentially nochange in themass discharge of dibenzofuran
and phenanathrene, and the increase in post-treatment mass
discharge for biphenyl and fluoranthene is consistent with the
finding from the preliminary bench-scale experiments.
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3.2.2.4. Soil cores. The bulk soil concentration data for the
pre-treatment soil core for 4 compounds are presented in Fig. 5.
These data are typical of the other monitored compounds and
illustrate that the bulk soil concentration is quite variable
throughout the depth of the source zone. Based on a
geostatistical analysis, these spatial distributions where deter-
mined to be highly variable and randomly distributed. This
randomly distributed bulk soil concentration distribution
highlights the inherent difficulty with the extrapolation of a
point bulk soil concentration measurement to a larger volume
even for this carefully emplaced source zone. As a result of this
highly variable and random spatial distribution of mass within
the source zone, no statistically significant change (α=5%) in
mass for any of themonitored species was evident between the
pre-treatment soil core and either of the post-treatment soil
cores extracted from the source zone. Furthermore, there is no
statistical difference in the mean bulk soil concentrations for
the core taken from theup-gradientedgeof the source zoneand
the core taken from the down-gradient edge of the source zone.


The analysis of pre- and post-treatment core material also
included an evaluation of total manganese. While the precise
composition of the manganese solid that forms during
permanganate oxidation of various creosote species is
unknown, it is expected to be of the form MnOx. The average
bulk soil manganese concentration in the post-treatment
source zone cores (∼6.0 g MnO2/kg) was statistically higher
than the average bulk soil manganese concentration in the
pre-treatment soil core (∼0.8 g MnO2/kg). There is no
statistically significant difference in the mean bulk soil
manganese concentrations between the post-treatment soil
core taken from the up-gradient edge and down-gradient
edge of the source zone. The elevated manganese concentra-
tion in the post-treatment source cores was similar to the
manganese concentration in the continuous-flow treatment
column. Given that the hydraulic conductivity reduction
observed in the treatment column was attributed to the
formation of manganese oxide deposition it is possible that a
similar hydraulic conductivity reduction occurred within the
source zone.

Fig. 5. Bulk soil concentrations from a pre-treatment source zone soil core f

3.2.2.5. Permanganate mass balance. Monitoring data indi-
cated that permanganatewas consistently detected at the 0.3-m
fence line. These data were used to estimate the total mass of
permanganate that crossed this fence line using the same
approach as employed to determine the ambient mass
discharge, and assuminga linear temporal variation in discharge
between monitoring episodes. The results from these calcula-
tions indicate that ∼90 kg or ∼570 mol of permanganate
migrated across the 0.3-m fence line. Since ∼790 mol of
permanganate were delivered up-gradient of the source zone
during the 35 day treatment period,∼200mol of permanganate
were assumed to be consumed through oxidation of coal tar
creosote compounds within source zone, if the NOD of the
source zone material is assumed to be insignificant. If the
average stoichiometric mole ratio between permanganate and
selected coal tar creosote compounds is 18 to 1, assuming
complete mineralization of the selected coal tar creosote
compounds, then ∼11 mol of the 150 mol or ∼7% of reactive
coal tar creosote compounds that were estimated to be present
in the source zone at the start of treatment were oxidized by
permanganate.


3.3. Long-term post-treatment plume monitoring


Long-term post-treatment monitoring focused only on the
down-gradient plume which was comprehensively sampled
on Day 4315 and Day 5140, or approximately 2 and 4 years
following treatment. On Day 4065 only the 3-m fence linewas
sampled. Fig. 6 shows dissolved concentration contours
created using the maximum observed concentration of each
compound at each multilevel sampler for two pre-treatment
(Day 1357 and Day 3619) and the two post-treatment (Day
4315 and Day 5140) sampling episodes. For comparison
purposes 4 plumemetrics were used:mass discharge crossing
the 3-m sampling fence line (see Fig. 2(a) for location), total
plume mass, the down-gradient plume mass profile, and the
plume spatial extent. The mass discharge (mg/day) of each
compound (Table 4 and Fig. 7) crossing the 3-m fence linewas
estimated as described for the 0.3-m fence line in Section

or (a) naphthalene, (b) biphenyl, (c) dibenzofuran, and (d) chrysene.







166 N.R. Thomson et al. / Journal of Contaminant Hydrology 102 (2008) 154–171

3.2.2; however, a constant and uniform groundwater flux
(0.03m/day) was used. The initial sampling fence line used on
Day 278, Day 626 and Day 1357 consisted of 8 multilevels
with 14 vertical sampling points and was expanded to 15
multilevels with 14 vertical sampling points for the remaining
sampling episodes. The 3-m fence line instead of the 0.3-m
fence line was used in this long-term plume monitoring to be
consistent with the previous historical data collected (King
and Barker, 1999). In general the mass discharge crossing the
0.3-m fence line is ∼2.5 times larger than the mass discharge
crossing the 3-m fence line due to the significant level of
biotransformation that occurs between these two fence lines
(King et al., 1999). The uncertainty in the reported mass
discharge estimates was determined by considering analytical
error associated with the quantification of the concentration
of each compound, variation of groundwater velocity, and
data density (Béland-Pelletier et al., submitted for publica-
tion). The error bars in Fig. 7 represent ±1 standard deviation
as estimated from a coefficient of variation of 0.28 for Day
278, Day 626 and Day 1357, and 0.12 for the remaining
sampling days. For each sampling episode the total plume
mass for each compound (Table 4 and Fig. 8) was estimated as
the sum of the mass in the dissolved and sorbed phases using
R Md whereMd is the dissolved mass estimated using a three-
dimensional integration of the multilevel sampler concentra-
tions (King et al., 1999), and R=(1+ρb Kd / θ) is the compound
specific retardation factor. Retardation values (Table 4) were
calculated using a porosity (θ) of 0.33, a bulk density (ρb) of
1810 kg/m3 (Mackay et al., 1986), and distribution coefficients
(Kd) from laboratory data (King et al., 1999) or estimated from
literature correlations (Karickhoff et al., 1979) and octonal–
water partition data. The uncertainty in the total plume mass
estimate was determined by considering the mass balance
errors reported from previous natural gradient conservative
tracer experiments conducted within the same densely
monitored area of the Borden aquifer (Freyberg,1986;Mackay
et al. 1986; Hubbard, 1992) and the uncertainty associated
with the estimate of sorbed mass. Thus, the uncertainty
estimates vary between compounds; however, in Fig. 8 a
coefficient of variation of 0.36 was used for all compounds to
capture the highest uncertainty. To provide an indication of
the down-gradient dissolved plume mass profile the three-
dimensional integration of the sampling network was used to
assign plumemass into ∼1m intervals or slices (Fig. 9) for Day
3619, Day 4315 and Day 5140. Note that the mass in a pseudo-
steady state plume typically decreases with increasing
distance from the source due to biotransformation processes
(King et al., 1999).


3.3.1. Discussion
Naphthalene and m-xylene were undergoing significant


attenuation at the time of treatment and it was not possible to
separate the effects of the source zone treatment from that of
the ongoing plume shrinkage. Following treatment all of the
remaining monitored compounds, except for anthracene,
followed a similar trend that was characterized by an initial
decrease in mass discharge on Day 4065 and/or total plume

Fig. 6. Dissolved plume concentration contours of (a) biphenyl, (b) carbazole,
(c) dibenzofuran, and (d) anthracene. Permanganate treatment occurred
between Day 3675 to Day 3710 (dashed line).







Table 4
Estimated mass discharge (JD) at the 3-m fence line, and total plume mass (MT) at the given sampling day


The dashed vertical line represents the permanganate treatment interval (Day 3675 to 3710).
Notes:
aAssociated estimates of R according to R=1+(ρb/θ)Kd.
bvalue of Kd from literature values of log Kow using log Koc=1.00 log Kow−0.21 and Kd= focKoc.
cvalue of Kd determined from laboratory batch testing by King et al. (1999).
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mass on Day 4315, and then a rebound in both mass discharge
and total plumemass to pre-treatment values or higher by Day
5140 (see Table 4). Mass discharge on Day 4065 was 10 to 60%
lower relative to Day 3619 values, and total plumemass on Day
4315was0 to 55% lower relative toDay 3619 values. This overall
trend was observed for both reactive and non-reactive
compounds.


Pre-treatment plume trends of reactive compounds (e.g.,
carbazole) indicate an increasingplume size (Fig. 6 (b)) and total
plume mass (Fig. 8 (b)). The pre-treatment mass discharge of
carbazole peaked on Day 626 and then remained relatively
constant. Following treatment the maximum concentrations
within the carbazole plume, total plume mass and mass
discharge decreased on Day 4315; however, the plume spatial
extent remained the same. By Day 5140 the dissolved plume
concentrations, total plume mass and mass discharge values
had returned to pre-treatment values. The approximate
location of compounds that emanated from the source zone
during the 35 day treatment period was calculated considering
only advective transport, estimated from retarded velocity
values using a groundwater velocity of 9 cm/day and retarda-
tion factors (Table 4) assuming that there was no change to the
organic content of the aquifer solids due to exposure to
permanganate. On Day 4315 carbazole would have traveled
∼10mpost-treatment (Fig. 9(b)) andwhile themasswithin this
region of the carbazole plume is at its greatest, just up-gradient
(b10 m) there is a distinct decrease in mass. By Day 5140 the
portion of the carbazole plume that emanated from the source
zone during treatment was estimated to be at ∼23 m, which is

near the leading edge of the carbazole plume where
concentrations significantly decrease and become bMDL by
∼28 m. All reactive compounds showed some degree of
decrease in mass discharge on Day 4065 since the location of
the treated region of each plumewas within ±2 m of the 3-m
monitoring fence line.


Prior to treatment, compounds that were non-reactive to
permanganate (e.g., biphenyl and dibenzofuran) showed
increasing plume size and total plume mass. Biphenyl mass
discharge at the 3-m fence line peaked on Day 626 then
remained relatively constant while the dibenzofuran mass
discharge continued to increase. Following treatment on Day
4315 there appears to be a general concentration depression
within the core of the biphenyl and dibenzofuran plumes
(Fig. 6(a) and (c))) which is captured by the total plume mass
estimate (Fig. 8(a) and (c)); however, this decrease in total
plume mass is within the data uncertainty and therefore is
not statistically significant. Mass discharge estimated on Day
4065 shows a decline for both biphenyl and dibenzofuran, but
by Day 5140 the mass discharge and the total plumemass had
rebounded to pre-treatment estimates. By Day 4315 biphenyl
and dibenzofuran that emanated from the source zone during
treatment would have migrated ∼7.5 m and ∼11 m down-
gradient. The biphenyl location is coincident with a depres-
sion in the dissolved mass profile (Fig. 9(a)), while the
dibenzofuran location corresponds to a mass peak within the
plume with the depression in dissolved plume mass located
b11 m suggesting that the assumed dibenzofuran retardation
factor was too low. By Day 5140 dibenzofuran that emanated







Fig. 8. Estimated total plume mass (dissolved and sorbed) for (a) biphenyl,
(b) carbazole, (c) dibenzofuran, and (d) anthracene. Squares represent pre-
treatment and triangles represent post-treatment data. The error bars
represent ±1 standard deviation as estimated from a coefficient of variation
of 0.36 which captures the greatest uncertainty.


Fig. 7. Estimated mass discharge at the 3-m fence line for (a) biphenyl,
(b) carbazole, (c) dibenzofuran, and (d) anthracene. Squares represent pre-
treatment and triangles represent post-treatment data. The error bars
represent ±1 standard deviation as estimated from a coefficient of variation
of 0.28 for Day 278, Day 626 and Day 1357, and 0.12 for the remaining
sampling days.
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from the source zone during treatment would have migrated
∼28 m which is beyond the extent of the detected
dibenzofuran plume. The temporary decrease in mass
discharge and plume mass for the non-reactive compounds
was not expected; however, it is clearly associated with the
source zone treatment.

Anthracene was the only compound that showed a
continued decrease in plume spatial extent, total plume
mass and mass discharge following treatment. The trend in
the anthracene plume prior to treatment was an increasing
plume size (Fig. 6(d)), total plume mass (Fig. 8(d)), and mass
discharge (Fig. 7(d)). Anthracene is strongly sorbed (Table 4)
and thus the region of the anthracene plume that emanated
from the source zone during treatment was just beginning to
enter the monitoring network (∼3.0 m from the source) by
Day 4315, and was ∼6.5 m down-gradient of the source by
Day 5140 which is within the network. Unlike the other
monitored compounds, this slowly migrating treated region
of the anthracene plume was captured in all post-treatment
sampling episodes giving rise to decreased plumemetrics. It is
hypothesized that, in future sampling episodes, the treated
region of the anthracene plume will have migrated suffi-
ciently down-gradient that the anthracene total plume mass
and mass discharge will have rebounded to post-treatment
levels.


Based on the findings from the laboratory experiments it
was expected that if the NAPL was significantly impacted by
permanganate treatment that the biphenyl and dibenzofuran
plume mass would increase, due to enhanced dissolution of
reactive compounds, which would increase their mole







Fig. 9. Dissolved plume mass profile for (a) biphenyl, (b) carbazole,
(c) dibenzofuran, and (d) anthracene for pre-treatment Day 3619, and post-
treatment Day 4315 and Day 5140. The vertical line represents the estimated
advective distance each compound migrated based on retarded velocity
values for Day 4315 (solid line) and Day 5140 (dashed line).


169N.R. Thomson et al. / Journal of Contaminant Hydrology 102 (2008) 154–171

fractions. Both biphenyl and dibenzofuran show an increase
in plume mass on Day 5140 compared to Day 4315. While the
increase in the biphenyl total plume mass is perhaps
consistent with the pre-treatment trends, the increase in
dibenzofuran total plume mass of more than 100% is
suggestive of some NAPL impact.


The ∼90 kg of residual permanganate that was not utilized
in the source zone may have migrated through the monitor-
ing network prior to the first post-oxidation sampling event
(Day 4315). This migrating permanganate plume, if not
depleted by NOD, would cause a reduction in sorbed mass
and therefore affect the plume shape or mass of reactive
compounds. There is no evidence of extensive oxidation of
sorbed compounds such as anthracene or fluorene in the
plume. Selected groundwater samples collected up-gradient
of the source zone (background), fromwithin the source zone,
from the 3-m fence line and from within the plume on Day
5140 were analyzed for dissolved manganese. These data
indicate that manganese concentrations at the 3-m fence line

(1.1 mg/L) was about twice the background and source zone
concentration (0.5 mg/L) and slightly higher than the
manganese concentrations in the plume. This suggests that
there is slightly elevated manganese concentrations emanat-
ing from the source zone presumably associated with the
presence of manganese oxides deposited in the source during
permanganate treatment.


It was surprising that both reactive and non-reactive
compounds showed similar post-treatment plume metric
trends. On Day 5140 it appears that the decrease in mass
between 5 to 10 m down-gradient of the source persists after
rebound of the plumemetrics has occurred.We believe that the
entire plumehas been encapsulated by themonitoringnetwork
and so essentially all chemical mass discharge was likely
considered, although the sample density (4 to 8 points/m2)
suggests a relative mass estimate uncertainty of b10% (Béland-
Pelletier et al., submitted for publication). This long-term
change in the plume mass profiles near the source zone may
be related to a decrease in the hydraulic conductivity and mass
transfer rate within the source zone due to manganese oxide
deposition. These alterations to the source zone may have
caused a shift in the plume behavior just down-gradient of the
source zone that manifests as a marked depression in the
dissolved mass profiles but does not affect the mass discharge
estimate at the 3-m fence line.


4. Summary


Remediation techniques that are limited by NAPL/ground-
water mass transfer (e.g., pump-and-treat) are often deemed
unpractical for the long-term management of the multi-
component plume generated from coal tar creosote-contami-
nated sites. One possible solution is to stabilize the source
zone by creating a rind of manganese oxide precipitates in
close proximity to the NAPL by flushing the source zone with
a concentrated permanganate solution. Previous laboratory
observations have indicated that the formation and deposi-
tion of manganese oxides can give rise to flow by-passing and
decrease NAPL/groundwater mass transfer following treat-
ment. The focus of this study was to investigate the impact of
partial permanganate treatment of a coal tar creosote source
zone to reduce its ability to generate a multi-component
plume at the pilot-scale.


The results from the series of preliminary column experi-
ments, using the same raw coal tar creosote and sandmaterial
as the pilot-scale investigation, indicated that a mass removal
of 33% resulted in a 25% decrease in mass discharge or loading
of the monitored compounds relative to the control column.
Sufficient mass reduction of the reactive compounds was
achieved to cause the effective solubility, aqueous concentra-
tion and therefore rate of mass removal of the more abundant
non-reactive coal tar creosote compounds such as biphenyl
anddibenzofuran to increase.Manganese oxide formation and
deposition was visually observed and resulted in an order-of-
magnitude decrease in hydraulic conductivity.


Approximately 125 kg of permanganate was delivered into
the pilot-scale source zone over 35 days using a pulsed well
delivery system. As the injection episodes progressed, the
injection rate had to be reduced in response to a presumed
decrease in the source zone hydraulic conductivity. Monitoring
data indicated that permanganate was able to migrate through
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the source zone with ∼70% of the injected 125 kg of
permanganate estimated to cross the 0.3-m sampling fence
line. Based on a permanganate mass balance estimate, and
using an average stoichiometric mole ratio between perman-
ganate and selected coal tar creosote compounds, b10% of the
initial reactive coal tar creosote mass in the source zone was
oxidized. In spite of this, mass discharge estimated at the 0.3-m
fence line indicated a N35% reduction for all monitored
compounds 150 days after treatment, except for biphenyl,
dibenzofuran and fluoranthene, which is consistent with the
bench-scale experimental results. This decrease was supported
by forced gradient discharge measurements which, although
not showing the samemagnitude of decrease, displayed similar
trends for each compound. Pre- and post-treatment soil core
data indicated a highly variable and randomspatial distribution
of mass within the source zone and hence provided no insight
into the mass removed of any of themonitored species. Finally,
bulk soil manganese concentration data obtained from sub-
sampling source zone cores indicated elevated levels consistent
with the preliminary bench-scale experiments. Although no
direct source zone hydraulic conductivity measurements were
performed, a localized mounding of the water table around the
source zone suggested a reduction in hydraulic conductivity
had occurred following treatment.


The down-gradient plume was monitored approximately
1, 2 and 4 years following treatment to assess the long-term
impact of this partial permanganate treatment. The data
collected at 1 and 2 years post-treatment showed a decrease
in mass discharge and/or total plume mass; however, by
4 years post-treatment there was a rebound in both mass
discharge and total plume mass for all monitored compounds
to pre-treatment values or higher. This overall trend was
observed for both reactive and non-reactive compounds. The
observed decrease in mass discharge and total plume mass at
1 to 2 years post-treatment was attributed to the presence of
the portion of the plume for each compound that emanated
from the source zone during treatment in the monitoring
network. Rebound occurred once this treated portion of the
plume passed through the monitoring network.


The long-term data indicate that the observed decrease in
mass discharge at the 0.3-m fence line 150 days following
treatment was temporary, and, once the system had recovered
from treatment, rebound to pre-treatment behavior occurred.
For highly sorbing compounds, like anthracene, the time
required for this plume monitoring system to show rebound
was N4 years following treatment. The timeframe associated
with this rebound is especially important for the development
of post-remediation monitoring strategies. Due to the rather
large variability of the plumemetrics used in this investigation,
we are unable to resolve subtle changes in plume morphology,
particularly near the source zone, that would provide insight
into the impact of the formation and deposition of manganese
oxides that occurred during treatment on mass transfer and/or
flowby-passing. Nevertheless, for this pilot-scale study∼10% of
the coal tar creosote mass in the source zone was oxidized and
increases in bulkmanganese soil concentrationswere observed
but no significant long-term effect on the dissolved plumes
emanating from the source resulted. We acknowledge that
perhaps additional permanganate treatment may have pro-
duced different results and support thismethod as a potentially
viable approach to stabilize NAPL source zones.
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