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ABSTRACT 

Injection of potassium permanganate (KMn04) was conducted in an effort to 

remediate a Superfund Site contaminated with 1, 1-Dichloroethene (1, 1-DCE) at the 

Samsonite building area of the Tucson International Airport in Tucson, AZ. In-situ 

chemical oxidation such as this has been an effective method of source zone remediation 

for several other sites contaminated with chlorinated compounds due to its ability to 

destroy the compounds relatively quickly and effectively. Laboratory tests were done to 

determine the correct amount ofKMn04 to use based on the levels of 1,1-DCE present in 

the soil. Once this specific mass of KMn04 was established, it was injected into eight 

wells out of nine in a square grid over 21 days and allowed to break down 1, 1-DCE over 

time. A 3-dimensional profile of hydraulic conductivity values was generated using a 

regression equation that predicted them from sediment classifications. The program 

MODFLOW-2000 was employed, using the hydraulic conductivity values along with 

additional physical parameters from the site to simulate the KMn04 injection. This 

model can be used in conjunction with MT3DMS, a program designed to simulate solute 

transport, as a tool that can be used to predict the behavior and extent of KMn04 

distribution over a given time period. 
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CHAPTER 1: INTRODUCTION 

During decades prior to the 1970s, it was a common industrial practice to dispose 

of hazardous wastes into areas in close proximity to company buildings. Events such as 

the Love Canal disaster in 1978 brought about a heightened public awareness of the 

consequences of improper disposal of hazardous waste. This led to a series of pieces of 

legal environmental protection, most notably the Comprehensive Environmental 

Response, Compensation, and Liability Act (CERCLA) in 1980. Also known as the 

Superfund program, CERCLA sought to make responsible parties accountable for 

environmental contamination and require remedial action. 

Chlorinated solvents have been widely used for industrial purposes such as 

degreasing metal mechanical equipment. Heavy use on airplanes and disposal into 

unlined pits and trenches has left many airports with residual chlorinated solvents in soils 

and high concentration levels in groundwater. Their presence in groundwater has led to 

the contamination of municipal wells and is believed to be responsible for outbreaks of 

health problems associated with exposure to carcinogenic substances in users of water 

obtained from these wells. 

Contaminated groundwater has traditionally been treated with pump-and-treat 

methods. In subsurface zones with moderate and relatively homogeneous hydraulic 

conductivity values, pump-and-treat can be effective because preferential flow will be 

minimal and the water flushed through will likely come in contact with the majority of 

the contamination. However, immiscible-liquid phase contaminants in the unsaturated 

zone or contaminants found in areas of lower conductivity in heterogeneous zones are 



relatively immobile and difficult to treat using methods that rely on advective mass 

transport for removal. The ineffectiveness of pump-and-treat technology to completely 

remediate a contaminated heterogeneous area has prompted research on new methods 

with the potential to provide more successful remediation outcomes. Using modeling 

software and field parameters, various remediation strategies can be simulated to 

determine their probability of success. 
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The purpose of this research is to complete a pilot-scale study of in-situ chemical 

oxidation using injected KMn04 solution on a low-conductivity aquifer contaminated 

with 1, 1-DCE. The specific objectives are to determine the appropriate amounts and 

concentrations of KMn04 solution application via bench-scale experiments, investigate 

the effectiveness of source-zone treatment of 1, 1-DCE in a low-conductivity 

environment, and evaluate the treatment's success using flow and solute transport 

mathematical modeling. When complete, this research will provide an application 

framework for sites with source zone contamination employing KMn04 solute injection 

technology. 



11 

CHAPTER 2: SITE BACKGROUND 

2.1 Introduction 

The Tucson International Airport Area (TIAA) Superfund Site is located in South 

Tucson, Northern Pima County, Southern Arizona. In 1981, the U.S. Environmental 

Protection Agency (USEP A) and the Arizona Department of Health Services (ADHS) 

discovered contamination in the upper regional aquifer near the Tucson International 

Airport. Trichloroethene (TCE) was the primary contaminant found in the aquifer. 

Industrial activities that produced the contamination began in the 1940s. 

The Tucson International Airport Area (TIAA) was designated a Superfund Site 

in 1982. This area had previously been home to municipal wells that provided water to 

more than 47,000 people. In the following years, many of these wells were taken out of 

service due to contamination. The Superfund Site encompasses an area of approximately 

11 square miles and includes the Tucson International Airport, part of the San Xavier 

Indian Reservation, Tucson and South Tucson residential neighborhoods, an Arizona Air 

National Guard Base, commercial properties, and Air Force Plant 44 (Graham, et al. 

1999). 

Groundwater remediation began at AFP 44 in 1987 with a pump and treat system 

that included downgradient extraction wells and upgradient injection wells. This 

operation has grown and now has many more extraction and injection wells to improve 

the system's efficiency. By 2000, the cumulative mass of TCE removed had exceeded 

22,000 lbs from the 19 .6 billion gallons of groundwater extracted. In 1998, a soil vapor 



extraction (SVE) system was added to begin remediation of soil contamination in the 

vadose zone. 

2.2 Hydrogeology 
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The alluvium of the Tucson Basin is generally comprised of sediments that have 

weathered from the mountains that surround it and have been transported and deposited 

by streams, beginning about 3 5 million years ago during the middle Tertiary period to 

present day. The regional aquifer's upper 1000 feet is considered a practical water source 

for drilling and pumping purposes. Layers of the upper section of alluvium are typically 

highly variant in grain size due to the manner in which they were deposited. 

Discontinuous sand and clay layers are common and are sometimes interbedded with 

gravel. The extent of sediment compaction and cementation is also very irregular, 

making the layers' ability to store and transmit water vary with depth and location as 

well. Like most of the Tucson Basin, the layers of sediments underneath the TIAA are 

highly heterogeneous, having grain sizes ranging from coarse gravel to clay. Throughout 

this area, the regional aquifer is divided into an upper and lower zone by a clay layer that 

inhibits flow between the two (Graham, 1999). 

Water levels at the Samsonite site indicate that groundwater moves into the site in 

a west-northwest direction and moves from the site in a northwestern direction, according 

to historical conditions from wells S-31, S-42, and S-33 (Figure 1 ). A cross-section 

analysis of soil texture at the Samsonite site by Conestoga-Rovers & Associates (CRA) in 

2004 found limited layer consistency between the analyzed wells and boreholes. 



2.3 Hazardous Disposal Investigations 

A Unilateral Administrative Order by the EPA in 1992 prompted numerous 

investigations of contamination on the airport property. A remedial investigation report 

published in 1996 by Daniel B. Stephens & Associates (DBS&A) found that although 

there had not been any documented hazardous releases at the Samsonite Building Area, 

there was evidence of contamination found in soil gas surveys. Because the 

concentrations of the contamination were relatively low, remediation was delayed until 

sites at the Airport with higher contamination had been addressed (CRA, 2004). 
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Based on a 1998 DBS&A investigation and subsequent report, the Samsonite 

Building Area "was used to support aircraft modifications since its construction in the 

1950s, and was known as the "electronics" building" (CRA, 2004, p. 6). The area is thus 

seen as a site where disposal of contaminants was likely to have taken place given the 

nature of its industrial use and its proximity to other areas where hazardous chemicals 

have been released. 

The initial soil gas survey was conducted by DBS&A in 1993 and prompted the 

installation of S-31 as a well that served as multi-port gas and groundwater monitoring 

well. A second soil gas survey was performed in 2000. In 1988, Tracer Research 

Corporation conducted a soil gas survey where nine soil gas samples were obtained at a 

depth of four feet bgs. The concentrations of 1, 1-DCE in soil gas were found to be as 

high as 820 µg/L at the north end of the Samsonite Building, significantly higher than the 

EPA's soil gas screening level (SGSL) for 1,1-DCE, 3.8 µg/L. A Field Reconnaissance 



Program was conducted around the perimeter of the Samsonite Building by DBS&A in 

1993 found an area of 1,1-DCE concentration ranging from 4 to 17 µg/L (DBS&A's 

Preliminary Site Characterization Report, 1995). 
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A follow-up to this survey was conducted in 1997 where the multi-port soil 

gas/groundwater monitoring well (S-31) was installed. This well revealed increasing 

concentrations of 1, 1-DCE with depth in soil gas at five different depths ranging from 5 

feet to 74.5 feet. Two of the five ports exceeded their depth-specific SGSL. Groundwater 

samples were also taken during this investigation from well S-31 that detected 1, 1-DCE 

in concentrations of 22 to 3 7 .1 µg/L, exceeding the maximum contaminant level for 1, 1-

DCE of 7 µg/L (Figure 2) (DBS&A, 1997b ). 

Soil gas samples taken during the 2000 DBS&A investigation included 8 new 

sampling locations since the 1993 investigation and were taken from a depth of 10 feet 

bgs. Results of the sampling indicated that 1,1-DCE was still present at the Site, although 

soil gas concentrations had decreased substantially since the 1993 and 1997 samplings 

and were now below their SGSLs. DBS&A recommended no further action for soil 

remediation at the Site but recommended further investigation of the shallow 

groundwater zone contamination (DBS&A, 2000). 

In 2005, CRA sampled soil gas from each of S-31 's five gas ports and found that 

the concentration at each depth had decreased again since the 2000 sampling. Results 

from 1, 1-DCE groundwater sampling have shown a general increasing trend since 

sampling began in 1997, indicating that the 1, 1-DCE may be migrating from the vadose 

zone into the groundwater (CRA, 2006). 
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The Tucson International Airport Authority is in need of a remedial technology 

that has the capacity to remove chlorinated compounds from source zones that cannot be 

remediated through pump and treat systems. Many of these zones have been stripped of 

their larger areas of immiscible-liquid phase contamination, leaving smaller areas of 

contamination trapped in low-K areas. In-situ chemical oxidation is a remedial 

technology with the ability to directly treat contaminant located in low-K areas and may 

therefore be ideal for this site. 
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CHAPTER 3: IN SITU CHEMICAL OXIDATION TECHNOLOGY 

3 .1 Introduction 

Chemical oxidation to destroy organic contaminants in water has been used for 

decades in the municipal and industrial water and waste treatment industry (Schroth, 

2001, p.6). While originally used for ex-situ treatment of water with tank-based reactors, 

in the early 1990s researchers began to explore in-situ chemical oxidation (ISCO) as an 

alternative to traditional methods of treating contaminated soil and groundwater. 

Potassium permanganate (KMn04) was one of the chemical compounds that began to be 

researched for its use in degrading chlorinated solvents such as PCE and TCE. Column 

studies showed that at the lab scale, KMn04 showed nearly complete degradation of 

chlorinated solvents (Schnarr et al., 1998). 

The following is a literature review of research that has been done on in-situ 

chemical oxidation technology. It is in sections describing the physical properties of 

KMn04, alternative oxidizing agents, laboratory studies of KMn04, field-scale research 

involving KMn04, a discussion of KMnO/s potential to reduce permeability, and 

mathematical modeling. 

3 .2 KMn04 Properties 

Potassium permanganate is an oxidizing agent with an affinity for organic 

compounds that have carbon-carbon double bonds. The permanganate ion is strongly 

attracted to the negative charge associated with electrons in the re-cloud of carbon-carbon 

double bonds found in chlorinated alkenes such as DCE. The permanganate ion makes 
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use of the electron density from then-bond in DCE and restructures the carbon-carbon 

double bond. This reaction creates the hypomanganate diester, a bridged oxygen 

compound and intermediate product that is unstable and subsequently reacts by a number 

of mechanisms including hydroxylation, hydrolysis or cleavage. Normal subsurface 

temperature and pH will yield spontaneous cleavage of the carbon-carbon bond as the 

primary oxidation reaction for alkenes. Severing of this double bond initiates instant 

conversion of the highly unstable carbonyl groups to carbon dioxide through either 

hydrolysis or additional oxidation by the permanganate ion (Oberle, 2000, p. 92-93). 

Breakdown of DCE by KMn04 proceeds by the following reaction (Siegrist, 2001): 

8 KMn04 + 3 C2H2Ch => 6 CO2+ 8 Mn02 + 8 K+ + 6 er+ 2 Off+ 2 H20. 

KMn04 is a relatively soluble compound (64 g/L at 20° C) that can be made in 

solutions of up to three percent by volume (CRA, 2004). It is distributed as a crystalline 

solid and can be prepared with groundwater or tapwater on site. This property is 

advantageous because KMn04 is typically applied as a solution and the high cost of 

transporting diluted chemicals is thus prevented (Siegrist, 2001, p. 35). 

3 .3 Alternative Oxidation Chemicals 

Several oxidants have been used for degradation of organic contaminants in soil 

and groundwater, one being hydrogen peroxide, H20 2. Hydrogen peroxide's original 

primary use was for remediation of petrochemicals but later expanded to include 

chlorinated solvents. H20 2 has an oxidation potential of 1. 78 volts and is typically 

coupled with Fe2+ to create free hydroxyl radicals (OH0
). Also known as Fenton's 
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reagent, the hydroxyl free radicals subsequently produced have an oxidation potential of 

2.8 volts, making it an effective oxidant that can quickly degrade organic compounds. 

In-situ field application techniques include well injection or injection probes. Fenton's 

reagent oxidation is most effective in acidic environments and is exothermic, producing 

large amounts of gas and heat (Siegrist, 2001). Fenton's reagent was applied to 

groundwater contaminated with benzene, toluene, ethylbenzene, and xylene (BTEX) 

compounds at a site in Colorado in 1996. Injecting the oxidant with lances over a 100 ft. 

by 100 ft. area during four cycles at 4 to 6 days each, the contamination was reduced 

from 25 mg/L to 0.09 mg/L. 

Ozone (03) is another oxidant with a history of remediation using ISCO. The 

typical method of ozone ISCO application is by injection during air sparging. It is 

slightly soluble in water (0.31 mg/L at 20°C) and can directly oxidize contaminants or 

oxidize through formation of hydroxyl radicals. Decomposition of TCE by ozone in 

water proceeds according to the following reaction: 

03 + H20 + C2HCb => 2C02 + 3HC1 

Ozone applied to a site contaminated with PCE at a site in Kansas in 1997 was injected 

via a gas sparging well from beneath the PCE zone and reduced 91 % within 10 feet of the 

well (Siegrist, 2001, p. 17). 

Sodium permanganate (NaMn04) is another ISCO alternative that follows the 

same degradation processes as KMn04 and is applied using the same methods. NaMn04 

has the advantage of having lower levels of metal impurities, allowing for higher oxidant 



concentrations, but has the disadvantage of being more expensive and more hazardous 

since it is available only in liquid form. (Siegrist, 2001) 
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Remediation with any permanganate involves direct electron transfer rather than 

the free radical processes seen in ozone or hydrogen peroxide. An advantage that 

KMn04 has over the ozone and hydrogen peroxide is that it is effective over a large pH 

range, 3.5 to 12, where 0 3 and H20 2 are most effective in acidic environments. Also, 03 

and H20 2 are typically distributed as a gas and a liquid, respectively, requiring transport 

to the remediation site in these forms while KMn04 is distributed in solid form to the site 

and subsequently mixed with water at low concentrations (Siegrist, 2001 ). 

3 .4 Laboratory Studies Using KMn04 

A study done in 2002 (Conrad et al.) involved a bench-scale experiment with a 

heterogeneous flow-through cell with lenses of entrapped TCE pools to investigate the 

effectiveness of KMn04 compared to remediation with surfactant injection. They found 

that surfactants' tendency to increase interfacial tensions had the consequence of 

mobilizing contaminants into low-permeability zones, ultimately creating an environment 

where remediation is harder to achieve. The KMn04 flush experiment produced Mn02 

rinds around the TCE pools but degradation of TCE was observed in the non-pooled 

downgradient "tail" areas. This phenomena is consistent with the commonly observed 

behavior of KMn04 having more successful remediation in instances of higher surface 

area-to-volume ratios of chlorinated compound blobs (Schnarr, 1998). 
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Drescher, et. al. conducted a bench-scale study (1998) on the effectiveness of 

KMn04 on the breakdown of TCE in a 1-D column packed with a sandy soil. TCE was 

first injected into the column, then flushed with water until the TCE effluent 

concentration had stabilized at 600 mg/L. The column was then filled with 1000 mg/L 

KMn04 from beneath at 3. 5 mL/min until the oxidation/reduction potential had reached 

equilibrium throughout the column. Flushing with deionized water, the target TCE 

concentration of 5 µg/L was reached after 229 pore volumes. 

3.5 Field Experiments Using KMn04 

KMn04 has been used as an in-situ oxidant in numerous field-scale experiments 

to evaluate its effectiveness. In a study by McKay, et al. (1998), a TCE contaminated site 

in Hanover, NH was used for a demonstration of ISCO using KMn04. Injection into the 

contaminated area began 30 m above the water table and was then monitored. Soil cores 

that were taken after injection showed an average of 1900 mg/kg TCE, down from 5700 

mg/kg before treatment. Although early results in this study showed that "relatively low 

initial TCE concentrations can be effectively treated if flooded by KMn04 solution", 

KMn04 flooding in areas of higher TCE concentration was less efficient. "Mass balance 

estimates and initial results indicate that areas containing TCE concentrations on the 

order of several thousand milligrams per kilogram will require extensive and prolonged 

applications of KMn04 treatments (McKay, et al, 1998)." 

In a 1998 study done by Schnarr, et. al. , two in-situ oxidation experiments were 

conducted in the Borden aquifer. The first involved flushing 1 L residual source PCE 
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with 10 g L- 1 at flow rates ofKMn04 up to 100 L per day. The second used 8L of TeE 

& PeE slowly infiltrating the cell, with the same KMn04 concentration but half the 

injection rate of the first. The first study had complete success while the second removed 

62% of the DNAPLs. They found that '"in Experiment I, the residual PeE source was 

rapidly and completely oxidized, a reflection of the homogeneous distribution of the 

DNAPL as a residual with a relatively large surface area:volume (A:V) ratio which 

would allow rapid dissolution" (Schnarr, et al., p. 219). 

A study by Seol, et al. (2003) reviewed several field studies involving ISeO using 

KMn04. The authors conducted a study in 2000 to investigate the oxidation of 842-4,228 

kg of TeE in a sandy clay subsurface environment. Over 35,340 kg ofKMn04 was 

injected at concentrations of 15-20 g/L with direct-push pressure at 159 kg/hr and over 

90% efficiency was achieved. A field study in 1998 (Thomson, et al.) investigated the 

effectiveness of KMn04 to remediate a shallow aquifer with TeE and PeE 

contamination. The initial masses of these contaminants were estimated to be 9,030 g 

and 1,620 g, respectively. Their study included measuring downgradient concentrations 

of er, a product of chlorinated compounds' reaction with KMn04, to evaluate the 

success of the remediation. A small er plume ( 450 mg/L) was detected in the vicinity of 

the source zone, indicative of mass oxidation. It was determined that the remediation 

effort had an overall success of higher than 99% mass removal. A 2-D laboratory 

experiment was also included in this study. Pools of PeE were emplaced in silica sand 

and then flushed with KMn04. Mn02 deposits were found extensively after the flushing 

and it was estimated that only 45% of the total PeE mass had been oxidized. 
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3 .6 Permeability Reduction with KMn04 

Due to permanganate's ability to form the solid mineral manganese oxide (Mn02) 

and carbon dioxide (CO2) when reacting with organic matter, many studies in recent 

years have focused on the effect solid production will have on reducing the permeability 

of the environment it is injected into. Both of these products have the potential to form in 

the areas where NAPL is present and form a low-permeability "rind" around the 

contamination, making it less likely that the injected KMn04 will come into contact with 

the NAPL inside the rind. 

A 2004 study by Li and Schwartz conducted 1-D column and 2-D flow tank 

experiments. In the column experiments, DNAPL was flushed with KMn04 and the 

buildup of Mn02 and CO2 reduced permeability by as much as 80%. In the flow tank 

experiment, only 34.9% of the TCE used for the experiment was removed and eventually 

conductivity was reduced to the point where the experiment had to be stopped because 

solution could no longer be injected. The authors found that buildup of reaction products 

"in zones with high DNAPL saturation leads to pore plugging, which lowers the 

hydraulic conductivity, and causes flow bypassing" (p. 4). 

3. 7 Modeling 

Zhang and Schwartz created a model (2000) named ISC03D that simulated 

"coupled processes including the dissolution of NAPLs; the chemical reactions among 

permanganate, dissolved chlorinated compounds, and aquifer materials; and the mass 



transport in three dimensions" (p. 6). In a study investigating the effectiveness of their 

model, bench-scale column experiments were represented accurately by the model, as 

they were able to accurately reproduce the large decrease in contaminant concentration 

when Mn04- was applied to the NAPL zone. The model was also tested on a field 

experiment, which led to inconclusive results due to lack of available field information 

such as hydraulic head and extent of oxidizable aquifer material presence. 
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A three-dimensional solute transport model was developed in 1999 to simulate a 

pump-and-treat remediation at the Tucson International Airport. An equation relating 

hydraulic conductivity to soil texture was used to characterize the large 3-D area that was 

modeled. The model was run using various possible contributions to explain high TCE 

elution curves seen at the site such as spatial variability and rate-limited 

sorption/desorption. By plotting variables with observed data points, the authors 

determined that the major cause of the TCE concentrations seen could be attributed to 

rate-limited dissolution of immiscible liquid (Zhang and Brusseau, 1999). 



CHAPTER 4: LABORATORY ANALYSIS AND FIELD RESEARCH 

4.1 Bench-Scale Experiments 

4.1.1 Oxidation Experiments 
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Several laboratory experiments were performed to determine the appropriate 

amount of KMn04 to use for the injection. The KMn04 used in both laboratory 

experiments and field experiments was obtained in solid form from Cams Chemical 

Company (Peru, IL). KMn04 from Cams was made from RemOx™-ISCO grade reagent 

and concentrations are on average 98.8% pure with chromium concentrations of 

approximately 1.4 mg/kg. ACS grades DCE and sodium thiosulfate pentahydrate 

solutions (Aldrich Chemical Company, Inc., Milwaukee, WI) were used in these 

experiments. Experiments using KMn04 were quenched with sodium thiosulfate to stop 

DCE oxidation in collected samples prior to analysis. Artificial groundwater with an 

ionic strength of 0.01 Mand pH of 7.7 was used for these experiments (Table 1). 

Five different situations were simulated in the bench-scale experiments, referred 

to as A, B, C, D, and E in this discussion. Experiments A and B were conducted without 

sediments and experiments C, D, and E contained sediments from core extractions in 

Samsonite well IW-05. Experiment A tested aqueous DCE oxidation by various 

concentrations of KMn04 while experiment B examined possible DCE loss from the 

reactors and acted as the system control experiment. Experiment C was the same as 

experiment B but with the addition of core sediments to determine KMn04 OAM 

demand. Experiment D; s focus was to study the kinetics of the sediments using four 
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different KMn04 concentrations and experiment E tested sorption of DCE onto sediment 

materials using the following equation to determine mass in the sorbed phase: 

Where Kct is the sorption coefficient, S is the mass sorbed, and C is the aqueous phase 

DCE concentration (Marble, 2005). 

4.1.2 Hydraulic Conductivity 

A bench scale 1-D falling head permeameter test was performed to determine 

saturated hydraulic conductivity using sediments taken from approximately 23.8 meters 

bgs in well IW-05 at the Samsonite site,. A 5.1 cm diameter Plexiglas cylinder with a 

downgradient end consisting of an attached steel screen, glass wool, and an additional 

circular steel screen atop the wool was used for the experiment. The oven-dried 

sediments were then packed into the column to a height of 12.75 cm using a tamper. This 

length of soil had a mass of 393.7 g and a bulk density of 1.4 g/cm3
. Synthetic 

groundwater solution was then added to the soil column, wetting from beneath to 

minimize trapping of air bubbles. The water elevation was brought to 3. 7 cm above the 

elevation of the soil and the decrease in head was measured as the soil column drained. 

The following equation was used to determine the corresponding hydraulic conductivity: 
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Where K is the hydraulic conductivity measured by the falling head permeameter test, tis 

the time in seconds, L is the length of soil in the column, di is the initial height of water 

above the soil level, and df is the final height of water above the soil level. 

A second experiment was run with aggregate soils broken down to pass through a 

#2 sieve and packed in the column to 13.5 cm with a bulk density of 1.4 g/cm3
. The flow 

through the cylinder was allowed to stabilize for 1.75 hours. An experiment identical to 

the second was conducted, but packed to a height of 12.65 cm with a bulk density of 1.57 

g/cm3
, the highest density possible using available packing methods. 

Sieving was completed according to the methods outlined in the Soil 

Classification Handbook (1986), with a #4 sieve used to extract gravel and a #200 sieve 

used to extract sand. Sediments from each sieve were weighed to determine its fraction 

of the total sample mass. 100 mL of the remaining sediments were divided into silts and 

clays by placing them in a graduated cylinder and filling the cylinder with deionized 

water (with sodium polyphosphate added as a dispersant) to 400 mL. The cylinder was 

shaken until all sediments were in solution and allowed to settle to determine fractions of 

silt and clay. 

4.2 Field Design 

Working within the confines of surrounding structures, the injection well field 

design was set up as a square grid consisting of nine wells spaced about 9 meters apart 

from each other with the center well, IW-01, near S-31 (Figure 3). Eight of the nine 

wells were intended to be wells used for injection of KMn04 . In effort to track the 



downgradient movement of injected permanganate and progress of DCE breakdown, 

KMn04 was not to be injected into the furthest hydraulically downgradient (northwest) 

well, IW -07. 
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Drilling began for these wells on March 21 , 2005 with drilling performed by 

WDC Exploration and Wells (Phoenix, Arizona) with a hollow stem auger CME-85 (St. 

Louis, Missouri) (Figure 4). Soil cores were withdrawn in a 1.52 meter core barrel 21.3 

to 29.0 meters below ground surface in 7.6 cm outer diameter x 152 cm long x 0.16 cm 

thick clear acrylic tubes. The sediments extracted in these cores were analyzed for their 

texture and recorded at noticeable changes in stratigraphy, an average interval of 82.3 cm. 

(Figure 5). 

Sediments in the cores were also collected as subsamples for laboratory analysis. 

Holes were cut in the side of the acrylic tubes with a utility knife and extracted with a 

plastic 10 mL tipless syringe, placed in a premassed 40 mL VWR traceclean clear 

borosilicate 0.125" septa lined vial containing 20 mL of Burdick and Jackson HPLC/ACS 

grade methanol, then stored at 4° C. These subsamples were analyzed for 1,1-DCE on a 

Shimadzu GC-17 A with an ECD detector and Tekmar 7000 headspace container. Total 

organic carbon (TOC) analysis was also performed on these subsamples using a Model 

NA 1500 N/C/S Analyzer (Carlo-Erba Strumatazione, Milan, Italy). Drilling commenced 

on April 13, 2005. 

Slug tests were performed on wells S-31 and IW-01 to determine the physical 

properties of the subsurface. Initially, water was injected into the well from a water 

wagon. However, the injection rate was too high and the injected water reached the 
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wellhead in less than one minute. Since the well was only screened to roughly 21.3 

meters, the data that resulted from the injection was not usable. Once the water table had 

again reached equilibrium, 10 gallons of water were poured into the well and recoveries 

were measured in both S-31 and IW-01 using an in-situ probe measuring head. A similar 

procedure was followed for S-42 to determine its respective parameters. 

KMn04 injection into well IW-01 began on July 26, 2005 using an injection 

system and solid KMn04 supplied by Carus Chemical Company (Figures 6 and 7). The 

solid KMn04 was held in a 55-gallon drum and the injection system was composed of a 

drum lifter, feeder, and mixer. Source water was from a City of Tucson fire hydrant and 

was attached to the mixer. The first two days were spent injecting only into IW-01 until a 

sustainable injection rate was established. This was followed by four days of 

simultaneous injection into wells IW-01, IW-02, and IW-06 (Figure 8). On August 9, 

injection switched to wells IW-03, IW-08, and IW-09. Three days were spent injecting 

into these wells before injection was switched to wells IW-04 and IW-05 for two days. 

Wells IW-04, IW-05, and IW-01 were injected into on the final day of injection, August 

15. Concentrations of KMn04 and solution injection rates were variable throughout the 

course of the injection. 

Post-injection sampling for 1,1-DCE was performed on downgradient wells using 

a bladder pump. Sampling was scheduled on a monthly basis for the six months after the 

end of injection and was then followed by quarterly sampling. 
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CHAPTER 5: DATA ANALYSIS 

5 .1 Sediment Texture Conversion 

Sediment information from the subsurface was established during drilling by core 

analysis and sediment classification according to USCS formation code definitions. 

Converting this information into hydraulic conductivity was done using a study 

performed at the TIAA Superfund area in 1998 by Zhang and Brusseau that found a 

relationship between hydraulic conductivity and classifications used in sedimentary logs: 

log10K = 1.854 - 9.640 x 10-2*(CL%) - 5.936 x 10-1*(SL%)0·5 
-

3.478x 10-2*(SD%)-4.196x 10-1*(GV%)°-5
. 

Units are in cm/sand the classifications above represent the weight percentage of clay 

(CL), silt (SL), sand (SD), and gravel (GV) found in various horizons of the extracted soil 

cores (Zhang, Brusseau, 1998). The experiments used a bulk density of 1. 73 g/cm3
. At 

the Samsonite Site, this equation was used to convert the textural code entries made to the 

sedimentary logs and their associated particle weight percentages into hydraulic 

conductivity. This equation was used on the sediments used in the bench-scale saturated 

hydraulic conductivity experiment discussed in 4.1.2. 

5.2 Analysis Using Rock Works 

The data collected during the pre-injection, injection, and post-injection phases 

were entered into Rock Works 2002 to produce 2- and 3-dimensional images of the 

Samsonite Site's physical and chemical properties. Using the hydraulic conductivity 

values generated with the sedimentary logs and the conversion equation, a 3-dimensional 
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profile of the subsurface was created for the 914.4 cm-thick screened region within the 

perimeter of the injection wells (Figure 9). Total organic carbon (TOC) and 1, 1-DCE 

concentrations obtained from the soil extractions were represented for the same region as 

hydraulic conductivity, with these concentrations plotted using values determined from 

the analysis of soil extractions from cores taken during drilling (Figure 10). 

To obtain further information regarding the physical parameters of the Samsonite 

Site ' s groundwater chemistry, conductivity, pH, temperature, and oxidation-reduction 

potential (ORP) were monitored in each of the wells using a PVC bailer assigned to each 

well. Using Rock Works, 2-dimensional visual representations of temporal changes in 

these parameters throughout the KMn04 injection were generated for each sampling date. 
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CHAPTER 6: MATHEMATICAL MODELING 

6 .1 Introduction 

To produce a visual simulation and calculate the projected transport of injected 

KMn04, MODFLOW-2000 (Modular Finite-Difference Groundwater Flow Model v. 

1.15.00) was used in conjunction with MT3DMS (Modular 3-Dimensional Transport 

Model with Multi-Species). MODFLOW is a computer program that simulates three

dimensional ground-water flow through a porous medium by using a finite-difference 

method (McDonald and Harbaugh, 1988). MT3DMS has a comprehensive set of options 

and capabilities for simulating advection, dispersion/diffusion, and chemical reactions of 

contaminants in groundwater flow systems under general hydrogeologic conditions 

(Zheng and Wang, 1999). Several techniques were attempted using these programs to 

simulate the KMn04 injection before an accurate method was found. 

6.2 Preliminary Calculations 

The primary vertical area of interest was between depths of 21.34 m and 30.48 m 

bgs, the approximate depths of the wells' screened intervals. The model's horizontal 

focus was on the lateral area surrounding the wells, a square area with 36.6 m sides and 

IW-01 in the center. Because the groundwater flow gradient in the area is roughly 

northwest, the square horizontal profile is oriented with its downgradient boundary facing 

northwest and its upgradient boundary facing southeast. Plotting the wells in this area 

was done by starting with a grid with boundaries oriented north-south, as the 9-well grid 

was at the Samsonite site. Each side of this square grid was first set up to be 
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approximately 17 m longer than the actual lengths of the 9-well grid's sides. The 

coordinates of each well were entered into Excel and a graph showing their spatial 

orientation was produced. Calculations were made to shift each well clockwise 45 

degrees, with IW-01 in the center and acting as the focal point. The new coordinates of 

the wells representing the 45-degree shifts were then plotted in the 36.6 m square grid. 

Resetting the orientation of the well grid so that its boundary faces north and the model 

grid's boundary faces northwest creates boundary conditions that accurately simulate the 

direction and gradient of groundwater flow. 

During soil extractions, texture analysis was done on average every 82.3 cm 

vertically and 914.4 cm horizontally within the specified 3-D domain. The thickness of 

2-dimensional layers to use in Surfer was thus set to 60.96 cm and 15 total were created. 

Every 60.96 cm vertical interval of sedimentary data was assigned a texture 

classification, which was converted to a hydraulic conductivity value using equation 1. 

36.6 m by 36.6 m square profiles of each horizontal layer were produced in Surfer using 

the kriging method of geostatistical interpolation. This method constructs a variogram 

from each point set to be interpolated, consisting of two parts: an experimental 

variogram and a model variogram. Calculating the variance of each point in the set with 

respect to the other points in the set and plotting variances versus distance between the 

points determine the experimental variogram. A model variogram is a function that 

models the experimental variogram's trend. The model variogram is then used to 

compute the weights used in kriging with the following equation: 
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n 

F(x ,y)=IwJ~ 
i =l 

where n is the number of scatter points in the set,J; are the values of the scatter points, 

and wi are the weights assigned to each scatter point. The plot generated in Surfer to 

represent hydraulic conductivity values for depths 21.3 m to 21.9 m can be seen in Figure 

11 (www.ems-i.com, 2006). 

The distributions of hydraulic conductivity throughout each layer were created for 

each of the 15 layers with this method, creating a 3-dimensional hydraulic conductivity 

array for the zone of injection. The hydraulic conductivity array produced with Surfer 

was then entered into VSAFT3 's graphical user interface to produce a 60 unit by 60 unit 

numerical array for each of the 15 layers, with each unit representing 60.96 cm. 

6.3 MODFLOW Input Files 

6.3.1 Block-Centered Flow Package 

A program was written using MATLAB to convert the hydraulic conductivity 

arrays from the format needed for VSAFT3 input files to those needed for MODFLOW. 

Using the MATLAB output, the new arrays were entered into MODFLOW's Block-

Centered Flow (BCF6) Package. Vertical leakance is calculated in BCF6 using the 

following equation: 

1 
Vcont 11 = 

Uk+ 12 L\v;{ L\v (z k k+ l 
__ 2_ + 2 
Kz i/k Kzyk+I 
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Where~ v k is the thickness of layer k, ~ v k+ i is the thickness of layer k+ 1, Kz iJk is the 

vertical hydraulic conductivity of cell i,j,k, and Kzifk +I is the vertical hydraulic 

conductivity of layer i,j ,k+ 1. The anisotropy factor (Kz/Kr ratio determined in the slug 

test) is 0.001 and was used with horizontal hydraulic conductivity values in Excel to 

determine vertical hydraulic conductivities for each cell. These resulting values and layer 

thicknesses immediately beneath and above the boundary between two cells are used to 

determine the vertical leakance between each set of vertically adjacent cells in the 15-

layer array. 

The layer type used for this simulation is one for varying layer transmissivity, 

where transmissivity of the layer is calculated from the saturated thickness and hydraulic 

conductivity. A primary storage coefficient of 2.98 x 10-4 was used with a secondary 

storativity of 2.3 x 10-1
• BCF6's wetting option was set so that high heads in the cells 

below and from all four sides can cause a cell ' s status to change from dry to wet. 

Wetting was attempted during every iteration and the equation used to determine the head 

at cells that become wet is h =BOT+ WETFCT(WETDRY), where BOT is the elevation 

of the bottom of the wetted cell, WETFCT set to 0.1 , and WETDRY is set to 10 

(Harbaugh, et. al. , 1992). 

6.3 .2 Basic Package 

The elevations of the water table at the model's boundaries were calculated using 

the natural gradient taken from depths of local wells. Using MODFLOW' s Basic (BAS6) 

Package, these elevations were set along their respective boundaries and a steady-state 
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simulation was performed with pumping turned off to achieve the starting elevations for 

the entire simulated area. The steady-state elevations were taken from the output for use 

in BA6 in all future simulations. Each cell was treated as active, giving them the ability 

to change their water levels throughout the simulation, except for the cells at the 

northwest and southeast boundaries. The cells at these boundaries had the same 

prescribed water levels as they did in the aforementioned steady-state simulation so that 

the magnitude of the natural gradient remains fixed throughout the simulation. 

6.3.3 Well and Multi-Node Well Packages 

The three-week injection consisted of periods of varied rates and durations of 

water injection, various concentrations of solute injection, and zero injection. 

MODFLOW's well (WEL) package was used with the multi-node well (MNW) package 

and MT3DMS's sink and source mixing (SSM) package for this simulation. Injection 

rates used in the field were entered in the MNW package at cells corresponding with well 

locations for the entire screened interval, which included layers 3 through 16 to represent 

this interval. MNW reads the total flow rate into each well from the first injection cell, in 

units of L3 IT, and calculates the amount to be injected into each layer according to their 

respective transmissivities. The MNW outputs can then be saved to a file that can be 

read by WEL (.wll). 

The WEL package, which converges more easily, can then be used in the 

simulation in place of MNW. This method takes advantage of both MNW' s capability to 



determine appropriate injection rates into cells of varying transmissivity and WEL's 

superior convergence and its compatibility with MT3DMS. 

6.3 .4 Discretization Package 
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The Discretization (DIS) Package outlines the physical parameters of the model. 

The 15 layers created in Surfer are used in this package, each with a height of 60.96 cm. 

A 16th layer was added as the top layer (highest vertical elevation) to account for the 

distance above the screened interval and had a height of 213 3. 6 cm. 60 horizontal rows 

and columns are used, each 60.96 cm wide. Units of time are specified as seconds and 

units of length are centimeters. To accommodate varying durations, concentrations, and 

flow rates during the injection, the simulation has 68 stress periods. The number of time 

steps in each stress period varied, depending primarily on the duration of the stress 

period. Steady-state simulations are used for non-injection stress periods but injection 

periods are run as transient. The layers do not have a confining bed between them and 

this is specified as well in the DIS Package. 

6.3 .5 Preconditioned Conjugate Gradient Package 

The Preconditioned Conjugate Gradient (PCG2) Package was used as the solver 

for this model. The maximum number of outer iterations ( calls to the solution routine) 

used for the model is 100 with a maximum of 50 inner iterations. The Modified 

Incomplete Cholesky Method is used as the matrix preconditioning method. The head 

change criterion for convergence is 5.0 cm and the residual criterion for convergence is 



283 .1685 cm3 Is. When the maximum absolute value of the head change and residual at 

all nodes during an injection is less than or equal to these values, iteration stops (Hill, 

2003). 

6.4 MT3DMS Input Files 

6.4.1 Basic Transport Package 
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Much of MT3DMS's Basic Transport (BTN) Package is identical input 

information as seen in MODFLOW's DIS Package, including the number of layers, 

columns, rows, time steps and stress periods; thickness of layers, columns and rows; 

duration of each stress period; units of time and length; and confining status of each 

layer. Solute-specific terms are also specified in this package. A porosity of 0.37 (Zhang 

and Brusseau, 1999) is used for each layer, each cell is assigned an "active" boundary 

condition, and the starting concentration in each cell is set to zero. Output control options 

are specified at several points in the BTN Package. 

6.4.2 Advection Package 

The Advection (ADV) Package identifies the inputs needed to determine solute 

movement due to advective transport. The advection solution option used for this 

simulation is one where the hybrid method of characteristics (HMOC) selects the 

forward-tracking method of characteristics (MOC) for critical relative concentration 

gradients greater than 0.1 and the modified method of characteristics (MMOC) for 

critical relative concentration gradients equal to or less than 0.1 to provide the solution. 
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The Courant number is set to one, allowing the advective process to move mass particles 

one cell in any direction during one transport step. 5 x 105 is the maximum total number 

of moving particles that are allowed and for particle tracking; the Runge-Kutta algorithm 

is used in sink/source cells while the Euler algorithm is used elsewhere. Relative cell 

concentration gradient values below 10-5 are set set that they are considered negligible for 

advective transport; values below 10-5 are assigned zero initial particles per cell and those 

above 10-5 are assigned 32 initial particles per cell. Initial placement of moving particles 

is selected using a random pattern, randomly distributing particles in the cell and 

providing a smaller mass balance discrepancy in nonuniform or diverging/converging 

flow fields. A minimum of 3 particles and maximum of 64 are allowed per cell. If more 

than 64 particles are in a cell, all particles are removed from the cell and replaced with a 

new set of 64 particles. 

6.4.3 Dispersion Package 

The dispersion package (DSP) calculates the contributions of dispersion and 

diffusion to the movement of solute. Of the 16 layers used in the model, the bottom 7 

layers were treated as saturated while the remaining 9 layers were unsaturated in the final 

simulation. The bottom six of the seven saturated 60.96 cm layers (30.48 m - 26.8 m) 

were assigned a longitudinal dispersivity ( aL) of 2 cm, a reasonable value given the mesh 

size used in the model. The a L used for the top saturated layer (26.8 m -26.2 m) was 

determined differently because it was used to represent the solute that had drained down 

from the vadose zone. To arrive at the aL to use in this layer, the known arrival of solute 
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in IW-07, 51 after the start of injection, was used to calibrate the lateral spread of solute. 

For these purposes, the appropriate aL to use was determined to be 3.9 x 104 cm. The 

ratios of horizontal transverse dispersivity ( am) and vertical transverse dispersivity ( arv) 

to aL were set to 0.1 and 0.001 , respectively, for each layer in the simulation. There was 

considerable anisotropy at the Site and field studies show that am will not exceed 0.1 and 

arv will not exceed 0.01. The effective molecular diffusion used for each layer in this 

simulation was 10-5 cm2 sec-1
. 

6.4.4 Sink & Source Mixing Package 

A total of 56 cells are used as mass-loading source cells in the Sink & Source 

Mixing Package (SSM) to represent well injection locations in this simulation. These 

locations are identified by their three cell indices, just as in the WEL package. The 

concentration of injected KMn04 in units of solution percentage used for each stress 

period is entered into the SSM Package. 23 of the 68 stress periods represent various 

lengths of times where injection had been stopped for events like changing injection 

wells (minutes) or end of workday (hours or days) and the solution percentage is thus set 

to zero. 12 stress periods represent pumping water without KMn04. A very long time 

interval was used for the last stress period to show movement of the solute after injection 

had ceased. The end of this stress period is set to January 31 , 2006. 
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6.5 Initial Modeling Attempts 

Modeling of the KMn04 injection was originally attempted with VSAFT3 

(Variably Saturated Flow and Transport utilizing the Modified Method of Characteristics, 

in 3D). This program took an unrealistic length of time to perform the needed 

simulations and had problems converging at the relatively high injection rates that were 

used for this simulation. Limited success with VSAFT3 prompted the exploration of 

alternative modeling programs that might be better suited for the KMn04 injection. 

MODFLOW-2000 with MT3DMS were cost-free programs that had successfully 

modeled similar projects in the past (Barry, 2002). Input data was converted from 

VSAFT3 's format to one that was compatible with MODFLOW using a short program 

written in MATLAB. 

The original method of modeling using MODFLOW consisted of directly 

injecting solute into both the saturated and unsaturated zones of the entire screened 

interval. Convergence problems were encountered with this method and the solver was 

changed from the Strongly Implicit Procedure (SIP) Package to the Preconditioned 

Conjugate-Gradient (PCG2) Package to facilitate convergence. In addition, the WEL 

package was used in place of the MNW package, also with the intent of facilitating 

convergence. Injecting directly into the unsaturated zone using MNW had the effect of 

creating very inconsistent flow rates into unsaturated layers during a single stress period 

due to the way transmissivity is calculated in MODFLOW and again created the problem 

of the newly saturated layers being unable to return to their unsaturated state after 

injection had stopped. Injection into the saturated zone with the WEL package 



substitution was successful but convergence problems were again met when running 

simulations that included unsaturated zone injection. 
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With the BCF Package's wetting function turned on, cells could be wetted from 

high heads in cells beneath as well as from high heads in laterally adjacent cells. Injecting 

into the layer at the water table, heads became high and it was possible to "wet" the layer 

immediately above the water table. MODFLOW does not have the capability to wet cells 

more than one layer above the current water table during a single stress period. However, 

with the layer immediately above the water table now saturated, this layer could be 

directly injected into during the following stress period and its high heads could then 

begin to saturate the next layer above. Repeating this process for each layer above the 

one most recently saturated has the effect of simultaneously saturating the laterally 

adjacent cells and creating a solute "mound" above the water table. Thus, saturating each 

layer from beneath before injecting into it seemed to provide a solution to saturating the 

entire screened interval. 

There were several problems encountered with this method; the most prominent 

being the issue of returning the water table to its pre-injection depth once injection had 

been stopped. The increased heads in the vicinity of the injection cells that were 

achieved during the injection periods had values that remained high after injection had 

stopped when simulated under transient flow. The inability of these heads to return to the 

elevation of the water table may be attributable to the very low vertical hydraulic 

conductivity present at the site. Using steady-state flow conditions for non-injection 

stress periods rather than transient had the effect of unrealistically distributing water 



laterally to the boundaries (if this had actually occurred the depths in the surrounding 

wells would have reflected this). Another problem with this method laid in 

MODFLOW's inability to accurately simulate horizontal flow in the unsaturated zone. 

Lateral wetting did not accomplish the task of representing unsaturated flow; instead it 

wetted a very small radius around the well. 
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Due to the lack of success with attempts of simulating the injection into the 

unsaturated zone, ongoing modeling efforts with MODFLOW were exclusively in the 

saturated zone. MT3DMS inputs were then added with the intent of treating the injection 

into the unsaturated zone as negligible. The ensuing efforts with MT3DMS proved that 

this was not likely to be true, as injections using any reasonable value for aL produced 

solute transport times that were much slower than the breakthrough seen in the field. 

The assumption that the injection volume into the unsaturated zone was negligible 

was thus reconsidered. The relatively low conductivity in the saturated zone and 

relatively high conductivity in the unsaturated zone would suggest the possibility that a 

comparable amount of solute was injected into each zone. (Plaschke, 2006) Using this 

theory, a new approach was taken to modeling the injection that would include a new 

technique to simulate of the behavior of solute in the unsaturated zone. 

6.6 Final Simulation Technique 

As mentioned in chapter 6.3.3, a modification was made to simulate vadose zone 

injection. To achieve this, the layers in the unsaturated zone of the injection wells were 

first treated as saturated and a simulation was performed to obtain their injection flow 
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rates for each time step in each layer. Using the . wll output file produced with this 

simulation, the injection rates in the unsaturated zone were summed and added to the 

injection rate for the top layer in the saturated zone. KMn04 concentrations in the SSM 

package were in units of percentage by volume and were therefore left unchanged. 

The objective of this method of modeling the unsaturated zone is to account for 

the likelihood of the distribution of injected fluid having a "mushroom" shape, with the 

cap representing the fluid injected into the unsaturated zone and the stem representing the 

fluid injected into the saturated zone just above the water table. Injecting at a flow rate 

equal to the top saturated layer plus that of all unsaturated layers, coupled with a large 

longitudinal dispersivity in MT3DMS's dispersion (DSP) package, should have the effect 

of approximating the distribution of fluid injected into the unsaturated zone once it has 

migrated down to the elevation of the water table under static conditions. 

MODFLOW does not have the capability to model unsaturated flow but using this 

injection method and calibrating the permanganate front with the breakthrough KMn04 

concentration found in IW-07 50 days after the start of injection, 2.6 ppm or 0.00026%, 

should provide a reasonable approximation of the distribution of the injected solute at the 

end of the injection period. As there were seven saturated layers contributing to the 

dilution of the breakthrough concentration found, the actual concentration for the 

breakthrough KMn04 solution in the top layer is seven times the concentration found in 

the field, 0.00182% (Figure 12). The output files from MT3DMS could be viewed for 

each time step using Model Viewer. By adjusting the longitudinal dispersivity so that the 

0.00182% KMn04 front reaches the location of IW-07 at the time step corresponding 



with 50 days from the start of injection, the movement of solute after injection could be 

simulated. Once advective and dispersive transport created by the injection cease, 

molecular diffusion and advection from the aquifer' s natural gradient will act as the 

primary mechanisms contributing to transport. These are the processes simulated by 

mathematical modeling. 

44 
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CHAPTER 7: RESULTS AND DISCUSSIONS 

7 .1 Bench-Scale Experiment Results 

Experiment A showed degradation below detection limits for 1,1-DCE in the 

presence of 0.99 mM KMn04 within 20 minutes and after only 10 minutes for 19.25 mM 

KMn04 (Figure 13). These results indicate that aqueous phase 1,1-DCE will be quickly 

degraded in a KMn04 solution, even with small KMn04 concentrations. Experiment B, 

the second of the two experiments done without sediments, determined that the Henry' s 

constant (H) associated with mass loss of 1, 1-DCE in the reactors used for sample 

analysis is an average of 1.5. 

Experiment C, the first of three experiments using sediments from the Samsonite 

Site, found that the natural oxidant demand of the subsurface was 0.01 g of KMn04 per 

kg of sediment. Experiment D showed that in four different concentrations of KMn04 

solution, 1, 1-DCE concentrations will be degraded below detection limits in less than 25 

minutes by the following reaction: 

8 KMn04 + 3 C2H2Ch => 6 CO2+ 8 Mn02 + 8 K+ + 6 er+ 2 Off+ 2 H20. 

Only the smallest concentration of KMn04, 0.99 mM, took longer than 5 minutes to 

achieve this level of degradation (Figure 14). Experiment E produced a linear sorption 

coefficient, Kct, that was much higher than what would be expected. Based on the 

measured foe from the site, 1.5 x 10-4, and reported Koc values of 65 and 150 from Army 

Corps of Engineers (2002) and EPA (1995), the majority of 1,1-DCE mass should reside 

in the aqueous phase rather than the sorbed phase (Marble, 2005). 
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Soil sieving and saturated hydraulic conductivity experiments and were 

performed on a soil sample from the Samsonite Site to assess the accuracy of the 

equation used to convert texture analysis into hydraulic conductivity values. Experiment 

1 examined saturated hydraulic conductivity using aggregated soils that had not been 

broken down or pre-sieved and packed to a bulk density of 1.4 g/cm3
. The water level 

dropped 0.6 cm in 32 minutes, yielding hydraulic conductivities of 1.4 7 x 10-3 cm/s and 

1.38 x 10-3 cm/s, providing an average of 1.43 x 10-3 cm/s. 

Experiments 2 and 3 used soils with aggregate pieces broken down small enough 

to pass through a 2 mm sieve. Experiment 2 had a bulk density of 1.4 g/cm3 and had 

hydraulic conductivities of7.66 x 10-4 cm/s, 7.41 x 10-4 cm/s, and 7.12 x 10-4 cm/s, 

averaging 7.4 x 10-4 cm/s. Experiment 3 had a bulk density of 1.57 g/cm3 and produced 

hydraulic conductivities of 1.92 x 10-4 cm/s and 2.00 x 10-4 cm/s, averaging 1.96 x 10-4 

cm/s. 

No gravel was found in the sieve analysis but the mass of sand found in the 

sample was 69% of the total sample mass. Thus, silt and clay sediments made up the 

remaining 31 % of the sample mass. Various methods are available to determine silt and 

clay fractions in the sample of sediments, but the best was the observation of the 

sediments after they had completely settled out of solution ( 4 days). A clear separation of 

silt and clay could be seen in the cylinder, with clay being much lighter-colored than the 

silt. Their observed fractionation was 83% silt and 17% clay. 

Using these experimentally determined percentages of sediment size (0% gravel, 

69% sand, 26% silt, 5% clay), the resulting hydraulic conductivity calculated from the 
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texture-hydraulic conductivity equation is 1.2 x 10-5 cm/s. Although this is an order of 

magnitude smaller than the hydraulic conductivity determined in experiment 3, the bulk 

density used in experiment 3 was 1.57 g/cm3 while the bulk density used to produce the 

texture-hydraulic conductivity equation was 1. 73 g/cm3
. This result suggests a 

reasonable agreement between experimentally and computationally determined 

conductivity values (Figure 15) and supports the use of the texture-hydraulic conductivity 

equation for sediments at the Samsonite Site. 

7 .2 Soil and Groundwater Sampling Results 

Four of the 66 solvent-extraction subsamples collected from cores obtained during 

drilling reported detections of 1,1-DCE (>4.5 µg/kg), from IW-01 , IW-03 , and IW-09. 

Eighteen of the 66 subsamples had detections below the quantifiable detection limit 

(QDL, 4.5 µg/kg), from IW-01 through IW-04 and IW-07 through IW-09. The remaining 

44 subsamples were reported as non-detect for 1, 1-DCE. 

Groundwater sampling data were collected for color, temperature, pH, 

conductivity, ORP, chloride, chromium (VI), and 1,1-DCE before, during, and after 

injection. Of the parameters collected, temperature and pH were the most stable 

throughout and did not serve as good indicators of the transport or effectiveness of 

KMn04. Since chloride is a breakdown product of KMn04 reaction with chlorinated 

compounds, background chloride measurements were taken before injection. However, 

since chloride was a component of the water used to mix with KMn04 during the 



injection, chloride concentrations read after injection were also not good KMn04 

indicators. Chromium (VI) samples were taken and all readings were below detection. 
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Conductivity showed some response to the presence of KMn04 in the wells; 

initially showing very high increases in some wells (IW-09, IW-08, IW-06, IW-05) and 

more gradual increases in others (IW-01 , IW-02). IW-07, the monitoring well that was 

not injected into, had very stable conductivity readings throughout (Figure 16). Because 

these readings did not change after the detection of KMn04 presence, conductivity is not 

a good indicator of KMn04. 

Color and ORP readings were the best indicators of KMn04 transport in the 

groundwater. KMn04 has a purple color even at very low concentrations, so its presence 

is obvious with the naked eye and can be measured using a UV-VIS spectrophotometer. 

In IW-07, ORP readings increased steadily as KMn04 was injected into the system and 

30 days after the end of injection, ORP levels had reached the approximate level of wells 

that had been injected into, 634 m V (Figures 17-19). Purple-tinted water was also 

observed in IW-07 on this date and UV-VIS analysis determined that its concentration 

was 0.00026%, or 2.6 mg/L. 

DCE concentrations were collected in IW-07 prior to injection and after injection 

until groundwater in the well became purple 30 days after injection (Figure 20). 

Concentrations in IW-07 averaged 29.8 µg/L before KMn04 had reached the well and 

afterward dropped below detection. Similar pre-injection values existed for wells that 

received KMn04 injecton. Samples were taken from IW-08 (averaged 28 µg/L), IW-03 

(31 µg/L) , and IW-04 (53 µg/L) . 
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A unique observation that has been seen in IW-07 during post-injection sampling 

is a separation of purple and clear groundwater. Beginning in 12/05, samples of the top 1 

m of groundwater in the well have been taken up using hailers and a distinct separation 

exists in the bailer, with clear water on the top and purple beneath, in varying 

proportions. It is not known whether this can be attributed to condensation from the well 

casing draining into the water table or another mechanism causing the KMn04 solution to 

separate from the groundwater. 

7 .3 Flow and Transport Discussion 

7.3.1 Flow oflnjected Solution 

The hydraulic conductivity values determined from the soil texture analysis 

suggested that hydraulic conductivities in the unsaturated zone were approximately one 

order of magnitude higher than values in the saturated zone. This physical trait of the 

unsaturated subsurface coupled with the relative ease of the injected KMn04 solution to 

displace air rather than water will result in a preferential injection of the majority of 

solution into the unsaturated zone. 

The impact of this condition on flow was observed during the slug test that was 

performed on wells IW-01 and S-31 prior to KMn04 injection. When S-31 received the 

slug of water, the depth to water in IW-01 (2 m west of S-31) decreased in proportion 

with S-31 ' s decrease as the water table rose in elevation throughout the vicinity of the 

injection into S-31. The discovery of KMn04 at a depth coincident with that of the water 

table in IW-07 30 days after the end of KMn04 solution injection also suggests that a 
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significant amount of injected solution entered through the unsaturated zone. The lower 

conductivity of the aquifer makes it improbable that the KMn04 solution could have 

reached IW-07 via transport solely through the saturated zone in such a short time. 

7.3.2 Post-injection KMn04 Transport 

Just as injection of KMn04 solution increases the elevation of the water table, 

halting injection will have the result of the water table slowly returning to its original 

elevation. Once this has happened, the mechanisms that will contribute to the transport 

of KMn04 will be molecular diffusion and advection due to the natural gradient of the 

aquifer. This natural gradient is very minimal due to the groundwater residing in a 

perched aquifer. Low conductivity values combined with this small gradient result in a 

minimal amount of KMn04 movement due to advection according to Darcy's Law, 

-Kdh 
di v=---

n 

where vis velocity in units of length per time, K is hydraulic conductivity in units of 

length per time, dh/dl is the hydraulic gradient, and n is the porosity of the subsurface. 

With a dh/dl of 0.004, an average K of0.00001 cm/s, and an n of0.3, the estimated 

velocity of the groundwater is 1.36 x 10-7 cm/s, or about 4 cm/year. 

The minimal contribution of advection to the transport of KMn04 indicates that 

molecular diffusion will be the dominant post-injection transport mechanism. The 

injected KMn04 can therefore be expected to spread laterally outward evenly rather than 

be transported downgradient in a plume formation. The tendency of the injected KMn04 
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to be transported by diffusion but remain in the vicinity of the injection wells will result 

in an increased likelihood of the oxidant to reach and react with 1, 1-DCE. In addition, 

the lack of advection will cause the 1, 1-DCE to remain in the area, rather than becoming 

a 1, 1-DCE plume moving downgradient with a KMn04 plume trailing behind. 

7.4 Mathematical Model Results 

The model that was built to simulate the transport of KMn04 at the Samsonite 

Site has produced results that can be used to show the progression of the oxidant's 

distribution in the domain of the Site ' s injection wells by advection, dispersion, and 

diffusion. As described in the previous subchapter, the injected KMn04 solution has two 

significantly separate zones of distribution in the subsurface, corresponding with the 

differences in properties of the two hydrogeologic zones it was injected into, the saturated 

zone and the unsaturated zone. 

The KMn04 solution that was injected into the unsaturated zone initially formed a 

roughly cylindrical zone of solution surrounding each well ' s screened interval in the 

unsaturated zone. As the solution percolated down toward the saturated zone it began to 

form a cone-shaped zone of solution around the wells, each increasing in base diameter 

and decreasing in height with time. Eventually these cones flattened, leaving areas of 

KMn04 solution around the wells, pooled on top of the water table (Figure 21 ). The rates 

of downward and outward transport and the size of the pools formed were largely 

dependent upon their respective hydraulic conductivities and the total mass of KMn04 

solution each well received. This pool of KMn04 solution will continue to spread 
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laterally and downward via molecular diffusion and, to a much lesser extent, the aquifer ' s 

natural gradient as they become the primary transport mechanisms (Figure 22). Although 

the hydraulic gradient is in a northwestern direction toward IW-07, the higher hydraulic 

conductivities in the southern wells (IW-03 , IW-04, IW-05) seem to have facilitated 

greater transport in this direction. 

KMn04 solution injected into the saturated zone also formed a cylindrical zone of 

solution after injection (Figure 23). As predicted, the saturated zone injection showed 

much less lateral spreading over the same time interval than that of the unsaturated zone 

(Figure 24). However, the concentrations in these wells remain higher than injection 

centers in unsaturated zone and KMn04 will continue to spread outward by molecular 

diffusion. 

The model demonstrates that injected KMn04 intersects with the 1, 1-DCE 

detected in the core sampling (Figure 10) and the remaining 1,1-DCE will be oxidized as 

KMn04 continues to be transported further laterally in the saturated zone and both 

laterally and downward from the unsaturated zone into the contaminated region. Post

flush cores are scheduled to be collected from the Samsonite Site and the accuracy of the 

model results will be better quantified once these have been analyzed for 1, 1-DCE, TOC, 

and Mn oxides. 

Another indicator of the effectiveness of the KMn04 injection include the 1,1-

DCE concentrations in S-42, a monitoring well approximately 67 meters in a north

northwest direction from the injection wells. Once the KMn04 solution no longer exists 
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in the injection wells, a groundwater analysis of 1, 1-DCE in these wells will also serve as 

an indicator of the injection' s effectiveness. 



54 

CHAPTER 8: CONCLUSIONS 

The pilot-scale study performed at the Samsonite Building Area evaluates the 

performance of in-situ chemical oxidation via KMn04 injection for an aquifer impacted 

by chlorinated compound contamination with source zone characteristics. Information 

about the physical and chemical nature of the subsurface was gathered from cores 

collected during the drilling of nine wells. Eight injection wells received a total of 1,971 

kg of KMn04 over the course of 20 days. 

Soil analysis indicated that the majority of solution injected into the wells was 

likely to enter the unsaturated zone, allowing for remediation in this zone and greater 

lateral spreading at the water table. The low conductivity and minimal gradient of the 

aquifer indicates that solute transport will be dominated by molecular diffusion rather 

than advection. These physical traits of the subsurface allow KMn04 to be more 

effective in remediating a contaminated site and will give the Samsonite Site a greater 

likelihood of success with the technology over a homogeneous site with a higher 

hydraulic conductivity. 

Early indicators of the injection's effectiveness came from ORP measurements at 

approximately 630 m V in all injection wells and transport of KMn04 to a downgradient 

monitoring well 30 days after the end of injection. A model simulating the injection and 

transport of KMn04 was constructed and showed that concentrations of the solute are 

likely to reach all points within the 9-well grid. If this is achieved, laboratory analysis 

suggests that aqueous 1, 1-DCE that resides in this area will be successfully remediated. 

Results from post-flush soil cores and ongoing groundwater monitoring will further 



evaluate the effectiveness of KMn04 injection as a remediation tool for the Samsonite 

Site. 
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Ionic Species Concentration (mq/L) 

Na+ 50 

Ca+2 36 
Mq+2 25 

N03- 6 
Cl- 60 

co//Hco3- 133 

so/ 99 

Table 1: Composition of artificial groundwater used in bench experiments. 
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Figure 2: 1, 1-DCE concentrations at the Samsonite Site, taken from S-31. 
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direction. 
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Figure 4: Drill rig at Samsonite Site, drilling IW-01. 
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Figure 5: Extracting soil samples from drilled cores at the Samsonite Site. 
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Figure 6: KMn04 injection system. 
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Figure 7: Drum of solid KMn04. 
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Figure 8: KMn04 injection into IW-02 (lower right), IW-01, IW-06 (upper left). 
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Figure 9: Hydraulic conductivity from 21.3 m to 30.5 m bgs. 
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Figure 12: Breakthrough seen in the field in IW-07, 9/14/05. 
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Bulk Density vs. Hydraulic Conductivity 
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Figure 15: Agreement between experimentally and computationally determined K. 
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Figure 16: Conductivity measurements taken from groundwater. 



76 

• IW-09 • IW-08 .& IW-07 • IW-06 • IW-05 • IW-04 • IW-03 
• IW-02 • IW-Qj 

800 

-, • 700 

f 600 

500 

> 
400 .§.. 

a. 
-- -- 300 ~ 

200 

100 

0 
-50 0 50 100 150 200 250 300 

elapsed days from injection 

Figure 17: ORP measurements taken from groundwater. 
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Figure 19: ORP levels after injection on 9/8/05. 
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Figure 21: Top view of KMn04 distribution, 8/15/05. 
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Figure 22: Top view of KMn04 distribution three years after the end of injection, 8/15/08. 
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Figure 23: Underneath view ofKMn04 distribution, 8/15/05. The dark rings around the 
wells represent the KMn04 solute front in the saturated zone. 
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Figure 24: Underneath view of KMn04 distribution, 8/15/08. The dark rings around the 
wells represent the KMn04 solute front in the saturated zone. 
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