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Executive Summary 
 

The former Nebraska Ordnance Plant was a military loading and packing facility that produced 
bombs, boosters, and shells during World War II and the Korean War.  Wastewater discharges to 
unlined ditches during ordnance production contaminated soil and groundwater.  To prevent the 
contaminated plume from migrating offsite and in the direction of municipal well fields, an 
elaborate series of extraction wells and piping networks were constructed to hydraulically 
contain the leading edge of the RDX/TCE plume.  This extracted groundwater is currently 
pumped to a $33 million dollar treatment facility where approximately 4 million gallons of 
ground water are filtered through granular activated carbon (GAC) each day. Recent estimate 
indicate that this pump and treat facility will need to operate in excess of 125 years to manage 
the RDX/TCE plume.  

This ESTCP-funded research was conducted in conjunction with an EPA-funded project. The 
overall goal was to demonstrate that electrical resistivity imaging (ERI) could be used to monitor 
and facilitate an in situ chemical oxidation (ISCO) demonstration designed to treat RDX with 
permanganate at the Nebraska Ordnance Plant.  ERI is a geophysical technique that rapidly and 
economically collects data using an array of electrodes on the surface, and then creates a model 
and an image of subsurface electrical resistivity.  In appropriate environments and with 
appropriate materials, ERI shows the distribution of materials of interest, either contaminants, 
amendments, or both.  With a good ERI image, investigators can drill for specific, observed, 
subsurface targets. 

The pilot-scale demonstration consisted of a grid of 12 wells, specifically an extraction well 
(EW-1), two injection wells (IW-1 and IW-2), and nine monitoring wells. To create a 
permanganate curtain across the injection wells, sodium permanganate (NaMnO4) was injection 
into the field via a proportional mixing-injection trailer system. Groundwater was extracted from 
a center extraction well (EW-1) via a submersible pump at a rate of 151.6 L/min (40 gpm) and 
delivered to an intake manifold located onboard the trailer system.  Approximately 1707.2 L 
(451 gal) of 40% (w/w) sodium permanganate, spiked with potassium bromide, was pumped at 
3.79 L/min (1 gpm) to an intake manifold where extracted groundwater and sodium 
permanganate were mixed at a ratio of 40:1. The mixed eluent was then gravity fed into each of 
two neighboring injection wells, IW-1 and IW-2, at approximately 77.7 L/min (20.5 gpm).  

The site was monitored with electrical resistivity imaging (ERI) prior to, during, and after the 
injection.  The ERI applied at the site uses arrays of easily-placed, non-invasive surface 
electrodes to measure apparent subsurface electrical resistivity.  This data is then processed and 
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correlated to subsurface properties that cause changes in the electrical properties of the 
subsurface such as grain size or formation fluids. 

Results showed that permanganate was effective in reducing groundwater RDX concentrations 
under pilot-scale conditions and that ERI was successful in imaging the initial size and 
distribution of the injected permanganate plume.  ERI also quantitatively mapped the hydraulic 
conductivity distribution.   

RDX concentrations temporally decreased in wells closest to the injection wells (IW-1, IW-2) as 
the permanganate migrated down gradient. We observed RDX degradation rates of 0.12 1/d and 
0.087 1/d in wells immediate downgradient of the injection wells. These rates were lower than 
what was observed under laboratory batch conditions at 11.5ºC (0.20 1/d) and likely a result of a 
lower initial permanganate concentration (6000 versus 15000 mg/L). RDX concentrations 
decreased between 70 and 80% in monitoring wells immediately downgradient from the 
injection wells. Monitoring wells farther downgradient did not show a true breakthrough or 
significant changes in RDX concentrations.  

Results from spatial monitoring of permanganate verified that monitoring wells only captured 
fingers of permanganate and that the groundwater sampling procedures likely mixed treated with 
non-treated groundwater during pumping. This mixing of permanganate treated and untreated 
groundwater would explain why initial permanganate concentrations were less than target values. 
Moreover, the observed decreases in RDX concentrations during permanganate breakthrough 
(73-80%) may have been higher if we could have selectively sampled only the permanganate 
treated groundwater. Despite problems encountered in getting the permanganate uniformly 
distributed across the injection well and throughout the well screen interval, pilot-scale results 
provide proof-of-concept that permanganate can degrade RDX in situ and support permanganate 
as a possible remedial treatment for the RDX-contaminated groundwater.  

RDX concentrations did not decline below the EPA health advisory for drinking water nor did 
the permanganate injection influence all the anticipated wells downgradient from the injection 
zone. The ERI datasets provided an explanation for this failure. When the permanganate was 
injected, small differences in the ability of the material to conduct water forced the injectate to 
flow upgradient away from the monitoring wells.  Furthermore, the ERI data showed that the 
permanganate solution descended below the monitoring wells.   

The ERI demonstration successfully observed the initial permanganate flow, although with 
unexpected time and monetary expense.  The demonstration did not evolve as planned and 
anticipated: locating and tracking the permanganate required an additional data collection event, 
and additional processing.  ERI protocols can be altered to more economically and efficiently 
respond to unanticipated results. 
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Costs for the ISCO demonstration included sodium permanganate ($9,950), contracted ISCO 
injection ($17,463), analytical costs ($15,000), sampling equipment ($5,825) and well 
construction ($7,900). The ISCO demonstration was able to reduce its costs by using existing 
wells (installed by former BAZE project) that would have cost $8,000 to install. The estimated 
cost of the ISCO demonstration was $64,635 (See Draft Cost and Performance Report).  RDX 
concentrations in the test area ranged from 34 µg L-1 to 63.8 µg L-1 (average 46.85 µg L-1). 
Given that the initial of curtain of permanganate was designed to comprise 60,900 L (16,088 
gallons), the mass of RDX within the initial injection zone was 2853 mg of RDX.   

The ERI demonstration including collecting background data, concurrent data, and post-injection 
data.  With data processing and visualization, the demonstration cost $ 51,892 and produced 
model images of 250,000 m3 of subsurface material at four different times.  Additional data was 
collected to look deeper into the formation but was not part of the original proposal.  Of this core 
data volume, 125,000 m3 was crucial to understanding the permanganate’s fate.   To collect a 
comparable number and distribution of data would require approximately 204 wells or boreholes 
spaced every 10 meters in the core data area to a depth of 30 m (98 ft).  At a cost of $3,500 per 
hole, the well installation would cost $714,000 before sampling.  This would not include the 
examination for the deeper aquifer portions.   

ERI geophysical techniques provide the advantages of economically acquiring large, spatially 
extensive data sets to track the distribution and flow of injectate.  Site assessment following 
groundwater remediation efforts typically involves discrete point sampling using wells or 
multilevel piezometers along anticipated flowpaths.  Small variations in hydraulic conductivity 
can divert groundwater flow away from anticipated flowpaths, frustrating efforts to monitor 
remediation efforts with pre-placed wells.  Without a dense network of multilevel piezometers 
throughout and surrounding the area of interest, point sampling cannot reliably determine the 
spatial distribution of contaminant nor the flow of injectate.      
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1. Introduction 

 

1.1 Background 

The former Nebraska Ordnance Plant (NOP, Mead, NE) was a military loading, assembling, and 
packing facility that produced bombs, boosters, and shells during World War II and the Korean 
War. Ordnance was loaded with TNT, amatol (TNT and NH4NO3), tritional (TNT and Al), and 
Composition B (~60% RDX and 40% TNT) (Comfort, 2005). During ordnance production, 
wastewater was routinely discharged into sumps and drainage ditches. These ditches became 
contaminated with TNT and RDX with concentrations exceeding 5000 mg kg-1 (Hundal et al., 
1997). Water ponded in the drainage ditches became saturated with explosives before percolating 
into the soil. This process proceeded unabated for more than 40 years.  Extensive use of 
trichloroethylene (TCE) to degrease and clean pipelines by the U.S. Air Force in the early 1960s 
added to the groundwater contamination.  

Groundwater underneath and downgradient from the site has hexhydro-1,3,5-trinitro-1,3,5-
triazine (RDX) concentrations as high as 534 μg/l and trichlorethene (TCE) concentrations as 
high as 4800 μg/l (EPA, 1997).  An estimated twenty-three billion gallons of water under 
approximately 6,000 acres have concentrations RDX and/or TCE above the EPA health advisory 
levels of 2 μg/l for RDX and 5 μg/l for TCE.  The former NOP site Operating Unit 1 (OU 1) was 
listed on the National Priorities List under the Comprehensive Environmental Response, 
Compensation, and Liability Act (CERCLA) on August 30, 1990 (Elmore and Graff, 2001); the 
groundwater contamination was listed on April 7, 1997 (EPA, 1997). The current hydraulic 
containment system is expensive and provides no short-term solution: the granular activated 
carbon (GAC) pump-and-treat system is currently operating at a cost of $800,000 per year and is 
projected to require more than 125 years to complete the remediation.  

The US EPA in 2005 provided a Federal Earmark Grant to S.D. Comfort (Field-Scale 
Demonstrations of Innovative Remediation Techniques for Contaminated Soil and Water) to 
assess the efficacy of in situ chemical oxidation (ISCO) with permanganate to remediate 
groundwater contaminated with RDX from the former NOP. 

This Department of Defense Environmental Security Technology Certification (ESTCP) project 
assesses the efficacy of electrical resistivity imaging (ERI) to monitor ISCO permanganate 
plume development, movement, and changes in concentration.  
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ISCO is a class of remediation technologies that delivers oxidants on-site and in-place to 
groundwater or the vadose zone.  ERI is a well-established method of measuring and modeling 
subsurface electrical resistivity.  The imaging, in this case, is a visual representation of the 
distribution of resistivity in the subsurface.  Geological materials and subsurface fluids have 
differing electrical resistivities that show up as contrasting regions in model images.  Thus, the 
images are useful for exploring the subsurface for patterns such as depth and thickness of an 
alluvial deposit, and also for anomalies such as channels, faults, and contaminant plumes.  ERI 
was proposed with the expectation that the injectate’s electrical resistivity would be sufficiently 
different from the ambient groundwater to show up as a transient feature.   

Site assessment following groundwater remediation efforts typically involves discrete point 
sampling. Considerable time, effort, and money can be consumed by initially delineating a 
contaminated plume or assessing the performance of an ISCO treatment. ERI produces images of 
injected oxidant showing areas of influence which can then be used to assess efficacy of the 
treatment and to plan subsequent injections. This in turn minimizes over-application and avoids 
untreated zones in the contaminated plume.  

1.2 Objectives of Demonstration 

The objective of this pilot-scale field ESTCP demonstration was to show the utility of ERI to 
track the flow of permanganate in the subsurface during the demonstrated ISCO project.   

The scope of this pilot-scale demonstration included: 

• acquiring a baseline ERI dataset prior to ISCO injection 
• acquiring multiple ERI datasets during the injection of approximately 451 gallons 

NaMnO4 (40%) at a rate of  151.6 L/m (40 gpm) over 413 minutes into approximately 61 
m3 of aquifer material during the initial injection/extraction phase 

• subsequently acquiring ERI datasets monitoring of approximately 1000 m3 of the 
aquifer—about 300 m3 of contaminated water containing about 18 g of RDX—over 72 
days 

• point sampling of groundwater within and immediately surrounding the demonstration 
volume 

• spatially and temporally dense ERI imaging of the aquifer volume anticipated to be 
affected during the injection, with prior background and subsequent imaging over 72 d. 

ERI geophysical techniques provide the advantages of economically acquiring large, spatially 
extensive data sets to track the distribution and flow of injectate.  Site assessment following 
groundwater remediation efforts typically involves discrete point sampling using wells or 
multilevel piezometers along anticipated flowpaths.  Immeasurably small variations in hydraulic 



 

 16

conductivity can divert groundwater flow away from anticipated flowpaths, frustrating efforts to 
monitor remediation efforts with pre-placed wells.  Without a dense network of multilevel 
piezometers throughout and surrounding the area of interest, point sampling cannot reliably 
determine the spatial distribution of contaminant nor the flow of injectate.   ERI uses arrays of 
easily-placed, non-invasive electrodes to measure apparent subsurface electrical resistivity.   
Remedial concentrations of permanganate in solution can have resistivities one-third of the 
ambient groundwater value, a difference great enough to be measured by ERI techniques.  Once 
the array of electrodes is in place, ERI data acquisition is rapid relative to the time required to 
collect groundwater samples.  ERI cannot entirely replace subsurface sampling, but it can greatly 
reduce the number of holes required; provide specific, observation-based targets for new holes; 
and economically provide observations of the volume surrounding the anticipated domain of the 
remediation effort.   

1.3 Regulatory Drivers 

The U.S. Environmental Protection Agency (EPA) determined that actual or threatened releases 
of contaminants from this site, if not addressed by remedial action, may present a current or 
potential threat to public health, welfare, or the environment (U.S. EPA, 1997).  Further, SARA 
specifies a preference for the use of permanent solutions and innovative treatment technologies 
(42USC9660, b).  ERI improves the efficiency and effectiveness of ISCO by economically 
monitoring the changes in subsurface resistivity that result from injections.  

1.4 Stakeholder/End-User Issues 

This pilot-scale demonstration showed that ERI provides invaluable information about the fate—
influenced areas, migration and evolution—of injectate.  In showing that the injectate quickly 
moved upgradient and then descended into the aquifer below its field of view, ERI data 
potentially prevented numerous, random, expensive, and necessarily futile attempts to locate the 
injectate by drilling or direct-push point sampling.  ERI, as with any suitable geophysical 
technique, provides dense and spatially extensive data of subsurface characteristics at a fraction 
of the cost of point sampling.  These achievements address the DoD’s need for scientific 
information regarding the real-world application of alternative technologies as agency personnel 
evaluate available remediation options. 
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2. Technology Description 
 

2.1 Electrical Resistivity Development and Application 

The electrical resistivity imaging (ERI) technology employed in this project was developed as a 
response to inadequacies of standard techniques used for characterizing and monitoring 
environmental sites.  Much of this summary was drawn from Halihan et al. (2005a). 

2.1.1 Existing techniques 

Historical methods of site assessment relied primarily on two detection and monitoring 
strategies, both of which relied on multiple boreholes.  The first strategy involves discrete point 
sampling of fluids drawn from wells or multilevel piezometers whose data are interpreted by 
hydrogeologists, civil engineers, and other scientists.  The second strategy uses indirect 
measurements through surface or borehole geophysical techniques. 

The difficulties with point sampling are the cost and time of drilling; and sample collection, 
analysis, and interpretation time.  Further, point sampling methods typically provide low data 
density and thus miss contaminants transported on flow paths or stored in clay lenses not 
sampled by wells.  This is especially problematic if the contaminants are moving non-uniformly, 
such as density-driven fingering or in isolated flow paths in heterogeneous media.  In some 
settings, the very act of probing and monitoring the aquifer can create additional heterogeneity 
and new preferential flow paths for solutes.  Attempts to improve data quality by increasing data 
density requires additional boreholes, increasing already high initial costs. 

2.1.2 Electrical Resistivity Imaging Theory 

Electrical resistivity imaging (ERI) provides more complete and more economical data coverage 
than borehole-dependent methods.  A temporary, surficial ERI system can be used to evaluate a 
2-D or 3-D portion of the subsurface; the resulting ERI images can then be used to choose 
specific targets for traditional investigation methods (Figure 2.1-1).  ERI systems can support 
long-term monitoring with the installation of cables in boreholes or shallow trenches. 
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Figure 2.1-1.  Field setup of ERI equipment.  Metal stakes extend approximately 6 inches into 
the ground and are connected to an acquisition instrument via cables.  Photo courtesy of Aestus, 
LLC. 

Electrical resistivity measurements have been used since the 1830s to interpret the geology of the 
subsurface (Van Nostrand and Cook, 1966). The technique introduces current into the ground 
and measures the resulting potential field.  ERT (Electrical Resistance Tomography) is a method 
of obtaining resistivity measurements using subsurface electrodes (Daily et al, 2004).  In 
contrast, a multielectrode resistivity array uses electrodes only on the surface.  An ERI image is 
an inverse model of the data: that it, it shows a synthetic distribution of resistivity that predicts 
values measured in the field.  ERI is a generic term for the results from any arrangement of 
electrodes.  

Electrical resistivity imaging begins with data acquisition using a series of electrodes placed 
either on the surface or in boreholes.  Two-dimensional data is collected using a linear array of 
electrodes; three-dimensional data can be collected using electrodes placed as a two-dimensional 
array or as a three-dimensional electrode grid.  The size and resolution of an image is defined by 
the distance between electrodes and their location in space.  A rough estimate for a two-
dimensional image is that the resolution is half of the electrode spacing and the image depth is 
one fifth of the total surface line length.  Three-dimensional data collection is more expensive 
and difficult as most contaminated sites do not have sufficient open area available; acquisition 
and processing times are also longer.  ERI borehole data is also costly since the majority of 
boreholes constructed for sampling aquifers are not designed with the electrical properties 
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necessary to collect robust ERI data.  All subsequent discussion here describes two-dimensional 
ERI imaging. 

Acquisition algorithms define the set of measurements collected to create an image.  The 
algorithms are generally defined by the spatial geometry of the two current electrodes relative to 
the two potential electrodes used to collect a single measurement.  For example, a dipole-dipole 
array uses two adjacent current electrodes and two adjacent potential electrodes (Reynolds, 
1997).  A Wenner arrray uses four equally spaced electrodes with the potential pair inside the 
current pair.  Many such algorithms are available to acquire an ERI dataset in one-, two-, or 
three-dimensions.  The raw collected data are referred to as apparent resistivity data. 

The image is developed using an inversion algorithm.  The inversion algorithm uses the collected 
apparent resistivity data to create a model space of resistivity values that would replicate the 
collected data.  Like many methods measuring potential fields, these models suffer from 
problems of nonuniqueness (Reynolds, 1997). 

If multiple datasets are collected at different times from the same locations, resistivity 
differencing can be employed.  Resistivity differencing is more sensitive to variations than are 
standard ERI surveys.  Since standard ERI surveys collect data that detects properties of the 
subsurface sediments and fluids at a time point, differencing can be used to evaluate isolated 
changes that are independent of sediment properties.  

Common geophysical techniques are limited by several factors as outlined by Stollar and Roux 
(1975).  Signal quality and resolution decrease with depth and, for resistivity surveys, the target 
must significantly contrast with background values.  Although resistivity techniques may cost 
less than point monitoring (i.e., wells) for long-term projects, the results are often difficult to 
correlate with objectives and still require traditional ground water sampling.  A major problem 
with the application of electrical techniques to contaminant detection is that many contaminants 
of interest to site managers, such as NAPLs (petroleum products usually), are electrical 
insulators.  ERI works best for identifying conductors, making it difficult to image relatively 
resistive NAPLS.   

2.1.3 Halihan/Fenstemaker ERI Technology 

The Halihan/Fenstemaker technology is based on conventional electrical resistivity imaging.    
The technology was developed examining sites in Oklahoma using a direct push ERT method 
developed by Dr. Halihan in conjunction with Advanced Geosciences, Inc. (Halihan et al, 
2005b).  However, OSU’s proprietary data collection algorithms and software achieve more 
comprehensive data collection, higher data quality, and increased image resolution relative to 
other researchers using similar equipment (Halihan and Fenstemaker, 2004) (Figure 2.1-2).  In 
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most cases, the resolution is increased by approximately one order of magnitude.  In addition, the 
Halihan/Fenstemaker technology is able to image subsurface anomalies at sites where competing 
technologies (ground penetrating radar, conventional electrical resistivity imaging techniques, 
and electromagnetic surveys) either fail to perform or do not have sufficient resolution to achieve 
the project objectives.  The Halihan/Fenstemaker technology is capable of semi-quantitative 
analysis of gasoline in the subsurface (Halihan et al., 2005).  Nyquist et al. (1999) provided 
proof-of-concept for permanganate detection using standard ERI techniques by measuring a 
twenty-fold increase in electrical conductivity following injection of a 1% potassium 
permanganate solution.  
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Figure 2.1-2.  Evaluation of the performance of the Halihan/Fenstemaker method (commercial 
available as Geotrax Survey™). This method successfully mapped the horizontal and vertical 
extent of contamination at the site in a semiquantitative manner (Halihan et al., 2005): Left - 
comparison to core samples of LNAPL (gasoline) contaminated soil in Golden, OK. Right - ERI 
image at the location of the boring (warmer colors on the image represent more resistive 
material. 

2.1.4  ERI Data Collection and Processing 

Data is collected by placing electrodes in contact with the ground (Figure 2.1-1).  A cable is 
attached to the electrodes and connected to a resistivity instrument that induces the current, 
measures the potential, and stores the data.  The low-energy direct current does not create sparks, 
damage vegetation, or create a hazard for animals. 

Collected data is processed to produce a two-dimensional image of electrical resistivity along a 
vertical plane.  A geophysicist then interprets the image for irregularities in the distribution of 
electrical resistivity that indicate areas of interest.  These anomalies may represent contaminant 
plumes, but also may represent geological heterogeneities or non-contaminant anthropogenic 
material.  Metal pipelines, in particular, can introduce anomalies sufficiently large to entirely 
mask other subsurface variations.  In common with other geophysical methods, electrical 
resistivity values are not unique: different materials may have the same resistivity, and a 
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particular contaminant’s resistivity values may span a broad range depending on concentration, 
co-contaminants, and state of degradation.  ERI—and geophysical data in general—requires 
confirmation by ground-truthing observations.  The advantages of ERI remain: more and higher 
density data providing visual images of the subsurface distribution of a meaningful and 
significant physical parameter.  ERI cannot replace all drilling and point sampling, but it does 
leverage the cost of drilling by providing drillable images: ERI replaces random drilling.  

2.1.5 Potential Applications 

ERI technology as described here potentially adds value to any relatively shallow—up to a few 
hundred meters—subsurface investigation.  While theory indicates that ERI is capable of 
imaging to extreme depths, electrical cable length, manpower, time, and cost constraints make it 
limited in uses such as deep petroleum exploration, where seismic methods are well-established.  

Many features of interest occur within the top few hundred meters of Earth’s surface, and ERI 
techniques may economically provide valuable information on these.  Most obvious are the 
hydrogeological and environmental applications: ERI is particularly well-suited to detecting 
variations in water saturation, non-aqueous phase liquid (NAPL) saturation, distribution of 
lithology, and saltwater intrusion.  ERI techniques can also potentially provide information for 
geological engineering, such as the depth and attitude of geological contacts and faults, location 
of potential sinkholes in karsted carbonates, slip surfaces underlying wasting masses, etc.   

2.2 Previous Testing of the Technology (ERI)  

The Halihan/Fenstemaker ERI technique has been successfully used for a number of applications 
including mapping geology, locating zones of increased groundwater flow, and locating 
subsurface environmental impacts, leaking pipelines, buried tanks and landfill and burial pit 
boundaries (Figure 2.1-2).  OSU has also conducted transient research observing a heap leach pit 
undergoing wetting over time, and injection of phosphate for groundwater research (Webb, et al., 
in press; Sima, 2008). 

The technique has been used commercially by Aestus, LLC for several years and has been 
employed in both the U.S. and internationally.  Dr. Halihan has a conflict of interest management 
agreement in force with Oklahoma State University to allow data to move between Aestus, LLC 
and OSU.  Aestus, LLC has a research agreement with OSU to allow for Dr. Halihan’s 
participation.  The ERI images produced are confirmed through fluid or soil sampling and have 
always been confirmed to be a true representation of subsurface conditions.  The technique has 
been applied at approximately 60 sites to date. 
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The research in recent years has been working to extend the image depth and to model fluid 
behavior in the subsurface using both single image and transient ERI.  This project is an 
opportunity to evaluate the ability to detect changes in fluid chemistry over time for a reasonable 
imaging target at an intermediate depth.  

2.3 Factors Affecting Cost and Performance of ERI 

The cost of ERI depends primarily on they spatial and temporal scope of the investigation.  ERI 
survey costs are specific to each site.  Base costs for each survey include: 

• research and design of the ERI survey 
• personnel travel and equipment transport to the site 
• integration, visualization, analysis, and interpretation of datasets. 

Incremental costs include: 

• daily overhead  
• installation and recovery of stakes and cables  
• dataset acquisition  
• data processing (inverse modeling)  

Incremental costs vary depending on the field conditions.  For example, in a brownfield stripped 
of structures, foundations, and concrete pads, with good transportation access, and with no 
restrictions, no hazardous materials, and no traffic concerns, it might be possible to collect five 
(5) 275 m lines on a clear summer day.  For such a specific site, incremental costs per ERI line 
would be minimal.  In contrast, in a heavily traveled commercial area where a hole must be 
drilled (and patched) in pavement for each stake, traffic must be diverted and controlled, and 
weather is inclement, it might be reasonable to collect only two, or even one, 165 m line in a day.  
In such an environment, the cost for acquiring each ERI line would be considerably higher than 
the brownfields case.  

ERI performance depends most heavily the electrical resistivity of the geological materials and 
the substance of interest.   Extreme and chaotic heterogeneity in the electrical resistance of the 
geological materials will confound any effort to use ERI or other electrical-property-based 
geophysical technique.  So long as heterogeneities are generally self-consistent, e.g., horizontal 
beds, ERI has the potential to distinguish significant anomalies within the electrical resistivity 
field.  Secondly, the material of interest must alter the resistivity field as a function of its 
concentration, and the concentration must vary along the plane or within the area of the survey. 
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2.4 Advantages and Limitations of the Technology of ERI 

Relative to traditional point-sampling in monitoring wells, ERI provides the advantages of 
relatively low-cost, high-density two-dimensional, non- or minimially-intrusive surveying.  A 
monitoring well provides point or, with packers, one-dimensional spatial data.   

An apparent disadvantage of ERI is, as with all geophysical techniques, that resistivity data is 
non-unique.  That is, an anomaly in the electrical resistivity field may or may not indicate the 
presence or absence of the material of interest.  Geophysical techniques require at least some 
minimal number of direct physical observations to ground-truth and calibrate the indirect 
observations.  This apparent disadvantage, however, should be compared against the utility of 
monitoring wells alone.  Without guidance from geophysical data such as ERI, monitoring wells 
are placed essentially at random relative to the distribution of subsurface features.  ERI provides 
specific targets for drilling with a very high correlation between target anomalies and material of 
interest.  

A disadvantage of ERI is that it is not suitable for all project objectives, and that it is not always 
possible a priori to determine its suitability.  Extreme and chaotic heterogeneities in the 
subsurface resistivity field may make it impossible to identify material of interest.  
Anthropogenic metal below or at the surface may partially or completely short-circuit the 
electrical paths and partially or completely mask subsurface features.  And although ERI is 
intrinsically less intrusive than multiple monitoring wells, it may be more disruptive to shut 
down or install cable ramps on several lanes of a heavily-traveled road for ERI cable and stakes 
than to divert one lane at a time for a small drilling or direct-push rig.  

Ground-penetrating radar (GPR) is another geophysical technique appropriate for contaminant 
site assessment.  GPR offers the advantages of acquiring shallow, high-resolution data faster and 
with less intrusion than ERI.  Disadvantages include less depth penetration, longer processing 
times involving more individual interpretation, and the greater possibility that high-conductivity 
features in the shallow subsurface will totally mask deeper features.   

3. Demonstration Design 

 

3.1 Performance Objectives 

The objective of this demonstration was to show that ERI can identify and track the ISCO 
permanganate plume.  The demonstration was designed to identify and verify the economic, 
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operational, and performance data that will be used to transfer the technology to potential users. 
The major factors being evaluated are performance and cost. 

Through this technology demonstration, issues such as ease of implementation and cost-
effectiveness were studied.  Site-specific information about these issues were also identified. 

Table 3.3-1: Design Performance Objectives 

Type of Performance 
Objective 

Primary Performance 
Criteria 

Expected 
Performance 

(Metric) 

Actual 
Performance 

Objectives Met 
Qualitative 1. Identify initial permanganate 

plume following injection 
2-D image corresponds 
with well data Yes 

2. Track temporal changes in 
permanganate plume’s size and 
location 

2-D image corresponds 
with downgradient 
monitoring well data 

Mixed Results 

Quantitative 1. RMS of ERI data sets <20% Yes 

3.2 Selecting Test Site 

An ideal test site for demonstrating the ability of ERI to monitor an ISCO treatment would be 
both electrically and hydrogeologically homogenous.  That is, ERI would show a consistent 
distribution of resistivity in background images acquired before the treatment, and the local 
hydraulic gradient would uniformly drive groundwater flow.  Additionally, a test site should be 
contaminated either uniformly throughout the domain of the test, or with a clearly identifiable 
plume.  The contaminant, the treatment, or the degradates of either must cause a change in 
electrical resistivity large enough to be detected by ERI.   

It is additionally desirable to test the technology at a site large enough to accommodate a 
meaningful pilot-scale demonstration with negligible impact on water supply to local users, and 
minimal additional intrusion to the aquifer or disruption to local activities.  Also, existing 
infrastructure would reduce costs of conducting the demonstration. Finally, collaboration with 
investigators working on ISCO techniques is essential.   

The former NOP appeared to fulfill the criteria listed above.  Based on the regional geology 
(Condra and Reed, 1943; Piskin, 1971), the materials were described as reasonably homogenous 
and could be expected to hydrogeologically homogenous.  The test site is located approximately 
in the middle of an existing large, contained, and well-characterized contaminant plume with 
contaminant distribution uniform within an area large enough for the demonstration.  Injection, 
extraction, and monitoring wells had already been constructed for a previous study.  Water levels 
in the existing wells showed the local groundwater gradient to be consistent with the regional 
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regime.  The proposed permanganate ISCO demonstration would inject an amendment that 
should clearly reduce the electrical resistivity, especially with the addition of bromide as a 
conservative tracer.  The size of the demonstration site is small relative to the area contaminated 
at the former NOP, and a downgradient containment system was operating, so any potential 
impact to groundwater users would be negligible.   

The site selected is located south of Load Line 2 at N41º 9' 20" by W96º 27' 17". This test site 
was previously used in an ESTCP-funded research project (the BAZE study, ESTCP#0110) 
several years ago. The natural hydraulic gradient of the test site has allowed RDX concentrations 
to rebound and any residual effects of the biodegradation study appear to have been minimized. 
By conducting the ISCO/ERI demonstration at the same site, a direct comparison of technologies 
was possible.  

The BAZE project constructed a grid of 12 wells:  two-four inch injection wells, one-six inch 
extraction well, and nine-two inch monitoring wells (Figure 3.2-1).  The well grid is spaced over 
a 30 ft x 200 ft rectangle elongated parallel to groundwater flow (VGW). Groundwater velocity 
determined by previous tracer experiments indicates a groundwater velocity of approximately 1.8 
ft/d. Depth to the water at the site averages 50 feet below ground surface with a hydraulic 
gradient sloping southeast. 

Aquifer Solutions Inc. was the private contractor responsible for permanganate injection. Based 
on discussions with the contractor, additional monitoring wells were installed between the 
injection wells (IW1, IW2) and the first set of monitoring wells (Fig. 3.2-1). These additional 
monitoring wells allowed capture of the breakthrough of permanganate as it moved 
downgradient and allowed us to monitor temporal decreases in RDX concentrations. 
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A.) 

 

B.) 

Figure 3.2-1.  A) Site well map showing location of wells for original BAZE site.  B) Wells added 
in 2007 for this project. 

 
3.3 Test Site Description 

The former Nebraska Ordnance Plant (NOP, Mead, NE) was a military loading, assembling, and 
packing facility that produced bombs, boosters, and shells during World War II and the Korean 
War. Ordnance was loaded with TNT, amatol (TNT and NH4NO3), tritional (TNT and Al), and 
Composition B (~60% RDX and 40% TNT) (Comfort, 2005). During ordnance production, 
wastewater was routinely discharged into sumps and drainage ditches. These ditches became 
grossly contaminated with TNT and RDX with concentrations exceeding 5000 mg kg-1 (Hundal 
et al., 1997). Water ponded in the drainage ditches became saturated with explosives before 
percolating into the soil. This process proceeded unabated for more than 40 years.  Extensive use 
of trichloroethylene (TCE) to degrease and clean pipelines by the U.S. Air Force in the early 
1960s added to the groundwater contamination.  

Groundwater underneath and downgradient from the site has hexhydro-1,3,5-trinitro-1,3,5-
triazine (RDX) concentrations as high as 534 μg/l and trichlorethene (TCE) concentrations as 
high as 4800 μg/l (EPA, 1997).  An estimated twenty-three billion gallons of water under 
approximately 6,000 acres have concentrations RDX and/or TCE above the EPA health advisory 
levels of  2 μg/l for RDX and 5 μg/l for TCE.  The former NOP site Operating Unit 1 (OU 1) was 
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listed on the National Priorities List under the Comprehensive Environmental Response, 
Compensation, and Liability Act (CERCLA) on August 30, 1990 (Elmore and Graff, 2001); the 
groundwater contamination was listed on April 7, 1997 (EPA, 1997). The current hydraulic 
containment system is expensive and provides no short-term solution: the granular activated 
carbon (GAC) pump-and-treat system is currently operating at a cost of $800,000 per year and is 
projected to require more than 125 years to complete the remediation.  

3.3.1 General Hydrogeology 

The former NOP is entirely within the Todd Valley, located near the western edge of the 
Dissected Till Plains section of the Central Lowland physiographic province.  The Todd Valley 
is an ancestral Platte River valley that has been filled with unconsolidated Pleistocene sediment, 
the Todd Valley Formation.  About 3 m to 6 m of late Pleistocene Peoria Loess (medial 
Wisconsinan) mantles the Todd Valley Formation.   The Todd Valley Formation comprises an 
upper fine sand unit that ranges from about 11 m to about 27 m thick, and a lower sand and 
gravel unit that ranges from 0 m to about 17 m thick.  The Todd Valley Formation 
unconformably overlies Cretaceous Dakota Group continental shales and sandstones, which 
ranges from about 12 m to 34 m thick.  The thickness of the Todd Valley upper fine sand unit 
varies with the erosional paleotopography of the lower sand and gravel unit, which likewise 
preferentially fills in the paleotopographic valleys of the underlying Dakota. 

At NOP, the Dakota Group ranges from 12.5 to 33.8 m (41-111 ft) thick.  Thickness varies due 
to post-Cretaceous erosion that formed a southeasterly sloping paleotopographic surface (Piskin, 
1971).  In Nebraska, the Dakota Group is subdivided into three formations, Dakota Sandstone, 
Fuson Shale, and Lakota Sandstone.  For simplicity the term Omadi was assigned to the Dakota 
Formation by Condra and Reed (1943) to define the strata between the basal formation of the 
Colorado Group, the Graneros Shale, and the underlying Fuson Shale of the Dakota Group. 

 The Pleistocene deposits near Mead, NE consist of sands and gravels of the Todd Valley 
Formation that range in thickness from 20.1 to 45.1 m (66 to 148 ft) (Piskin, 1971).  The 
unconsolidated sands and gravels are valley fill sediments that were deposited in multiple stages 
during the Pleistocene epoch.  The sands and gravels consist of 95 percent quartz and feldspars 
and the remaining 5 percent consists of heavy mineral including zircon, magnetite, illmenite, 
hornblende, tourmaline, and hematite (Schuett, 1964).  Possible sources for the Pleistocene sands 
and gravels include Cretaceous sediments within the area, local Pleistocene tills and associated 
outwash materials, and alluvial sediments of western origin (Stanley, 1971).  

The Pleistocene sands and gravels are divided into two units, from bottom to top these are the 
sand and gravel unit, and the fine sand unit.  The sand and gravel unit consists of poorly to 
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moderately sorted, subrounded to rounded clasts (Piskin, 1971).  Clasts are composed of mostly 
fine and medium to coarse gravel with fine to very coarse sand (Piskin, 1971).  The sand and 
gravel unit ranges in thickness from 0 to 16.8 m (0 to 55 ft) with maximum thicknesses located 
within the Cretaceous bedrock channels.  The paleotopography of the sand and gravel unit 
indicates post-depositional erosion.  The fine sand unit ranges in thickness from 10.7 to 27.4 m 
(35 to 90 ft) with thicknesses determined by the underlying sand and gravel unit’s 
paleotopography and post-depositional erosion.  Clasts in the fine sand unit coarsen downward 
and range from very fine to coarse sand but predominantly consist of fine to medium sand.  

Overlying the fine sand unit and present at the surface at the NOP is the eolian Peoria Loess.  
The Peoria Loess consists of brownish-yellow clayey silt to silty clay that ranges from 6.1 to 
12.2 m (20 to 40 ft) thick at the northwest end of Todd Valley, which become thinner to the 
southeast.  The Peoria Loess is medial Wisconsinan in age and is characterized by vertical 
fractures and root holes (Piskin, 1971).   

Data for the permanganate injection site (N 41° 9" 24", W 96° 27' 117") were obtained from 
borehole logs (wells MW-31, MW-28, T63-1).  Results from these investigations (Woodward-
Clyde, 1995) indicated that approximately 6.1 m (20 ft) of Peoria Loess is mantled over the Todd 
Valley Formation, which is comprised of approximately 15.2 m (50 ft) of fine sand and 
approximately 13.7 m (45 ft) of coarse sand. 

The two streams present at the NOP, Johnson Creek and Silver Creek, provide drainage to Salt 
Creek, a tributary to the Platte River.  Salt Creek discharges into the Platte River east of Ashland 
near the southeastern corner of Saunders County.  Drainage for Todd Valley is mainly southeast 
through Wahoo Creek located southwest of the NOP. The flat topography of Todd Valley 
supports a poorly defined drainage pattern (Woodward-Clyde, 1995).  Supplemental man-made 
ditches were added to enhance natural surface drainage. A man-made ditch created at Load Line 
1 discharges into Silver Creek.  Load lines 2 and 3 also had man-made ditches built that flowed 
through former high explosive storage areas.  Man-made ditches built to drain Load Line 4 
discharge into Johnson Creek.  Drainage from the Burning Grounds discharges directly into 
Johnson Creek.  In 1975, the Natural Resource District (NRD) dam was built on Johnson Creek 
creating the NRD reservoir.  The reservoir was built for flood control and covers approximately 
78 acres. 

The Omadi Sandstone aquifer, Todd Valley aquifer, and the Platte River alluvial aquifer, 
Pennsylvanian shales, and the Omadi shale make up the aquifer system at the former NOP site. 
The Todd Valley aquifer is hydraulically connected to the Platte River alluvial aquifer. The 
Platte River aquitard is the upper semi-confining layer that impedes flow beneath the ground 
surface and the aquifer.  The Platte River aquitard consists of silts and clays.  The Omadi 
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Sandstone is hydraulically connected to the Todd Valley and Platte River alluvial aquifers where 
the Omadi shale is not present.  The Todd Valley aquifer and the Platte River aquifer behave as a 
single aquifer system without hydraulic barriers.  

The Omadi Sandstone Aquifer is composed of fine- to medium-grained sandstone. Mineralogy 
of the Omadi Sandstone Aquifer is dominantly quartz with ferrugeneous cement found locally 
(Piskin, 1971).  Transmissivities of the Omadi Sandstone Aquifer calculated by grain size range 
from 49.6 m2/d (4 310×  gpd/ft) to 429 m2/d ( 41046.3 ×  gpd/ft) with a mean of 272.8 m2/d 

( 41020.2 ×  gpd/ft) (Piskin, 1971). 

The regional water table associated with the NOP slopes southeast with an average gradient of 
2.27 m/km (0.00227, or 12 ft/mile) (Woodward-Clyde, 1995). Depth to groundwater ranges from 
11.6 m (38 ft) to 15.24 m (50 ft) (Woodward-Clyde, 1995). Historical data in relatively 
undisturbed conditions indicates water table elevations ranging from 384 m (1260 ft) to 323.1 m 
(1060 ft) (Figure 3.3-1).  Note that the permanganate injection site used in this research is located 
between water table elevations 335.3 m (1100 ft) and 341.4 m (1120 ft). 

 

 

N
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Fig 3.3-1. Regional water table elevations of the Todd Valley Aquifer (modified from US Corps 
of Engineers, 1989 modified from Souders, 1967). Purple rectangle indicates location of pilot-
scale permanganate injection site. 

3.3.2 Former NOP Site Hydrogeology 

Water table elevations  were surveyed in October 2006 on wells installed by previous research at 
the site (the BAZE project, Wani et al., 2007).  A total of 11 long-screen monitoring wells (MW-
1 to MW-11), injection wells IW-1 and IW-2, and extraction EW-1 well were used for water 
table mapping.  All wells had continuous screens over the same depth range preventing 
measurement of vertical head gradients.  However, flat topography of the site suggests low 
vertical gradients, and piezometric data from monitoring wells were taken as proxies for water 
table elevations.  Water levels ranged from 339.558 m (1113.75 ft) to 339.405 m (1113.25 ft) 
with an overall southeasterly hydraulic gradient of 0.0025  (Figure 3.3-2). 

 
Figure 3.3-2. Water table elevations within the BAZE Study Site (October 2006). 

 

Aquifer characterization relied on slug tests without packers, with double-packers, and single 
packer.  In addition, pre- and post-ISCO comparisons were been performed on monitoring wells.  
To characterize the site more effectively and to monitor RDX degradation more adequately, six 
additional monitoring wells (MW-12 to MW-17) were installed at the site.  Except for the 10 cm 
(4 in)-diameter MW-15 well, the wells had a 5 cm (2 in) diameter.  All wells were installed using 
a hollow stem auger to a depth of 22.86 m (75 ft) and screens were deployed from 16.76 m to 
22.86 m (55 to 75 ft).  All had 6-m long screens located in the upper fine sand layer of the Todd 
Valley aquifer.  The wells were constructed with gravel packs. 

This well array was used for characterizing areal and vertical distribution of hydraulic 
conductivity at the site.  Slug tests (Zurbuchen et al., 2002) for obtaining horizontal hydraulic 
conductivity (specifically, horizontal hydraulic conductivity Kh) were conducted on thirteen 
existing BAZE (Wani et al. 2007) wells and the additional monitoring wells.  Water level 
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displacements were initiated using pneumatic level depressor (Zlotnik and McGuire, 1998).  All 
responses were monotonic, and drawdown curves were interpreted using Bouwer-Rice (1976) 
method implemented in software package Aqtesolv©.  The slug tests showed the average well 
horizontal hydraulic conductivity values (Kh) ranged from 4 m/day to 20 m/day (Figure 3.3-3).  
These values are in agreement with average hydraulic conductivity of the upper fine sand layer 
previously reported at 15 m/day by the Army Corp of Engineers (Woodward-Clyde, 1995). 
Considering the presence of the gravel pack, hydraulic conductivity data obtained from all wells 
represent large volume-averaged characteristics. The actual range of hydraulic conductivity 
values could be wider than found from slug tests in these long-screen wells. 

Figure 3.3-3. Hydraulic conductivities within the study area. 

To delineate vertical variations in hydraulic conductivity, multi-level slug tests (MLST) were 
performed on the 10-cm well MW-15 following the procedures of Zlotnik and McGuire (1998), 
and Zlotnik and Zurbachen (2003). Using an air-inflatable double-packer system with extendable 
riser pipe (Figure 3.3-4), each 60-cm (2-ft) interval of the 6-m (20-ft) screen interval was isolated 
and tested. 

Vertical variations of horizontal hydraulic conductivity for MW-15 ranged from 3 m/day to 27 
m/day with highest conductive intervals between 18.9 m (62 ft) and 19.8 m (65 ft) bgs (Figure 
3.3-5). These data show that the range of Kh values in vertically distributed points is slightly 
wider than obtained from 6-m long screens. Further delineation of vertical hydraulic conductivity 
was limited due to the lack of additional 10-cm wells.  

To assess scale effects due to differences in tested screen interval length, a set of single-packer 
tests was performed. Using one packer, the lower part of the aquifer was isolated and tested. For 
each packer elevation, transmissivity of the isolated part was estimated using Bouwer-Rice 
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(1976) method and Aqtesolv© software. Hydraulic conductivity of each interval Δz was assessed 
using formula 

     zTTK iiih Δ−= + /)( 1,       (Eq 3.3-1) 

where Ti+1 and Ti  are transmisivity values of intervals, isolated in two consecutive packer 
positions, where i+1-th is a deeper one, and i-th is a more shallow (see Halihan and Zlotnik, 
2002). 

 

Figure 3.3-4. Configuration of multi-
level slug test system including 
packers and pressure transducer in 
riser pipe, connected to datalogger 
(from Zlotnik and Zurbuchen, 2003). 
Note 62 cm (2-ft) tested interval. 
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Figure 3.3-5. Hydraulic conductivity 
Kh observed in MW-15 using single- 
and double-packer multi-level slug 
test configurations. 



 

 35

Data in Figure 3.3-5 indicate slightly lower values of Kh from single-packer tests than from 
double-packer tests, although the presence of preferential flow zone at depth 58-63 ft (17.5-19 
m) is clearly shown by both tests.  Preferential flow pathways are likely ubiquitous in this 
paleoalluvial environment, contrary to the expectation and assumption of hydrogeological 
homogeneity.   

This hydraulic characterization study was repeated after completion of the injection test in the 
injection, extraction, and monitoring wells, including results from a 10 cm (4") well that are 
presented separately (Fig 3.3-6). Post-injection Kh values exhibited slight changes in most wells 
with post-injection to pre-injection Kh ratios ranging from 0.9 to 1.3 (Table 3.3-1.) 

Table 3.3-1: Pre- and post-injection hydraulic conductivity  

Well ID Pre-injection  Post-Injection Post-injection / Pre-injection  
 Kh (m/day) Kh (m/day)  

IW-1 4.4 5.5         1.2 
IW-2 12.0 4.7         0.4 
EW-1 7.1 1.8         0.2 

MW-12 10.8 10.9         1.0 
MW-13 10.9 11.5         1.1 
MW-14 15.6 16.9         1.1 
MW-15 15.1 13.9         0.9 
MW-16 20.7 18.4         0.9 
MW-17 11.5 15.6         1.4 
MW-2 8.2 7.6         0.9 
MW-3 6.4 8.2         1.3 
MW-4 7.0 14.0         2.0 

Wells IW-2, EW-1 and MW-4 exhibited post- injection to pre-injection Kh ratios of 0.4, 0.2, and 
2.0 respectively.  Reduced hydraulic conductivity in EW-1 may be attributed to the fact that 
upon the completion of permanganate injection and sampling, we re-injected the accumulated 
purged groundwater containing permanganate.  The re-injected groundwater may have had 
suspended fine grain sediments and possible MnO2 colloids, which could have accumulated at 
the bottom of the well and sealed of portions of the well screen. 

The Kh reduction in IW-2 could be attributed to MnO2 colloid production during permanganate 
reactions, although this was not observed in IW-1 and it is unlikely that permanganate reactions 
with soil and RDX would be much different in both IW-1 and IW-2.  Nevertheless, water level 
observations in the well IW-2 indicate that flow became significantly impaired during injection 
(see well water level observations during pre-injection tests and injection).  Another possibility 
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for the reduced hydraulic conductivity values could be undetected problems of design, 
construction, and conservation of wells in BAZE project.  For example, lack of integrity of the 
bentonite seal was found in spring, 2007, that had to be fixed later.  The increase in hydraulic 
conductivity observed in MW-4 is most likely due to the intense sampling regime (Wani et al., 
2007). 

Data obtained from post-injection MLSTs in MW-15 indicates an increase of Kh at all elevations 
(Figure 3.3-6) and no reduced hydraulic conductivities due to MnO2 colloids.  However, 
significant changes are present only in the preferential flow elevations. We believe that intense 
bi-weekly sampling regime (purging 3 to 4 well volumes twice a week) resulted in further well 
development, removal of fine grains, and therefore, increase of Kh.  However, after uniform 
weighting of all changes, the overall average Kh has not change dramatically.  Slug tests 
conducted over the entire screen length indicates a small decrease of post-injection Kh, but 
overall changes in monitoring wells seem insignificant (Table 3.3-1).  
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Figure 3.3-6. Hydraulic conductivity, 
Kh, obtained from pre and post-
injection multi-level slug tests on 
MW-15. 

 
3.3.3 Soil Electrical Conductivity (SEC) Logging and Correlation with Grain Size Analyses 

Data on stratigraphy were collected using soil core and soil electrical conductivity data analyses.  
Results indicate roughly 5.5 m (18 ft) of Peoria Loess above at least 16.2 m (53 ft) of medium to 
fine sand (maximum soil core depth was 22.3 m (75 ft) below ground surface).  Soil cores taken 
from the Todd Valley Formation were analyzed for grain-size (Table 3.3-2).  Soil electrical 
conductivity sampling (SEC) was performed at the site via direct push technology (Geoprobe® 

Model 6610DT) and SC400® soil conductivity probe consisting of a four-electrode Wenner array 
with an inner-electrode spacing of about 2.5 cm (1 in).  SEC was logged every 1.5 cm (0.6 in) as 
the probe was pushed through the soil.  SEC analysis showed changes in conductivity at 
approximately 5.5 m (18 ft), 10.1 m (33 ft), and 18.3 m (60 ft). The SEC data is in agreement 
with the grain-size analyses and indicates roughly 5.5 m (18 ft) of Peoria Loess is located above 
a coarsening downward sand sequence (Fig. 3.3-7; Table 3.3-2)  
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Table 3.3-2: Soil Core Grain size Analysis  

Sample Depth (m) Size Class Sorting 
6.7-7.6 Fine Sand moderately sorted 
9.1-10.7 Medium-Fine Sand moderately well sorted 
11.0-12.2 Fine Sand moderately well sorted 
13.7-15.2 Fine Sand moderately sorted 
15.2-16.2 Medium-Fine Sand moderately well sorted 
18.3-19.2 Medium-Fine Sand moderately sorted 
21.3-22.9 Medium-Fine Sand moderately sorted 
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Figure 3.3-7. Soil electrical conductivity (SEC) measurements with depth at the 
permanganate injection site. 
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3.4 Pre-Demonstration Testing and Analysis 
 

  
  
 

 

Figure 3.4.-1. Scaled contour plot of RDX 
concentrations (µg/L) within the injection site. 
Sampling occurred on 12/6/06. 
 

To maximize area of contact between permanganate solution and background groundwater, the 
vertical curtain between two injection wells was designed. To simplify design calculations, the 
following assumptions were made: 

• The aquifer is homogenous and isotropic 
• Permanganate velocity is horizontal  
• Velocity near screen is uniform 
• Convection does not play role in groundwater flow 
• Plume drift due to natural groundwater flow during the short injection time is negligible 
• Water extracted from well EW is equally split over injection wells IW-1 and IW-2 after 

dilution of permanganate 
• Curtain is complete when breakthrough of permanganate is observed in an extraction well 

(EW-1) 
• Groundwater recirculation rapidly reaches steady state (Zlotnik and Ledder, 1994). 
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Figure 3.4-2. Geometry of the injection analysis 

In the schematic diagram (Figure 3.4-6), the center circle represents the extraction well (EW-1) 
at coordinate x=0, y=0, and is flanked by injection wells IW-1 and IW-2 with coordinates x=-l, 
y=0 and x=+l, y=0, respectively.  To calculate the volume of water impacted by this delivery 
technique, we evaluated Darcian and linear velocity (Q  and v) along the x-axis using 
superposition of effects from all three wells with appropriate signs: 
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Here, we assumed that steady-state velocity is uniform over the screen length b.  The time T 
required for curtain completion can evaluated as a time required for a particle to arrive from 
location of IW-1 (or IW-2) to EW-1.was obtained as follows:  

( )
( ) ( )

Q
bnldxxlx

Ql
bn

l
xlx

bnQ
dx

xv
dxT

l

ll 2
2

2

2

0

22
22

2200 ππ
π

=∫ −=
−

⋅∫−=∫=                          (Eq 3.4-3) 

Pumping with discharge Q for this time produces the volume of groundwater V that is impacted 
with permanganate. 

2

2bnlTQV π
=⋅=                                                   (Eq 3.4-4) 

Note that these estimates strongly depend on the unknown parameter of effective porosity.  Note 
that travel time, T, is pumping-rate dependent, while total volume of injectate is independent of 
Q.  Therefore, pumping rate selection is independent of the pump capacity. 
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The approximated time T and volume V required for creating a continuous curtain of 
permanganate were estimated using the following parameter estimates. Considering b equal to 
well screen length (20 ft. or 6.096 m), porosity n approximately 0.3 for sand, and l is the distance 
between the extraction well and the injection well (15 ft. or 4.6 m), one obtains.  

hoursday
daym

mm
Q

bnlT 8.628.0
/2162

6.43.0096.6
2 3

222
==

⋅

⋅⋅⋅
==
ππ

  (Eq 3.4-5) 
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ππ               (Eq 3.4-6) 

These estimates may be on the high end considering that effective porosity is commonly less 
than full porosity by a factor of approximately 2.  In addition, travel time may be further reduced 
by the presence of preferential pathways of the injectate.  This means that the likely 
breakthrough time might be on the order of 2-3 hours.  After the breakthrough, the injectate 
recirculation between wells will provide a broader aquifer coverage. 

A pre-permanganate injection test was performed to explore the injection wells’ (IW-1 and IW-
2) ability to accept injected groundwater, and to monitor drawdown within the extraction well 
(EW-1) (Figure 3.2-1).  Injection wells were tested one at a time.  Prior to pumping, 3.81 cm (1.5 
inch) PVC piping was lowered approximately 3.05 m (10 ft) below the  static water level in wells 
IW-1, IW-2, and EW-1 to shield pressure transducers and dampen water level noise caused by 
cascading water.  One PTX-161 pressure transducer (In-Situ Inc.) was lowered down the PVC 
pipe in each well and connected to a Hermit 2000 datalogger (In-Situ Inc.).  Prior to 
pumping/injection, all three transducers were zeroed and the datalogger was initiated.  
Groundwater was pumped via a submersible pump (Aermotor A+ 75-500, Delavan, WI) a rate of 
151.6 L/min (40 gpm) from EW-1 through a flow meter and PVC pipe into one injection well.  
Drawdown was recorded in EW-1 and in the injection well which was not being tested.  Head 
build up was recorded in the injection well being tested.  The injection test was conducted until 
the head build up stabilized, which occurred in a very short time (Figure 3.4-7). 
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Figure 3.4-3. Testing well capacity: Upper row: head changes for re-injection to well IW-1; 
lower row: head changes for re-injection to well IW-2. 

3.5 Testing and Evaluation Plan 

3.5.1 Demonstration Installation and Start-Up 

Extraction, injection, and eleven monitoring wells were in place from the previous BAZE 
experiment.  The additional monitoring wells illustrated in Fig 3.2-1B were installed in April, 
2007.  ERI measurements were collected during May 21-23, 2007 (Figure 3.5-1) along ten lines 
to obtain background imaging of the site prior to permanganate injection .  ERI electrode 
installation consisted of installing metal stakes approximately 15 cm (6 in) into the ground   The 
site preparation consisted of determining ERI line locations. Power was supplied by a deep-cycle 
12 volt battery.  Traffic was controlled on the unpaved site road during this time with traffic 
cones.  The site for the monitoring wells was mowed in limited areas to improve site access. ERI 
lines needed to cross an unpaved road west of the injection site and into a soybean field. 
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Figure 3.5-1.  Map of 12 primary ERI line locations and monitoring wells for the site.  Heavy 
blue ERI lines C and 2 were used as monitoring ERI lines during injection.  Purple ERI lines 3 
and 4 were not collected during the background period. 

 

The ISCO injection experiment was performed on June 19th, 2007.  The previous day, Aquifer 
Solutions, Inc. connected their injection trailer to the pumping and injection wells (Figure 3.5-2).  
A safety fence was established around the area where concentrated permanganate was accessible.  
A field safety (decontamination) shower was installed on site.  Two ERI lines were established: 
Line 2 over the well curtain area and Line C perpendicular to the curtain over the extraction well 
(Figure 3.5-3).  The injection occurred for approximately 8 hours.  ERI data was collected 
continuously and repeatedly during, and immediately following the injection until 25 hours after 
the injection began.  After this initial monitoring period, the two original ERI lines were moved 
to collect data along the remaining 8 lines.  Based on observations at the monitoring wells, data 
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was also collected along two additional lines (ERI lines 3 and 4).  While the larger set of ERI 
data was being collected, the permanganate injection system was removed from the site. 

 
Figure 3.5-2.  Schematic of injection setup showing photo of Aquifer Solutions, Inc. trailer. 

 

On July 20 through the 22, 2007, a 12-line ERI dataset was collected from the site.  Mobilization 
and demobilization was performed the same as the original background dataset.  At this time, 
grassy areas that had been mowed had not grown significantly, but the soybean field was 
established. 

Geoprobe fluid samples were collected 24, 56, and 72 d after injection. Discrete groundwater 
samples were taken at 122 cm intervals (4 ft) in one borehole on July 17th, 2007, two boreholes 
on August 14th, 2007 and three boreholes on August 30th, 2007. 

The final ERI sampling period occurred between August 29th through the 31st, 2007.  The 
sampling evaluated 10 specific ERI lines.  Selected lines were imaged twice as deep to determine 
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if injectate had moved vertically below the previous datasets, and to confirm whether the ERI 
technique could distinguish the injectate from the geological materials.  

 
Figure 3.5-3.  Photo of injection and extraction wells and safety fence setup.  Location of ERI 
lines 2 and C are indicated with white dashed lines. 

 

3.5.2 Period of Operation 

The ERI project field work and confirmation borings were completed between May 21, 2007 and 
August 31, 2007 (Table 3.5-1). 
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Table 3.5-1: Field Activity Dates and Duration  

Activity Start Date End Date 
Number of ERI 

datasets 
Number of 

Borings 
       
Background Data 21/05/2007 23/05/2007 11  
Injection Preparation 18/06/2007 19/06/2007 2  
Injection 19/06/2007 20/06/2007 23  
Post Injection 20/06/2007 21/06/2007 10  
1 Month after Injection 20/07/2007 22/07/2007 12  
Geoprobe Sampling #1 13/8/2007 14/08/2007  3 
2 Months after Injection 29/08/2007 31/08/2007 10  
Geoprobe Sampling #2 30/08/2007 30/08/2007  3 

3.5.3 Amount/Treatment Rate of Material to be Treated 

The permanganate injected could transform and mineralize RDX.  Based on the volume of 
groundwater initially treated (16,200 gallons or 61324 L), the mass of RDX present could be 
estimated. From four monitoring wells (i.e., MW-12, MW-14, MW-15, and MW-16), RDX 
concentrations before injection ranged from 34.0 ug/L to 63.8 ug/L (i.e., average 46.85 ug/L). 
This average concentration times the volume equals 2,873 mg of RDX. The ERI site 
characterization treats no materials.  

3.5.4 Residuals Handling 

ISCO, because it treats on site and in place, produces no recoverable residuals.  Sodium 
permanganate reduction will produce MnO2  as a colloid that may precipitate, and sodium ions 
(Na+) that will remain in solution.  ERI site characterization produces no residuals.  

3.5.5 Operating Parameters for the Technology 

For ERI data collection, an experienced three person team can effectively collect the data.  Once 
lines are placed, a single person can monitor the equipment and collect data for transient 
analysis.  Although not used in this experiment, the system can be operated remotely for long 
term or higher risk environments. 

The equipment used to collect the ERI data includes standard survey gear to locate the array of 
electrodes in three-dimensional space.  In addition, approximately $50K worth of acquisition 
equipment is required to collect the data.  This includes stakes for coupling to the earth, cables to 
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communicate to the individual stakes, and a control system with resistivity meter to collect the 
data (Figure 2.1-1). 

3.5.6 Experimental Design 

The design of the ISCO demonstration is fully described in two UNL graduate students Masters 
theses. Specifically, Jeff Albano’s thesis (Albano, 2009) focused on the field-scale injection as 
well as bench-scale confirmation and measurement of RDX mineralization by permanganate 
over a range of concentrations and temperatures.  Additional information on site selection, 
regional and local geology and hydrogeology, calculation of the injection parameters 
(permanganate mass, injectate solution concentration, flux, and time) are also presented. Chanat 
Chokejaroenrat thesis (Chokejaroenrat, 2008), conducted over the same time frame, provides in-
depth analysis of the mechanisms associated with the permanganate-RDX reaction.   

3.5.6.1 ERI Data Collection  

The ERI data was used to track the distribution of injectate.  The primary depth of interest was 
17 to 23 m (55-75 feet).  For imaging from the surface, the primary issue is the detection limit of 
the injectate.  It was anticipated that the injectate would cause a large change in conductivity in 
the subsurface.  It was also assumed that since the test site had been used previously, that the 
hydraulic properties were reasonably well understood.  It was also assumed that the movement of 
injectate from the original well locations would be slow, with movement occurring on the order 
of months. 

The ERI data was collected with a 56 electrode array on the surface with a 3 meter spacing 
during four visits to [the site] in 2007 (May 21-23, June 18-21, July 20-22, and August 29-31) 
using an Advanced Geosciences, Inc., SuperSting R8 system.  This spacing generated a 165 
meter (541 feet) long line that imaged approximately 33 meters (108 feet) deep.  This 
arrangement was selected to vertically center the volumes surrounding the well screens within 
the measured domain.  This image depth also allowed the imaging to capture downward 
movement during injection.  The ERI method measures apparent resistivity with a resolution 
equal to half the electrode spacing, in this case 1.5 m (4.9 ft) both horizontally and vertically.  
Additional data were collected during the August 29 – 31, 2007 site visits using 6 m (19.7 ft) 
spacing to explore deeper geological materials and investigate the possibility that the injectate 
had flowed downwards. 

ERI can be collected under different protocols that may be designed to fulfill different needs and 
priorities.  In this investigation, two different protocols were used: 
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• a proprietary (“standard”) protocol designed to efficiently acquire and process high-
resolution data, which is used for characterizing sites, and for outlining contaminant 
plumes to within the half-electrode resolution;  

• a high noise protocol that performs better in high noise environments by acquiring a 
greater number of data at the expense of longer collection times.  This protocol is useful 
for environments where data will be lost due to anthropogenic interference. 

The initial background survey explored the related issues of surface coupling and data quality.  
Surface coupling, or contact resistance, describes the quality of the electrical connection between 
the electrode stakes and the ground.  Tests performed for each data line showed that the site 
provides good coupling with low contact resistance.  This allowed standard approaches to be 
used.  This also allowed data to be collected without adding salt water or additional materials to 
the stakes which may alter coupling over time. 

ERI data quality was explored by determining data repeatability and inversion error.  
Background testing indicated that the data repeatability was excellent, and the inversion error 
was low (3.1-4.8% RMS error).  This allowed data to be collected more quickly without the use 
of the high noise protocol.  The background data indicated that more spatial variation could be 
evaluated by collecting 10 to12 lines of data instead of the six proposed lines.  The site was an 
active agricultural area, so electrodes were replaced in the lines during each sampling interval 
instead of being installed for the duration of the experiment.  A summary of the lines collected 
can be seen in Table 3.5-2. 

Six temporally discrete ERI datasets were collected at the site:  
1. background data (5/21 – 5/23/2007);  
2. immediately prior to injection (6/18/2007);  
3. during injection (6/18/2007);  
4. immediately post-injection (6/19 – 6/21/2007);  
5. one month post-injection (7/20 – 7/22/2007); and  
6. two months post-injection (8/29 – 8/31/2007).   

These are described in further detail below. 

1. 5/21 – 5/23/2007: Background survey. 
During the visit, the site was evaluated and a data collection protocol was finalized.  
Visible site characteristics, well-placement, and guidance from Drs. Comfort and Zlotnik 
were considered and supported the decision to arrange multiple lines along (ERI Lines 1-
7, southwest to northeast) and perpendicular to (ERI Lines A - E, northwest to southeast) 
the injection-extraction well plane (Figure 3.5-1). 
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Of the southwest-northeast  numbered lines, Line 1 was hydraulically upgradient 
(northwest) of the injection-extraction well plane, the second (Line 2) was along the 
injection well plane, and the remaining three (Lines 5 through 7) were downgradient 
(southeast) of the well plane.  The last of these (Line 7) was along a line of previously 
installed southwest-northeast trending monitoring wells.  Note that line number 3 and 4 
were included after the injection demonstrated limited horizontal flow.  Of the five 
northwest-southeast trending lettered lines, the three interior lines were placed so as to 
intersect the injection (Lines B and D) and extraction wells (Line C).  The remaining two 
lines were placed approximately 10 m to the southwest (Line A) and northeast (Line E) 
of the injection wells.  Data were collected along all lines using the standard protocol 
with 3-m stake spacing.   
 
During the visit, ERI survey line endpoint coordinates were collected using a GPS to 
support future acquisition of ERI data along the same lines along without placing markers 
along the lines.  (Note that re-placement of lines on separate visits may not strongly 
support quantitative data quality assessment because stake placement is imprecise and 
resistivity characteristics of geologic materials vary over time with change in, for 
example, soil moisture.  Overall, non-quantitative quality can be assessed by visual 
inspection of images for similar distributions.) 

2. 6/18/2007:  Immediately prior to injection 
On the day prior to the injection, Line 2 (southwest-northeast, through the injection-
extraction well plane) and Line C (northwest-southeast, along the groundwater gradient 
and intersecting the extraction well) were emplaced.  This arrangement was left in place 
for the duration of and for approximately twenty hours following the injection.  A 
preliminary dataset (MEAD 13) was collected using the high noise protocol. 

3. 6/19/2007: During and immediately following injection 
Using the arrangement installed on 06/18, data was collected continuously during and 
following the injection.  Data was collected alternately on Line 2 (southwest-northeast) 
and Line C (northwest-southeast) without moving electrodes or cables.  During the 
injection, six datasets (file names MEAD14 through MEAD19) were collected in hopes 
of observing rapid changes in resistivity as the injectate flowed within the system.  As the 
injection ended, dataset MEAD18 and MEAD19, were collected using the standard 
protocol.  Two additional datasets (file names MEAD20 and MEAD21) were collected 
using the high noise protocol.  Finally, dataset MEAD22 was collected using standard 
protocol along Line 2 and Line C before moving the stakes.  Note that data quality is 
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suspect for dataset MEAD21 due to decreasing battery voltage during protocol execution, 
which took place overnight. 

4. 06/20/2007: ~1 day (26.5h) subsequent to initiating injection, ~17h subsequent to 
completing injection (1 day) 
Upon completing repetitive data collection on Line 2 and Line C, a full site survey of 
seven southwest-northeast lines (Line 1 through Line 7) and five northwest-southeast 
lines (Line A through Line E) using standard protocol, except Line 2 which was 
collected with high-noise protocol (dataset MEAD22).  In addition, data were collected 
along Line E using a standard with reciprocal protocol, with the reciprocal data used as a 
field-check of instrument and technique precision. 

5. 07/20/2007: ~31 days post injection (1 month) 
Approximately one month after the injection, the twelve ERI lines (southwest-northeast 
Line 1 through Line 7, and northwest-southeast Line A through Line E) were re-
established, stakes were installed at the same 3 m spacing along each of the recovered 
lines, and ERI data was collected using the standard protocol.  

6. 8/30/2007: ~72 days post injection (2 months) 
Approximately ten weeks after the injection,  using the same technique as on the prior 
visit, ERI data were collected along southwest-northeast Line 6 and Line 7; and along 
northwest-southeast Line D and Line E using standard protocol.  In addition, the stakes 
were extended from 3 m to 6 m spacing—extending in each direction from the center of 
the line—to explore deeper features along Line 6, Line D, and Line E (Figure 3.5-4).  
Further, to explore the possibility of a highly preferential flowpath to the east, two 
additional northwest-southeast trending lines were established: Line F, from which data 
was collected with 3-m stake spacing; and Line G, from which data was collected with 
both 3- and 6-m stake spacing, both using standard protocol.  The objective was to 
determine if the lower formation would allow imaging of deep permanganate. 
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Table 3.5-2: ERI Datasets 

 Background Injection One month Two 
month 

Line  Pre- Injection Post-   
1 X   X X  
2 X X X X X  
3    X X  
4    X X  
5 X   X X  
6 X   X X X 
7 X   X X X 
A X   X X  
B X   X X  
C X X X X X  
D X   X X X 
E X   X X X 
F      X 
G      X 
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Figure 3.5-4.  Location of additional 6 meter ERI lines relative to original 
10+2 line grid of 3 meter lines. 

 

Comparing multiple ERI datasets requires using a consistent color scheme.  The color scheme 
that best shows the resistivity distribution may not be the best scheme for showing transient 
changes in side-by-side images: that is, meaningful changes may not cause a perceptible change 
in the colors of the images.  To explore for and show meaningful changes requires differencing 
between the datasets.  Repetitive ER datasets—sets collected along the same line, using the same 
electrode configuration and spacing, and the same protocol—may be differenced to reveal 
transient changes. 

Differencing may be performed on both raw data and on inverted model data.  Raw data 
differencing directly compares two datasets recorded by the instrument in the field.  Inverted 
model differencing compares the results of two independently executed inversions as described 
above. 
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3.5.6.2  Injection Planning 

Tradeoffs between costs, time, availability of facilities, and uncertainty of the permanganate 
delivery were taken into account.  Two injection options for delivery of permanganate were 
considered.  In both cases, it was assumed that plume would drift with natural groundwater flow 
after injection; the option of continuous recirculation for several weeks that would keep plume in 
place was judged prohibitively expensive (e.g. Siegrest et al., 2001).  

An alternative method of delivering permanganate would have used temporary direct-push 
injection wells.  However, the rental costs of a direct push rig, time required to inject, small well 
diameter (less than 2"), and risks of screen clogging with colloidal permanganate were too high 
to consider this option.  In addition, EPA recommendation of utilizing a previous experiment site 
(BAZE) and available long-screen 6"-diameter wells implied that extraction-injection scheme 
seemed less risky and more economical (Figures 3.5-2 and 3.5-3). 

Drift of permanganate during curtain development was estimated by natural groundwater flow 
linear velocity from porosity n=0.3, water table slope i=0.0025, and Kh=20 m / day.  Linear 
velocity was estimated on the order of 0.15 m/day, and the permanganate drift during injection 
was on the order of 5 cm and could be safely neglected. 

Post-injection drift of the curtain with natural groundwater flow was monitored using 
breakthrough curves in wells downgradient from initial curtain location (e.g., MW-14, MW-15) 
and will be discussed based on results of groundwater sampling in the following section.  When 
considering this drift, note that the actual permanganate travel distance is shorter that distance 
between IW-1 and these wells because injection creates a zone around IW-1 that has a significant 
width.  

3.5.6.3 Injection Procedures 

Sodium permanganate (NaMnO4) was injected into the groundwater via a trailer-mounted 
proportional mixing-injection system (Aquifer Solutions, Inc. Evergreen, CO) (Figure 3.5-2).  
Groundwater was extracted from well EW-1 via a submersible pump (Aermotor A+ 75-500, 
Delavan, WI) at a rate of 151.6 L/min (40 gpm) and delivered to an intake manifold located 
onboard the trailer system (Figure 3.5-3).  Approximately 1707.2 L (451 gal) of 40% (w/w) 
sodium permanganate, spiked with potassium bromide (concentration), was pumped at 3.79 
L/min (1 gpm) from 1041 L totes to an intake manifold where extracted groundwater and sodium 
permanganate were mixed at a ratio of 40:1.  The mixed effluent was then gravity fed into each 
of two neighboring injection wells, IW-1 and IW-2 (Fig. 5.), at approximately 77.7 L/min (20 
gpm).  Sodium permanganate was continuously injected for 413 minutes with the exception of a 
10 min interval at 260 min when sodium permanganate totes were switched.  Following the 
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sodium permanganate injection, extracted groundwater from EW-1 was recirculated to wells IW-
1 and IW-2 for 42 min.  

Sodium permanganate concentrations were periodically measured on site with a portable 
spectrophotometer (Hach model DR 2800, Loveland, CO) to monitor the concentration delivered 
to the injection wells and breakthrough at the extraction well.  Specific conductivity was 
measured using a YSI 3000 T-L-C meter (Yellow Springs, OH) during each sodium 
permanganate measurement to establish a calibration curve to relate specific conductivity to 
sodium permanganate concentration. 

To monitor groundwater levels and buildup of a permanganate head during the 7-hour injection, 
20 m of continuous PVC pipe (3.8 cm diameter) was placed into each injection well to shield and 
dampen water level variations created by the cascading permanganate solution.  A water level 
meter (Solinst Model 101) was periodically lowered into the PVC pipes to record water levels.  

3.5.7 Sampling Plan  

3.5.7.1 Sample Collection 

The objective of sampling at the demonstration site was to provide data for evaluation of the 
effectiveness of the ISCO/ERI process.  Sampling included monitoring RDX degradation and 
permanganate consumption.  Groundwater was sampled pre-injection to establish ambient 
groundwater chemistry and initial RDX concentrations.  Post-injection groundwater samples 
were sampled to monitor and track RDX degradation, bromide movement, and permanganate 
consumption.  Groundwater was sampled using a Grunfos Redi-Flo2 submersible environmental 
sampling pump with Teflon hose.  A minimum of three well volumes were purged from each 
well before the samples were taken to ensure a true representation of the groundwater.  Samples 
were analyzed for permanganate on site using a Hach model DR 2800 Portable 
Spectrophotometer and off site using a Shimadzu model UV-2101PC  UV/VIS 
Spectrophotometer at 525 nm. Samples analyzed for RDX were quenched on site using 
manganese sulfate (MnSO4) to prevent further RDX degradation.  Because the quenching of 
permanganate with MnSO4 produces sulfate, and sulfate interferes with Br- analysis during 
analysis by ion chromatography, this quenching agent may not have been suitable for samples 
taken for Br- analysis.  Samples taken for Br- analysis were quenched with hydrogen peroxide.  
All water samples were kept in a cooler, chilled with blue ice on site and during transport, and 
refrigerated within the UNL soil environmental chemistry laboratory upon delivery.  RDX was 
analyzed by the UNL water science laboratory via a liquid chromatography/mass 
spectrophotometer (LC/MS) (Cassada et al., 1999). 
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The depth to water in each well was measured by an electronic depth meter. The logs of depth-
to-water and other direct real-time readings such as temperature, conductivity, Eh, pH and DO 
were kept in a field log book.  

3.5.7.2 Sample Analysis 

All groundwater samples collected from monitoring and injection wells were analyzed using 
standard methods approved by US EPA and /or ASTM. 

ERI data were analyzed with standardized protocols developed at Oklahoma State University 
(Halihan et al, 2005).  There are no standard US EPA and/or ASTM standards for collection and 
analysis of ERI data. 

3.5.7.3 Experimental Controls 

The experimental control (baseline data) for the ISCO and ERI demonstrations was collected 
prior to permanganate injection.  In addition, a dedicated monitoring well (MW01), which is 
located upstream of the injection wells, was sampled to determine the RDX concentration 
flowing into the demonstration area.  The samples from this monitoring well were analyzed 
following the same protocol as the samples obtained from the other monitoring wells.  The 
background ERI data collected during May 2007 allowed for experimental control of electrical 
conditions that existed prior to the injection. 

3.5.7.4 Data Quality Parameters 

Prior to sampling, each well was thoroughly purged (three well volumes) to remove the stagnant 
groundwater in order to collect representative samples. Ten percent of the total field samples 
were used for QA/QC for data completeness as well as accuracy.  Appendices A, B, and C 
contain the QAPP and SOP for laboratory and field sampling, which were developed for the 
permanganate injection. 

3.5.7.5 Data Quality Indicators 

ERI allows three primary tools to assess data quality.  These tools were used in various degrees 
throughout the project depending on the objective of the sampling period.  These tools are: 

• Repetition: the degree to which a sequential series of observations provide the same 
values; typically, the observation protocol is executed twice, preserving the configuration 
of the equipment from one measurement to the next.  The repetition error is measured as 
an error between the two identical measurements.  This is commonly used since it does 
not significantly alter the total measurement time period. 
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• Reciprocity: the degree to which resistivity measured in one current direction matches the 
resistivity measured in the opposite direction; typically, a “forward” protocol is run 
followed by a “reverse” protocol, preserving the configuration of the equipment.  This 
protocol is not as commonly used since it requires doubling the survey time to run the 
survey with complete current pairs.  For this reason, only one complete reciprocal set of 
data was collected. 

• Inversion RMS error:  The iterative inversion process of creating a model image of 
resistivity distribution, described above, isolates individual ER data points that cannot be 
reconciled with the inversion model.  Such points may be anomalous but correct 
measurements; or may result from, for example, instrument error or poor electrode 
coupling (i.e., hard rock, concrete, or dry sand).  A small number of such points are 
generally present in any ER dataset; the proportion of such data points indicates data 
quality: the smaller the proportion, the higher the data quality.  Prior work has 
demonstrated that 5 to 15 % is a typical range for good quality data, proportions greater 
than 15 % indicates questionable data quality, and proportions less than 5 % are 
exceptionally clean. 

• Additionally, densely collected data often provide a subjective indication of quality by 
demonstrating spatially consistent, and hydrogeologically reasonable distributions.  For 
example, independently-collected closely-spaced parallel ERI planes with strikingly 
similar patterns suggest good data quality.  Revisiting—similar to repetition, but with a 
time-delay and after removing and replacing the equipment—can provide a similar 
indication of data quality by providing nearly identical data at the same location at 
different times.  Finally, locations where lines cross should provide similar data. 

The data quality for the site was very good by all three measures.  Repetition error was generally 
less than 1% for more than 95% of the data (Figure 3.5-5).  As expected, reciprocal error was 
higher with about 10 percent of the data above 10 percent reciprocal error.  The reciprocal 
dataset was not conducted with each measurement immediately following the next.  Instead, an 
entire file of data was collected in one direction, then the reciprocal was collected.  This may 
have increased the reciprocal errors, but not significantly.  Finally, inversion RMS error was very 
good with a range from 3.0 – 6.2%.  The data also demonstrated smooth variations in parallel 
datasets indicating that the technique was collecting good quality data that provided consistent 
interpretations of the subsurface. 
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Figure 3.5-5.  Reciprocal and repetition error for ERI data collected at the BAZE site.  The data 
represents data for one complete ERI dataset. 

3.5.7.6 Calibration Procedures, Quality Control Checks, and Corrective Actions 

The instruments used for chemical analysis were calibrated daily from standards prepared from 
stock solutions.  Check samples were run after every 10 samples to validate the repeatability of 
the instrument.  The on-site, real-time instruments like ORP electrodes, pH meters, DO meters 
and electronic depth meters were calibrated prior to sampling.  The ERI instrument was checked 
prior to each sampling interval for the functioning of data channels and relays, and tested for 
calibration.  The battery voltages were maintain above 12.1 volts to ensure data quality, except 
during an overnight data collection after injection when the battery voltage went below 
standards. 

3.5.8 Demobilization 

Demobilization of ERI equipment involved removing stakes, cables, and flagging from the 
survey areas.  This was relatively straightforward except in the area of the site that was planted 
with soybeans.  Vegetation grew over the period of the demonstration and it became extremely 
difficult to find the electrode stakes in the field.  A few were left in the field and became 
problematic at harvest time.  The field procedures have now been modified to include wire flags 
at the location of each electrode when working in highly vegetated areas. 
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3.6 Selection of Analytical/Testing Methods 
 
See Appendices A and B.  
 
3.7 Selection of Analytical/Testing Laboratory 
 
See Appendices A and B. 
 

4. Performance Assessment 

 

4.1 Performance Criteria 

Table 4.1-1: Process Performance Criteria 

Performance Criteria Description Primary or Secondary 
Contaminant Reduction Identify the contaminants that 

the alternative technology will 
destroy 
 

Primary: RDX, note that the 
LC/MS analysis which were used 
in this demonstration, routinely 
analyzes for TNT, RDX, HMX 
and common degradation 
products 
 
Primary: ERI measuring 
permanganate plume (spatial and 
temporal) 

Contaminant Mobility Identify any contaminants 
whose mobility may be 
increased or decreased (even if 
not degraded) by the alternative 
technolgoy 

Generally the ISCO process will 
not affect the mobility of any 
contaminant in the groundwater. 
Precipitation of MnO2 could 
reduce hydraulic conductivity but 
we will be re- measuring 
hydraulic conductivities before 
and after the permanganate 
injection to quantify if any 
changes occurred. 
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The ERI is not intrusive and had 
no affect on the sampled area. 

Hazardous Materials Identify any hazardous materials 
that will remain or might be 
introduced by the alternate 
technology 

ISCO required the injection of 
NaMnO4 as the chemical oxidant. 
RDX was the primary target of 
the treatment process. Natural 
oxidant demand of the aquifer 
material will eventually consume 
the permanganate as it move 
downgradient.   

Process Waste Identify any process waste 
produced by the technology. It 
there is such a waste, describe 
its volume, and hazardous that 
are associated with it, and how 
it will be handled. 

ISCO is an in-situ process, so 
little process waste was produced 
throughout the demonstration. 
Purge water that was tainted with 
permanganate was taken to the 
nearby pump and treat facility 
where it was run through the 
activated carbon filters. 
 
ERI did not generate any process 
wastes. 

Factors Affecting 
Technology Performance 

Describe how technology 
performance is affected by 
operating conditions (e.g., flow 
rate, feed rate, throughput, 
temperature, etc.). Describe how 
matrix effects (e.g., soil type, 
particle size distribution, 
groundwater pH, DO, other 
contaminants, etc.) may affect 
technology performance. 

Flow rate and feed rate will affect 
the size and time needed to 
establish a curtain of 
permanganate between injection 
wells IW1 and IW2. 
 
Environmental variables 
influencing the rate and extent of 
contaminant degradation with 
permanganate in groundwater 
are: (i) natural oxidant demand of 
the groundwater matrix; (ii) 
temperature; (iii) pH and ionic 
composition of the groundwater. 
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ISCO with permanganate can be 
cost effective at sites that have 
relatively high saturated 
permeabilities (conductivity >  
10-4 cm/s); low organic carbon in 
groundwater (<0.5%); and pH in 
the optimal range of 7 to 8 
(USDOE, 1999).  Based on 
previous evaluations 
(Woodward-Clyde, 1995), these 
criteria are met at the Nebraska 
Ordnance Plant. Secondary: DO, 
pH and temperature were 
periodically monitored following 
permanganate injection.  
 
ERI performance was controlled 
by two factors.  First contact 
resistance between electrodes and 
the ground can limit either 
injected current or potential 
measurements.  This can be 
controlled by the addition of a 
half liter of salt water around a 
dry electrode, but was not an 
issue for the site.  The second 
factor is the electrical contrast 
between the permanganate plume 
and the surrounding aquifer.  It 
was anticipated that the injected 
permanganate mass would 
generate a strong conductive 
signature in the subsurface. 
 

Reliability Issues addressed should include, 
but not limited to, potential 

Breakdowns are limited to the 
timeframe encompassing the 
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breakdowns of the equipment 
and sensitivity to environmental 
conditions 

permanganate injection.  Once 
the permanganate injection was 
completed, reliability issues of 
the ISCO process were 
minimized. 
 
ERI reliability was limited to 
equipment failure at the site.  
Spare batteries prevented power 
source issues, and spare 
equipment was available to be 
delivered on an overnight basis if 
equipment failed.  

Ease of Use Describe the number of people 
required in the demonstration. 
Address the level of skills and 
training required to use the 
technology. Can technicians 
operate the equipment, or are 
operators having higher skills 
and education required? Is 
continuous monitoring of the 
process required? Indicate 
whether OSHA’s health and 
safety training is required 

ISCO required 2 to 3 people to 
perform the permanganate 
injection.  Note several 
HAZWOPER-trained graduate 
students were also be on hand to 
benefit from this research 
demonstration.  
 
Moderate level training was 
required for permanganate 
injection such as: HAZWOPER, 
operation of pumps, meters, and 
real-time measurements like pH 
and ORP meters. 
 
ERI measurements required two 
individuals trained in ERI 
measurements and a third to help 
deploy and manage the 
equipment. 

Versatility Describe whether the 
technology can be used for other 
application(s) and whether it 

The ISCO technology does not 
have any specific boundaries of 
use.  Provided groundwater can 
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can be used at other locations. If 
not, could it be adapted? To 
what extent would the 
technology have to be adapted 
so that it can be used in other 
settings? 

be reached by injection wells, 
any site containing explosive-
contaminated groundwater can be 
treated. 
 
The ERI technology can 
generally reach a depth of up to 
100 feet.  Typical line length for 
this depth is 500 feet.  The 
technique can be performed in 
both consolidated and 
unconsolidated sediments,  hard 
rock environments, and urban 
settings.  Performance is limited 
if a sufficient connection cannot 
be obtained with the subsurface. 
This would be caused by thick 
concrete that cannot be drilled 
through or similar large insulator. 

Maintenance Discuss routine required 
maintenance, including 
frequency and labor involved. 
Described the level of training 
required for maintenance 
personnel. 

The ISCO and ERI technology is 
a low or no maintenance in situ 
process. 
 
The ERI equipment is generally 
removed from the site after a 
sampling period.  A system can 
be deployed for long term remote 
sampling, and would require 
maintenance of the system power 
and data transmission equipment. 

Scale-up Constraints Describe potential issues of 
concern (e.g., engineering or 
throughput constraints, 
interferences) associated with 
scaling up the technology for 
full implementation, and how 

Potentially there are no 
constraints scaling up the ISCO 
technology.  The engineering 
issue is the number of injection 
and monitoring wells needed to 
address the size of the explosive 
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the issues of concern will be 
addressed in the demonstration. 

plume.  ERI could aid greatly in 
this process by spatially and 
temporally tracing the 
permanganate plume following 
injection. 

4.2 Performance Confirmation Methods 

Groundwater samples collected from monitoring wells (MW) will be analyzed weekly by the 
laboratories listed in Section 3.8. The chemical analysis methods are standard methods approved 
by US EPA and/or ASTM.  

The instruments used for chemical analysis were calibrated before each use from standards 
prepared from stock solutions.  Check standards were run after every 10 samples to validate the 
repeatability of the instruments.  

On-site instruments like ORP electrodes, pH meters, DO meters, and electronic depth meters 
were calibrated prior to sampling for instrument reliability and repeatability. 

ERI instruments were tested for calibration and to ensure that switching relays are performing 
properly prior to surveying.  Voltage on batteries during surveys were maintained above 12.1 
volts except on one overnight survey.  Data was collected by repeating measurements for each 
data point collected.  Data that was not repeated within 2% was excluded from the datasets.  Data 
QA/QC followed procedures established by OSU and Aestus, LLC. 

The experimental control for obtaining baseline data in the ISCO demonstration was from the 
monitoring well (MW00) that was 30 feet upstream from the injection zone.  MW00 was 
sampled at every sampling to develop baseline RDX concentrations.  

Ten percent of the total field samples were collected for QA/QC data completeness as well as 
accuracy.  We determined the initial RDX concentration in the permanganate injection zone and 
then tracked changes in RDX as the permanganate and RDX moved down gradient.  We also 
monitored MW00 and the injection zone wells throughout the experiment to determine the influx 
of RDX.  Table 4.2-1 summarizes the expected performance levels of the ISCO/ERI 
demonstration project and the analytical methods to evaluate ISCO/ERI effectiveness.   
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Table 4.2-1: Project Performance Confirmation Methods 

Primary Criteria Expected Performance 
Metric (pre demo) 

Performance Confirmation 
Method* 

PRIMARY CRITERIA (Performance Objectives) 
(Qualitative) 
Contaminant mobility ISCO/ERI does not have any 

influence on contaminant 
mobility 

Analysis of samples from 
monitoring wells using EPA’s 
SW846-8330 and UNL Water 
Sciences Laboratory LC/MS 
methods. 

Faster remediation A decrease in RDX 
concentration from ~70 µg/L 
to <2 µg/L, which is the HA 
for RDX.  

Analysis of samples from 
monitoring wells using EPA’s 
SW846-8330 and UNL Water 
Sciences Laboratory LC/MS 
methods. 

Ease of Use Implementation of ISCO/ERI 
will complement each other in 
determining permanganate 
location and RDX destruction 
rates 

A comparison of RDX 
destruction with ERI images 
of permanganate 
concentrations will confirm or 
reject whether ERI can 
complement ISCO. 

PRIMARY CRITERIA (Performance Objectives) 
(Quantitative) 
Target Contaminant 

- % Reduction 
 
- Regulatory standard 

 
RDX Removal by 97% 
 
Achieve US EPA’s HA 
concentration (2 µg/L) for 
RDX 

 
Comparisons of RDX 
concentration between 
samples from monitoring 
wells and initial RDX 
concentrations. 

Hazardous Materials None Degradation products of RDX 
will be screened by LC/MS 
using Cassada et al., 1999 

Process Waste None Observations in the field 
Factors Affecting 
Performance 
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- Throughput 
 
 
 
 
- Media size 

 
 
 
 
 

- Media constituents 
 
 
 
 

Not a concern, as most of the 
time for injection and 
sampling is fixed. 
 
 
NOP aquifer material is sandy. 
 
 
 
 
 
Media constituents will not 
affect ISCO/ERI process as 
the permanganate is soluble in 
water and has no affinity for 
sorption 
  

Sample analysis at flow rates 
present at each sampling 
interval, which may be differ. 
 
 
ERI measurements yielded a 
spatial distribution (2-D) of 
the permanganate plume. This 
2-D image will verify how 
well permanganate was 
injected. 
 
Analysis of permanganate 
concentrations from 
monitoring wells using UV 
detection. 
 

SECONDARY PERFORMANCE CRITERIA 
(Qualitative) 
Plume size RDX size in demonstration 

area will get smaller 
 
 
 
 
Permanganate plume size will 
dissipate and decrease in 
concentration as it moves 
down gradient 

Analysis of samples from 
monitoring wells using EPA’s 
SW846-8330 and UNL Water 
Sciences Laboratory LC/MS 
methods. 
 
ERI 2-D images of 
permanganate plume was to 
confirm 

Reliability No breakdowns Record keeping 
Safety 

- Hazards 
- Protective clothing 

 

 
Oxidants 
Modified Level D PPE (see 
Sec. 3.6.8) 

 
Experience from 
demonstration operation 

Versatility 
- Intermittent operation 

 
No, oxidant will be added only 
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- Other applications 

once. 
 
ISCO/ERI process can be 
applied to any explosives 
contaminant aquifer with 
slight modifications on 
quantity and frequency of 
amendment addition.   

 
 
ISCO/ERI results will confirm 

Maintenance 
- Required 

 

 
None, except for pump or 
other equipment breakdown 

 
Experience from 
demonstration operation 

Scale-Up Constraints 
 

- Engineering 
 
 
 
- Flow rate 
 
 
 
- Contaminant 

concentration 

 
 
None, only more wells may be 
needed depending on plume 
shape and size 
 
Flow rate will control 
timeframe needed for 
permanganate injection 
 
Not a concern. 

 
 
Monitor during demonstration 
operation. 
 
 
Experience from 
demonstration operation 
 
 
Experience from 
demonstration operation 
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4.3 Data Analysis, Interpretation, and Evaluation 

4.3.1 ERI Data 

During the course of the experiment, two spacings were used for ERI lines.  The 3-meter 
spacings resulted in ERI datasets (pseudosections) that were 165 meters long and 33 meters 
deep.  The 6-meter spacings resulted in datasets that were 330 meters long and 66 meters deep.  
The datasets indicate a shallow conductive layer less than 100 ohm-meters that extends between 
4-5 meters (13-16 feet) depth (Figures 4.3-1 and 4.3-2) to an elevation of approximately 350 
meters.  Beneath that layer is a highly variable layer that extends 20-30 meters deep with a range 
in resistivity from 100-10,000 ohm-meters.  The layer ends at an elevation of approximately 320 
meters.  

 

 

 

 

Figure 4.3-1. 2D ERI pseudosection of ERI line D with location of wells on the line.  The 
location of crossing lines are indicated with black vertical lines. 
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Figure 4.3-2. Six-meter 2D ERI pseudosection of ERI line D with location of wells (if present) on 
the line.  The location of crossing lines are indicated with black vertical lines. 

 

The ERI dataset compare well with hydraulic conductivity data for the monitoring well system at 
the site.  A significant increasing trend exists between the geometric mean ERI data for the 
screened intervals of the monitoring wells and the hydraulic conductivity data at the wells 
(Figure 4.3-3).  Although a simple logarithmic trend is possible, the tracing results as well as the 
hydraulic conductivity data suggest that above approximately 3000 ohm-meters, the hydraulic 
conductivity decreases.  This is interpreted as a decrease due to either compaction or cementation 
that caused higher resistivity and slightly lower hydraulic conductivity. 

When compared to direct push EC logging, the first layer is comparable to the result from EC 
logging in that the large increase in conductivity is observed in the same location.  When 
compared to sediment cores, a distinct difference is noted (Figure 4.3-4A).  While the upper 
conductive layer corresponds well to the thickness and expected resistivity of the Peoria Loess, 
the Todd Valley Formation is logged as a divided unit in the sediment logs at an elevation of 
approximately 336 meters.  The ERI datasets indicate that this is a break point, but that the 
electrical layer extends much deeper.  The ERI datasets and the sediment logging agree again on 
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the location of the Dakota Group, which appears to exist at an elevation of approximately 320 
meters, although as part of this study, no core was available to that depth.  

 

 
Figure 4.3-3.  Geometric average of ERI datasets for location of screened intervals of 
monitoring wells compared with the hydraulic conductivity at the wells.  The trend (solid black 
line) indicates a general increase in hydraulic conductivity with increases in resistivity.  The 
dashed line indicates the expected trend when factoring in the results of the tracer test which 
supported a conclusion that the high resistivity areas (>3000 ohm-m) were less hydraulically 
conductive. 

 

The resistivity images show no appreciable differences post injection.  The amount and 
conductivity of the injectate was expected to cause significant changes to the resistivity images.  
As this did not occur, differencing was performed to evaluate changes in the resistivity between 
time periods.  Only differencing between pre-injection and immediately post-injection showed 
any discernable changes.  The majority of these changes were observed on the lettered lines B-D.  
The other orientation provided signal only for locations where the stakes were not moved 
between surveys (Lines 2 and C) (Figures 4.3-4 and 4.3-5).  At these locations, both positive and 
negative changes occurred.  The changes ranged from -13% to 13% which was much smaller 
than expected.  The location of the changes indicates that significant changes occurred above the 
water table.  The other changes occurred upgradient of the injection wells and vertical below and 
to the southwest of the injection wells.  These changes were consistent with a conductive 
injectate being placed in the aquifer.  The changes exist over the entire injection wall domain.  
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The positive changes are associated with the location of the on-site road (Figure 3.4-4 B) and 
some areas near the water table, which may indicate areas that drained during the injection 
phase. 
 

A) 

 

B) 

 
Figure 4.3-4.  A) Resistivity of ERI Line 2 (through injection plane) showing location of wells 
used to develop permanganate curtain, and the lithology develop for the site using other 
techniques  B) Resistivity difference after injection. 
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Figure 4.3-5.  A) Resistivity of ERI Line C (parallel to natural gradient)showing location of 
extraction well used to develop permanganate curtain and monitoring wells.  B) Resistivity 
difference after injection. 
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Figure 4.3-6.  A) Resistivity of ERI Line 2 (parallel to injection curtain) showing location of 
extraction and injection wells used to develop permanganate curtain.  Heavy overlay indicates 
area of greatest resistivity change after injection.  B) Resistivity of ERI Line C (perpendicular to 
injection current) showing location of extraction well used to develop permanganate curtain and 
monitoring wells.  Heavy overlay indicates area of greatest resistivity change after injection.   
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Figure 4.3-7. ERI differences along ERI lines B, C, and D.  Data collected for lines B and D by 
differencing datasets where stakes were replaced instead of being held constant. 
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The areas of increased conductance correspond to the higher hydraulic conductivity areas 
mapped by the ERI technique (Figures 4.3-3 and 4.3-6).  The increased conductive area appear to 
move away from the highly resistive zone in line 2 at 100 meters lateral distance (Figure 4.3-6A) 
and appear to move under the low resistivity area at 75 meters and the high resistivity area at 100 
meters on line C (Figure 4.3-6B).  Differencing of line B and D indicate that line C was the 
smallest change of all three lines.  The injection well locations have a much larger signal than the 
extraction well location, approximately twice as high (Figure 4.3-7).  The other orientation 
showed no consistent pattern for changes except for the line 2, which left the electrodes in place 
during the injection. 

 

 
Figure 4.3-8.  3D representation of full 3 meter ERI datasets of BAZE site.  Transparent areas 
are interpreted to correspond to areas of higher hydraulic conductivity and thus preferential 
pathways for the injection. 
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4.3.2 Injectate Data 
 
Based on our modeling efforts (Eq 3.4-1 – 3.4-6), and assuming piston-type flow (i.e., no 
dispersion), approximately seven hours of pumping (extraction-injection) would have been 
required to complete the permanganate curtain. Initial permanganate breakthrough at the 
extraction well, however, was observed within 77 min (1.3 h). Once all the permanganate had 
been injected into the injection wells (IW-1 and IW-2) (t = 6.88 h), the sodium permanganate 
concentration in the extraction well (EW-1) had only reached  2386 mg/L, indicating that a 
uniform curtain of permanganate was not established across the injection wells. Electrical 
resistivity imaging (ERI) conducted during the injection process indicated that our conceptual 
curtain failed to develop. The ERI data indicated that the sodium permanganate migrated 
upgradient in the vadose zone due to preferential flowpaths. The ERI data also showed that the 
sodium permanganate was not substantially drawn towards EW-1. Moreover, we observed 
different head buildups in the injection wells during the permanganate injection.  IW-1 had a 
maximum buildup of 3 m of permanganate while IW-2 was at 7 m (23 ft) near the end of the 
injection.  IW-1 and IW-2 head differences were previously encountered during a 30 min pre-
injection test using water but not to the extent observed during the permanganate injection. The 
differential head buildup observed between injection wells also likely contributed to a less than 
uniform distribution of permanganate.  
 
RDX concentrations temporally decreased in wells closest to the injection wells (IW-1, IW-2, 
Fig. 3.4-9) as the permanganate migrated down gradient. We observed RDX degradation rates of 
0.12/d in MW-12 and 0.087/d in MW-14. These rates were lower than what was observed under 
batch conditions at 11.5ºC and likely a result of a lower initial permanganate concentration (6000 
versus 15000 mg/L). RDX concentrations decreased nearly 80% (from 64.6 to 13.1 µg/L) in 
MW-12, 70 % in MW-14 (from 54.3 to 16.2 µg/L), 73% in MW-15 (from 87.3 to 23.5 µg/L), 
and 75% (from over 45 to 11 µg/L) in MW-16 before permanganate breakthrough was complete. 
We observed a slight decrease in RDX in MW-17 and MW-4 (data not shown). The 
permanganate concentrations sampled in MW-17 and MW-4 did not show a true breakthrough, 
which corresponds to the scattering RDX concentrations measure in both wells.  
 
When permanganate and bromide breakthrough curves were normalized to the maximum 
concentrations observed, the MnO4

-/Br- BTC in wells MW-12, MW-14, and MW-15 were nearly 
identical and indicated that permanganate consumption by native SOD was minimal (Fig. 3.4-
10). By integrating the MnO4

-/Br- BTC, we estimate permanganate consumption was between 
0.25 to 0.76% for wells MW-12, MW-14, and MW-15 indicating low permanganate 
consumption after a linear distance of 6 m (20 ft). These data are also supported by the fact that 
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sodium permanganate fingers were also observed while multilevel sampling via direct push at 
concentrations in excess of 900 mg/L 72 d after injection and at a linear distance of >14.5 m 
from IW-2 (Fig. 3.4-11). The low oxidant demand of both aquifer and groundwater (i.e., RDX 
concentration) indicate that permanganate could potentially oxidize a large volume of RDX-
contaminated groundwater within the Todd Valley Aquifer. Also note in Figure 3.4-11 that some 
of the multilevel sampling seem to indicate that less conductive region of the aquifer (layers 
were permanganate was not found) were void of RDX, meaning that both permanganate and 
RDX appear to take similar flow paths. 
 
Permanganate breakthrough was observed in all wells within the field site except MW-2 and 
MW-3.  Fluid electrical conductivity measurements conducted prior to groundwater sampling 
also provide evidence that the permanganate plume did not uniformly enter the monitoring well 
screens but followed preferential flow paths found during multi-level slug testing of MW-15 
prior to permanganate injection (Fig. 3.3-6).  Monitoring wells only captured fingers of 
permanganate, that when sampled mixed treated and non-treated groundwater during pumping, 
therefore, diluting permanganate/bromide concentrations within the well and possibly increasing 
RDX concentrations due to mixing (Fig. 4.3-12) 
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Figure 4.3-9.RDX and permanganate breakthrough curves observed in field monitoring wells. 
Open circle symbols with crosses were used to calculate RDX degradation kinetics (i.e. fitted 
lines). 
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Figure 4.3-10. Sodium permanganate and Bromide breakthrough curves obtained from MW-12, 
MW-14, and MW-15. 
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GeoProbe Sampling

Depth (ft) NaMnO4 Conc.(mg/L) RDX Conc. (ug/L)
76-80 0 24
81-85 0 79
86-90 148 145
91-95 920 74
97-100 0 13
102-103 168 63

Depth (ft) NaMnO4 Conc.(mg/L) RDX Conc. (ug/L)
61-65 2780 18
66-70 5303 42
71-75 2792 42
76-79 117 68
81-84 2770 141

Depth (ft) NaMnO4 Conc.(mg/L) RDX Conc. (ug/L)
61-65 0 <5
66-70 259 27
71-75 0 <5
76-80 0
81-85 0 195
88-90 1797 179

Depth (ft) NaMnO4 Conc.(mg/L) RDX Conc. (ug/L)
61-65 0 <5
66-70 0 <5
71-75 0 <5
76-80 0 <5
81-85 0 <5
86-90 0 <5
93-95 512 37

Day 72

 Day 24

Day 56

Day 56

Day 72

IW-1

EW-1

IW-2

MW-12

MW-13

MW-14

MW-15

MW-16

MW-17

MW-4

MW-3

MW-2

15.24 m

9.14 m

Day 72

Depth (ft) NaMnO4 Conc.(mg/L) RDX Conc. (ug/L)
76-80 0 8
81-85 0 15
86-90 0 12
91-95 0 14
96-100 0 11
103-105 0 15

Depth (ft) NaMnO4 Conc.(mg/L) RDX Conc. (ug/L)
76-80 0 8
86-90 258 97
91-95 593 50

96-100 220 33
102-104 168 10  

Figure 4.3-11. Permanganate and RDX groundwater concentrations with depth as obtained 
through multi-level sampling.  
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Figure 4.3-12. Permanganate profile concentrations in monitoring wells prior to pumping for 
groundwater sampling. 
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4.3.3 Data Comparison 

The results of ERI and groundwater sampling clearly indicate that the predicted injection did not 
move in the anticipated directions and rates.  For the chemistry, the areas that were sampled 
performed similarly to laboratory experiments, but the samples were more difficult to obtain as 
much of the injectate appeared to move below the monitoring well system.  Without installing 
addition piezometers, the thin fingers of injectate could not be monitored to further assess the 
degradation process. 

The ERI data provided a quantitative assessment of the hydraulic conductivity field of the site 
allowing an understanding of the variability observed in multilevel slug tests.  This quantitative 
comparison indicates that ERI or similar geophysical data (i.e. helicopter electromagnetic data), 
may be useful in assessing the aquifer for sampling or planning remediation programs. 

The ERI data was intended be quantitatively compared with well data as part of the transient 
analysis of the dataset.  Unfortunately, with the results found, the injectate location and the wells 
did not correspond.  The data suggested that the injectate moved upgradient approximately 15 
meters in preferred pathways in the vadose zone.  An asymmetrical curtain of injectate appeared 
to form upgradient from the injection/extraction well system.  The injectate then appears to move 
vertically downward and beneath the monitoring wells.  It is not clear if this movement was a 
density effect or the effect of vertical gradients on the site as no data on vertical hydraulic 
gradients are available.  As the only time period that was cleanly detectable was immediately 
after injection, the signal included wetting of the vadose zone by the cone of injection, thus the 
signal was comprised of both injectate and changes in moisture content in the vadose zone. 

Aside from the unexpected movement of the injectate, two properties appeared to affect the ERI 
analysis, the general formation properties and geometry, and the fluid distribution.  The aquifer 
geometry can electrically be approximated as a two layer system.  The upper conductive layer of 
silt provided suppression of the signal due to the large contrast with the aquifer material.  The 
upper layer resistivities were on the order of 10 ohm-meters (lower than expected) while the 
aquifer was on the order of 1000 ohm-meters (higher than expected).  This yields a ratio of 
approximately 100 between the two layers.  Additionally, the upper layer thickness of 
approximately 6 meters gives a ratio with the electrode spacing of 3 meters of 0.5 which makes 
the interpretation more difficult (Telford et al., 1990). 

Direct push sampling of the injectate indicated that the fluid was moving as fingers less than 1.2 
meters (4 feet) in thickness.  As the resolution of the technique is 1.5 meters as performed, the 
fluids were moving in fingers that were below the resolution of the technique.  While this does 
not eliminate the possibility of detecting the material, it limits the expected signal strength. 



 

 82

For the technique, the site provided a challenging geometry that limited the ability to 
quantitatively assess the injection, but did provide an ability to observed the injectate in locations 
where monitoring wells were unavailable.  In other aquifers, the signal can be much stronger and 
provide better controls over the injection process (Sima et al., 2008).  

Following the injection, permanganate samples were collected from the monitoring wells for 63 
days.  During this time, between five and eight wells contained measurable quantities of 
permanganate.  The ERI data, EC monitoring data, and direct push samples all indicate that the 
majority of permanganate went below the monitoring well screens.  A spatial and temporal 
analysis of the relationship between ERI resistivity values and permanganate concentration was 
performed to determine if there was correlation between the two datasets.  The statistical power 
of the data are limited as there were few wells that had injectate appear. 

The spatial relationship between ERI values at monitoring wells and permanganate 
concentrations was variable in the first two weeks after the injection.  After that period, the 
plume appeared to stabilize and from day 14 to 45, the relationship between ERI resistivity and 
sodium permanganate concentration was stable with a logarithmic relationship (average R2 factor 
of 0.45).  This relationship is illustrated from the sampling data collected one month after the 
injection occurred (Figure 4.3-13).  During this time period the slope, intercept, and R2 values of 
the relationship remained stable (Figures 4.3-14 – 4.3-16).  Later, as the concentration dropped , 
the relationship began to change.  These limited data indicate that the ERI mapping allows a 
monitoring of the spatial distribution of permanganate by providing a mapping of the hydraulic 
conductivity distribution.  Modifications to the monitoring protocol would be required to provide  
a direct mapping of concentration. 
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Figure 4.3-13. ERI resistivity versus sodium permanganate concentrations in monitoring wells 
one month after injection.  Best fit line represents slope, intercept and R2 value for the single 
time period. 

 
Figure 4.3-14.  Slope of best fit line for ERI resistivity versus sodium permanganate 
concentrations in monitoring wells from the time of injection to 63 days following injection.  The 
average slope value from 14 to 45 days is highlighted with a thick line. 
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Figure 4.3-15.  Intercept of best fit line for ERI resistivity versus sodium permanganate 
concentrations in monitoring wells from the time of injection to 63 days following injection.  The 
average slope value from 14 to 45 days is highlighted with a thick line. 
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For future monitoring experiments, several protocol modifications can be made to improve 
results.  First, semi-permanent electrodes can be installed at the surface for the duration of the 
experiment.  While this will not improve the results dramatically, they can provide an increase in 
signal to noise ratio that can be important.  Secondly, any monitoring system should include 
smaller piezometers screen lengths to ensure less fluid mixing occurs in the samples for 
geophysical calibration.  Third, imaging for only fluid movement should be included at the same 
flow rates and locations as the planned injection.  This will potentially enable the vadose zone 
changes to be separated from the injectate signals.  This can be done with or without electrical 
tracers such as chloride or bromide solutions.  Finally, injection curtains should be established at 
lower pumping rates to control fingering.  The lower head changes in the aquifer will increase 
injection costs, but will likely improve delivery to the zones of interest.  These changes are 
detailed in section 6.4 

 
Figure 4.3-16.  R2 values for best fit line for ERI resistivity versus sodium permanganate 
concentrations in monitoring wells from the time of injection to 63 days following injection.  The 
average slope value from 14-45 days is highlighted with a thick line. 
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5. Cost Assessment 
 

5.1 Cost Reporting 

Table 5.1-1: Cost Tracking 

COST CATEGORY SUB CATEGORY DETAILS 
START-UP COSTS Site Characterization 

 
 
 

Measurements of background 
ERI of groundwater 

Mobilization Includes (but not limited to) 
planning, contracting, 
personnel mobilization, 
transportation and site 
preparation 

CAPITAL COSTS 
 
 

Capital Equipment Purchase ERI equipment: 
Resistivity Instrument 
Switchbox 
Cables 
Stakes 
Laptop computer 

Ancillary Equipment Purchase Sampling Pumps 
DO Electrode/Meter 
ORP Electrode/Meter 
Conductivity Electrode/Meter 

Modifications None expected 
Structures, Installation Injection and monitoring wells 
Engineering Monitoring and injection well 

design. Note this is same as 
BAZE system 

OPERATING COSTS 
 
 
 
 

Capital Equipment Rental Pump and injection equipment 
Ancillary Equipment Rental A small dumpster and portable 

outhouse will be rented and 
placed on site during 
permanganate injection and 
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initial ERI measurements. 
 
700W generator for pumps 

Supervision  
Operator Labor ISCO: two personnel for 1 

week (40 h) 
 
ERI: three personnel for 2 d 
(16 h) per sampling  

Operator Training ISCO: HAZWOPER 
 

Maintenance Periodic pump maintenance 
during permanganate injection 

Utilities None at demonstration site 
Raw Materials None expected 
Process Chemicals Sodium Permanganate 

Potassium Bromide (see Sec. 
3.6.3) 

Nutrients None 
Consumables, Supplies Teflon tubing for sampling, 

Glassware for sampling 
Shipping containers 

Residual Waste Handling None expected 
Offsite Disposal None expected 
Sampling and Analysis  

Indirect Environmental 
Activity Costs 

Environmental and Safety 
Training 

HAZWOPER 

OSHA Ambient 
Environmental Sampling 

Not required 

Demobilization Injection equipment removal Removal of inflow 
permanganate injection 
equipment 
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5.2 Cost Analysis 

5.2.1 Cost Comparison 

The most commonly used technologies for remediating RDX in groundwater is pump-and-treat 
with GAC adsorption.  Unique to this project is that because we are using the exact location of 
the BAZE project, costs of this ISCO/ERI project can be directly compared.  Similar comparison 
between pump and treat and ISCO with permanganate have been previous published (Cronk and 
Marvin, 2004).  

 5.2.2 Cost Basis 

Our results provided proof-of-concept that permanganate could be used for in situ chemical 
oxidation of RDX-contaminated groundwater. Important criteria in evaluating ISCO remediation 
technology is the cost. This cost estimate is based on our field trials; therefore, the cost of a full-
scale application will decrease due to the economics of scale. The majority of costs belong to 
chemical and operational costs (e.g., injecting, labor, and equipment rental costs). We used 40% 
(w/w) sodium permanganate (NaMnO4) for this demonstration.  

Although factoring in labor, capital outlays and equipment depreciation is complicated, chemical 
and operational expenditures per volume of treated groundwater (or mass of treated RDX) is 
straightforward. According to our design calculation, we would have initially treated 
approximately 16,088 gallons of groundwater (i.e., 60,900 L). Given that the groundwater was 
treated with 40% (w/w) NaMnO4, and cost of NaMnO4 (including delivered) was $9,950, we 
calculated the cost of NaMnO4 at $0.618 per gallon of groundwater (Table-1). Another important 
cost was incurred for injecting NaMnO4 into the pumped groundwater using a continuous 
proportional feed mixing system. These costs are often price-quoted depending upon the site 
characteristics. Aquifer Solutions, Inc., a well-known company in ISCO applications, estimated 
charges of $17,463. Therefore, it costs $1.703 to treat one gallon of groundwater (Table5.1-2).  
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Table 5.1-2 Permanganate and Contractor Costs 

Description Unit Quantity Cost 
$ per gallon of contaminated 
groundwater (16,088 gallons) 

Sodium Permanganate Gal 451 $9,950 $0.618 

ISCO Applications 
(Contractor) 

L.S. 1 $17,463 $1.085 

        $1.703 

  

Based on the volume of groundwater treated, we also estimated the cost per milligram of RDX 
destroyed. From four monitoring wells (i.e., MW-12, MW-14, MW-15, and MW-16), amount of 
treated-RDX concentrations ranged from 34.0 ug/L to 63.8 ug/L (i.e., average 46.9 ug/L). If 
16,088 gallons of groundwater was  treated uniformly, we would have destroyed approximately 
2,853 mg RDX. In conclusion, the permanganate and injection costs per mg of RDX was $9.608. 
Ideally, we would have preferred to treat a source zone of RDX, with much higher RDX 
concentrations, but the characteristics of the NOP site did not allow for such a demonstration. 

For ERI analysis, the comparison is not as simple as it is often compared against monitoring 
wells alone.  For this project the ERI costs are equipment, labor, and processing.  The equipment 
and labor can generate approximately four lines of data per day.  Commercially, this is 
performed at a cost between $5000 to $8000 per day including reporting.  If additional 
visualization is performed, additional charges of $2000 to $5000 are incurred depending on the 
amount of visualization required.  If additional correlations and analysis are performed, other 
than posting well locations and concentration data, additional time is involved with additional 
costs.  For this project, there were 13 field data collection days and a 3D visualization performed.  
This would cost $84,500 plus visualization and analysis. 

These costs were compared against using standard monitoring wells.  To collect a comparable 
number and distribution of data would require approximately 204 wells or boreholes spaced 
every 10 meters in the core data area to a depth of 30 m ( 98 ft).  At a cost of $3,500 per hole, the 
well installation would cost $714,000 before sampling.  This would not include the examination 
for the deeper aquifer portions, nor multilevel wells to obtain vertical data.  If the larger areas 
evaluated were included the costs would be much higher. 



 

 90

However, ERI cannot be performed to quantitatively assess hydrogeology without using wells.  
The well placement can be greatly improved by focusing on areas of high and low hydraulic 
conductivity in this case and provide samples that demonstrate the range of possible values in the 
subsurface.  Once this process has been performed, the ERI tool can be used to scan other 
locations and provide similar information without needing the large number of monitoring points 
required. 

Comparing ERI assessment with direct push is also difficult as they are not a direct comparison.  
The common case is to employ ERI when either wells or direct push methods fail to provide data 
that allows the site data to be well understood.  In this case, the ERI data that is collected is an 
additional cost that then needs confirmation from further direct push work.  This is generally due 
to the ERI data providing narrow targets of investigation that were missed in previous data 
collection periods. 

If collected during the initial site characterization, ERI data allows direct push evaluation to be 
highly targeted toward providing a correlation with the ERI dataset.  This is similar to the 
petroleum and mining industries use of seismic datasets.  A “Common Earth” approach is 
employed to evaluate difference between the data types as contradictory data will exists between 
the ERI  and the direct push data.  Generally, this approach lowers the overall cost of direct push 
data collection, but increases the overall cost of site characterization. 

5.2.3 Cost Drivers 

The primary cost drivers for the demonstration are site construction, principally well placement 
(Capital cost), permanganate, and sampling and analysis (groundwater monitoring and ERI). 

For ERI characterization and monitoring, the cost drivers are defined by the site conditions and 
the overall objectives.  Each driver is discussed separately. 

Mobilization:   The ERI equipment can be palletized and shipped worldwide.  If the location is 
accessible by truck, additional equipment can be mobilized to the site for traffic control or other 
contingencies. 

Monitoring Periods: For transient analysis of ERI data, the number of monitoring periods define 
what type of equipment can be cost effectively employed.  The costs decrease with an increasing 
number of periods as permanent cables can be installed in the shallow subsurface instead of 
repeatedly installing cables at the surface.  Additionally, if a site is to be monitored for a large 
number of monitoring periods, a dedicated system can be installed for the life of the project that 
can be monitored remotely. 
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Traffic Control:  Costs increase if a site requires traffic control.  This can be achieved through 
overnight surveying, traffic controls and lighted barricades, and traffic rated cable ramps.  This 
largely just increases the time to deploy cables to achieve project objectives. 

Ground Surface Characteristics:  Empty grass fields with soft soil and no buildings are faster and 
easier locations to collect data from than urban environments, concrete pavements, or thick 
scrub.  In concrete, to avoid data ambiguity and increase data quality, 3/8” diameter holes are 
drilled to allow the electrodes to contact native soil.  If the concrete must remain intact, 
conductive gels can be employed to collect data.  The technique has been employed in 
environments ranging from jungle floors to refinery complexes.  The technique can be used 
across water and solid rock.  The cost is defined by the rate of data collection and what factors 
slow the acquisition of data. 

Survey Line Length:  For surface only ERI surveys, the total line length affects the time for 
acquisition.  Generally, for 3 meter spacings on a 56 electrode survey (165 meter total line 
length), four lines of data can be collected per day.  For longer spacings, the number of lines 
decrease to 1 to 2 per day as the distance becomes more difficult to manage. 

Survey Resolution:  In noisy urban environments or for monitoring injections, additional time in 
required for data collection.  This decreases the number of lines possible per day. 

Number of correlation sites:  Data correlation with ERI datasets generally involves a large 
portion of data which correlates well with other datasets.  There are almost always discrepancies 
due to well mixing processes, long screened intervals causing averaging, data collected at much 
different times, and other causes.  The larger the datasets are, the more time and cost required to 
correlate the datasets. 

Data Visualization Requirements:  Visualization of datasets is a time consuming process.  All 
datasets must be converted to x,y,z,t coordinates which is somewhat time consuming for ERI 
datasets, but is generally much more time consuming for archival datasets for comparison.  If a 
well-maintained and complete site database exists, visualization can be quite rapid, but this is not 
often the case in spatial and temporal coordinates. 

5.2.4 Life Cycle Costs 

ISCO/ERI is an in-situ process that does not require any installation or demobilization of large 
equipment or reactors. The major capital cost is construction of injection and monitoring wells.  
Pumps will be needed for sampling and other on-site real-time instruments for recording the Eh, 
pH, and DO of groundwater aquifer.  Given the time-frame in which this project was performed, 
there were no major depreciation costs over the project life cycle.  
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6. Implementation Issues 

6.1 Environmental Checklist 

An injection permit is usually required for permanganate injection but given that the NOP is a 
Superfund site and this a research project, the State of Nebraska only required approval of the 
injection work plan. The ISCO work plan was approved by Nebraska’s DEQ on April 17, 2007. 

Other issues specific to the ISCO/ERI project was that the cuttings from the monitoring wells 
needed to be barreled and contained until they were analyzed by a certified EPA laboratory. If 
cuttings were below 1 mg RDX/kg, the cuttings were left on site or taken to the ARDC landfill. 
Likewise, water obtained during well installation was contained and taken to the pump and treat 
facility where it will be run through the GAC system. 

6.2 Other Regulatory Issues 

After completion of the ISCO/ERI demonstration, the performance and cost analysis will be 
shared with regulatory agencies such as US EPA, Army Corps of Engineers, Nebraska 
Department of Environmental Quality, and other agencies for information dissemination and 
future application of ISCO/ERI process on full-scale levels. 

6.3 End-User Issues 

At sites where munitions were manufactured or assembled, soil contamination has typically 
resulted from the once common practice of releasing explosive-tainted wastewater to drainage 
ditches, sumps, settling ponds, or impoundments. TNT manufacturing, for example, required 
large volumes of water for purification.  The aqueous waste produced from this process, known 
as red water, has been found to contain up to 30 additional compounds besides TNT (Urbanski, 
1984).  Similar practices occurred at loading, packing and assembling plants, where wastewater 
(also known as pink water) generated during plant operations was routinely discarded outside 
into sumps and drainage ditches.  Left untreated, surface soils laden with wastewater constituents 
eventually became point sources of ground water contamination.  One study showed that of the 
numerous sites sampled, >95% contained TNT and 87% exceeded permissible ground water 
concentrations (Walsh et al., 1993).   

The primary end-user for this innovative in-situ technology will include federal ordnance sites 
with explosives contaminated groundwater plumes.  Currently there are 583 sites with confirmed 
explosive-contaminated groundwater at 82 installations nationwide.  At 22 other installations, 88 
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additional sites are suspected of groundwater contamination with explosives and organics 
(Defense Environmental Network and Information Exchange, DENIX 2003). 

6.4 Lessons Learned for ERI Monitoring of Injections 

For future monitoring experiments, several protocol modifications can be made to improve 
results.  The modifications are listed first as modifications to the ERI approach.  Secondly, 
modifications to the injection and well sampling protocols are listed.  

ERI Modifications: 

1) First, semi-permanent electrodes can be installed at the surface for the duration of the 
experiment.  While this will not improve the results dramatically, they can provide an increase in 
signal to noise ratio that can be important.  This would have been difficult at the Mead site as 
part of the site was being actively farmed for soybeans, another for corn, and the remainder was 
actively mowed to limit the height of grasses.  This can either be performed by installing 
graphite rods and attaching cables to them during each interval, or installing cables in shallow 
trenches below the depth of surface activities.  If this approach is used somewhat regularly, 
having semi-permanent cables installed would be the more cost effective option. 

2) All ERI monitoring should be done assuming that transient data will be the only source of 
monitoring data.  The assumption with the experiment was that data in the resistivity domain 
would allow a calibration to the injection fluid.  However, the most sensitive data is obtained in 
the transient ERI mode, and should be assumed to allow the most rapid ability to modify 
protocols in the event that the injection is very different to the proposed injection plan. 

3) Third, imaging for only fluid movement should be included at the same flow rates and 
locations as the planned injection prior to injection of permanganate or other compounds.  This 
was not possible with this experiment as it was designed to amend an already existing 
experiment.  By monitoring a test of the injection system with only water and tracer, vadose zone 
and conservative tracer changes can be separated from the injectate signals.  This can be done 
with or without electrical tracers such as chloride or bromide solutions depending on the setting. 

Injection Modifications:   

1) First, assume that the injectate will primarily move up into the vadose zone.  This was 
observed during this experiment and at two additional commercial sites using this technique.  If 
the material is to be delivered to the phreatic zone only, injection rates and monitoring should be 
adjusted to catch vertically upward movement of injectate. 

2) Secondly, any monitoring system should include smaller piezometers screen lengths to ensure 
less fluid mixing occurs in the samples for geophysical calibration.  This is often difficult as 
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injections are often performed on preexisting sites, but if smaller screens are an option, they 
should be installed based on the property distribution defined by ERI data. 

3) Injection curtains should be established at lower pumping rates to control fingering.  The 
lower head changes in the aquifer will increase injection costs by increasing delivery times, but 
will likely improve delivery to the zones of interest. 

4) Finally, vertical gradients near injection zones need to be established to assist in predicting the 
movement of injectate.  If piezometers are available to determine vertical gradients, they can also 
be used during injection to determine if significant vertical movement is occurring. 
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 Appendix E: ERI 2D and 3D Data 
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Figure E1. Orientation of  ERI datasets  at BAZE site. 
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Figure E2. 2D ERI pseudosection of ERI line 1 with location of wells (if present) on the line.  The location of crossing lines are 
indicated with black vertical lines. 
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Figure E3. 2D ERI pseudosection of ERI line 2 with location of wells (if present) on the line.  The location of crossing lines are 
indicated with black vertical lines. 
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Figure E4. 2D ERI pseudosection of ERI line 3 with location of wells (if present) on the line.  The location of crossing lines are 
indicated with black vertical lines. 
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Figure E5. 2D ERI pseudosection of ERI line 4 with location of wells (if present) on the line.  The location of crossing lines are 
indicated with black vertical lines. 
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Figure E6. 2D ERI pseudosection of ERI line 5 with location of wells (if present) on the line.  The location of crossing lines are 
indicated with black vertical lines. 
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Figure E7. 2D ERI pseudosection of ERI line 6 with location of wells (if present) on the line.  The location of crossing lines are 
indicated with black vertical lines. 
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Figure E8. 2D ERI pseudosection of ERI line 7 with location of wells (if present) on the line.  The location of crossing lines are 
indicated with black vertical lines. 
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Figure E9. 2D ERI pseudosection of ERI line A with location of wells (if present) on the line.  The location of crossing lines 
are indicated with black vertical lines. 
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Figure E10. 2D ERI pseudosection of ERI line B with location of wells (if present) on the line.  The location of crossing lines 
are indicated with black vertical lines. 
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Figure E11. 2D ERI pseudosection of ERI line C with location of wells (if present) on the line.  The location of crossing lines 
are indicated with black vertical lines. 
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Figure E12. 2D ERI pseudosection of ERI line D with location of wells (if present) on the line.  The location of crossing lines 
are indicated with black vertical lines. 
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Figure E13. 2D ERI pseudosection of ERI line E with location of wells (if present) on the line.  The location of crossing lines 
are indicated with black vertical lines. 
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Figure E14. 2D ERI pseudosection of ERI line F with location of wells (if present) on the line.  The location of crossing lines 
are indicated with black vertical lines. 
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Figure E15. 2D ERI pseudosection of ERI line G with location of wells (if present) on the line.  The location of crossing lines 
are indicated with black vertical lines. 
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Figure E16. Six-meter 2D ERI pseudosection of ERI line 6 with location of wells (if present) on the line.  The location of 
crossing lines are indicated with black vertical lines. 
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Figure E17. Six-meter 2D ERI pseudosection of ERI line D with location of wells (if present) on the line.  The location of 
crossing lines are indicated with black vertical lines. 
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Figure E18. Six-meter 2D ERI pseudosection of ERI line E with location of wells (if present) on the line.  The location of 
crossing lines are indicated with black vertical lines. 
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Figure E19. Six-meter 2D ERI pseudosection of ERI line G with location of wells (if present) on the line.  The location of 
crossing lines are indicated with black vertical lines. 
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Figure E20.  3D representation of full 3 meter ERI datasets of BAZE site.  Transparent areas are interpreted to correspond to 
areas of higher hydraulic conductivity and thus preferential pathways for the injection. 
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Figure E22.  3D representation of full 3 meter ERI datasets of BAZE site.  View looking from northeast towards southwest. 
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Figure E23.  3D representation of full 3 meter ERI datasets of BAZE site. 
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Figure E24.  3D representation of full 3 meter ERI datasets of BAZE site. 

 




