
r--~-_._. -
N9ll92.AR.000793
NIROP FRIDLEY

5090.3a
5ffit~fielr
,...... \

,:~~[JdApplication to Enhance In-Situ
~2re'rirlediation of Chlorinated Solvents via
~getable Oil Injection at Naval Industrial
':'~I!hlanCe Plant Fridley, Minnesota

.. ~;,. ,

.qI)j;el/fJ.illPed for

nWraWJallF'arcHities Engineering Command
r$,out·hern Division

i'''c

,~;orth Charleston, South Carolina

and

QH·2M Hill Constructors Incorporated

.--"fJiilrlte:C!/ 'By
,'RSONS

·6J(cJ).v;emiber 2006



PARSONS 
1700 Broadway, Suite 900 • Denver, Colorado 80290 • (303) 831-8100 • Fax: (303) 831-8208 • www.parsons.com 

Venky Venkatesh 
CH2M Hill Constructors, Inc. 
990 North Point Tower 
1001 Lakeside Ave. 
Cleveland,OH 44114 

November 29,2006 

Subject: Submittal of the Final Report for a Field Application to Enhance the In-Situ 
Bioremediation of Chlorinated Solvents via Vegetable Oil Injection at Naval 

Industrial Reserve Ordnance Plant (NIROP) Fridley, Minnesota 

11r. VerUkatesh, 

Please find enclosed two electronic copies and two hard copies of the Final Report 
for a Field Application to Enhance the In-Situ Bioremediation of Chlorinated Solvents 
via Vegetable Oil Injection at Naval Industrial Reserve Ordnance Plant (NIROP) 
Fridley, 11innesota. The final report was also submitted to recipients on the attached 
distribution list. This final report was prepared by Parsons for CH2M Hill 
Constructors Incorporated (CCl). If you have any questions or require additional 
information or additional copies of this report, please contact me at (303) 764-1940. 

Sincerely, 

PARSONS 

cc: Dan Owens, Southern Division, Naval Facilities Engineering Command (2 copies) 

S:\ES\Remed\I-Nirop\Report\2006 Final report\final cover letter.doc 



 
 
 

FINAL REPORT 
 

FOR 
 

A FIELD APPLICATION TO ENHANCE THE IN-SITU 
BIOREMEDIATION OF CHLORINATED SOLVENTS VIA 
VEGETABLE OIL INJECTION AT NAVAL INDUSTRIAL 

ORDNANCE PLANT (NIROP) FRIDLEY, MINNESOTA 
 
 
 
 
 
 
 

November 2006 
 
 
 
 
 
 
 

Prepared for: 
 
 

NAVAL FACILITIES ENGINEERING COMMAND 
SOUTHERN DIVISION 

NORTH CHARLESTON, SOUTH CAROLINA 
 

and 
 

CH2M HILL CONSTRUCTORS INCORPORATED 
 
 
 
 
 

Prepared by: 
 

Parsons 
1700 Broadway, Suite 900  
Denver, Colorado 80290 



ES-1 
022.739484/final text_revised.doc 

EXECUTIVE SUMMARY 

This report documents the results of a field feasibility study to evaluate the application 
of vegetable oil as an organic substrate to enhance the in-situ anaerobic reductive 
dechlorination of chlorinated aliphatic hydrocarbons (CAHs, or chlorinated solvents) in 
groundwater at Anoka County Park (ACP), Naval Industrial Reserve Ordinance Plant 
(NIROP) Fridley, Minnesota.  Prior to the feasibility test, the distribution of the parent 
compound trichloroethene (TCE) and low concentrations of the degradation daughter 
product cis-1,2-dichloroethene (cis-1,2-DCE) in groundwater indicated that limited 
reductive dechlorination of chlorinated ethenes was occurring at the site.  However, 
baseline geochemical data indicated that the process was electron donor (substrate) 
limited.  Vegetable oil was selected as a slowly-soluble organic substrate to overcome the 
observed electron donor deficiency and to enhance anaerobic reductive dechlorination of 
chlorinated solvents in groundwater. 

A field study consisting of the installation of injection and monitoring wells, baseline 
sampling, and vegetable oil injection was conducted during October, November, and 
December 2001.   A total of 3,600 gallons of refined soybean oil and 7,200 gallons of 
native groundwater were injected into three injection wells in December 2001.  
Additional monitoring wells were installed and additional soil sampling was conducted in 
March and April of 2005.  Process monitoring was conducted in February 2002, May 
2002, August 2002, December 2002, April 2003, August 2003, April 2005, and 
November 2005. 

ES.1 FIELD TEST RESULTS 

Changes in geochemical conditions during process monitoring indicate that the 
addition of vegetable oil at ACP has induced environmental conditions conducive to 
reductive dechlorination.  However, these changes are neither uniform nor widespread 
across the study area.  Dissolved oxygen (DO) concentrations generally decreased below 
0.2 mg/L at most of the monitoring well locations installed upgradient of PES-MW-5 
after the February 2002 monitoring event.  However, concentrations of DO rebounded 
during the December 2002 sampling event.  DO concentrations remained elevated 
through April 2003, than began to decrease between April 2003 and November 2005. 

Baseline oxidation-reduction potential (ORP) values exhibited a wide range of 
geochemical conditions with values ranging from a high of +115 millivolts (mV) to a low 
of -185 mV.  ORP values varied substantially even within the treatment zone, which is 
suggestive of a high degree of heterogeneity in the natural geochemical conditions at the 
site prior to injection.  After injection, ORP decreased to approximately -200 to -400 mV 
at most of the well locations installed upgradient of PES-MW-5 (with the exceptions of 
PES-MW-2 and PES-MW-4), indicating that geochemical conditions upgradient of PES-
MW-5 became conducive to sulfate reduction and methanogenesis.  At well locations 
downgradient of PES-MW-5 ORP conditions remained relatively oxidizing with ORP 
values ranging from approximately 0 to +300 mV.  These observations indicate that the 
geochemical environment in the pilot test area upgradient of PES-MW-5 has been 
impacted by the injected vegetable oil and the geochemical conditions in this area have 
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become more reducing as a result.  These observations also indicate that monitoring well 
locations downgradient of PES-MW-5 were not impacted significantly by the injected 
vegetable oil and that as a result the geochemical environment in this area has remained 
relatively aerobic. 

Increases in methane concentration and decreases in sulfate concentration at several 
locations upgradient of PES-MW-5 indicate that sulfate reduction and methanogenesis 
are occurring in this area.  Dissolved molecular hydrogen (H2) concentration data further 
indicate that sulfate reduction and methanogenesis are the dominant terminal electron 
accepting processes (TEAPs) that have been stimulated at the site. 

After vegetable oil injection, there was an overall decrease in TCE concentrations 
detected in groundwater.  However, this decreasing trend is not uniform for all of the 
monitoring locations at ACP.  The greatest decrease in TCE concentrations occurred at 
GWMS-46S, where contaminant concentrations have attenuated from 20,000 micrograms 
per liter (µg/L) to approximately 1,300 µg/L.  Large decreases in TCE concentration 
were also observed in the injection wells and in monitoring wells MS-46S, PES-MW-1, 
PES-MW-2, PES-MW-3, PES-MW-4, PES-MW-6, PES-MW-7, PES-MW-8, and PES-
MW-9.  TCE concentrations in the remaining wells upgradient of PES-MW-5 increased 
initially, typically peaking in the May or August 2002 sampling rounds, than decreased 
between August 2002 and November 2005.  Reductions in the concentration of TCE 
were often coupled with an increase in the concentration of DCE, the degradation 
daughter product of TCE.  Overall increases in DCE (from baseline concentrations) were 
observed at locations PES-MW-1, PES-MW-2, PES-MW-3, PES-MW-4, PES-MW-6, 
PES-MW-7, and PES-MW-9.  Low concentrations of the reductive dechlorination 
products vinyl chloride (VC) and ethene were also measured at the injection wells and at 
monitoring wells PES-MW-7 and PES-MW-9.  Elevated concentrations of ethene at 
these locations indicate that complete reductive dechlorination of TCE has been 
stimulated at these locations. 

Complete reductive dechlorination of chlorinated ethenes has been demonstrated by 
monitoring completed through November 2005 at only two well locations down gradient 
of the injection area (PES-MW-7 and PES-MW-9).  Partial reductive dechlorination of 
TCE to DCE has also been observed at a number of monitoring wells upgradient of PES-
MW-5.   

Well locations where evidence of the complete reductive dechlorination of TCE has 
occurred exhibit the following characteristics: 

• DO less than 1 milligrams per liter (mg/L); 

• ORP less than -100 millivolts (mV); 

• Carbon dioxide greater than 100 mg/L; 

• Sulfate less than 50 mg/L; 

• TOC equal to or greater than approximately 20 mg/L; 
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• Measurable quantities of volatile fatty acids (VFAs) equal to or greater than 50 
mg/L; 

• Ferrous iron concentration greater than 2 mg/L;  

• Methane concentration greater than 1 mg/L; and 

• Total biomass greater than approximately 50 picomoles of phospholipid fatty acids 
per milliliter (pmoles PLFA/mL). 

These conditions have not been induced uniformly or widely across the treatment area, 
but were limited primarily to the injection area and the upper portion of the monitoring 
well network.  This pilot test was designed with the assumption that there was significant 
horizontal advective groundwater flow within the pilot test area.  Thus, the pilot test was 
designed to take advantage of this lateral flow as a means to distribute the dissolved 
components of the injected vegetable oil out of the injection area and into the monitoring 
well network.  However, during the course of the pilot test very little advective 
groundwater flow was observed.  This absence of lateral groundwater flow is believed to 
have resulted in limited substrate distribution outside of the injection area (with the 
exception of two well locations [PES-MW-7 and PES-MW-9]).   

In order to stimulate reductive dechlorination, sufficient organic substrate is required 
to create environmental conditions sufficiently reducing for methanogenesis to occur 
while stimulating microbial growth of dechlorinating microorganisms.  Therefore, the 
lack of wide spread reductive dechlorination within the pilot test area is primarily a 
function of inadequate substrate distribution.  The observed lack of sufficient substrate 
distribution is likely related to the flat groundwater gradient (limited advective 
groundwater flow) and the variable groundwater flow conditions observed within the 
upper half of the pilot test area.   

In addition, during the course of the pilot the United States Geological Survey (USGS) 
determined that there was a high potential for substantial vertical flow within the pilot 
test area.  Based on the findings of the USGS, (USGS, 2003a) the vertical flow 
conditions are likely to be present throughout ACP and are currently only partially 
defined.   

ES.2 RECOMMENDATIONS 

Biologically mediated reductive dechlorination of TCE has been stimulated through 
the addition of vegetable oil at ACP.  All of the requirements outlined by the data quality 
objectives (DQOs) were met and in most cases were exceeded.  Therefore, the organic 
substrate addition technology has proven to be effective at destroying contaminant mass 
beneath ACP within a limited area.  However, the pilot test results indicate that the 
dissolved organic carbon was not effectively distributed throughout the aquifer matrix.  
Therefore, the benefit of the vegetable oil injection was predominantly limited to a small 
area in the vicinity of the injection wells.  Thus, this pilot test can only be considered a 
partial success in that reductive dechlorination was stimulated but only in a limited area.  
Because of the limited success of the pilot scale application, recommendations include 
continued monitoring of the pilot test area only.   
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The following recommendations are made for the consideration of the NIROP 
partnering team and are not necessarily required for future pilot-scale activities at ACP.  
Parsons suggests that the Navy continue to perform limited groundwater monitoring in 
the pilot test area in order to track the future progress of the pilot test and to define the 
life cycle of the injected substrate.  Future sampling events should be combined with the 
base wide sampling events in order to decrease monitoring costs and to produce site wide 
sampling rounds that are internally comparable.  The sampling locations and analytical 
parameters could be scaled back to only those locations and parameters important for 
tracking the progress of the pilot test (Section 5).   

In addition it is recommended that a slightly expanded sampling program be 
implemented during the site wide sampling round immediately prior to a five year ROD 
review in order to prepare a more complete representation of “current” site conditions.  
Parsons recommends that PES-MW-1 and PES-MW-6 be added to the pre-ROD review 
sampling protocol in order to assess groundwater conditions immediately downgradient 
from the injection area (Section 5).  Parsons also recommends that the B interval wells be 
added at well clusters PES-MW-10, PES-MW-12, and PES-MW-14 in order to assess 
water quality downgradient from and slightly below the injection area.   

In the future the NIROP team will be required to make a series of decisions regarding 
the future of remedial activities at Anoka County Park.  These decisions will be made 
based upon the results of the vegetable oil pilot test, research being conducted by the 
USGS with regard to the hydraulic system, and the impact of the extraction system 
currently operating on site.  Enhanced bioremediation has been successful in enhancing 
the destruction of chlorinated solvent mass in the subsurface and has thus been successful 
in reducing the overall toxicity of the groundwater plume.  Vegetable oil has also been 
shown to be effective at stripping contaminant mass from the soil matrix through its 
surfactant properties and immobilizing contaminant mass through its preferential 
partitioning properties (Parsons, 2004).  Therefore, Parsons recommends that organic 
substrate addition in general and vegetable oil injection specifically be considered as a 
future remedial option at this site.   

The NIROP Record of Decision (signed in 1990) specifies that contaminated 
groundwater located offsite and downgradient of the NIROP facility in Anoka County 
Park would be allowed to dissipate naturally (TTNUS, 2005).  During the 1998 5-year 
ROD review it was determined that VOC concentrations in Anoka County Park were not 
decreasing as rapidly as expected and it was recommended that the Navy determine what 
could be done to reduce residual groundwater contamination in Anoka County Park 
(TTNUS, 2005).  As a result of this recommendation the Navy embarked on this organic 
substrate addition pilot study program.  In addition, the Navy started a groundwater 
extraction system expansion program in order to more fully capture the VOC plume 
emanating from the NIROP facility.  Over the last several years of groundwater 
monitoring in Anoka County Park VOC concentrations at wells installed within and 
outside of the pilot testing area have been decreasing (TTNUS, 2006).  The VOC 
concentration decreases observed outside of the pilot test area are likely a result of more 
complete capture afforded by the expanded extraction system and natural attenuation 
mechanisms active in the Park (TTNUS, 2006).  Since VOC concentrations in Anoka 
County Park have been decreasing over the last several years, Parsons suggests that the 
Navy continue to monitor VOC concentrations at wells installed in the Park to determine 
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if the VOC concentration reductions are sustainable.  If VOC concentrations continue to 
decrease in the Park then the tenants of the ROD should be fulfilled and active 
remediation in the Park may be unnecessary to be protective of identified potential 
contaminant receptors.  In the event that VOC concentrations in the Park increase 
significantly over a significant period of time the NIROP partnering team could re-
consider the need for more active remedial measures.    

In the event that a more active approach becomes warranted, Parsons suggests that 
future active remedial activities at Anoka County Park be designed to reduce the 
potential impact to receptors and therefore reduce the environmental risk and impact 
associated with the contaminant mass remaining in the subsurface instead of attempting 
to remove or destroy all of the remaining contaminant mass.  To this end Parsons 
suggests that the NIROP team limit future remedial activities at the site to defined 
contaminant hot spots or source areas instead of attempting to treat large low VOC 
concentration areas (for example attempting to treat an area within a particular 
interpreted VOC concentration contour).  The control or elimination of contaminant mass 
present as hot spots will allow the environmental risk associated with the site to be 
reduced most significantly and most efficiently in terms of cost and in terms of impact to 
activities and access to the site. 
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SECTION 1 
 

INTRODUCTION 

This report presents the results of a field-scale application to enhance in-situ 
bioremediation of chlorinated solvents via vegetable oil injection at Anoka County River 
Front Park (ACP), which is located downgradient from Naval Industrial Reserve 
Ordnance Plant (NIROP) Fridley, Minnesota.  This report was prepared for CH2M Hill 
Constructors Incorporated (CCI) and Naval Facilities Engineering Command (NAVFAC) 
Southern Division by Parsons Corporation (Parsons). 

1.1 TECHNOLOGY DESCRIPTION 

Enhanced anaerobic bioremediation can be an effective method for degrading various 
forms of chlorinated compounds dissolved in groundwater.  When anaerobic degradation 
of chlorinated aliphatic hydrocarbon (CAH) mass occurs naturally, it is considered to be 
a component of natural attenuation.  Unfortunately, monitored natural attenuation (MNA) 
alone is not always sufficient to achieve remedial objectives in a timely manner at many 
sites contaminated with chlorinated compounds.  The addition of an organic substrate to 
an aquifer has the potential to stimulate microbial growth and development, creating an 
anaerobic environment, which may greatly enhance rates of anaerobic degradation.  
Therefore, a variety of organic substrates have been applied to the subsurface to promote 
anaerobic degradation of CAHs to innocuous end products.  

Advantages of enhanced anaerobic bioremediation include complete mineralization of 
the contaminants in situ with little impact on infrastructure or the need for secondary 
treatment trains.  Enhanced in situ anaerobic bioremediation can generally be 
implemented at relatively low cost compared to more active remedial systems (e.g., 
groundwater extraction, air sparging, permeable reactive iron barriers, or chemical 
oxidation).  

Biodegradation of an organic substrate depletes the aquifer of dissolved oxygen (DO) 
and lowers the oxidation-reduction potential (ORP), thereby stimulating conditions 
conducive to anaerobic biodegradation processes.  After the DO is consumed, anaerobic 
microorganisms typically use native electron acceptors (as available) in the following 
order of preference:  nitrate, manganese, ferric iron oxyhydroxides, sulfate, and finally 
carbon dioxide.  Evaluation of the distribution of these electron acceptors can provide 
evidence of where and how biodegradation of CAHs may occur (Section 3).  Reductive 
dechlorination has been demonstrated under nitrate-, iron-, and sulfate-reducing 
conditions, but the most rapid biodegradation rates, affecting the widest range of CAHs, 
occur under methanogenic conditions (Bouwer, 1994). 
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Anaerobic reductive dechlorination is the degradation process targeted by enhanced 
anaerobic bioremediation.  Three general reactions may degrade CAHs by reductive 
dechlorination and include the following:  

• Direct Anaerobic Reductive Dechlorination.  A reaction in which bacteria gain 
energy and grow as one or more chlorine atoms on a chlorinated hydrocarbon 
compound are replaced with hydrogen in an anaerobic environment.  In this 
reaction, the chlorinated compound serves as the electron acceptor and hydrogen 
serves as the direct electron donor.  Molecular hydrogen (H2) used in this reaction 
typically is supplied indirectly by the fermentation of organic substrates.  This 
reaction may also be referred to as halorespiration or dehalorespiration (USEPA, 
2000a). 

• Cometabolic Anaerobic Reductive Dechlorination.  A reaction in which 
chlorinated hydrocarbons are reduced by an enzyme or co-factor produced during 
microbial metabolism of another compound in an anaerobic environment.  In such 
a case, biodegradation of the chlorinated compound does not yield any energy or 
growth benefit for the microbe mediating the reaction (USEPA, 2000a). 

• Abiotic or Chemical Reductive Dechlorination.  A chemical degradation 
reaction where a chlorinated hydrocarbon is reduced by a reactive compound that 
is not directly associated with biological activity.  For example, this is the reaction 
targeted using zero-valent iron (ZVI) in permeable iron reactive walls.  Addition 
of an organic substrate and creation of an anaerobic environment may create 
reactive compounds such as iron-monosulfides that can degrade CAHs (Butler and 
Hayes, 1999).  In this case, substrate addition may indirectly cause abiotic 
reductive dechlorination.  

In practice, it may not be possible to distinguish between these different reactions at 
the field scale.  Adding an organic substrate to the subsurface provides organic carbon 
that can be fermented to produce hydrogen, which may directly or indirectly stimulate 
any of these reductive dechlorination reactions. Biodegradation of the organic substrate 
produces metabolic acids, primarily lactic, propionic, butyric, and acetic acids.  
Fermentation of these low-molecular-weight acids produces H2, which is the primary 
electron donor used for reductive dechlorination of CAHs.   

Anaerobic reductive dechlorination is typically based on the following generalized 
redox reaction: 

H2 + R-C-Cl => R-C-H + H+ + Cl-

where C-Cl represents a carbon-chloride bond in a chlorinated molecule and R represents 
a chlorinated molecule.  In this reaction, H2 is the electron donor, which is oxidized, and 
the chlorinated molecule is the electron acceptor, which is reduced.  A few fermentation 
products (e.g., acetate) other than hydrogen have been identified which can also serve 
directly as electron donors.  However, hydrogen appears to be the most important 
electron donor for reductive dechlorination (Maymo-Gatell et al., 1997; Fennell and 
Gossett, 1998). 
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In general, reductive dechlorination occurs by sequential removal of a chloride ion.  
For example, the chlorinated ethanes and ethenes are transformed sequentially as follows:  

• Chloroethanes: 1,1,1-trichloroethane (TCA) to 1,1-dichlorethane (DCA) to 
chloroethane (CA) to acetate to carbon dioxide, water, and chloride.  

• Chloroethenes: tetrachloroethene (PCE) to trichloroethene (TCE) to the 
dichloroethene (DCE) isomers (cis-1,2-DCE, trans-1,2-DCE, and 1,1-DCE) to 
vinyl chloride (VC) to ethene. 

There are many organic carbon substrates that can be naturally fermented at 
chlorinated solvent sites and that result in the generation of hydrogen.  Examples of 
easily fermentable organic substrates include carbohydrates and sugars, vegetable oils, 
and low-molecular-weight fatty acids.  The substrates most commonly added for 
enhanced anaerobic bioremediation include lactate, molasses, Hydrogen Release 
Compound (HRC®), and vegetable oils (Parsons, 2002).  Substrates utilized less 
frequently include ethanol, methanol, butyrate, high-fructose corn syrup, whey, bark 
mulch, and chitin.  The physical nature of the substrate dictates the frequency of addition, 
the addition technique, and system configuration.  Vegetable oil was selected for this 
pilot scale application because it is a slowly-soluble organic substrate.  Thus, a single 
application of vegetable oil will likely provide organic carbon mass to the subsurface for 
several years.   

1.2 PILOT TEST OBJECTIVES 

This project is being conducted by NAVFAC in conjunction with Parsons and CCI to 
determine the effectiveness of organic substrate (vegetable oil) addition to enhance the 
in-situ bioremediation of chlorinated solvent mass dissolved in groundwater. 

This pilot study was designed to provide indigenous microorganisms with an 
additional source of organic carbon in the form of commercially available, food-grade, 
non-hazardous vegetable oil.  The addition of vegetable oil was designed to promote 
indigenous microbial population development and to support a larger microbial 
population.  The stimulation of microbial activity was designed to bring about changes in 
subsurface conditions which will enhance the rates of sequential anaerobic dechlorination 
of PCE to TCE, DCE, VC, and finally to the innocuous reaction end product, ethene.  

The results of this pilot test provide valuable data to support an evaluation of the 
restoration potential of ACP by providing direct evidence to demonstrate whether the 
organic substrate addition technology is capable of remediating groundwater 
contamination at ACP effectively, reliably, efficiently, and within a reasonable time 
frame.  The results of this pilot test also provide valuable data that may be used to design 
a full scale vegetable oil application at ACP, and potentially in other areas of the NIROP 
Fridley facility, if this pilot test is deemed to be successful.  The success of this pilot test 
is dependent upon meeting the project data quality objectives (DQOs) presented in the 
quality assurance project plan (QAPP) (Parsons, 2001a).  
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1.3 SCOPE OF WORK 

Site-specific activities conducted at ACP in support of the field scale pilot test 
included: 

• Installation of three vegetable oil injection wells and 15 groundwater monitoring 
wells using hollow stem auger (HSA) drilling technology; 

• Baseline (i.e., pre-injection) sampling of groundwater at the newly-installed 
injection and monitoring wells, and existing monitoring wells GWMS-27S, 
GWMS-46S, and GWMS-47S, in accordance with revision 1 of the Final Work 
Plan For Field Application to Enhance In-Situ Bioremediation of Chlorinated 
Solvents Via Vegetable Oil Injection at The Naval Industrial Reserve Ordnance 
Plant (NIROP), Fridley, Minnesota (Parsons, 2001b), the Final Quality Assurance 
Project Plan for Field Application to Enhance In-Situ Bioremediation of 
Chlorinated Solvents Via Vegetable Oil Injection at  NIROP, Fridley, Minnesota 
(Parsons, 2001a), and the Technical Protocol for Evaluating Natural Attenuation 
of Chlorinated Solvents in Groundwater (United States Environmental Protection 
Agency [USEPA], 1998); 

• Surveying of the newly installed injection and monitoring wells; 

• Pre-injection aquifer testing (hydraulic conductivity) of three injection wells and 
six monitoring wells; 

• Injection of 3,600 gallons of refined soybean oil emulsified with approximately 
7,200 gallons of native groundwater; 

• Post-injection aquifer testing (hydraulic conductivity) of three injection wells; and 

• Post-injection sampling of groundwater and vegetable oil at the newly installed 
system monitoring and injection wells and existing monitoring wells GWMS-27S, 
GWMS-46S, and GWMS-47S, in February 2002, May 2002, August 2002, 
December 2002, April 2003, and August 2003. 

The well installation activities, well development, soil sampling, baseline groundwater 
sampling, pre and post injection aquifer testing, and vegetable oil injection activities are 
documented in the Project Completion Report (Revision 00), Pilot–Scale Study to 
Enhance In-Situ Bioremediation of Chlorinated Solvents via Vegetable Oil Injection at 
Anoka County Riverfront Park, Naval Industrial Reserve Ordnance Plant Fridley (CCI, 
2002).   

This report describes the results of process monitoring activities completed 2, 5, 8, 12, 
16, and 20 months after vegetable oil injection. 

1.4 REPORT ORGANIZATION 

This report consists of six sections, including this introduction, and three appendices.  
Section 2 is a brief summary of the history, geology, hydrogeology, and groundwater 
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quality of the site prior to vegetable oil injection.  Section 3 is a description of the field 
system installation, substrate addition, and procedures followed for data collection.  A 
discussion and evaluation of the results of the vegetable oil injection are presented in 
Section 4.  Section 5 is a presentation of conclusions and recommendations, and Section 
6 contains the references used in preparing this document.  Appendix A contains 
laboratory analytical data collected from the pilot test area.  Appendix B contains field 
sampling data and forms.  Appendix C contains plots of contaminant concentrations and 
molar fractions over time for the system monitoring wells.  Appendix D contains sample 
results for split samples collected by the Minnesota Pollution Control Agency (MPCA), 
the associated samples collected by CCI’s subcontractor, and a calculated relative percent 
difference (RPD) between the two data sets.  Appendix E contains an injection variance 
request letter and supporting product material data safety sheets (MSDS) that was 
prepared by the USGS to add colloidal iron and magnetite to the injection fluid.  
Comments that were submitted by the regulatory agencies on the draft report and 
responses to these comments are presented in Appendix F.  The final May 2006 technical 
memorandum is included in Appendix G for reference.   
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SECTION 2 
 

SUMMARY OF HISTORICAL SITE CHARACTERIZATION 

This section summarizes the results of site characterization conducted by various 
contractors at ACP. 

2.1 SITE HISTORY 

The NIROP Facility and ACP are located in Fridley, Minnesota in the southern-most 
tip of Anoka County, just east of the Mississippi River.  In September 1990 the Record of 
Decision (ROD) for the NIROP facility was signed by representatives of the U.S. Navy, 
USEPA Region 5, and the MPCA.  The ROD specified hydraulic containment and 
recovery of all contaminated groundwater at the NIROP facility and the recovery, to the 
extent feasible, of contaminated groundwater downgradient of the NIROP facility.  To 
achieve this, groundwater extraction wells were installed.  The initial extraction system 
began operating in September 1992.  Two additional extraction wells were constructed 
and placed into operation in June 1995.  Another upgrade of the extraction system was 
completed in May 2001.  Treatment of extracted groundwater involved a two-phase plan: 
Phase I involved discharging groundwater from the extraction system to an existing 
sanitary sewer with treatment provided at a local wastewater treatment facility; Phase II 
involved construction and operation of a groundwater treatment facility to provide long-
term groundwater treatment.  Groundwater treated by the Phase II treatment system is 
being discharged to the Mississippi River via a National Pollutant Discharge Elimination 
System (NPDES)/Metropolitan Council for Environmental Services (MCES) State 
Disposal System (SDS) storm sewer discharge permit.  The Phase II treatment system 
began operating in December 1998.  Under Phase II, the combined discharge from the 
extraction system is fed through a feed system and air stripping units for treatment before 
the effluent is discharged to the Mississippi River through outfall 020 (NPDES/SDS 
Permit MN0000710). 

This two-phase approach originally specified that contaminated groundwater located 
offsite and downgradient of the NIROP Fridley facility in ACP would be allowed to 
naturally dissipate (TtNUS, 2002).  However, discussions between Parsons, CCI, 
USEPA, MPCA, Anoka County Parks, TechLaw, Tetratech NUS (TtNUS), the 
Minnesota Department of Health (MDH), and Southern Division NAVFAC led to the 
decision to perform a pilot-scale test to determine if the organic substrate addition 
technology was a viable treatment option to accelerate the biodegradation of CAH mass 
located beneath ACP. 

The investigation history of NIROP Fridley and ACP is discussed in more detail in 
TtNUS (2001) and CCI (2002).  
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2.2 SITE GEOLOGY 

The site geology and hydrogeology sections presented below are summarized from 
TtNUS 2000, 2001, and 2006.  More complete and in depth discussions of site geology 
and hydrogeology are presented in these documents.   

Site subsurface geology generally consists of a relatively thick wedge of 
unconsolidated overburden consisting of fill materials, glacial-fluvial materials, and 
glacial drift materials overlying Ordovician-age Saint Peter Sandstone bedrock.  The pilot 
test is being conducted exclusively in the shallow portion of the unconsolidated 
overburden.  Therefore, the geology discussion is limited to this portion of the 
stratigraphic column.  A detailed description of site geology is available in TtNUS 
(2006). 

The unconsolidated overburden in the vicinity of the site was deposited during the 
Quaternary Period.  These unconsolidated deposits consist of glacial drift (i.e., glacial 
outwash and till deposits) overlain by glacial-fluvial deposits and fill materials.  The 
unconsolidated deposits extend from the ground surface down to the top of an 
intermediate aquitard, where it is present, and continue down to Ordovician-age bedrock 
where the intermediate aquitard is absent.  The Quaternary aquifer zone deposits range in 
thickness from approximately 41 feet to 93 feet and primarily consist of fine, medium, 
and coarse sand and gravel with discontinuous and sporadically distributed fine-grained 
(i.e., silt and clay) interbeds (TtNus, 2000).  The fine-grained interbeds range in thickness 
from 0 to 46 feet and generally increase in thickness with depth (TtNUS, 2000). 

Generally, within the ACP, the subsurface material from ground surface to 
approximately 10 feet below ground surface (bgs) consists of fill.  The fill material 
consists of re-worked natural material with variable amounts of wood, concrete, asphalt, 
and other debris.  The fill layer is much thicker in the extreme southwestern end of ACP 
(south of the pilot test area), and contains large amounts of debris and rubble (sand, 
metal, plastic fragments, and cinders), and is related to tornado debris disposed of in this 
area.  

The natural material located beneath the fill material consists predominantly of fine to 
medium sand, gravelly sand, and discontinuous silt to silty clay lenses. 

The US Geological Survey (USGS) has interpreted the presence of an intermediate silt 
unit within the pilot test area.  The intermediate silt unit is approximately 40 feet thick 
and the top of the unit is present at approximately 60 feet bgs (USGS, 2003a).  This 
intermediate silt unit is interpreted to underlie the both the injection area and monitoring 
wells PES-MW-1, PES-MW-2, PES-MW-3, PES-MW-6, PES-MW-7, PES-MW-8, and 
PES-MW-9 (USGS, 2003a).  The edge of the intermediate silt unit is interpreted to trend 
from southeast to northwest through the downgradient portion of the pilot test area 
somewhere between wells PES-MW-3 and PES-MW-5.   

2.3 SITE HYDROGEOLOGY  

The hydrogeology in the vicinity of the NIROP facility is consistent with the regional 
hydrogeology where four aquifers or aquifer zones govern groundwater movement 
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through the subsurface.  These aquifers are, from shallow to deep, the unconsolidated 
Quaternary aquifer zone, the Prairie du Chien/Jordan (PC) aquifer, the 
Franconia/Ironton/Galesville (FIG) aquifer, and the Mount Simon/Hinckley/Fond du Lac 
(MHF) aquifer.  Hydrogeologic details for the unconsolidated aquifer zone and the PC 
aquifer are provided in Table 2.1.  More detailed site geology and hydrogeology 
discussions can be found in the Operable Unit (OU) 3 Remedial Investigation (RI) report  
(TtNUS, 1999), the Field Investigation Report (TtNUS, 2000), and the 2005 Annual 
Monitoring Report (AMR) (TtNUS, 2006).  Because the vegetable oil injection pilot test 
was conducted in the shallow interval of the Quaternary aquifer system near well 
GWMS-46S, the remainder of this section will focus on this stratigraphic interval. 

Depth to groundwater at the site ranges from approximately 25 to 33 feet bgs.  The 
unconsolidated Quaternary aquifer zone consists of glacial drift (i.e., glacial outwash and 
till deposits) overlain by glacial-fluvial deposits. It is referred to as an aquifer zone 
because it consists of two poorly defined aquifers: a shallow unconfined aquifer (shallow 
drift aquifer) and a deep confined or semi-confined aquifer (deep drift aquifer). These 
aquifers consist of sand and gravel and are separated by a silty clay layer that ranges in 
thickness from 0 to 47 feet in the NIROP area.  These two aquifers vary significantly in 
thickness and degree of hydraulic communication throughout the site.  The shallow 
unconfined aquifer ranges in thickness from 41 to 93 feet, and the deep confined or semi-
confined aquifer ranges in thickness from 19 to 55 feet across the site (TtNUS, 1999).  
Although monitoring wells installed in the shallow drift aquifer at the site have been 
designated as shallow and intermediate, there appears to be no or very little hydraulic 
separation between these monitored intervals; hence, both of these zones make up the 
shallow unconfined aquifer at the site.  Cross-Section A-A' (Figure 2.1) illustrates the 
stratigraphic relationship between the shallow drift and deep drift aquifers in the pilot-
study area. 

2.3.1 Groundwater Flow Under Pumping Conditions 

Groundwater flow conditions are discussed in detail in TtNUS (2006) and are 
summarized in this report.   

Under pumping conditions the horizontal groundwater flow direction across the NIROP 
site in the Quaternary aquifer zone is generally toward the southwest, toward the 
Mississippi River (Figure 2.2).  Groundwater from the PC aquifer discharges to the 
Quaternary aquifer zone, which then discharges to the Mississippi River. 

Groundwater flow directions in the Quaternary aquifer zone in the far western portion 
of the NIROP site (i.e., south end of ACP and western portion of the United Defense 
Limited Partnership [UDLP] area) are variable.  In this area, a groundwater ridge is 
present within the Quaternary aquifer zone (Figure 2.2).  This groundwater ridge is 
bounded by monitoring wells MS-41 (eastern edge), MS-36 and MS-44 (northern edge), 
MS-47 (southwestern edge), and MS-49 (southern edge) (TtNUS, 2006), and is clearly 
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Lithologic Hydrogeologic Unit Monitoring Interval Approximate Thickness
System Group Formation Description (Feet)

Sand and Gravel Shallow Unconfined Shallow Interval
with Clay Interbeds Aquifer Intermediate Interval

0-47
Discontinuous and Sporadic

Sand and Gravel Deep Confined or Semi-
with Clay Interbeds Confined Aguifer

Notes:
a/  NS - not sampled
Source: Tetra Tech NUS, 2000a

Ordovician

St. Peter Sandstone

Shakopee 
Dolomite
Oneota 

Dolomite

Praire du 
Chien (PC)

Bedrock Leaky Aquitard

Praire du Chien (PC) 
Aquifer 90-135

0-65Leaky AquitardSandstone

dolomite

dolomite
Confined Aquifer

41-93

19-55Deep Interval

Quaternary

Geologic Unit

Silt and Clay Leaky Aquitard NSa/

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
FRIDLEY, MINNESOTA

TABLE 2.1
SUMMARY OF STRATIGRAPHIC INFORMATION
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discernable on the potentiometric surface contour map for pumping conditions 
(November 1999) for the shallow Quaternary aquifer (Figure 2.2).  This groundwater 
ridge is also readily apparent in the potentiometric surface map developed from data 
collected in November 2005 (TtNUS, 2006 Figure 4-6). As a result of this ridge, 
groundwater (and dissolved contaminants) flow in a radial pattern both toward the 
Mississippi River and the NIROP Facility groundwater extraction wells (TtNUS, 2006).  
It is likely that the position of the groundwater ridge present beneath ACP controls local 
groundwater flow rates and directions within the pilot study area.  The position of the 
groundwater ridge is likely controlled by seasonal fluctuations in precipitation and 
pumping rates in the extraction system.  Thus, seasonal fluctuations in precipitation and 
any changes in the operation of the extraction system (periods of shutdown or partial 
shutdown) likely impact groundwater flow within the pilot study area. 

It was recently determined that there is a component of upward vertical flow between 
the PC aquifer and the overlying unconsolidated aquifer system (USGS, 2003a).  This 
vertical flow is interpreted to be significant beneath ACP and in close proximity to the 
river (TtNUS, 2006).  Further evaluation by TtNUS as reported in the 2005 AMR 
indicates that under non-pumping conditions upward vertical flow appears to be most 
significant in the vicinity of the river where water from deeper aquifer units upwells to 
discharge to surface water (TtNUS, 2006).   

2.3.2 Non-Pumping Conditions and Effect of Extraction Wells 

The potentiometric surface contour map for non-pumping conditions (March 10, 
2003) for the shallow Quaternary aquifer is presented as Figure 4.6 in the 2002 annual 
groundwater monitoring report (TtNUS, 2003).  The entire extraction system was shut 
down on January 1, 2003 and remained down until at least March 10, 2003.  The aquifer 
system was allowed to recover for over two months to reach static non-pumping water-
level conditions.  Under static (i.e., non-pumping) conditions, the groundwater flow 
direction across the site for the unconsolidated aquifers and the underlying PC bedrock 
aquifer is generally the same as under pumping conditions.  The groundwater ridge 
observed under pumping conditions was present under non-pumping conditions as well, 
indicating that it is a natural hydrogeologic feature.   

The direct impact of the extraction system on the pilot test area can be determined by 
comparing the water level within the pilot study area under pumping conditions with the 
water level under non-pumping conditions.  On march 10th 2003 the groundwater 
extraction system was down and the groundwater elevation at MS-46S under non-pumping 
conditions was 806.04.  The extraction system was restarted on March 18th 2003.  On April 
7th 2003 a round of water level data was collected as part of the April 2003 process 
monitoring event.  During this sampling round the groundwater elevation at MS-46S was 
804.81.  Thus, the impact of the extraction system on MS-46S is likely to be a maximum of 
the difference between these sampling rounds or approximately 1.2 feet, assuming that 
seasonal fluctuations were minimal during this 17 day time period.  The 1.2 foot drop in the 
water table in the vicinity of MS-46S due to the extraction system likely resulted in 
shallower groundwater potentiometric surface gradients within the pilot test area which 
would have effected the geochemical and contaminant conditions within the pilot test area.   
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2.3.3 Interaction Between the Aquifer System and the Mississippi River 

The Mississippi River borders ACP to the west.  It is expected that the Mississippi 
River and the underlying alluvium are hydraulically connected.  The alluvium consists of 
sand and gravel (Schoenberg, 1994) and is estimated to be as much as 60 feet thick under 
the river (Lindgren 1990).  To evaluate the interaction between the unconsolidated 
aquifer system and the Mississippi River, pressure transducers and data loggers were 
installed to record the rise and fall of water levels in the aquifers in relation to the rise 
and fall of the river stage of the Mississippi River (TtNUS, 2006).  The hydraulic heads 
in the aquifer were found to be higher in all wells within 500 feet of the river compared 
to the river stage even during rapid changes in the river level.  This head difference 
indicates that throughout the year (i.e., during all seasons) groundwater in the aquifer 
system flows toward and discharges into the Mississippi River.  The data indicate that 
there were no bank storage effects, even at high river stages, during the data collection 
period and that the Mississippi River is a gaining river throughout the year (TtNUS, 
2006). 

2.4 GROUNDWATER QUALITY PRIOR TO VEGETABLE OIL INJECTION 

Groundwater samples were collected and analyzed in the spring (April 19-22) and fall 
(November 2-5) of 1999.  The results of these sampling events are described in more 
detail in the 2000 Annual Monitoring Report (TtNUS, 2001).  The sampling round 
conducted in November 1999 represents a snapshot of site conditions prior to the 
injection of the vegetable oil.  Consistent with historical observations, TCE was the most 
extensive contaminant encountered in groundwater at the NIROP and adjacent ACP sites.  
TCE was detected in 99 of 101 wells sampled in the fall 1999 sampling event.  Detected 
concentrations of TCE ranged from 0.59 μg/L to 18,000 μg/L in the fall 1999 sampling 
round.  Dissolved TCE is present at generally higher concentrations in the unconfined 
aquifer (up to 18,000 μg/L) than the deep semi-confined aquifer (up to 5,200 μg/L) 
(TtNUS, 2000).  TCE concentrations in the PC aquifer are significantly lower than in 
shallow intervals (concentrations ranged from non-detect to 7.9 μg/L in 1999) (TtNUS, 
2001).  Generally, TCE in groundwater extends from north of the NIROP's northern 
boundary to the southwest, along the direction of groundwater flow, to the Mississippi 
River in the shallow, intermediate, and deep monitored intervals.   

Based on the results of the NIROP/ACP field investigation in 1999 (TtNUS, 2000), 
TCE was present at elevated levels in the shallow aquifer in the southwestern portion of 
the NIROP and in ACP.  A plan view isoconcentration map of the spatial distribution of 
TCE contamination in the shallow groundwater interval in the pilot study area near 
GWMS-46S is shown on Figure 2.3, based on groundwater samples collected in the fall 
of 1999.  TCE concentrations are lower northeast of East River Road (ranging from 170 
to 730 μg/L) than TCE concentrations present in the ACP (42 to 18,000 μg/L) (Refer to 
Figure 4-19 of TtNUS, 2000).  More specifically, the concentrations in the central portion 
of the ACP were locally higher, ranging from 1,100 to 18,000 μg/L at well GWMS-46S.  
This zone of elevated concentrations generally corresponds to the location of a 
groundwater ridge (Figure 2.2), which may represent an area where contamination may 
have migrated around or through the groundwater extraction system through the shallow 
and/or intermediate aquifer zones.  The primary reason for implementing the pilot scale 
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vegetable oil injection study near well GWMS-46S was because this well exhibited the 
highest TCE concentration in the fall of 1999. 

2.5 CHLORINATED ETHENES OVER TIME AT ANOKA COUNTY PARK 

TCE and DCE (cis-1,2-DCE plus trans-1,2-DCE) concentration data over time is 
presented in the 2005 annual monitoring report (TtNUS, 2006).  These trend data are 
summarized in this report in order to provide a background data set to compare the pilot 
test results to.  Contaminant concentration trend plots were prepared by TtNUS (2006) 
for well locations in the vicinity of the vegetable oil pilot test area. 

Prior to vegetable oil injection activities in December 2001, downward-trending TCE 
and DCE concentrations through time were observed at a number of shallow drift ACP 
monitoring well locations, while upward-trending TCE and DCE concentrations were 
observed at others.  Monitoring well locations installed within ACP, within the shallow 
drift aquifer, and in the vicinity of the vegetable oil pilot test area that showed decreasing 
TCE concentration trends over time include wells GWMS-17S, GWMS-18S, GWMS-
19S, GWMS-26S, GWMS-36S, and GWMS-45S; in contrast, increasing TCE 
concentration trends were observed at monitoring wells GWMS-41S, GWMS-43S, and 
GWMS-44S (TtNUS, 2001).  Prior to vegetable oil injection, downward- trending DCE 
concentrations through time were observed at shallow drift ACP monitoring wells 
GWMS-17S and GWMS-18S, while increasing DCE concentration trends were observed 
at monitoring wells GWMS-26S, GWMS-41S, and GWMS-44S (TtNUS, 2001).  TCE 
concentration trends were relatively stable at well GWMS-46S, while DCE concentration 
trends were relatively stable at wells GWMS-19S, GWMS-27S, GWMS-36S, GWMS-
43S, and GWMS-46S.   

During the course of the pilot test, groundwater sampling at wells outside of the pilot 
test area was limited to GWMS-17S, GWMS-19S, GWMS-27S, GWMS-36S, GWMS-
41S, GWMS-43S, GWMS-44S, and GWMS-45S.  During the course of the pilot test, 
TCE and DCE trends at these wells were variable.  TCE and DCE concentrations 
decreased at monitoring wells GWMS-17S and GWMS-19S, while concentrations of 
these compounds increased at GWMS-41S, GWMS-43S, and GWMS-44S.  At well 
GWMS-36S, TCE concentrations decreased substantially while DCE concentrations 
remained stable.   

A Mann-Kendall trend analyses were conducted on the VOC data set to determine the 
direction of the concentration trend at each well location over time.  The discussion of the 
methods and results of the Mann-Kendall trend analyses are presented in the 2005 AMR 
(TtNUS, 2006), and are summarized here for wells located in the vicinity of the pilot 
study area.  For monitoring wells installed in the park 17 of the 28 wells sampled had 
statistically significant downward TCE concentration trends, 5 wells had upward trends, 
and the remaining 6 wells showed no statistically significant trend (TtNUS, 2006).  
Concentration trends for cis-1,2-DCE were very similar with 15 of the 28 wells having a 
downward trend, 7 having upward trends, and 8 having no trend.  Monitoring well MS-
18S and MS-45S, located up and cross gradient from the pilot test area, had downward 
trends in both TCE and cis-1,2-DCE concentrations while monitoring well MS-26S, also 
located up and cross gradient from the pilot test area had a statistically upward trend in 
TCE concentration and no trend in cis-1,2-DCE concentration.  MS-41S, located 
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upgradient from the pilot test area had no identifiable trend for either TCE or cis-1,2-
DCE. 

The relative magnitude of the change in concentration between November 2001 and 
March 2003 was evaluated for each sampled well by computing the slope of the straight 
line between the 2001 and 2003 data points.  The average slopes in the TCE and DCE 
concentration trends at wells outside of the pilot test area were approximately -3.2 and 
+1.1, respectively.  The average TCE slope represents an average TCE concentration 
decrease of approximately 3.2 µg/L per month or 38.4 µg/L per year.  The average DCE 
slope represents an average DCE concentration increase of approximately 1.1 µg/L per 
month or 13.2 µg/L per year.  These concentration changes result from processes acting 
on ACP as a whole and thus will be considered during the evaluation of the pilot test.  
Wells GWMS-45S and GWMS-46S were likely impacted by the vegetable oil injection 
pilot test and are thus not included in this evaluation.  GWMS-46S was directly impacted 
by vegetable oil during injection, and GWMS-45S and GWMS-53PC were likely 
accidentally impacted by vegetable oil back-flushing through groundwater extraction 
lines during substrate injection activities.   
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SECTION 3 
 

VEGETABLE OIL INJECTION PILOT TEST IMPLEMENTATION 

The installation of the pilot test system and the emplacement of the vegetable oil 
substrate are presented in detail in the Project Completion Report prepared by CCI 
(2002).  Therefore, this section will be limited to discussion of the methods and 
techniques employed during the process monitoring events and a presentation of changes 
or departures from the project work plan (Parsons, 2001b). 

3.1 PROCESS MONITORING ACTIVITIES 

The final project work plan (Parsons, 2001b) called for the performance of a total of 
four process monitoring sampling events distributed over approximately 12 months 
following substrate injection.  The project work plan also contained a provision for an 
additional 12 months of performance monitoring to be conducted by the performance of 
up to four additional performance monitoring events.  Six performance monitoring events 
were conducted over a time period of 20 months. 

3.1.1 Water Table Elevation Data Collection 

Groundwater potentiometric surface elevation and vegetable oil non-aqueous phase 
liquid (NAPL) thickness measurements were collected during each process monitoring  
event, prior to the initiation of groundwater sampling.  Groundwater elevation 
measurement data sets were used to qualitatively determine whether the vegetable oil 
injection activities affected groundwater flow over the course of the pilot test.  
Groundwater potentiometric surface maps were prepared for each sampling round and are 
presented in Section 4 of this report.  Vegetable oil NAPL thicknesses were measured 
during each sampling round to determine if the NAPL migrated away from the initial 
injection area.   

3.1.2 Hydraulic Conductivity Data Collection 

Hydraulic conductivity of the aquifer matrix was calculated using slug test results 
from three injection wells and three monitoring wells (PES-MW-1, PES-MW-2, and 
PES-MW-3); the tests were performed during the December 2002, April 2003, and 
August 2003 sampling events.  Post-injection hydraulic conductivity data collected 
during the process monitoring events was compared to hydraulic conductivity data 
collected from the same wells prior to vegetable oil injection to determine how the 
hydraulic conductivity of the aquifer matrix was impacted by vegetable oil injection.  
These results are presented in Section 4 of this report. 
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3.1.3 Groundwater Sample Collection 

During each process monitoring event, groundwater samples were collected from 
three injection wells, nine pilot test monitoring wells, three contingency monitoring 
wells, and three pre-existing monitoring wells.  At a minimum, each groundwater sample 
was analyzed for the following parameters: 

• Volatile organic compounds (VOCs) using USEPA method 8260B; 

• Methane, ethene, and ethane using USEPA method SW8015M and Microseeps, 
Inc. proprietary laboratory methods; 

• Nitrate and nitrite using method USEPA E300.1; 

• Total organic carbon (TOC) using method USEPA SW9060; 

• DO, temperature, pH, ORP, and specific conductivity using field instrumentation; 
and 

• Ferrous iron, manganese, hydrogen sulfide, sulfate, ammonia, alkalinity, chloride, 
and carbon dioxide in the field using various Hach® methods. 

In addition, sample aliquots were collected from each well and analyzed for volatile 
fatty acids (VFAs), phospholipid fatty acids (PLFAs), and dissolved H2 by internal 
laboratory procedures during the last five sampling rounds.  Sample aliquots of vegetable 
oil NAPL were also collected during each process monitoring event from any well where 
the vegetable oil NAPL was present in sufficient quantity.  The vegetable oil samples 
were analyzed for VOCs using method 8260B. 

Sample aliquots collected from injection well PES-INJ-2 and monitoring wells 
GWMS-46S, PES-MW-1, PES-MW-2, PES-MW-3, and PES-MW-4 during the 
December 2002 sampling event were analyzed for isotope fractionation, denatured 
gradient gel electrophoresis (DGGE), and targeted gene detection through 
deoxyribonucleic acid (DNA) analysis.  During the sampling rounds performed in 2003, 
sample aliquots were collected from the injection wells, existing well GWMS-46S, and 
the nine pilot test monitoring wells and analyzed for the same parameters.  The isotope 
fractionation analyses were conducted to determine whether the chlorinated solvents at 
each well location were being degraded through microbially mediated processes.  The 
DGGE and targeted gene detection analyses were conducted to determine the structure of 
the microbial community present at each well location.  These results are presented in 
Section 4. 

Groundwater samples were collected during baseline sampling and process monitoring 
events using a submersible bladder pump and Teflon®-lined tubing. 

3.1.3.1 Data Quality Issues 

During the February and May 2002 process monitoring events, 2-butanone and 
acetone were detected in samples collected from the injection wells and from monitoring 
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wells PES-MW-2, PES-MW-7, PES-MW-9, and GWMS-27S.  Detected concentrations 
of both 2-butanone and acetone were relatively low during the first round of process 
monitoring, with maximum concentrations of 490 µg/L and 240 µg/L, respectively.  
During the second round of process monitoring both analytes were detected at slightly 
higher concentrations (maximum concentrations of 770 µg/L and 610 µg/L, 
respectively).  None of the 2-butanone or acetone concentrations detected during the first 
two process monitoring rounds exceed the MPCA Health Risk Limits of 4,000 µg/L and 
700 µg/L for 2-butanone and acetone, respectively.  The source of these contaminants is 
unknown.  However, it was suspected that they were contaminants introduced to the 
samples during sampling equipment decontamination or in the laboratory during sample 
analysis. This hypothesis was tested during the third process monitoring event (August 
2002) by collecting additional rinse blanks to ensure that decontamination procedures 
were adequate and by using new sample collection tubing for sampling at PES-INJ-1. 

However, during the August 2002 sampling event, high concentrations of 2-butanone 
and acetone were detected in samples collected from the injection wells and from 
monitoring wells PES-MW-7 and PES-MW-9.  In addition, rinse blank samples that were 
collected following sample collection at wells containing high concentrations of TOC 
(and probably residual vegetable oil) contained significant concentrations of TCE, DCE, 
2-butanone, and acetone.  This indicated that the decontamination procedure in use was 
inadequate for wells that contain residual vegetable oil.  Therefore, Parsons 
recommended that new tubing be used for sampling in wells PES-INJ-1, PES-INJ-2, 
PES-INJ-3, PES-MW-1, PES-MW-6, PES-MW-7, PES-MW-8, and PES-MW-9.  Use of 
new tubing in these wells would significantly decrease the potential for cross 
contamination between wells and reduce the potential for introduction of 
decontamination solvents to samples and rinse blanks.  Parsons also recommended that 
the sampling order be changed such that all other wells would be sampled prior to the 
eight above-listed wells.  Monitoring wells PES-MW-2 and GWMS-46S would be 
sampled last, just prior to installing new tubing for well PES-MW-8.   

The analytical data collected during the December 2002 event, performed following 
implementation of the revised procedures described in the previous paragraph, indicate 
the presence of 2-butanone and acetone in samples from wells PES-INJ-1, PES-INJ-3, 
PES-MW-7, and PES-MW-9 only.  The spatial distribution of 2-butanone and acetone 
concentrations detected during the December 2002 sampling event indicate that the 
presence of these compounds are related to fermentation reactions within the injection 
area and in wells where there is significant organic carbon present.  However, these 
compounds are highly degradable.  Therefore, the presence of 2-butanone and acetone is 
dependent on the presence of high concentrations of organic carbon.  The spatial 
distribution of these compounds confirmed that they were not migrating beyond the area 
of elevated organic carbon concentrations and bioactivity.  The large decreases in TOC 
concentration observed in PES-MW-9 during the April and August 2003 events were 
coupled with large decreases in 2-butanone and acetone concentrations, supporting the 
hypothesis that the presence of these compounds is dependent on the presence of high 
concentrations of TOC. 

The changes to sampling methodology adopted during the August 2002 and December 
2002 process monitoring rounds were maintained during the 2003 process monitoring 
rounds. 
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3.1.4 Departures from the Final Project Work Plan 

There were a number of minor departures from the Project Work Plan (Parsons, 
2001b) that were adopted during the process monitoring phase of this project.  In all 
cases, changes to the Project Work Plan were made to improve data quality and/or 
facilitate evaluation of the effects of vegetable oil injection .  Departures from the Project 
Work Plan included: 

• The addition of VFA, PLFA, DGGE, targeted gene detection, dissolved H2, and 
isotopic fractionation analyses, 

• Increased frequency of rinse blank sample collection and analysis; 

• Use of dedicated tubing for sample collection at select well locations; 

• Analysis for methane, ethene, and ethane using Microseeps Inc. internal standard 
operating procedures as well as analysis by USEPA Method SW8015M.  The 
analysis of methane, ethene, and ethane by internal Microseeps Inc. procedures 
was conducted to obtain lower detection limits. 

• The USGS added approximately 110 pounds of colloidal iron to the vegetable oil 
emulsion injected into PES-INJ-01 and approximately 7.8 pounds of dissolved 
magnetite to the vegetable oil emulsion injected into PES-INJ-03 (USGS, 2003).  
These iron products were added to the injected emulsion in order to track the 
emulsion in the subsurface following injection using geophysical techniques. 

3.2 EXTENDED MONITORING ACTIVITIES 

Extended process monitoring activities at the vegetable oil pilot test site were 
conducted in accordance with the final work plan addendum (January 6th 2005), the Final 
Work Plan (Parsons, 2001a), final Quality Assurance Project Plan (QAPP), (Parsons, 
2001b), and guidance provided by the United States Environmental Protection Agency 
(USEPA (1998)). 

The extended process monitoring activities were conducted in three phases.  The first 
phase consisted of a membrane interface probe (MIP) survey within the pilot test area to 
investigate the stratigraphy and vertical distribution of volatile organic compound (VOC) 
mass from the ground surface to a total depth of approximately 60 to 70 feet below 
ground surface (bgs).  The second phase used the data generated during the MIP survey 
to place eight new monitoring wells and ten soil borings within approximately 100 feet of 
the injection area.  The third phase began after the new monitoring well clusters are 
installed and consisted of a groundwater sampling event at the newly installed wells, 
existing pilot test wells, and selected existing monitoring wells located outside of the 
pilot test area.  A second groundwater sampling event was conducted approximately 7 
months after the first event, in November 2005.  The data collected during the field 
activities associated with the extending monitoring of the vegetable oil pilot test area are 
presented in the following subsections.  Data collected during the extended monitoring 
activities has been incorporated into this final report and is presented in detail in the Final 
2006 Technical Memorandum (Appendix G).   
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SECTION 4 
 

RESULTS 

Because CAH compounds are used as electron acceptors, there must be an appropriate 
source of electron donor to encourage microbial growth and to fulfill the electron 
requirement to drive reductive dechlorination.  Potential electron donor sources include 
vegetable oil, fuel hydrocarbons, low-molecular-weight compounds (e.g., lactate, acetate, 
or methanol) present in natural organic matter, or less-chlorinated compounds such as 
VC or DCE.  Vegetable oil was selected to remediate the CAH plume at ACP by 
overcoming the perceived electron donor limitation. 

The separate-phase nature of vegetable oil allows for slow dissolution into 
groundwater, thus making it a slow-release carbon source.  Vegetable oil is an 
inexpensive, innocuous, edible (i.e., food-grade) carbon source that is not regulated as an 
environmental contaminant by the USEPA.  Because vegetable oil is a light NAPL 
(LNAPL), the potential exists that a single, low-cost injection could provide sufficient 
electron donor to drive reductive dechlorination for several years. 

Vegetable oil was injected at ACP in December 2001 to create the redox and electron 
donor conditions necessary to promote the biologically mediated reductive dechlorination 
of the CAHs present in site groundwater and subsurface saturated soils.  A secondary 
benefit of vegetable oil is that dissolved contaminants partition into the oil NAPL.  This 
is beneficial because aqueous-phase CAH concentrations are lowered until steady-state 
conditions are reached, resulting in an initial attenuation of the dissolved-phase plume.  
Contaminants are then released from the oil back into groundwater at a rate dependent 
upon dissolution and/or degradation of the vegetable oil, and degradation of contaminants 
in the dissolved phase.  In any event, contaminants are released back to groundwater 
within a zone characterized by the presence of adequate organic substrate and optimal 
conditions for reductive dechlorination.  An extensive discussion of the processes by 
which vegetable oil enhances in-situ reductive dechlorination of CAHs can be found in 
the Project Work Plan (Parsons, 2001b). 

4.1 GROUNDWATER FLOW 

4.1.1 Groundwater Flow Direction 

Table 4.1 presents groundwater elevation measurements collected during the baseline 
sampling and process monitoring events.  Figure 4.1 depicts a groundwater 
potentiometric surface map developed from the baseline groundwater elevation data set.  
Figures 4.2 through 4.7 depict groundwater potentiometric surface maps developed for 
each of the six process monitoring events.  The monitoring network for the pilot study 
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TABLE 4.1
SUMMARY OF GROUNDWATER ELEVATION DATA

Elevation Depth to Depth to Groundwater
Well/Borehole Datum Water Oil Elevationc/

Identification Date (Feet amsl)a/ (Feet btoc)b/ (Feet btoc) (Feet amsl)
MONITORING WELLS
GWMS-27S 24-Oct-01 832.74 N.M. d/ N.E. e/ N.M.

11-Feb-02 N.M. N.E. N.M.
20-May-02 28.17 N.E. 804.57
26-Aug-02 28.56 N.E. 804.18
9-Dec-02 28.82 N.E. 803.92
7-Apr-03 30.40 N.E. 802.34
18-Jun-03 31.58 N.E. 801.16
18-Aug-03 30.72 N.E. 802.02

GWMS-45S 24-Oct-01 832.13 28.00 N.E. 804.13
11-Feb-02 N.M. N.E. N.M.
20-May-02 N.M. N.E. N.M.
26-Aug-02 N.M. N.E. N.M.
9-Dec-02 N.M. N.E. N.M.
7-Apr-03 27.11 N.E. 805.02
18-Jun-03 24.54 N.E. 807.59
18-Aug-03 26.63 N.E. 805.50

GWMS-46S 24-Oct-01 831.67 27.65 N.E. 804.02
11-Feb-02 27.60 N.E. 804.07
20-May-02 25.71 N.E. 805.96
26-Aug-02 25.77 N.E. 805.90
9-Dec-02 25.86 N.E. 805.81
7-Apr-03 26.86 N.E. 804.81
18-Jun-03 28.25 N.E. 803.42
18-Aug-03 26.58 N.E. 805.09

GWMS-47S 24-Oct-01 834.83 33.75 N.E. 801.08
11-Feb-02 33.83 N.E. 801.00
20-May-02 31.09 N.E. 803.74
26-Aug-02 31.70 N.E. 803.13
9-Dec-02 31.97 N.E. 802.86
7-Apr-03 33.57 N.E. 801.26
18-Jun-03 31.87 N.E. 802.96
18-Aug-03 33.98 N.E. 800.85

GWMS-49S 24-Oct-01 834.16 33.63 N.E. 800.53
11-Feb-02 N.M. N.E. N.M.
20-May-02 N.M. N.E. N.M.
26-Aug-02 N.M. N.E. N.M.
9-Dec-02 N.M. N.E. N.M.
7-Apr-03 N.M. N.E. N.M.
18-Jun-03 N.M. N.E. N.M.
18-Aug-03 N.M. N.E. N.M.

FRIDLEY, MINNESOTA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
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TABLE 4.1 (Continued)
SUMMARY OF GROUNDWATER ELEVATION DATA

Elevation Depth to Depth to Groundwater
Well/Borehole Datum Water Oil Elevationc/

Identification Date (Feet amsl)a/ (Feet btoc)b/ (Feet btoc) (Feet amsl)

FRIDLEY, MINNESOTA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

MWW-13 24-Oct-01 833.33 31.64 N.E. 801.69
11-Feb-02 N.M. N.E. N.M.
20-May-02 N.M. N.E. N.M.
26-Aug-02 N.M. N.E. N.M.
9-Dec-02 N.M. N.E. N.M.
7-Apr-03 31.15 N.E. 802.18
18-Jun-03 29.38 N.E. 803.95
18-Aug-03 31.45 N.E. 801.88

PES-MW-1 24-Oct-01 832.49 28.52 N.E. 803.97
11-Feb-02 28.36 N.E. 804.13
20-May-02 26.40 N.E. 806.09
26-Aug-02 26.51 N.E. 805.98
9-Dec-02 26.67 N.E. 805.82
7-Apr-03 27.77 N.E. 804.72
18-Jun-03 25.39 N.E. 807.10
18-Aug-03 27.50 N.E. 804.99

PES-MW-2 24-Oct-01 832.41 28.48 N.E. 803.93
11-Feb-02 28.30 N.E. 804.11
20-May-02 26.32 N.E. 806.09
26-Aug-02 26.46 N.E. 805.95
9-Dec-02 26.62 N.E. 805.79
7-Apr-03 27.74 N.E. 804.67
18-Jun-03 25.36 N.E. 807.05
18-Aug-03 27.53 N.E. 804.88

PES-MW-3 24-Oct-01 832.80 29.66 N.E. 803.14
11-Feb-02 29.34 N.E. 803.46
20-May-02 27.39 N.E. 805.41
26-Aug-02 27.66 N.E. 805.14
9-Dec-02 27.66 N.E. 805.14
7-Apr-03 28.61 N.E. 804.19
18-Jun-03 26.43 N.E. 806.37
18-Aug-03 28.38 N.E. 804.42

PES-MW-4 24-Oct-01 832.57 31.20 N.E. 801.37
11-Feb-02 31.05 N.E. 801.52
20-May-02 28.53 N.E. 804.04
26-Aug-02 29.10 N.E. 803.47
9-Dec-02 29.36 N.E. 803.21
7-Apr-03 30.84 N.E. 801.73
18-Jun-03 29.03 N.E. 803.54
18-Aug-03 31.26 N.E. 801.31

PES-MW-5 24-Oct-01 832.60 31.23 N.E. 801.37
11-Feb-02 31.12 N.E. 801.48
20-May-02 28.58 N.E. 804.02
26-Aug-02 29.14 N.E. 803.46
9-Dec-02 29.41 N.E. 803.19
7-Apr-03 30.90 N.E. 801.70
18-Jun-03 29.14 N.E. 803.46
18-Aug-03 31.30 N.E. 801.30
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TABLE 4.1 (Continued)
SUMMARY OF GROUNDWATER ELEVATION DATA

Elevation Depth to Depth to Groundwater
Well/Borehole Datum Water Oil Elevationc/

Identification Date (Feet amsl)a/ (Feet btoc)b/ (Feet btoc) (Feet amsl)

FRIDLEY, MINNESOTA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

PES-MW-6 24-Oct-01 832.41 28.46 N.E. 803.95
11-Feb-02 28.46 N.E. 803.95
20-May-02 26.37 N.E. 806.04
26-Aug-02 26.45 26.44 805.97
9-Dec-02 26.60 N.E. 805.81
7-Apr-03 27.71 N.E. 804.70
18-Jun-03 25.31 N.E. 807.10
18-Aug-03 27.54 27.54 804.87

PES-MW-7 24-Oct-01 832.58 28.64 N.E. 803.94
11-Feb-02 28.61 N.E. 803.97
20-May-02 26.52 N.E. 806.06
26-Aug-02 26.63 N.E. 805.95
9-Dec-02 26.79 N.E. 805.79
7-Apr-03 27.89 N.E. 804.69
18-Jun-03 25.54 N.E. 807.04
18-Aug-03 27.66 N.E. 804.92

PES-MW-8 24-Oct-01 832.64 28.72 N.E. 803.92
11-Feb-02 28.63 N.E. 804.01
20-May-02 26.70 N.E. 805.94
26-Aug-02 26.77 N.E. 805.87
9-Dec-02 26.93 N.E. 805.71
7-Apr-03 28.05 N.E. 804.59
18-Jun-03 25.71 N.E. 806.93
18-Aug-03 27.77 N.E. 804.87

PES-MW-9 24-Oct-01 832.85 28.95 N.E. 803.90
11-Feb-02 28.81 N.E. 804.04
20-May-02 26.85 N.E. 806.00
26-Aug-02 27.02 N.E. 805.83
9-Dec-02 27.12 N.E. 805.73
7-Apr-03 28.24 N.E. 804.61
18-Jun-03 25.89 N.E. 806.96
18-Aug-03 27.97 N.E. 804.88

PES-CW-1 24-Oct-01 832.01 30.30 N.E. 801.71
11-Feb-02 N.M. N.E. N.M.
20-May-02 27.91 N.E. 804.10
26-Aug-02 28.39 N.E. 803.62
9-Dec-02 28.66 N.E. 803.35
7-Apr-03 30.18 N.E. 801.83
18-Jun-03 28.56 N.E. 803.45
18-Aug-03 34.34 N.E. 797.67

PES-CW-2 24-Oct-01 833.02 31.37 N.E. 801.65
11-Feb-02 31.93 N.E. 801.09
20-May-02 28.99 N.E. 804.03
26-Aug-02 29.49 N.E. 803.53
9-Dec-02 29.77 N.E. 803.25
7-Apr-03 31.33 N.E. 801.69
18-Jun-03 29.75 N.E. 803.27
18-Aug-03 31.72 N.E. 801.30
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TABLE 4.1 (Continued)
SUMMARY OF GROUNDWATER ELEVATION DATA

Elevation Depth to Depth to Groundwater
Well/Borehole Datum Water Oil Elevationc/

Identification Date (Feet amsl)a/ (Feet btoc)b/ (Feet btoc) (Feet amsl)

FRIDLEY, MINNESOTA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

PES-CW-3 24-Oct-01 835.47 34.08 N.E. 801.39
11-Feb-02 34.21 N.E. 801.26
20-May-02 31.58 N.E. 803.89
26-Aug-02 32.14 N.E. 803.33
9-Dec-02 32.39 N.E. 803.08
7-Apr-03 33.95 N.E. 801.52
18-Jun-03 32.29 N.E. 803.18
18-Aug-03 30.51 N.E. 804.96

PES-BG-1 24-Oct-01 832.75 28.68 N.E. 804.07
11-Feb-02 N.M. N.M. N.M.
20-May-02 N.M. N.M. N.M.
26-Aug-02 26.67 N.E. 806.08
9-Dec-02 26.83 N.E. 805.92
7-Apr-03 27.89 N.E. 804.86
18-Jun-03 25.55 N.E. 807.20
18-Aug-03 25.54 N.E. 807.21

PES-BG-2 24-Oct-01 832.73 28.41 N.E. 804.32
11-Feb-02 N.M. N.M. N.M.
20-May-02 N.M. N.M. N.M.
26-Aug-02 26.68 N.E. 806.05
9-Dec-02 26.75 N.E. 805.98
7-Apr-03 27.93 N.E. 804.80
18-Jun-03 25.61 N.E. 807.12
18-Aug-03 27.68 N.E. 805.05

PES-BG-3 24-Oct-01 832.56 28.52 N.E. 804.04
11-Feb-02 N.M. N.M. N.M.
20-May-02 N.M. N.M. N.M.
26-Aug-02 26.50 N.E. 806.06
9-Dec-02 26.67 N.E. 805.89
7-Apr-03 27.75 N.E. 804.81
18-Jun-03 25.42 N.E. 807.14
18-Aug-03 27.49 N.E. 805.07

INJECTION WELLS
PES-INJ-1 24-Oct-01 832.42 28.38 N.E. 804.04

11-Feb-02 28.69 28.16 804.22
20-May-02 26.55 N.E. 805.87
26-Aug-02 26.42 26.41 806.01
9-Dec-02 26.54 N.E. 805.88
7-Apr-03 27.73 27.72 804.70
18-Jun-03 25.29 N.E. 807.13
18-Aug-03 27.48 N.E. 804.94

PES-INJ-2 24-Oct-01 832.87 28.86 N.E. 804.01
11-Feb-02 31.24 28.62 804.04
20-May-02 27.17 27.05 805.81
26-Aug-02 26.99 26.92 805.94
9-Dec-02 27.07 27.07 805.80
7-Apr-03 28.23 28.14 804.72
18-Jun-03 25.75 25.94 806.95
18-Aug-03 27.96 27.96 804.91
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TABLE 4.1 (Continued)
SUMMARY OF GROUNDWATER ELEVATION DATA

Elevation Depth to Depth to Groundwater
Well/Borehole Datum Water Oil Elevationc/

Identification Date (Feet amsl)a/ (Feet btoc)b/ (Feet btoc) (Feet amsl)

FRIDLEY, MINNESOTA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

PES-INJ-3 24-Oct-01 832.71 28.74 N.E. 803.97
11-Feb-02 30.44 28.51 804.05
20-May-02 29.08 28.95 803.75
26-Aug-02 31.42 26.41 805.90
9-Dec-03 28.19 26.77 805.83
7-Apr-03 N.M. 27.83 N.M.
18-Jun-03 26.22 27.72 805.11
18-Aug-03 27.71 27.71 805.00

   a/  Feet amsl indicates elevation in feet above mean sea level.
   b/  Feet btoc indicates depth in feet below top of casing.
   c/  Water elevations corrected for presence of oil using a specific gravity of 0.92.
   d/  N.M. = not measured.    e/  N.E. = not encountered.
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was designed assuming that groundwater flow was toward the west-southwest, toward 
the Mississippi River.   

During the baseline sampling event, prior to vegetable oil injection, groundwater flow 
beneath the injection area was toward the southwest, toward the Mississippi River 
(Figure 4.1).  Prior to the commencement of injection activities, the groundwater 
potentiometric surface was relatively flat in the area of the injection wells and 
downgradient as far as PES-MW-3.  The horizontal gradient in the upgradient portion of 
the pilot test area was approximately 0.013 feet per foot (ft/ft).  Immediately 
downgradient of monitoring well PES-MW-3 the hydraulic gradient appears to steepen.  
The hydraulic gradient between PES-MW-3 and PES-MW-4 was approximately 0.087 
ft/ft.  This zone coincides with the edge of the intermediate silt unit as interpreted by the 
USGS (2003a) (Section 2.3).  Downgradient of PES-MW-4 the groundwater 
potentiometric surface is relatively flat and appears to slope toward the Mississippi River. 
During the February 2002 process monitoring event the groundwater flow throughout the 
pilot test area appeared to be toward the southwest and the Mississippi River (Figure 
4.2).  In the injection area and the upgradient portions of the monitoring well network 
(upgradient of PES-MW-4), groundwater potentiometric surface gradients were very 
similar to those observed during the baseline sampling event.   

During the May 2002 process monitoring event the groundwater potentiometric 
surface was generally two to three feet higher across the entire pilot test area (Figure 4.3).  
Groundwater flow directions and horizontal hydraulic gradients were very similar to 
those observed during the baseline and February 2002 sampling events.  However, the 
groundwater flow direction in the portion of the pilot test area upgradient of the injection 
wells appears to have reversed such that groundwater flow in this area was toward the 
northeast.  This apparent reversal is evidenced by groundwater elevation data collected 
from the injection wells, MW-46S, PES-MW-1, PES-MW-6, and PES-MW-7.  This 
groundwater flow direction reversal may be due to seasonal fluctuations in groundwater 
flow conditions or to the influence of extraction wells located across the road from ACP. 

In August 2002 the groundwater potentiometric surface elevation was slightly lower 
than during the May 2002 event (Figure 4.4).  Groundwater flow in the upgradient 
portion of the pilot test area was again toward the southwest; the groundwater flow 
reversal observed in this area in May 2002 was no longer present in August 2002. 

In December 2002 the groundwater potentiometric surface was approximately two feet 
higher than in August 2002 and approximately four feet higher than in December 2001 
(Figure 4.5).  The groundwater flow directions in December 2002 were similar to those 
observed in August 2002 in that groundwater flow was toward the southwest in the 
majority of the pilot test area.   

During the April and August 2003 sampling events (Figures 4.6 and 4.7) groundwater 
flow conditions were nearly identical to those observed during the December 2002 
sampling round, except that the groundwater potentiometric surface during the 2003 
sampling events was approximately 2 feet lower than during the December 2002 event.   

Groundwater potentiometric surface maps that were prepared for sampling events after 
August 2003 are presented in various technical memoranda that have been submitted 
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under separate covers to USEPA and MPCA.  The most recent potentiometric surface 
map that was prepared using data collected in November 2005 is presented in Appendix 
G, Figure 4.   

4.1.2 Hydraulic Conductivity and Groundwater Flow Velocities 

Table 4.2 presents the results of pre- and post-injection aquifer tests and estimates of 
groundwater seepage velocity.  The geometric mean for hydraulic conductivity values 
measured in the upgradient portion of the injection area (upgradient of PES-MW-8 and 
PES-MW-9) was 176.6 feet per day (ft/day) (0.062 centimeters per second [cm/sec]).  
Hydraulic conductivity tests conducted in wells PES-MW3, PES-MW-8, and PES-MW-9 
indicate that these wells are screened in a relatively low hydraulic conductivity zone.  
The geometric mean for hydraulic conductivity values measured PES-MW-3, PES-MW-
8, and PES-MW-9 was 29.5 ft/day (0.010 cm/sec).  The hydraulic conductivity calculated 
for well PES-CW-1, located in the northern portion of the site, was approximately 196 
ft/day.  Geometric mean groundwater flow velocities, calculated from data collected prior 
to injection, ranged from approximately 438 feet per year (ft/yr) to 2,545 ft/yr.  

During each sampling round, separate vegetable oil thickness measurements were 
collected with an interface probe at each well location.  Significant thicknesses of 
vegetable oil were detected in injection wells PES-INJ-2 and PES-INJ-3.  Separate phase 
vegetable oil was also detected intermittently in PES-INJ-1.  At each injection well the 
thickest layer of separate phase vegetable oil was detected during the February 2002 
event (2 months after injection).  During the successive sampling events vegetable oil 
thickness decreased rapidly to less than 0.01 foot in all three injection wells.  The 
separate phase vegetable oil thickness decreased most rapidly in PES-INJ-1 (Table 4.1).  
Review of the data indicates that the separate phase vegetable oil thickness at all three 
injection wells is cyclical and likely related to the groundwater flow 
conditions(particularly at PES-INJ-3).  

Comparison of the pre- and post-injection aquifer test data (Table 4.2) indicates that 
hydraulic conductivities measured in the injection wells immediately after injection 
(December 2002) are an order of magnitude lower than pre-injection hydraulic 
conductivities for the same wells.  This decrease in hydraulic conductivity is likely due to 
the presence of large quantities of vegetable oil-in-water emulsion in these wells.  As a 
result, the decrease in hydraulic conductivity observed in the injection wells is likely 
limited to the immediate area surrounding the injection wells. The observed impact to 
hydraulic conductivity is likely a long-term effect of the vegetable oil injection and will 
likely last until the vegetable oil and associated biomass have been depleted.  The likely 
result is that shallow groundwater flow will be deflected to some extent around the 
injection area.  However, the cross-sectional area of the volume of the aquifer impacted 
by the injection (perpendicular to groundwater flow) is relatively small (approximately 
40 feet [USGS, 2003]).  Thus, the impact of the injection on groundwater flow in ACP is 
likely to be very small and localized.   
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Casing Static Maximum
Rising or Screened Inside Water Hydraulic Conductivity Estimated Hydraulic Groundwater

Monitoring Test Falling Interval Diameter Level (K) Effective Gradient Velocity
Well Date Test (ft bgs)a/ (inches) (feet btoc) (ft/day)b/ (cm/sec)c/ (gpd/ft2)d/ Porosity (ft/ft)e/ (ft/yr)f/

PES-INJ-1 12/7/01 Both 35-45 3.0 28.37 210 7.43E-02 1,574 0.25 0.002 522
PES-INJ-2 12/7/01 Both 40-50 3.0 28.84 221 7.79E-02 1,651 0.25 0.002 548
PES-INJ-3 12/7/01 Both 40-50 3.0 28.73 254 8.96E-02 1,898 0.25 0.002 630
PES-MW-1 12/7/01 Both 35-45 2.0 28.55 177 6.23E-02 1,321 0.25 0.002 438

214 7.54E-02 1,597 0.25 0.00 530

PES-MW-3 12/6/01 Both 30-40 2.0 29.66 23 8.15E-03 173 0.25 0.059 1,988
PES-MW-4 12/6/01 Both 30-40 2.0 31.20 14 5.03E-03 107 0.25 0.059 1,228
PES-MW-8 12/7/01 Both 30-40 2.0 28.70 78 2.77E-02 587 0.25 0.059 6,754

30 1.04E-02 221 0.25 0.059 2,545
PES-CW-1 12/6/01 Both 30-40 2.0 31.38 196 6.92E-02 1,467 0.25 0.002 572

PES-INJ-1 12/14/02 Both 35-45 3.0 28.73 11 3.87E-03 82 0.25 0.002 27
PES-INJ-2 12/14/02 Rise 40-50 3.0 28.82 7.9 2.79E-03 59 0.25 0.002 20
PES-INJ-3 12/14/02 Both 40-50 3.0 28.73 13 4.59E-03 97 0.25 0.002 32

10 3.67E-03 78 0.25 0.002 26

PES-MW-1 12/16/02 Rise 35-45 2.0 26.67 83 2.93E-02 622 0.25 0.041 4,974
PES-MW-6 12/16/02 Rise 35-45 2.0 26.60 70 2.46E-02 522 0.25 0.041 4,179
PES-MW-7 12/16/02 Rise 40-50 2.0 26.79 110 3.87E-02 820 0.25 0.041 6,560

86 3.04E-02 643 0.25 0.04 5,147

PES-INJ-1 4/5/03 Both 35-45 3.0 27.73 1.0 3.39E-04 7.2 0.25 0.002 2.4
PES-INJ-2 4/4/03 Both 40-50 3.0 28.23 8.4 2.96E-03 63 0.25 0.002 21

2.8 1.00E-03 21 0.25 0.00 7.0

PES-MW-1 4/4/03 Both 35-45 2.0 27.77 124 4.36E-02 925 0.25 0.041 7,399
PES-MW-6 4/4/03 Both 35-45 2.0 27.71 68 2.40E-02 509 0.25 0.041 4,071
PES-MW-7 12/16/02 Both 40-50 2.0 26.79 85 2.99E-02 633 0.25 0.041 5,069

86 3.04E-02 644 0.25 0.041 5,156

PES-INJ-1 8/28/03 Both 35-45 3.0 27.73 0.3 9.00E-05 1.9 0.25 0.002 0.6
PES-INJ-2 8/27/03 Both 40-50 3.0 28.23 2.7 9.60E-04 20 0.25 0.002 6.8
GEOMETRIC MEAN FOR POST-INJECTION TESTS 0.8 2.94E-04 6.2 0.25 0.00 2.1

PES-MW-1 8/27/03 Both 35-45 2.0 27.77 94 3.31E-02 702 0.25 0.020 2,741
PES-MW-6 8/27/03 Both 35-45 2.0 27.71 94 3.32E-02 704 0.25 0.023 3,159
PES-MW-7 8/27/03 Both 40-50 2.0 26.79 66 2.34E-02 496 0.25 0.012 1,161
GEOMETRIC MEAN FOR POST-INJECTION TESTS 81 2.87E-02 607 0.25 0.018 2,094
a/ ft bgs = feet below ground surface. f/ ft/yr = feet per year.
b/ ft/day = feet per day. g/ Pre-injection mean calculations are for wells upgradient of PES-MW8 and PES-MW9.
c/ cm/sec = centimeters per second. h/ Pre-injection mean calculations are for wells PES-MW3, PES-MW8, and PES-MW9.
d/ gpd/ft2 = gallons per day per square foot. i/ Pre-injection calculations are for well PES-CW1.
e/ ft/ft = foot per foot.

Pre-Injection Slug Tests in the Injection Area

December 2002 Post-Injection Slug Tests in the Injection Area

December 2002 Post-Injection Slug Tests Down Gradient From the Injection Area

August 2003 Post-Injection Slug Tests Down Gradient From the Injection Area

August 2003 Post-Injection Slug Tests in the Injection Area

GEOMETRIC MEAN

GEOMETRIC MEAN

GEOMETRIC MEAN 

April 2003 Post-Injection Slug Tests in the Injection Area

April 2003 Post-Injection Slug Tests Down Gradient From the Injection Area

GEOMETRIC MEAN

GEOMETRIC MEAN

Pre-Injection Slug Tests Down Gradient From the Injection Area

GEOMETRIC MEAN

FRIDLEY, MINNESOTA

TABLE 4.2
PRE- AND POST-INJECTION HYDRAULIC CONDUCTIVITIES AND AVERAGE GROUNDWATER VELOCITIES

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
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Hydraulic conductivity values calculated from data collected one year after injection 
(December 2002) are similar to those calculated from the pre-injection testing round 
(Table 4.2). This indicates that the decrease in hydraulic conductivity observed 
immediately after injection was a transient effect and that the hydraulic conductivity of 
the aquifer matrix in the vicinity of the first line of monitoring wells (PES-MW-1, PES-
MW-6, and PES-MW-6) has returned to baseline conditions.  Hydraulic conductivity 
data collected during the April and August 2003 sampling rounds indicate that the 
hydraulic conductivity in the vicinity of the first line of monitoring wells has remained at 
near baseline conditions since December 2002. 

During the summer of 2003, a technical meeting was held to discuss groundwater flow 
data collected by the USGS.  During the meeting it was determined that there was 
significant upward vertical groundwater flow within ACP from the PC aquifer to the 
unconsolidated aquifer system and that vertical and horizontal flow conditions within the 
park were not adequately defined (USGS, 2003).  The pilot test was designed with the 
assumption that there was only horizontal flow within the pilot test area.  The impact of 
significant vertical flow on the pilot test is difficult to determine because vertical flow 
within the park is not well-defined.  However, it is likely that significant vertical 
groundwater flow within the pilot test area will impact the pilot test by introducing 
geochemical and contaminant concentration heterogeneity to the pilot test area.  The 
likely result will be that groundwater geochemical and contaminant concentration data 
will be heterogeneous both spatially and temporarily, particularly if vertical flow varied 
over space and time within the timeframe of the test.   

In addition, horizontal groundwater flow conditions are variable within ACP and the 
pilot test area, as evidenced by periodic groundwater flow reversals observed within the 
injection area and in the downgradient portions of the pilot test area.  This variability is 
likely related to seasonal variations in precipitation and river stage, variations in vertical 
groundwater flow, and variations in groundwater extraction rates at the extraction wells 
installed upgradient of ACP.  The result of the variable groundwater flow conditions is 
that geochemical and contaminant conditions within the pilot test area are also variable. 

4.2 SOIL SAMPLING RESULTS   

Soil analytical results collected during well installation activities are summarized in 
Table 4.3.  The complete soil analytical data package is presented in Appendix C of the 
Project Completion Report (CCI, 2002).   

4.2.1 Total Organic Carbon in Soil 

A total of 13 soil samples were collected from 13 locations during the course of 
drilling and well installation activities at ACP and sent to Enchem, Inc. for TOC analysis 
using USEPA Method 9060.  At each drilling location, soil samples were collected from 
the vertical interval where the monitoring well screens were to be placed in order to 
quantify concentrations of organic carbon within the soil matrix surrounding the screened 
interval.  An additional 7 soil samples were collected in 2005 during the expanded 
monitoring program from areas that are unimpacted by vegetable oil and analyzed for 
TOC and VOCs.  The complete TOC in soil data set is presented in Table 4.3.   
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Sample cis- trans- Vinyl Carbon Total Organic
Sample Sample Depth Stratigraphic TCEb/ 1,2-DCEb/ 1,2-DCE Chloride 1,2-DCAb/ Tetrachloride Acetone 2-Butanone Bromomethane Carbon

Location Date (feet bgs)a/ Description (μg/kg)c/ (μg/kg) (μg/kg) (μg/kg) (μg/kg) (μg/kg) (μg/kg) (μg/kg) (μg/kg) (mg/kg)d/

PES-BG-1 17-Oct-01 37 Medium to coarse sand 21 < 1.3e/ < 1.3 < 2.2 < 1.4 < 1.4 < 6.4 < 1.8 < 1.3 410
PES-CW-1 5-Nov-01 35 Fine to medium sand 48 < 1.3 < 1.3 < 2.2 < 1.4 < 1.4 < 6.5 < 1.8 < 1.3 1,100
PES-CW-2 5-Nov-01 37 Medium sand 51 < 1.3 < 1.3 < 2.3 <1.4 < 1.4 7.8 < 1.9 < 1.4 1,700
PES-CW-3 2-Nov-01 35 Dense Clay 43 < 1.3 < 1.3 < 2.3 < 1.5 < 1.5 < 6.7 < 1.9 < 1.4 7,100
PES-MW-1 25-Oct-01 39 Fine sand 41 < 1.4 <1.4 < 2.4 < 1.5 < 1.5 < 6.9 < 2.0 < 1.4 510
PES-MW-2 30-Oct-01 41 Fine sand 140 < 1.4 < 1.8 < 2.3 4.9 7.9 < 6.8 3.2Jf/ 2.3J 1,200
PES-MW-3 1-Nov-01 35 Sandy silt 200 3.1 4.4 < 2.1 < 1.3 < 1.3 < 6.2 < 1.7 < 1.3 570
PES-MW-4 1-Nov-01 35 Lean sandy clay 190 8.9 22 < 2.2 <1.4 < 1.4 < 6.4 < 1.8 < 1.3 590
PES-MW-5 2-Nov-01 35 Lean sandy clay 9.2 1.7 < 1.3 < 2.3 < 1.5 < 1.5 < 6.7 < 1.9 < 1.4 6,000
PES-MW-6 29-Oct-01 40 Fine sand 710 9.8 12 < 12 < 7.9 < 7.9 < 36 < 10 14J 320
PES-MW-7 26-Oct-01 45 Fine sand 2.5J < 1.3 < 1.4 < 2.3 < 1.5 < 1.5 < 6.8 < 1.9 < 1.4 590
PES-MW-8 31-Oct-01 35 Dense lean clay 130 1.6 3.6 < 2.1 <1.4 < 1.4 < 6.2 < 1.8 < 1.3 1,400
PES-MW-9 31-Oct-01 37 Medium sand 100 < 1.3 < 1.4 < 2.3 < 1.5 < 1.5 < 6.8 < 1.9 < 1.4 500
PES-MW-12B 5-Apr-05 62 - 63 Cohesive tight clay. no odor. 190 25 U 18 U 18 U 26 U 20 U 140 J 89 U 30 U 5,900
PES-MW-13A 28-Mar-05 26 f/ Sandy silt, no odor 200 22 U 16 U 16 U 23 U 18 U 64 U 80 U 27 U 610

28-Mar-05 27 sandy silt, no odor 89 22 U 17 U 16 U 23 U 18 U 64 U 81 U 27 U 460 J
28-Mar-05 42 Fine sand, no odor 59 23 U 17 U 17 U 24 U 19 U 66 U 84 U 28 U 330 J

PES-MW-14B 4-Apr-05 40 - 42 Sandy silt, no odor 220 130 16 U 16 U 23 U 18 U 63 U 79 U 27 U 580
4-Apr-05 42 Sandy silt, no odor 200 250 22 J 16 U 23 U 18 U 64 U 81 U 27 U 510
4-Apr-05 68 - 70 Fine sand, no odor 23 U 23 U 17 U 17 U 24 U 19 U 360 84 U 28 U 370 J

a/  feet bgs = feet below ground surface.
b/ TCE = trichloroethene; DCE = dichloroethene; DCA = dichloroethane. 
c/ μg/kg = micrograms per kilogram.
d/ mg/kg = milligrams per kilogram.
e/ <25 indicates that the analyte was not detected above the indicated method detection limit.
f/ J indicates that the analyte was detected at a concentration above the method detection limit but below the reporting limit resulting in an estimated value.

FRIDLEY, MINNESOTA

TABLE 4.3
SUMMARY OF SOIL ANALYTICAL DATA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
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TOC concentrations detected in soils at ACP ranged from 320 milligrams per 
kilogram (mg/kg) to 7,100 mg/kg.  The average TOC concentration in soil samples 
collected upgradient of PES-MW-4 is approximately 677 mg/kg, while the average TOC 
concentration in soil samples collected downgradient from PES-MW-5 is approximately 
3,975 mg/kg.  The reason for this apparent increase in soil TOC detections in the 
direction of the river is likely related to organic material deposited by the river.  In any 
case, the soil TOC data indicates that the subsurface soils beneath ACP are relatively rich 
in naturally-occurring organic carbon.  Therefore, significant contaminant adsorption to 
the soil matrix, and consequent contaminant migration retardation, would be expected at 
ACP.  Furthermore, contaminant retardation would be expected to increase near the river 
due to the observed increase in soil TOC concentrations. 

Partitioning of a chemical from the dissolved phase to the solid phase is commonly 
referred to as soil sorption, and is quantified by the soil partition coefficient or 
distribution coefficient (Kd), which is the proportionality constant relating the amount of 
chemical sorbed to soil and dissolved in the groundwater.  This description of the process 
assumes that partitioning between the sorbed and dissolved phases is completely 
reversible, and that the equilibrium isotherm relating the relative concentrations in the 
two phases is linear (Lyman et al., 1992).  Organic matter in soil controls sorption where 
there is sufficient organic matter present (more than 0.1 percent organic carbon).  This 
observation has been used as the basis for normalizing the linear partition coefficient to 
the concentration of TOC in the soil (Karickhoff et al., 1979; Karickhoff, 1981).  If the 
organic carbon content of the soils at ACP can be characterized or estimated, these data 
can be used to evaluate chemical partitioning to the soil matrix.  Specifically, the fraction 
of sorbed CAHs increases as the concentration of organic carbon in the soil increases. 

Chemical sorption to the soil matrix is particularly important because sorption tends to 
slow or retard the advancement rate of the contaminant plume front.  The retardation of 
contaminants is relative to the advective velocity of the groundwater and the amount of 
organic carbon present in the soil matrix.  The retardation factor of a particular 
contaminant can be estimated by the following formula from EPA, 1998: 

R = 1+ (ρ0Kd/n) 

Where: 
R = Retardation coefficient 
ρ0 = bulk density of the aquifer matrix 
Kd = Contaminant distribution coefficient 
n = total porosity of the aquifer matrix 
Retardation coefficients were calculated based on the measurement of TOC 

concentrations (Table 4.3), an assumed bulk density of the more transmissive silty sand 
of 1.65 grams per cubic centimeter (typical for soils of this type), and conservative soil 
sorption coefficient factors for TCE, cis-1,2-DCE, and VC of 119, 45, and 2.5 
respectively.  The calculated retardation coefficients for TCE, cis-1,2-DCE, and VC are 
1.46, 1.09. and 1.01 respectively (Table 4.4).  As expected, the more highly chlorinated 
compound TCE is more heavily retarded than the less chlorinated compounds cis-1,2-
DCE and VC.   
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Fraction Distribution Bulk Average Pre-injection Contaminant
Organic Coefficient Density Total Coefficient of Groundwater Velocity Velocity

Compound Carbon b/ (L/kg) (kg/L) c/ Porosity d/ Retardation (ft/yr) e/ (ft/yr)

TCE 119 f/ 0.00079 0.094 1.72 0.35 1.46 1730 1183
cis-1,2-DCE 49 f/ 0.00079 0.039 1.72 0.35 1.19 1730 1453

VC 2.5 g/ 0.00079 0.002 1.72 0.35 1.01 1730 1714
a/  L/kg = liters per kilogram.
b/ The fraction of organic carbon for each soil type was calculated by averaging the TOC data set presented in Table 4.3.
c/  kg/L = kilograms per liter.
d/  Porosity values are from Fetter, 1994.
e/  ft/yr = feet per year.
f/  Howard, 1990 at 25 degrees centigrade.
g/  Knox et. al., 1993.

FRIDLEY, MINNESOTA

Koc

(L/kg a/)
Silty fine to medium sand values

TABLE 4.4
CONTAMINANT RETARDATION COEFFICIENTS

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
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4.2.2 Stratigraphic Data  

The boring logs compiled during the most recent drilling activities completed in 2005 
were combined with the historic boring logs and used to develop a fence diagram which 
depicts the stratigraphic data collected during drilling in three dimensions (Figure 3 of 
the final Technical Memorandum included as Appendix G).  Review of the boring log 
data and the fence diagram indicates that the stratigraphy beneath the pilot test site is 
relatively consistent on a study area scale.  The soil beneath the pilot test area consists 
predominantly of fine to medium sand and silty sand which extends from approximately 
5 feet bgs to below the maximum drilling depth of 70 feet bgs.  At approximately 30 feet 
bgs there is a fine grained of unit of variable thickness which consists predominantly of 
silt and clay.  This fine grained unit ranges in thickness from less than one foot to a 
maximum of approximately 6 feet and is continuous throughout the pilot test area.  There 
are also a number of smaller, less continuous, fine grained units present beneath the pilot 
test area.  In particular, there appears to be a relatively large, thin silt/clay unit present at 
a depth of approximately 60 feet beneath and downgradient from the injection area.  It is 
likely that these fine grained units impact and therefore to some extent control 
groundwater flow characteristics locally within the pilot test area. 

The vegetable oil that was injected as part of this study was injected between 35 and 
50 feet bgs, which would place it between the two observed silt units in the stratigraphic 
unit that appears to contain the highest contaminant concentrations. 

4.2.3 Pre-Injection Extent of Chlorinated Aliphatic Hydrocarbons in Soil 

Soil samples were collected at various intervals from a total of 13 newly-drilled 
boreholes and sent to Enchem, Inc. for VOC analysis using USEPA Method 8260B.  The 
complete VOC analytical data package is presented in Appendix C of the Project 
Completion Report (CCI, 2002).  VOC analytical results collected during this study 
indicate that there were a total of eight contaminants detected at concentrations above the 
associated analysis method detection limits (MDLs) (Table 4.3).  All of the contaminants 
detected in soil, with the exception of TCE, were detected at relatively low 
concentrations (less than 100 micrograms per kilogram [μg/kg]). 

TCE concentrations detected in soil ranged from 2.5 μg/kg to a maximum of 710 
μg/kg detected at PES-MW-6.  Detected soil TCE concentrations were significantly 
higher in the upgradient portions of the pilot test area (upgradient of PES-MW-5), with 
the exceptions of locations PES-BG-1, PES-MW-1, and PES-MW-7.   

cis-1,2-DCE and/or trans-1,2-DCE were detected at low concentrations (less than 25 
μg/kg) at monitoring wells PES-MW-3, PES-MW-4, PES-MW-5, PES-MW-6, and PES-
MW-8.  VC was not detected in any of the soil samples.  The detection of low 
concentrations of the reductive dechlorination daughter product DCE in soil indicates 
that limited reductive dechlorination may have been occurring prior to vegetable oil 
injection at this site.  
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4.3 PRE-INJECTION EXTENT OF CHLORINATED ALIPHATIC 
HYDROCARBONS IN GROUNDWATER 

Groundwater samples from the 15 newly-installed injection and monitoring wells as 
well as three existing monitoring wells were collected prior to injection and analyzed for 
VOCs by Enchem, Inc., using USEPA Method 8260B.  Analytical results for select 
VOCs in groundwater collected prior to injection are summarized in Table 4.5.  The 
MPCA collected split samples in parallel with primary groundwater samples collected 
during the baseline sampling effort.  The analytical results from the MPCA split samples 
and the analytical data from the associated primary samples are presented in Appendix D 
with an RPD calculated for each pair of results.   

Baseline (pre-injection) groundwater sampling results indicate that TCE was detected 
at concentrations above the associated MDL at 14 of the 15 locations sampled, with a 
maximum concentration of 20,000 μg/L detected at location GWMS-46S.  Other VOCs 
detected during the baseline sampling event (and the maximum concentration) include 
PCE (0.92 μg/L; cis-1,2-DCE (160 μg/L); trans-1,2-DCE (220 μg/L); 1,1-DCA (0.89 
μg/L); acetone (3.3 μg/L); and benzene (12 μg/L).  The detection of the common CAH 
degradation byproducts cis-1,2-DCE and trans-1,2-DCE indicate that some reductive 
dechlorination is or was occurring at ACP prior to the injection of the vegetable oil.  The 
single detection of benzene indicates that fuel hydrocarbons may have been released in 
localized portions of at this site in the past.  The 2-butanone and acetone detections are 
likely laboratory-introduced contaminants as these analytes were detected at only one 
location and at low concentrations.   

During the baseline sampling event the highest concentrations of TCE in groundwater 
were detected upgradient of PES-MW-4, with the maximum TCE concentration detected 
in GWMS-46S.  The average TCE concentration detected upgradient of PES-MW-4 was 
approximately 4,100 μg/L, while the average TCE concentration downgradient of PES-
MW-4 is approximately 210 μg/L.   

4.4 POST-INJECTION PROFILE OF CHLORINATED ALIPHATIC 
HYDROCARBONS 

4.4.1 Chlorinated Ethenes Over Time 

Reductions in contaminant concentrations and changing molar fractions (i.e., 
declining mass fraction of TCE and increasing mass fraction of daughter products such as 
cis-1,2-DCE) of dissolved constituents over time can be indicative of biodegradation.  
The overall plume appears to be relatively stable, with slightly lower concentrations of 
TCE in November 2005 with respect to the TCE concentrations detected during the 
baseline sampling round. Contaminant concentrations measured in the injection wells 
exhibit a dramatic decline over time.  The maximum concentration of TCE measured for 
the injection wells was 1,400 µg/L at PES-INJ-1 prior to injection, while the maximum 
concentration of TCE for the injection wells detected during the April 2005 sampling 
round was 10 µg/L in the same well.  The decline in TCE concentrations in the injection 
wells was not accompanied by a significant increase in concentrations of DCE or VC, 
indicating that the decline in dissolved TCE concentration is likely due to preferential 
partitioning of VOC mass into the vegetable oil NAPL.  However, elevated 
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Sample
Location Date

MONITORING WELLS
18-S 18-Apr-05 0.45 U 400 96 27 0.87 J 0.37 J 0.90 U 0.89 J 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 39 0.41 U 0.67 U
MS-26S 15-Apr-05 0.63 J 230 48 2.7 0.61 J 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U
GWMS-27S 12-Nov-01 0.39 Uc/ 0.44 U 0.99 U 0.38 U 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 3.3 12 0.42 U

11-Feb-02 0.39 U 0.76 Jd/ 2.4 0.38 U 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
21-May-02 0.39 U 89 12 0.97 0.47 U 0.17 U 0.53 U 1.2 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
26-Aug-02 0.39 U 170 50 5.1 0.62 J 0.17 U 0.53 U 0.62 J 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
9-Dec-02 0.25 U 54 33 0.99 J 0.58 J 0.30 U 0.23 U 0.94 J 0.34 U 0.29 U 0.19 U 0.32 U 0.86 U 2.0 U 0.20 U 0.22 U
7-Apr-03 0.24 U 140 J 10 1.5 0.22 U 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U

18-Aug-03 0.30 J 290 45 6.4 0.22 U 0.17 U 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 23 0.11 U 0.11 U
MS-36S 22-Apr-05 0.45 U 21 270 51 0.57 U 1.7 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U
MS-44S 18-Apr-05 0.45 U 77 19 2.3 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 4.0 J 0.41 U 0.67 U
GWMS-45S 18-Apr-05 0.45 U 180 550 62 2.3 0.28 J 0.90 U 1.5 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 5.7 0.41 U 0.67 U
GWMS-46S 19-Nov-01 78 U 20,000 200 U 200 94 U 34 U 110 U 94 U 0.52 U 0.54 U 0.47 U 0.42 U 210 U 330 U 88 U 84 U

18-Feb-02 39 U 14,000 120 140 47 U 17 U 53 U 47 U 52 U 54 U 47 U 42 U 100 U 160 U 44 U 42 U
22-May-02 1.9 U 5,600 55 61 4.6 0.85 U 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U
28-Aug-02 0.78 U 4,900 29 29 2.5 0.92 J 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.8 U 2.1 U 5.0 J 0.88 U 0.84 U
11-Dec-02 1.2 U 7,200 65 73 6.4 1.5 U 1.2 U 1.0 U 1.7 U 1.4 U 0.95 U 1.6 U 4.3 U 10 U 1.0 U 1.1 U
9-Apr-03 0.24 U 2,600 24 32 2.6 0.6 J 0.23 U 1.0 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

20-Aug-03 0.24 U 4,500 57 85 3.5 1.3 J 0.23 U 1.8 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
18-Apr-05 0.45 U 1,700 55 51 1.7 0.45 J 0.90 U 1.8 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U
17-Nov-05 0.45 U 1,300 35 36 2.0 0.43 J 0.90 U 1.7 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

GWMS-47S 14-Nov-01 0.92 44 22 1.1 0.47 U 0.17 U 0.53 U 0.89 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
12-Feb-02 1.1 J 180 9.9 2.1 0.94 U 0.34 U 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
21-May-02 0.60 220 9.3 3.3 0.50 0.17 U 0.53 U 1.1 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
26-Aug-02 0.39 U 120 6.6 3.3 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
10-Dec-02 0.64 J 62 U 25 1.4 0.26 U 0.30 U 0.23 U 0.20 U 0.34 U 0.29 U 0.19 U 0.32 U 0.86 U 2.0 U 0.20 U 0.22 U
8-Apr-03 1.5 66 U 20 1.4 U 0.22 U 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

19-Aug-03 1.1 57 14 1.2 0.22 U 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
11-Apr-05 0.87 J 42 4.1 0.89 U 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

MS-53PC 11-Apr-05 0.45 U 0.83 J 0.83 U 0.19 U 0.75 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.7 U 0.41 U 0.67 U
PES-MW-1 16-Nov-01 3.9 U 1,100 14 15 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.40 U 4.7 U 4.2 U 10 U 16 U 4.4 U 4.2 U

15-Feb-02 7.8 U 1,100 20 U 20 J 9.4 U 3.4 U 11 U 9.4 U 10 U 11 U 9.4 U 8.4 U 21 U 33 U 8.8 U 8.4 U
22-May-02 0.78 U 3,200 450 75 4.5 0.34 U 1.1 U 1.6 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
28-Aug-02 0.39 U 2,600 630 39 3.8 1.3 J 0.53 U 1.5 0.52 U 0.54 U 0.47 U 0.42 U 12 U 8.2 U 0.44 U 0.42 U
12-Dec-02 0.50 U 1,700 230 26 2.5 0.6 U 0.46 U 1.4 J 0.68 U 0.58 U 0.38 U 0.64 U 1.7 U 1.0 U 0.40 U 4.1
10-Apr-03 0.24 U 1,300 370 30 2.0 0.17 U 0.23 U 1.2 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U
21-Aug-03 0.24 U 1,200 1100 79 3.2 1.4 J 0.23 U 2.3 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
15-Apr-05 0.45 U 380 210 16 0.99 J 0.18 U 0.90 U 1.0 0.36 U 0.49 U 0.37 U 0.56 U 4.30 U 2.5 J 0.41 U 0.67 U

PES-MW-2 15-Nov-01 7.8 U 2,100 22 27 9.4 U 3.4 U 11 U 9.4 U 10 U 11 U 9.4 U 8.4 U 21 U 33 U 8.8 U 8.4 U
14-Feb-02 20 U 3,600 50 U 68 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 52 U 82 U 22 U 21 U
22-May-02 0.78 U 2,200 62 39 3.1 0.59 1.1 U 1.7 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 9.3 0.88 U 0.84 U
28-Aug-02 0.78 U 3,200 21 26 2.0 J 0.34 U 1.1 U 1.3 J 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
11-Dec-02 0.50 U 2,600 24 32 3.0 0.60 U 0.5 U 1.4 J 0.68 U 0.58 U 0.38 U 0.64 U 1.7 U 4.0 U 0.40 U 0.44 U
9-Apr-03 0.24 U 2,900 46 55 2.7 0.53 J 0.23 U 1.6 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

20-Aug-03 0.24 U 2,000 27 57 2.2 0.39 J 0.23 U 2.0 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
14-Apr-05 0.45 U 930 45 18 1.5 0.18 U 0.90 U 0.93 J 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-MW-3 14-Nov-01 20 U 5,000 73 110 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 52 U 82 U 22 U 21 U
13-Feb-02 20 U 6,100 120 170 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 52 U 82 U 22 U 21 U
21-May-02 1.9 U 6,200 220 160 5.3 0.85 U 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U
27-Aug-02 1.9 U 5,900 390 95 4.7 J 2.2 J 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U
10-Dec-02 1.2 U 5,000 260 120 5.7 1.5 U 1.2 U 1.0 U 1.7 U 1.4 U 0.95 U 1.6 U 4.3 U 10 U 1.0 U 1.1 U
8-Apr-03 0.24 U 3,800 300 130 3.7 1.1 J 0.2 U 2.3 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

20-Aug-03 0.24 U 2,400 320 110 3.0 0.90 J 0.23 U 2.8 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
14-Apr-05 0.45 U 830 170 51 1.8 0.34 J 0.90 U 1.4 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-MW-4 14-Nov-01 7.8 U 3,300 83 120 9.4 U 3.4 U 11 U 9.4 U 10 U 11 U 9.4 U 8.4 U 21 U 33 U 8.8 U 8.4 U
12-Feb-02 7.8 U 3,300 88 110 9.4 U 3.4 U 11 U 9.4 U 10 U 11 U 9.4 U 8.4 U 21 U 33 U 8.8 U 8.4 U
21-May-02 0.78 U 4,200 140 190 4.1 0.34 U 1.1 U 3.5 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
27-Aug-02 0.78 U 3,100 56 67 2.2 0.34 U 1.1 U 1.7 J 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
10-Dec-02 0.50 U 2,100 72 82 2.6 0.60 U 0.46 U 1.9 J 0.68 U 0.58 U 0.38 U 0.64 U 1.7 U 4.0 U 0.40 U 0.44 U
8-Apr-03 0.24 U 2,300 80 100 2.1 0.17 U 0.23 U 0.17 U 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

19-Aug-03 0.73 J 2,600 130 160 2.8 0.86 J 0.23 U 3.2 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
12-Apr-05 0.45 U 820 200 86 1.5 0.33 J 0.90 U 2.2 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 180 0.41 U 0.67 U
14-Nov-05 0.45 U 1,000 140 76 1.9 0.18 U 0.90 U 2.0 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U
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Sample
Location Date (µg/L)b/

TCEa/

(µg/L)

1,1,1-
TCAa/PCEa/

transcis-
1,2-DCEa/

(µg/L) (µg/L)
1,2-DCEa/

Vinyl
Chloride
(µg/L)(µg/L)

1,1-DCEa/
Carbon

Tetrachloride
(µg/L)

1,1-DCAa/

(µg/L)
1,2-DCAa/

(µg/L) (µg/L)
2-Butanone

(µg/L)
Acetone
(µg/L)

Benzene
(µg/L)

Chloroform
(µg/L)

Toluene
(µg/L)

TABLE 4.5 (Continued)
SUMMARY OF VOLATILE ORGANIC COMPOUNDS DETECTED IN GROUNDWATER

FRIDLEY, MINNESOTA
ANOKA COUNTY PARK

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

Bromodichloro
-methane

(µg/L)
PES-MW-5 14-Nov-01 0.39 U 75 29 1.8 0.47 U 0.17 U 0.53 U 0.76 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U

12-Feb-02 0.39 U 77 32 2.1 0.47 U 0.17 U 0.53 U 0.74 J 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
21-May-02 0.39 U 82 34 1.8 0.47 U 0.17 U 0.53 U 0.67 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
27-Aug-02 0.39 U 1,000 21 21 1.0 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
10-Dec-02 0.25 U 120 U 94 4.4 0.26 U 0.3 U 0.23 U 2.8 0.34 U 0.29 U 0.19 U 0.32 U 0.86 U 2.0 U 0.20 U 0.22 U
8-Apr-03 0.24 U 780 53 17 0.22 U 0.17 U 0.23 U 0.97 J 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

19-Aug-03 0.28 J 880 28 30 1.7 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
12-Apr-05 0.45 U 38 8.7 0.92 J 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 9.1 0.41 U 0.73 J

PES-MW-6 15-Nov-01 20 U 6,200 88 140 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 52 U 82 U 22 U 21 U
15-Feb-02 20 U 5,800 100 150 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 52 U 82 U 22 U 4.2 U
23-May-02 1.9 U 5,100 84 130 3.2 1.7 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U
28-Aug-02 1.9 U 6,600 87 83 3.2 J 1.4 J 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 17 J 2.2 U 2.1 U
12-Dec-02 0.50 U 3,800 240 71 3.9 0.60 U 0.46 U 1.6 J 0.68 U 0.58 U 0.38 U 0.64 U 1.7 U 4.0 U 0.4 U 0.44 U
10-Apr-03 0.24 U 3,000 180 100 2.7 0.77 J 0.23 U 2.5 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.1 U 0.11 U
21-Aug-03 0.24 U 2,000 97 61 2.8 0.59 J 0.23 U 2.1 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
15-Apr-05 0.45 U 700 170 27 1.7 0.27 J 0.90 U 0.87 J 0.36 U 0.49 U 0.37 U 0.91 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-MW-7 16-Nov-01 0.78 U 300 5.2 0.78 U 0.94 U 0.34 U 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
14-Feb-02 1.9 U 540 7.9 7.4 2.3 U 0.85 U 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 74 8.2 U 2.2 U 2.1 U
22-May-02 0.39 U 980 14 18 2.2 0.36 0.53 U 1.6 0.52 U 0.54 U 0.47 U 0.42 U 130 340 0.44 U 0.42 U
28-Aug-02 0.48 J 1,300 65 11 2.1 0.42 J 0.53 U 0.98 J 0.52 U 0.54 U 0.47 U 0.42 U 66 55 0.44 U 0.42 U
12-Dec-02 0.25 U 350 J 180 8.3 2.0 0.53 U 0.23 U 1.0 0.34 U 0.29 U 0.19 U 0.32 U 320 2.0 U 0.20 U 4.5
10-Apr-03 0.24 U 12 U 270 5.5 0.99 J 0.69 J 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.32 U 1,800 65 0.11 U 0.11 U
21-Aug-03 0.24 U 2.1 410 7.2 0.22 U 0.90 J 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.11 U 89 14 0.11 U 0.11 U
15-Apr-05 0.45 U 4.1 130 4.7 0.57 U 0.29 J 0.90 U 0.89 J 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 4.9 J 0.41 U 0.67 U
17-Nov-05 0.45 U 1.0 150 2.7 0.57 U 0.80 J 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.88 J

PES-MW-8 15-Nov-01 20 U 6,700 160 220 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 10 U 82 U 22 U 21 U
14-Feb-02 20 U 4,700 150 200 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 10 U 82 U 22 U 21 U
22-May-02 1.9 U 5,400 180 210 4.8 2.2 2.6 U 4.0 2.6 U 2.7 U 23 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U
27-Aug-02 1.9 U 5,700 130 130 4.0 J 1.8 J 2.6 U 3.8 J 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 19 J 2.2 U 2.1 U
12-Dec-02 1.2 U 5,500 70 73 1.3 U 1.5 U 1.2 U 1.0 U 1.7 U 1.4 U 0.95 U 1.6 U 4.3 U 10 U 1.0 U 1.1 U
9-Apr-03 0.2 U 3,000 120 130 3.0 0.81 J 0.23 U 2.8 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

21-Aug-03 0.32 J 2,200 76 96 3.3 0.17 U 0.23 U 1.9 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
14-Apr-05 0.45 U 1,100 90 57 1.6 0.34 J 0.90 U 1.5 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-MW-9 15-Nov-01 3.9 U 1,400 15 20 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 52 U 16 U 4.4 U 0.42 U
13-Feb-02 3.9 U 1,300 17 20 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 52 U 16 U 4.4 U 4.2 U
22-May-02 0.78 U 410 1,800 63 8.2 1.2 1.1 U 1.5 1.0 U 1.1 U 0.94 U 0.84 U 91 150 0.88 U 0.84 U
27-Aug-02 1.9 U 120 3,000 67 9.6 12 2.6 U 2.3 U 2.6 U 2.7 U 2.30 U 2.1 U 290 180 2.2 U 2.1 U
11-Dec-02 0.50 U 20 U 1,500 33 6.8 5.7 0.46 U 0.4 U 0.68 U 0.58 U 0.38 U 0.64 U 180 68 0.4 U 0.44 U
9-Apr-03 0.24 U 2,300 180 42 2.7 0.17 U 0.23 U 1.3 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

20-Aug-03 0.24 U 2,200 370 110 3.2 0.71 J 0.23 U 2.8 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
13-Apr-05 2.2 U 490 270 30 1.0 0.90 U 4.5 U 0.77 J 1.8 U 2.40 U 1.8 U 2.8 U 22 U 12 U 2.0 U 3.4 U
16-Nov-05 0.45 U 28 500 18 3.2 0.18 U 0.90 U 1.0 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-CW-1 13-Nov-01 1.9 U 630 12 7.5 2.3 U 0.85 U 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U
11-Feb-02 0.78 U 170 9.5 2.4 0.94 U 0.34 U 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
20-May-02 0.39 U 170 8.2 2.3 0.47 U 0.17 U 0.53 U 0.86 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
26-Aug-02 0.89 J 61 39 3.8 0.47 U 0.17 U 0.53 U 0.65 J 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
9-Dec-02 0.53 J 250 J 9.6 2.9 0.67 J 0.30 U 0.23 U 0.99 J 0.34 U 0.29 U 0.19 U 0.32 U 0.86 U 2.0 U 0.20 U 0.22 U
7-Apr-03 1.5 54 9.6 0.93 J 0.22 U 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

18-Aug-03 2.0 67 8.9 0.97 J 0.22 U 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
PES-CW-2 13-Nov-01 1.9 U 290 7.3 1.9 U 2.3 U 0.85 U 2.6 U 2.3 U 2.3 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U

11-Feb-02 0.78 U 350 9.0 4.8 0.94 U 0.34 U 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
20-May-02 0.39 U 210 7.0 2.1 0.71 0.17 U 0.53 U 1.4 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
26-Aug-02 0.39 U 200 14 3.7 0.47 J 0.17 U 0.53 U 0.73 J 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
9-Dec-02 0.25 U 230 J 6.4 1.5 0.26 U 0.30 U 0.23 U 1.0 U 0.34 U 0.29 U 0.19 U 0.32 U 0.86 U 2.0 U 0.20 U 0.22 U
7-Apr-03 0.75 J 100 11 1.1 0.22 U 0.17 U 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.75 J

19-Aug-03 1.3 87 14 1.5 0.22 U 0.17 U 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
11-Apr-05 0.45 U 110 4.9 0.89 U 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 12 0.41 U 0.67 U
14-Nov-05 0.66 J 63 6.4 0.89 U 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U
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Sample
Location Date (µg/L)b/

TCEa/

(µg/L)

1,1,1-
TCAa/PCEa/

transcis-
1,2-DCEa/

(µg/L) (µg/L)
1,2-DCEa/

Vinyl
Chloride
(µg/L)(µg/L)

1,1-DCEa/
Carbon

Tetrachloride
(µg/L)

1,1-DCAa/

(µg/L)
1,2-DCAa/

(µg/L) (µg/L)
2-Butanone

(µg/L)
Acetone
(µg/L)

Benzene
(µg/L)

Chloroform
(µg/L)

Toluene
(µg/L)

TABLE 4.5 (Continued)
SUMMARY OF VOLATILE ORGANIC COMPOUNDS DETECTED IN GROUNDWATER

FRIDLEY, MINNESOTA
ANOKA COUNTY PARK

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

Bromodichloro
-methane

(µg/L)
PES-CW-3 13-Nov-01 0.78 U 240 5.7 0.76 U 0.94 U 0.34 U 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U

12-Feb-02 0.78 U 330 6.5 2.3 0.94 U 0.34 U 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
20-May-02 0.39 U 200 7.0 1.3 0.77 0.17 U 0.53 U 1.4 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
26-Aug-02 0.39 U 230 5.8 2.9 0.47 U 0.17 U 0.53 U 0.88 J 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
10-Dec-02 0.25 U 220 J 6.0 0.98 J 0.58 J 0.30 U 0.23 U 1.0 0.34 U 0.29 U 0.19 U 0.32 U 0.86 U 2.0 U 0.20 U 0.22 U
8-Apr-03 0.24 U 190 U 4.7 U 0.25 U 0.22 U 0.17 U 0.23 U 0.72 J 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

19-Aug-03 0.24 U 160 8.6 1.2 0.22 U 0.17 U 0.23 U 0.76 J 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
11-Apr-05 0.45 U 120 4.5 0.89 U 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U
14-Nov-05 0.45 U 140 6.0 1.1 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-MW-10A 15-Apr-05 0.45 U 6.8 180 4.8 0.57 U 0.67 J 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 870 66 0.41 U 0.67 U
16-Nov-05 0.45 U 1.2 81 1.4 0.57 U 0.56 J 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 250 9.7 0.41 U 0.67 U

PES-MW-10B 14-Apr-05 3.5 48 3.7 0.89 U 0.57 U 0.18 U 0.90 U 0.83 J 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.4 J 0.41 U 0.67 U
15-Nov-05 3.9 49 4.1 0.89 U 0.57 U 0.18 U 0.90 U 0.77 J 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-MW-11A 13-Apr-05 0.45 U 100 110 6.5 0.57 U 0.18 U 0.90 U 1.1 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 3.7 J 0.41 U 0.67 U
15-Nov-05 0.45 U 48 28 0.89 U 0.57 U 0.18 U 0.90 U 1.1 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-MW-12A 12-Apr-05 0.45 U 80 20 3.0 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 1.3 0.56 U 11 24 0.41 U 0.79 J
15-Nov-05 0.90 U 350 13 5.0 1.1 U 0.36 U 1.8 U 1.5 U 0.72 U 0.98 U 0.74 U 1.1 U 8.6 U 4.6 U 0.82 U 1.3 U

PES-MW-12B 20-Apr-05 1.1 U 330 22 8.7 1.4 U 0.45 U 2.2 U 1.9 U 1.9 U 1.2 U 0.92 U 1.4 U 11 U 5.8 U 1.0 U 1.7 U
15-Nov-05 0.90 U 290 12 6.3 1.1 U 0.36 U 1.8 U 1.5 U 0.72 U 0.98 U 0.74 U 1.1 U 8.6 U 4.6 U 0.82 U 1.3 U

PES-MW-13A 22-Apr-05 0.45 U 380 8.1 6.2 0.57 U 0.18 U 0.90 U 1.2 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U
16-Nov-05 1.1 U 230 5.8 5.0 1.4 U 0.45 U 2.2 U 1.9 U 1.9 U 1.2 U 0.92 U 1.4 U 11 U 5.8 U 1.0 U 1.7 U

PES-MW-14A 12-Apr-05 0.45 U 87 490 25 1.0 0.85 J 0.90 U 0.81 J 0.36 U 0.49 U 1.8 0.56 U 4.3 U 190 0.41 U 0.74 J
15-Nov-05 2.2 U 87 510 12 2.8 U 1.3 J 4.5 U 3.8 U 1.8 U 2.4 U 1.8 U 2.8 U 22 U 12 U 2.0 U 3.4 U

PES-MW-14B 20-Apr-05 0.45 U 110 1.3 5.6 0.57 U 0.18 U 0.90 U 1.4 0.36 U 0.49 U 0.38 J 0.56 U 4.3 U 3.1 J 0.41 U 0.67 U
16-Nov-05 0.45 U 110 5.5 1.2 0.57 U 0.18 U 0.90 U 1.4 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

INJECTION WELLS
PES-INJ-1 19-Nov-01 3.9 U 1,400 16 20 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 10 U 16 U 4.4 U 4.2 U

18-Feb-02 3.9 U 70 15 3.8 U 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 340 16 U 4.4 U 4.2 U
23-May-02 0.39 U 47 13 2.7 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 420 360 0.44 U 1.1
29-Aug-02 0.39 U 29 9.6 2.3 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 370 270 0.44 U 0.42 U
13-Dec-02 0.25 U 37 J 19 2.6 0.64 0.83 0.23 U 0.20 U 0.34 U 0.29 U 0.19 U 0.32 U 360 130 0.20 U 0.7 U
10-Apr-03 0.24 U 66 16 2.0 0.22 U 0.63 J 0.23 U 0.22 U 0.17 U 0.25 U 0.19 U 0.32 U 320 66 0.11 U 0.11 U
22-Aug-03 0.24 U 20 17 1.8 0.22 U 0.7 J 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.11 U 450 170 0.11 U 0.9 J
19-Apr-05 1.80 U 10 11 3.6 U 2.30 U 0.72 U 3.60 U 3.0 U 1.40 U 2.00 U 1.50 U 2.20 U 1,900 640 1.60 U 2.7 U

PES-INJ-2 19-Nov-01 1.90 U 630 8.6 7.9 2.3 U 0.85 U 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U
15-Feb-02 3.9 U 45 9.90 U 3.8 U 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 390 16 U 4.4 U 4.2 U
23-May-02 0.39 U 25 3.8 2.9 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 670 150 0.44 U 0.45
29-Aug-02 0.39 U 16 3.4 2.4 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 590 160 0.44 U 0.42 U
13-Dec-02 0.25 U 18 J 3.4 2.7 0.34 U 0.30 U 0.23 U 0.20 U 0.34 U 0.34 U 0.19 U 0.32 U 1,200 320 0.20 U 9.4
11-Apr-03 0.24 U 16 3.1 2.2 0.22 U 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.32 U 870 92 0.11 U 3.8
22-Aug-03 0.24 U 13 3.0 2.1 0.22 U 0.17 U 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.11 U 1,100 170 0.11 U 2.4
19-Apr-05 0.45 U 14 2.9 1.9 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 820 150 0.41 U 1.1

Veg. Oil 12-Feb-02 1,100 U 6,200 680 U 850 U 800 U 1,000 U 480 U 620 U 800 U 610 U 670 U 660 U 940 U 650 U 590 U 2,000 J
PES-INJ-3 16-Nov-01 3.9 U 760 9.9 U 9.1 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 10 U 16 U 4.4 U 4.2 U

18-Feb-02 3.9 U 29 9.9 U 3.8 U 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 490 240 4.4 U 4.2 U
23-May-02 0.39 U 21 3.7 0.39 U 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 770 610 0.44 U 0.42 U
29-Aug-02 3.90 U 10 9.9 U 3.8 U 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 440 710 4.4 U 4.2 U
13-Dec-02 0.25 U 12 J 3.8 2.8 0.26 U 0.30 U 0.23 U 0.20 U 0.34 U 0.29 U 0.19 U 0.32 U 560 680 0.20 U 0.22 U
11-Apr-03 0.24 U 9.8 3.1 2.2 0.22 U 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.32 U 900 400 0.11 U 0.11 U
22-Aug-03 0.24 U 10 3.5 2.4 0.22 U 0.17 U 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.11 U 1,200 470 0.11 U 0.11 U
19-Apr-05 0.45 U 8.7 3.3 1.9 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 960 480 0.41 U 0.67 U
17-Nov-05 9.0 U 15.0 J 17 U 18 U 11 U 3.6 U 18 U 15 U 7.2 U 9.8 U 7.4 U 11 U 1,500 2,600 8.2 U 24

Veg. Oil 12-Feb-02 1,100 U 7,800 680 U 850 U 800 U 1,000 U 480 U 620 U 720 U 610 U 670 U 660 U 940 U 650 U 590 U 770 U
Veg. Oil 29-Aug-02 570 U 4,900 550 U 560 U 620 U 940 U 520 U 530 U 610 U 610 U 540 U 470 U 3,300 2,800 470 U 640 U
Veg. Oil 9-Dec-02 1,100 U 3,500 680 U 850 U 800 U 1,000 U 480 U 620 U 720 U 610 U 670 U 660 U 4,000 1,600 J 590 U 4,800

PES-INJ-2A-OIL 11-Dec-02 1,000 U 920 U 670 U 840 U 790 U 1,000 U 470 U 610 U 710 U 600 U 650 U 650 U 880 U 640 U 580 U 750 U
PES-INJ-2-OIL 11-Dec-02 1,000 U 950 U 670 U 840 U 790 U 1,000 U 470 U 610 U 710 U 600 U 650 U 650 U 900 U 640 U 580 U 750 U

a/ PCE = tetrachloroethene; TCE = trichloroethene; DCE = dichloroethene; TCA = trichloroethane; DCA = dichloroethane. 
b/ µg/L = micrograms per liter.
c/ U = Analyte was not detected at a concentration above the method detection limit.
d/ J = Analyte was detected at a concentration above the method detection limit and below the reporting limit.

PRE-INJECTION OIL SAMPLES
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concentrations of ethene detected at the injection well locations indicate that complete 
reductive dechlorination is occurring in the injection area. 

A significant decrease in TCE concentrations detected in GWMS-46S was observed 
during the process monitoring rounds following vegetable oil injection.  The geochemical 
data from MS-46S and PES-BG-1 indicate that MS-46S may have been impacted by 
vegetable oil during or immediately after injection.  Geochemical evidence of organic 
carbon impact to MS-46S includes: TOC concentrations increased an order of magnitude 
after vegetable oil injection, dissolved oxygen concentrations decreased from 0.6 mg/L to 
non-detect, and oxidation reduction potential decreased from -82 to -276.  In addition, non-
aqueous phase vegetable oil was observed at PES-BG-1, which is located cross-gradient 
from MS-46S, during the May 2002 sampling round indicating that non-aqueous phase 
vegetable oil is present as far upgradient as BG-1.  Thus, vegetable oil has not been directly 
observed at MS-46S, but vegetable oil has been observed at a location very close to and 
cross gradient from MS-46S.  This data indicates that at least a portion of the TCE 
concentration decrease observed at MS-46S may be related to the vegetable oil injection 
activities, despite that fact that it is located approximately 20 feet upgradient of the 
injection wells.  During successive monitoring events TCE concentrations decreased 
from a baseline concentration of 20,000 µg/L to 4,900 µg/L in August 2002, increased to 
7,200 µg/L in December 2002, than decrease again to 4,500 µg/L in August 2003.  TCE 
concentrations continued to decrease through the most recent sampling event collected in 
November of 2005 when a TCE concentration of 1,300 µg/L was detected at this 
location.  It is likely that a combination of mechanisms including the extraction system, 
natural attenuation, and degradation induced by the vegetable oil pilot are responsible for 
the VOC concentration decreases observed at MS-46S.   

TCE and cis-1,2-DCE concentrations over time in all of the monitoring wells are 
plotted on Figures 4.8 and 4.9, respectively.  The groundwater VOC analytical data 
collected in each sampling round are presented in Table 4.5.  The maximum pre-injection 
concentration of TCE was 20,000 µg/L at location GWMS-46S, while the maximum 
TCE concentration measured in November 2005 was 1,300 µg/L at the same location.  
The maximum pre-injection concentration of cis-1,2-DCE was 160 µg/L at location PES-
MW-8, while the maximum cis-1,2-DCE concentration measured in November 2005 was 
510 µg/L at location PES-MW-14A.  VC was not detected at any of the monitoring 
locations during baseline sampling, while the maximum VC concentration measured after 
injection was detected in August 2002 was 12 µg/L at location PES-MW-9.  The lack of 
high concentrations of VC in the monitoring wells indicates that either VC is not being 
generated at a significant rate, or that it is being degraded as fast as it is generated. 

Review of groundwater analytical data (Table 4.5) collected during the process 
monitoring events indicates that TCE concentrations detected in groundwater during the 
November 2005 sampling event were substantially lower than TCE concentrations 
detected during the baseline sampling event at nine monitoring well locations (MS-46S, 
PES-MW-1, PES-MW-2, PES-MW-3, PES-MW-4, PES-MW-6, PES-MW-7, PES-MW-
8, and PES-MW-9).  TCE concentrations in the wells located upgradient of PES-MW-5 
increased initially, typically peaking in the May or August 2002 sampling rounds, than 
decreased between August 2002 and November 2005.  Reductions in the concentration of 
TCE were often coupled with an increase in the concentration of cis-1,2-DCE, the 
reductive dechlorination daughter product of TCE.  Overall increases in cis-1,2-DCE 
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FIGURE 4.8A
CONCENTRATIONS OF TCE OVER TIME

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE 4.8B
CONCENTRATIONS OF TCE OVER TIME

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE 4.9A
CONCENTRATIONS OF cis -1,2-DCE Plus trans -1,2-DCE OVER TIME

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE 4.9B
CONCENTRATIONS OF cis -1,2-DCE Plus trans -1,2-DCE OVER TIME

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK, FRIDLEY MN
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(from baseline concentrations) were observed for locations PES-MW-1, PES-MW-3, 
PES-MW-4, PES-MW-6, PES-MW-7, and PES-MW-9, indicating that TCE is being 
reductively dechlorinated in the vicinity of these locations.   

At location PES-MW-9, TCE concentrations decreased dramatically and consistently 
from the baseline TCE concentration of 1,400 µg/L to the December 2002 TCE 
concentration of less than 30 µg/L (Figure 4.10A).  This decrease in TCE concentration 
was accompanied by a large increase in cis-1,2-DCE from the baseline concentration of 
15 µg/L to a maximum concentration of 3,000 µg/L detected in the August 2002 
sampling event.  VC and ethene concentrations also peaked during the August 2002 
sampling event at 12 µg/L and 13 µg/L, respectively.  Between the August and December 
2002 sampling events, TCE, cis-1,2-DCE, VC, and ethene concentrations all declined.  
This pattern of decreasing TCE concentrations accompanied with increasing and then 
decreasing cis-1,2-DCE and VC concentrations and increasing ethene concentrations is 
indicative of reductive dechlorination.  Between December 2002 and April 2003 the TCE 
concentration at PES-MW-9 increased to 2,300 µg/L.  During the same time period cis-
1,2-DCE, VC, and ethene concentrations decreased substantially.  Between April 2003 
and November 2005 the TCE concentration at PES-MW-9 decreased to 28 µg/L while 
cis-1,2-DCE concentrations increased and VC concentrations remained at or below the 
detection limit.  These concentration trends may be due to the variable groundwater flow 
conditions at this location. 

At monitoring well PES-MW-7, TCE concentrations increased substantially through 
the first three rounds of process monitoring from a baseline concentration of 300 µg/L to 
a maximum concentration of 1,300 µg/L detected in August 2002 (Figure 4.11A).  
Between August 2002 and November 2005 the TCE concentration at PES-MW-7 
decreased from the maximum concentration of 1,300 µg/L to 1.0 µg/L.  During the same 
period the cis-1,2-DCE concentration at PES-MW-7 increased from 65 µg/L to 410 µg/L, 
than decreased to 150 µg/L.  VC was also detected at low estimated, but increasing, 
concentrations between August 2002 and November 2005.  The observed increases in 
cis-1,2-DCE and VC concentrations coincident with a large decrease in TCE 
concentration indicates that the TCE mass is being reductively dechlorinated to cis-1,2-
DCE and VC.  It is apparent that contaminant trends observed at PES-MW-7 are 
following the same pattern observed at PES-MW-9, prior to April 2003.   

The reductive dechlorination signature that was observed at PES-MW-7 and PES-
MW-9 is also evident, in a less developed form, at monitoring wells PES-MW-1, PES-
MW-3, and PES-MW-6.  TCE concentrations at these wells decreased over at least two 
sampling rounds, while cis-1,2-DCE concentrations increased over at least two sampling 
rounds,  and VC was detected at least once.  TCE and molar fraction plots have been 
prepared for each well and are included in Appendix C.   

Significant TCE concentration decreases were observed in the injection wells 
immediately after vegetable oil injection.  However, these decreases were not 
accompanied by increases in cis-1,2-DCE, VC, or ethene concentrations, suggesting that 
they were due to partitioning of the TCE mass into the vegetable oil and/or dilution.  
During the course of process monitoring events the TCE concentrations detected in each 
injection well continued to decline.  At the same time,  concentrations of cis-1,2-DCE 
and VC in all three of the injection wells were stable, and concentrations of ethene in 
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FIGURE 4.10A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-MW9
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
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FIGURE 4.10C
MOLAR CONCENTRATION OF SELECT CHLORINATED ETHENES OVER TIME

AT WELL PES-MW9
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
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FIGURE 4.10B
MOLAR FRACTION OF CHLORINATED ETHENES

AT WELL PES-MW9
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE 4.11A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-MW7
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE 4.11B
MOLAR FRACTION OF CHLORINATED ETHENES

AT WELL PES-MW7
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Nov-01 Mar-02 Jul-02 Oct-02 Feb-03 Jun-03 Oct-03 Feb-04 Jun-04 Oct-04 Feb-05 Jun-05 Oct-05
Date

M
ol

ar
 F

ra
ct

io
n 

(P
er

ce
nt

)

0

100

200

300

400

500

600

700

C
on

ce
nt

ra
ti

on
 (

m
g/

L
)

PCE

TCE

cis+trans-1,2-DCE

VC

Ethene

TOC Concentration

26,000

FIGURE 4.11C
MOLAR CONCENTRATION OF SELECT CHLORINATED ETHENES OVER TIME
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PES-INJ-1 and PES-INJ-2 increased.  These dissolved phase concentration trends were 
also accompanied by decreasing concentrations of TCE in the vegetable oil (Table 4.5).  
These data suggest that TCE is being released into the groundwater from the vegetable 
oil and that released TCE mass is being rapidly reductively dechlorinated to ethene.   

4.4.2 Presence of Daughter Products and CAH Ratios 

The presence of daughter products that were not used in NIROP operations, 
particularly cis-1,2-DCE, VC, ethene, and ethane provides strong evidence that PCE and 
TCE have been and/or are being reductively dechlorinated at this site.  Progressive 
transformation of PCE and TCE to ethene can be demonstrated by computing the molar 
ratios of parent compounds to daughter products at a specific location.  For example, 
because reductive dechlorination proceeds in only one direction (i.e., TCE to cis-1,2-
DCE and not vice versa), the molar ratio of TCE to cis-1,2-DCE would decrease where 
reductive dechlorination of TCE dominates the contaminant attenuation process.  
Similarly, the sequential reduction of 1,1-DCA to chloroethane to ethanol or acetate and 
of carbon tetrachloride (CT) to chloroform to methylene chloride to chloromethane, also 
would indicate progressive transformation by reductive dechlorination.  

Chlorinated ethene concentration plots, molar fraction plots, and molar concentration 
plots over time for all monitoring well locations are included in Appendix C.  The 
following discussion includes an evaluation of chlorinated ethene data for select 
monitoring locations at the site.  

The molar fraction of chlorinated ethenes at PES-MW-9 (Figure 4.10B) changed 
dramatically from a TCE-dominated system during the baseline sampling event to a 
DCE- (cis plus trans) dominated system by the May 2002 sampling event.  Between May 
and December 2002, DCE continued to dominate the system and the molar fraction of 
VC increased slightly.  The decrease in TCE molar fraction and accompanying increase 
in the DCE molar fraction was coincident with a dramatic increase in the TOC 
concentration as a result of the vegetable oil injection.  Between December 2002 and 
April 2003 the system reverted back to a TCE-dominated system.  This reversion 
indicates that new TCE mass was introduced to the system, presumably as a result of 
changing groundwater flow conditions.  Between April and November 2005 the molar 
fraction of TCE decreased to nearly zero, the molar fraction of DCE increased, and the 
molar fraction of VC remained virtually unchanged.  These sequential changes in molar 
fractions are indicative of partial reductive dechlorination of TCE to cis-1,2-DCE.  

Review of the chlorinated ethene molar concentration data through time at PES-MW-9 
(Figure 4.10C) indicates that the TCE molar concentration decreased at this location 
through December 2002, increased between December 2002 and August 2003, than 
decreased through August 2003.  The DCE molar concentration increased from February 
through August 2002, decreased between August 2002 and April 2003, than increased 
through August 2003.  The molar concentration of VC followed a similar pattern.  These 
molar concentration trends are identical to the concentration trends discussed in Section 
4.4.1.  The molar concentration data also indicate that the DCE molar concentration 
increased to a maximum that was higher than the maximum TCE molar concentration.  
This indicates that additional TCE mass was added to the system in the immediate 
vicinity of PES-MW-9 and reductively dechlorinated to DCE or that additional DCE 
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mass was added to the system.  The additional TCE or DCE contaminant mass likely 
migrated into the vicinity of PES-MW-9 by temporary shifts in groundwater flow 
conditions.  

The chlorinated ethene molar fraction and concentration data collected at PES-MW-7 
are presented on Figures 4.11B and 4.11C, respectively.  The molar concentration data 
collected from PES-MW-7 indicates that the progression of reductive dechlorination at 
this location is following a pattern similar to that observed at PES-MW-9, except that 
reductive dechlorination progress at PES-MW-7 was delayed until the August sampling 
event and PES-MW-7 did not experience the concentration trend reversals observed at 
PES-MW-9.  The TCE-dominated system observed at PES-MW-7 during the baseline 
event was replaced by a DCE-dominated system in December 2002.  The TCE mass 
fraction continued to decline through 2005 while the DCE and VC molar fractions 
continued to increase through the same time period (Figure 4.11B).  During the August 
2005 sampling event the chlorinated ethene composition at PES-MW-7 was 0.5% TCE 
mass, 98.6% DCE mass, and 0.9% VC mass. 

The chlorinated ethene molar fraction and molar concentration data from the 
remaining wells indicate that some of the wells are showing signs of potential reductive 
dechlorination (PES-MW-1, PES-MW-3, PES-MW-5, and PES-MW-6).  However the 
data from these wells indicate that reductive dechlorination is not progressing as quickly 
or as completely as at PES-MW-7 and PES-MW-9.   

Based on the ratio of the molar fraction of the parent compound TCE to the daughter 
products DCE, VC, and ethene in the pilot test monitoring wells, biodegradation has been 
stimulated by vegetable oil injection at some locations (most notably PES-MW-7 and 
PES-MW-9).  Although significant concentrations of VC were not detected, the 
concentration and molar fraction of DCE increased at PES-MW1, PES-MW3, PES-MW-
5, PES-MW-6, PES-MW-7, and PES-MW-9, and ethene concentrations increased in 
PES-MW-9 and the injection wells.  

These data provide direct evidence that reductive dechlorination of TCE to DCE has 
been stimulated to some degree across the site and that the reductive dechlorination of 
DCE to VC and then to ethene has been stimulated in at least two locations (PES-MW-7 
and PES-MW-9).  Thus, the addition of vegetable oil has been successful in increasing 
rates of reductive dechlorination at ACP.  However, the degree of stimulation is very 
heterogeneous within the pilot test area.   

In summary, while trends in chlorinated ethene concentrations have varied from 
sampling event to sampling event, chlorinated ethene data indicate an overall reduction 
of maximum contaminant concentrations.   

4.4.3 Chlorinated Aliphatic Hydrocarbons in Vegetable Oil 

In addition to CAHs in groundwater, CAH concentrations in vegetable oil also were 
analyzed in samples collected from locations PES-INJ-2 (February 2002 sampling round) 
and PES-INJ-3 (February, August, and December 2002 sampling rounds).  
Unfortunately, the analyte-specific MDLs for VOCs in vegetable oil (550 to 1,000 μg/L) 
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are elevated due to interference of the vegetable oil sample matrix and the dilutions 
required for calibration.   

TCE was detected at a concentration of 6,200 μg/L in the single sample collected from 
PES-INJ-2 in February 2002 (Table 4.5).  The TCE concentration in groundwater at PES-
INJ-2 during the February 2002 sampling event was approximately 18 μg/L, compared to 
630 µg/L approximately three months earlier during the baseline sampling event.  These 
data indicate that the majority (97 percent) of the TCE mass at this location was 
partitioned into the vegetable oil.   

At injection well PES-INJ-3 the TCE concentration in groundwater detected during 
the baseline event was 760 μg/L.  During the process monitoring events TCE 
concentrations in groundwater ranged from a maximum of 29 μg/L (February 2002), to a 
minimum of 10 μg/L (August 2003).  TCE concentrations detected in vegetable oil 
ranged from 3,500 μg/L to 7,800 μg/L (Table 4.5).  As in the case of PES-INJ-2, the TCE 
concentration in vegetable oil was two orders of magnitude higher than TCE 
concentrations in groundwater detected during the process monitoring events and 
approximately 1 order of magnitude higher than the TCE concentration detected in 
groundwater during the baseline event.  This discrepancy suggests that additional TCE 
mass was stripped from the soil matrix shortly after vegetable oil injection and that the 
majority of the TCE mass in the system has partitioned into the vegetable oil NAPL.  It is 
also important to note that the TCE concentration in vegetable oil declined from a 
maximum concentration of 7,800 μg/L (February 2002) to 3,500 μg/L (December 2002).  
This decline in TCE concentrations in vegetable oil without an associated increase in 
TCE concentrations in groundwater indicates that the released TCE mass is being rapidly 
degraded.  The lack of significant detections of DCE or VC coupled with elevated 
concentrations of ethene in the injection wells indicates that the TCE mass is being 
degraded completely to ethene.   

4.5 SUBSTRATE DISTRIBUTION 

Addition of vegetable oil as an organic substrate provides a source of carbon for 
microbial growth.  The evaluation of analytical data for TOC, VFAs, and PLFAs 
provides an indication of the extent to which groundwater has been impacted by addition 
of the vegetable oil and whether microbial growth has been stimulated.  

4.5.1 Total Organic Carbon as an Indicator of Substrate Addition and Area of 
Influence 

Groundwater samples collected from each of the wells during baseline sampling and 
process monitoring were analyzed for TOC to determine the lateral extent of dissolved 
vegetable oil.  TOC is used to determine the approximate zone of influence of the 
vegetable oil injection in the glacio-fluvial deposits aquifer.  Analytical results for TOC 
in groundwater are presented in Table 4.6.  The USGS also performed radius of influence 
testing by injecting colloidal iron and a commercial product called FerroFluid™ and 
tracking the distribution of each of these products using geophysical techniques.  The 
results of the radius of influence testing conducted by the USGS are presented in detail in 
the draft USGS report (USGS, 2003) and are summarized in Section 4.5.4 of this report. 
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 Dissolved Dissolved Ferrous Total Carbon Redox Specific
Sample Sample TOC b/ Oxygen Hydrogen Nitrate Nitrite Iron Manganese Sulfate Sulfide Ammonia Alkalinity Dioxide Chloride Potential pH Temperature Conductivity
Location Date (mg/L) c/

(mg/L) (nM)d/
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mV)e/ (SU)f/ (oC) g/ (µs/cm) h/

MONITORING WELLS
18-S 4/18/2005 NMj/ NM NM 3.8 Rl/ NM NM NM 1.44 2.0 180 0.01 NM NM 35 NM -87 7.49 11.9 1,238
MS-26S 4/15/2005 NM NM NM 2.2 R NM NM NM 0.19 0.9 160 0.06 NM NM 25 NM -96 7.52 12.8 1,309
MS-27S 12-Nov-01 46 Ji/ 1.6 U 1.4 U 3.7 0.34 Naj/ <0.2k/ <0.2 0.05 0.1 19 <0.01 0.12 119 1.25 20 -123 9.81 12.5 1,136

11-Feb-02 36 1.6 U 1.4 U 1.4 0.02 Na <0.13 <0.077 0.22 <0.6 43 0.02 0.06 163 18 75 -371 8.06 11.4 575
21-May-02 2.0 U 1.6 U 1.4 U <1.7 0.33 3.3 <0.13 <0.077 0.90 <0.6 170 0.02 0.02 340 35 55 -315 7.00 10.8 1,068
26-Aug-02 2.7 J 1.6 U 1.4 U 9.9 0.06 2.2 <0.13 <0.077 0.83 <0.6 170 <0.01 0.01 425 60 70 -85 6.36 12.8 1,052
9-Dec-02 4.3 0.064 0.036 16 0.26 3.0 <0.057 <0.018 0.73 <0.6 170 <0.01 0.05 357 45 60 60 7.17 9.8 645
7-Apr-03 2.6 0.022 0.023 2.8 0.23 5.2 <0.058 <0.018 0.82 <0.6 150 0.03 0.01 272 30 60 -77 7.24 10.4 1,011

18-Aug-03 4.5 0.033 0.056 1.2 J 1.34 2.4 <0.058 <0.018 0.86 1.1 140 0.01 0.02 340 55 75 -47 NM 15.4 142
MS-36S 22-Apr-05 NM NM NM 3.4 R NM NM NM 0.05 0.1 60 0.51 NM NM 15 NM -184 8.18 15.1 1,538
MS-44S 18-Apr-05 NM NM NM 0.4 R NM NM NM 0.17 2.2 170 <0.01 NM NM 25 NM -50 7.07 11.5 1,380
GWMS-45S 18-Apr-05 20 0.095 0.071 7.0 R NM NM NM 1.08 1.4 160 0.06 NM NM 25 NM -94 7.59 11.2 1,130
GWMS-46S 19-Nov-01 2.0 U 1.6 U 1.4 U 1.8 0.57 Na <0.2 <0.2 2.2 1.9 210 0.01 0.07 391 50 15 -82 7.04 10.1 1,134

18-Feb-02 2.0 U 1.6 U 1.4 U 3.6 0.96 Na <0.13 <0.077 1.9 1.0 340 0.01 0.09 85 10 25 -276 6.95 10.7 1,048
22-May-02 2.0 U 1.6 U 1.4 U 2.3 <0.01 1.1 <0.13 <0.077 1.4 1.4 180 <0.01 0.08 323 30 55 -276 7.30 13.1 1,132
28-Aug-02 6.0 1.6 U 1.4 U 10 <0.01 2.0 <0.13 <0.077 1.2 1.3 170 0.01 0.06 340 40 50 -229 7.13 12.9 1,045
11-Dec-02 2.0 U 0.014 0.069 18 0.12 1.2 <0.057 <0.018 1.7 1.1 210 <0.01 0.09 357 35 40 R 7.37 10.0 564
9-Apr-03 4.2 0.007 0.030 1.0 J 1.52 1.6 <0.058 <0.018 1.7 1.8 190 0.01 0.09 323 35 45 -58 7.31 10.6 1,137

20-Aug-03 18 0.010 0.046 <1.0 3.9 1.8 <0.058 <0.018 2.4 1.9 190 0.01 0.07 306 35 45 -95 7.18 16.3 1,094
18-Apr-05 30 0.071 0.080 3.7 R NM NM NM 1.1 2.0 210 <0.01 NM NM 25 NM -115 7.45 12.0 1,132
17-Nov-05 NM NM NM 3.7J NM NM NM NM NM NM NM NM NM NM NM NM NA 7.40 9.3 979

GWMS-47S 14-Nov-01 2.0 U 1.6 U 1.4 U 1.7 1.7 Na 1.3 <0.2 <0.01 1.8 70 0.13 <0.01 459 134 50 115 6.82 12.9 1,102
12-Feb-02 2.0 U 1.6 U 1.4 U 1.6 8.8 Na <0.13 <0.077 <0.01 <0.6 160 <0.01 <0.01 442 50 65 -14 7.21 10.7 1,092
21-May-02 2.0 U 1.6 U 1.4 U <1.1 6.1 2.6 0.59 <0.077 0.01 <0.6 140 <0.01 0.01 340 35 50 -31 7.10 12.0 1,078
26-Aug-02 2.0 U 1.6 U 1.4 U 11 3.7 3.0 0.45 <0.077 0.04 <0.6 100 0.03 0.03 340 45 55 149 6.94 13.9 1,054
10-Dec-02 2.0 U 0.007 0.013 38 2.4 3.1 2.5 <0.018 <0.01 <0.6 111 <0.01 <0.01 476 65 95 265 7.09 10.4 818
8-Apr-03 0.32 0.005 U 0.010 1.1 1.0 1.8 1.1 <0.018 0.02 <0.6 170 <0.01 0.02 442 40 75 112 7.02 9.9 1,283

19-Aug-03 0.46 0.006 U 0.001 U 1 J 2.3 3.2 1.1 <0.018 0.00 0.6 100 <0.01 <0.01 408 65 95 208 6.88 20.9 1,227
11-Apr-05 NM NM NM 3.8 R NM NM NM 0.04 <0.6 170 0.01 NM NM 65 NM 16 7.11 11.6 1,405

MS-53PC 11-Apr-05 NM NM NM 110 NA NM NM NM NM NM NM NM NM NM NM NM NA NA NA NA
PES-MW-1 16-Nov-01 2.0 U 1.6 U 1.4 U 1.0 1.3 Na <0.2 <0.2 0.02 0.6 100 <0.01 0.03 255 15 55 -50 8.29 11.0 873

15-Feb-02 2.0 U 1.6 U 1.4 U 30 1.1 Na <0.13 <0.077 0.91 1.2 290 0.18 0.04 408 40 50 -324 7.25 10.5 1,032
22-May-02 2.9 1.6 U 1.4 U 3 <0.01 2.3 <0.13 <0.077 0.37 0.6 200 0.02 0.05 374 40 45 -245 7.40 11.9 1,217
28-Aug-02 170 1.6 U 1.4 U 14 <0.01 2.1 <0.13 <0.077 1.3 1.1 140 0.18 0.06 357 50 55 -299 7.06 12.8 1,084
12-Dec-02 380 0.014 0.079 12 R 3.9 <0.057 <0.018 1.2 0.6 200 0.16 0.05 425 45 45 R 7.42 10.6 R
10-Apr-03 2,000 0.002 J 0.050 < 1.0 1.23 1.7 <0.058 <0.018 3.0 1.6 180 <0.01 0.07 374 45 50 -241 7.30 11.7 1,154
21-Aug-03 0.16 0.004 J 0.013 1.4 J 0.49 1.5 <0.058 <0.018 2.4 1.9 160 0.52 0.05 374 45 50 -164 7.28 14.3 1,098
15-Apr-05 4,600 0.095 0.120 3.0 R NM NM NM 3.1 7.6 220 0.09 NM NM 35 NM -132 7.23 11.6 1,158

PES-MW-2 15-Nov-01 2.0 U 1.6 U 1.4 U 1.7 0.39 Na 0.2 <0.2 0.17 <0.6 190 <0.01 0.09 1,700 50 60 -185 11.66 11.5 1,181
14-Feb-02 2.0 U 1.6 U 1.4 U 3.2 0.74 Na <0.13 <0.077 0.04 <0.6 340 <0.01 0.05 340 25 50 -188 7.82 10.3 1,005
22-May-02 2.0 U 1.6 U 1.4 U 2.5 0.07 1.8 <0.13 <0.077 0.03 <0.6 230 0.02 0.06 323 30 45 -160 7.40 13.8 1,139
28-Aug-02 2.5 J 1.6 U 1.4 U 12 0.19 2.9 <0.13 <0.077 0.11 1.2 220 0.08 0.06 340 45 45 -176 6.98 12.7 1,091
11-Dec-02 150 0.008 0.054 6.5 0.03 1.4 <0.057 <0.018 0.02 0.6 200 0.01 0.07 374 30 40 R 7.45 10.3 589
9-Apr-03 1,700 0.001 U 0.025 < 1.0 1.60 1.3 <0.058 <0.018 0.04 1.5 230 0.01 0.07 347 30 45 -26 7.37 10.8 1,180

20-Aug-03 0.3 0.007 0.023 1.0 J 0.48 1.8 <0.058 <0.018 0.02 1.5 210 <0.01 0.03 340 30 55 -1 7.27 15.6 1,095
14-Apr-05 11 0.022 0.070 1.9 R NM NM NM 0.03 1.1 200 0.01 NM NM 35 NM -57 7.29 11.5 1,071

PES-MW-3 14-Nov-01 2.0 U 1.6 U 1.4 U 1.6 0.35 Na <0.2 <0.2 0.48 0.9 150 <0.01 0.02 340 40 45 -76 7.05 12.1 1,078
13-Feb-02 2.0 U 1.6 U 1.4 U 0.2 0.46 Na <0.13 <0.077 1.3 1.4 200 <0.01 0.05 391 40 45 -288 7.09 10.3 1,092
21-May-02 2.0 U 1.6 U 1.4 U 2.9 0.12 1.4 <0.13 <0.077 1.8 0.8 200 0.03 0.06 391 45 55 -311 7.30 12.8 1,151
27-Aug-02 4.4 1.6 U 1.4 U 13 <0.01 2.0 <0.13 <0.077 2.1 1.5 150 0.04 0.08 374 65 55 -136 6.81 12.5 1,106
10-Dec-02 210 0.020 0.081 24 R 1.5 <0.057 <0.018 2.1 0.8 220 0.14 0.09 425 35 50 -60 7.35 10.6 727
8-Apr-03 1,700 0.005 U 0.007 2.0 J 4.91 1.9 <0.058 <0.018 2.7 0.8 190 0.04 0.09 408 35 55 -100 7.29 10.8 1,178

20-Aug-03 1.3 0.012 0.026 2.6 J 1.2 3.4 <0.058 <0.018 2.0 1.9 200 0.12 0.04 357 50 55 -93 7.07 17.8 1,134
14-Apr-05 88 0.038 0.065 1.6 R NM NM NM 2.4 1.4 180 0.02 NM NM 40 NM -86 7.09 11.4 1,106

Ethane
(µg/L) 

ANOKA COUNTY PARK

Ethene
(µg/L)

Methane
(µg/L)a/

TABLE 4.6
SUMMARY OF GROUNDWATER GEOCHEMICAL DATA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

FRIDLEY, MINNESOTA
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TABLE 4.6 (Continued)
SUMMARY OF GROUNDWATER GEOCHEMICAL DATA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

FRIDLEY, MINNESOTA

PES-MW-4 14-Nov-01 2.0 U 1.6 U 1.4 U Na 1.3 Na <0.2 <0.2 <0.01 0.9 230 <0.01 0.02 374 55 70 -48 7.12 12.1 1,115
12-Feb-02 2.0 U 1.6 U 1.4 U 1.3 3.0 Na <0.13 <0.077 0.11 0.7 120 <0.01 0.03 408 35 65 -133 7.38 9.0 1,045
21-May-02 2.0 U 1.6 U 1.4 U 2.0 1.2 2.9 0.18 <0.077 0.13 <0.6 180 <0.01 0.03 357 40 65 -129 7.10 13.1 1,123
27-Aug-02 2.0 U 1.3 U 1.4 U 10 0.12 3.8 <0.13 <0.077 0.04 <0.6 200 0.08 0.05 340 60 70 6 6.62 12.2 1,083
10-Dec-02 2.0 U 0.018 0.068 15 R 1.6 0.56 <0.018 0.31 <0.6 180 <0.01 0.07 408 35 65 20 7.30 10.7 740
8-Apr-03 0.42 0.008 0.025 1.7 J 3.16 1.6 <0.058 <0.018 0.39 0.6 190 <0.01 0.05 340 30 60 4 7.28 10.6 1,133

19-Aug-03 2.6 0.019 0.082 1.2 J 0.87 1.4 <0.058 <0.018 0.26 1.9 90 0.01 0.11 340 35 60 -47 7.07 20.5 1,087
12-Apr-05 5.8 0.056 0.085 51 R NM NM NM 0.46 1.4 180 0.20 NM NM 50 NM 15 7.20 10.2 941
14-Nov-05 NM NM NM 4.1J NM NM NM NM NM NM NM NM NM NM NM NM 47 7.10 10.3 1,028

PES-MW-5 14-Nov-01 2.0 U 1.6 U 1.4 U 1.6 1.4 Na 0.58 <0.2 0.02 <0.6 120 <0.01 <0.01 422 85 105 104 6.80 11.7 1,279
12-Feb-02 2.0 U 1.6 U 1.4 U 1.7 3.8 Na <0.13 <0.077 0.04 <0.6 90 0.02 0.01 561 70 120 -64 7.04 10.1 1,241
21-May-02 2.0 U 1.6 U 1.4 U 1.8 0.7 2.3 0.28 <0.077 0.01 <0.6 130 <0.01 <0.01 459 70 100 -65 6.90 13.1 1,266
27-Aug-02 2.0 U 1.6 U 1.4 U 12 5.5 2.1 0.26 <0.077 <0.01 <0.6 120 <0.01 <0.01 202 50 80 197 6.17 11.9 1,011
10-Dec-02 2.0 U 0.008 0.009 23 2.5 1.4 <0.057 <0.018 0.02 <0.6 111 <0.01 0.02 442 60 95 240 7.08 10.5 828
8-Apr-03 0.04 0.005 U 0.009 < 1.0 3.3 1.9 0.87 < 0.018 0.06 <0.6 150 <0.01 <0.01 408 60 105 131 7.08 10.6 1,367

19-Aug-03 0.1 0.015 0.026 <1.0 1.4 2.2 <0.058 <0.018 0.02 0.7 180 <0.01 0.01 306 40 85 218 7.10 21.9 1,081
12-Apr-05 4.5 0.050 0.062 6.9 R NM NM NM 0.02 <0.6 170 0.01 NM NM 35 NM 13 6.99 9.4 1,403

PES-MW-6 15-Nov-01 2.0 U 1.6 U 1.4 U 1.4 0.22 Na <0.2 <0.2 0.01 <0.6 160 0.20 0.04 306 40 55 -158 7.79 11.5 1,030
15-Feb-02 2.0 U 1.6 U 1.4 U 12 0.35 Na <0.13 <0.077 0.47 1.1 290 1.2 0.04 408 50 55 -408 7.29 11.0 1,107
23-May-02 2.0 U 1.6 U 1.4 U <0.83 0.03 1.9 <0.13 <0.077 0.28 <0.6 190 1.8 0.07 391 30 45 -160 7.30 11.1 1,256
28-Aug-02 3.8 1.6 U 1.4 U 7 <0.01 2.6 <0.13 <0.077 0.52 1.0 170 0.80 0.07 357 70 55 -296 7.09 12.7 1,109
12-Dec-02 70 0.019 0.082 16 0.90 3.5 <0.057 <0.018 0.55 <0.6 220 0.59 0.08 391 35 50 R 7.31 10.5 R
10-Apr-03 12 0.012 0.051 <1.0 0.88 2.9 <0.058 <0.018 0.51 1.1 180 0.61 0.09 340 25 50 -292 7.30 11.0 1,163
21-Aug-03 8.0 0.010 0.066 1.7 J 3.6 1.9 <0.058 <0.018 0.56 2.2 200 0.31 0.06 306 40 60 -98 7.19 14.3 1,075
15-Apr-05 210 0.051 0.110 2.6 R NM NM NM 0.38 1.5 200 0.02 NM NM 30 NM -89 7.37 12.3 1,104

PES-MW-7 16-Nov-01 2.0 U 1.6 U 1.4 U 1.4 2.3 Na <0.2 <0.2 <0.01 <0.6 110 <0.01 0.03 238 50 60 -26 8.96 11.6 854
14-Feb-02 2.0 U 1.6 U 1.4 U 26,000 0.50 Na <0.13 <0.077 1.9 3.0 160 0.51 0.04 765 85 55 -314 6.93 10.9 1,552
22-May-02 3.4 1.6 U 1.4 U 150 0.01 5.8 <0.65 2.2 7.8 18 80 0.35 0.23 663 200 60 -188 6.70 12.3 1,531
28-Aug-02 7,400 1.6 U 1.4 U 150 0.06 3.2 <0.13 1.0 3.9 9.8 60 1.5 2.5 561 180 60 -395 6.58 12.5 1,351
12-Dec-02 18,000 0.005 U 0.95 200 0.78 4.3 <0.057 0.69 6.3 29 100 0.36 0.70 629 190 60 R 6.74 10.6 R
10-Apr-03 9,800 0.170 0.076 210 R 3.1 <0.058 <0.018 3.2 28 <7.0 0.25 0.50 629 200 60 -173 6.60 11.9 1,523
21-Aug-03 8,500 0.006 U 0.001 U 53 0.29 2.5 <0.058 <0.018 4.7 33 <7.0 2.50 1.15 544 165 60 -161 6.71 13.0 1,285
15-Apr-05 16,000 0.100 0.092 29 R NM NM NM 5.2 33 140 0.07 NM NM 70 NM -110 6.80 11.4 1,123
17-Nov-05 NM NM NM 110 NM NM NM NM NM NM NM NM NM NM NM NM -43 6.88 9.9 1,827

PES-MW-8 15-Nov-01 2.0 U 1.6 U 1.4 U 2.4 0.43 Na <0.2 <0.2 0.70 0.9 110 <0.01 0.04 408 55 65 -54 7.02 11.6 1,120
14-Feb-02 2.0 U 1.6 U 1.4 U 6.8 0.55 Na <0.13 <0.077 1.3 0.8 310 <0.01 0.05 442 40 50 -200 7.29 9.8 1,129
22-May-02 2.0 U 1.6 U 1.4 U 1.9 0.07 1.2 <0.13 <0.077 1.1 0.7 220 <0.01 <0.01 408 40 60 -85 7.20 12.1 1,318
28-Aug-02 2.6 J 1.6 U 1.4 U 14 <0.01 2.1 <0.13 <0.077 1.2 1.3 220 0.01 0.04 374 75 60 -69 6.83 12.7 1,160
12-Dec-02 35 0.016 0.062 4.6 0.12 1.2 <0.057 <0.018 1.2 1.0 180 0.05 0.06 357 35 50 -80 7.15 10.2 R
9-Apr-03 3.7 0.002 J 0.011 <1.0 2.55 1.7 <0.058 <0.018 1.2 1.4 160 <0.01 0.04 374 30 55 -128 7.25 11.2 1,201

21-Aug-03 12 0.015 0.066 3.7 0.29 1.6 <0.058 <0.018 1.1 2.3 150 0.01 0.04 306 50 70 -82 7.08 13.3 1,087
14-Apr-05 11 0.035 0.049 1.7 R NM NM NM 1.0 1.5 180 0.03 NM NM 50 NM -87 7.22 11.9 1,097

PES-MW-9 15-Nov-01 2.0 U 1.6 U 1.4 U 1.4 1.1 Na <0.2 <0.2 0.40 1.1 140 0.01 0.03 391 45 60 -123 7.09 10.9 1,051
13-Feb-02 2.0 U 1.6 U 1.4 U 1.8 0.79 Na <0.13 <0.077 0.55 0.9 220 0.01 0.05 340 25 50 -183 7.30 10.7 1,018
22-May-02 2.0 U 1.6 U 1.4 U 58 0.15 1.5 <0.65 <0.39 4.7 2.1 30 0.04 <0.01 510 80 50 -460 7.10 11.2 1,346
27-Aug-02 28 5.4 J 13 180 <0.01 8.2 <0.13 0.66 3.3 8.5 7.0 0.22 0.60 646 250 80 -180 6.58 12.5 1,445
11-Dec-02 3,200 0.012 0.210 240 0.15 3.3 <0.057 0.37 NA 13 <7.0 0.06 1.1 646 600 60 R 7.03 10.4 1,650
9-Apr-03 5,500 0.001 U 0.035 2.6 1.88 1.8 <0.058 <0.018 4.1 10 110 0.12 0.68 347 65 45 -192 7.52 11.1 1,182

21-Aug-03 5,000 0.006 U 0.001 U 1.5 J 0.42 1.9 <0.058 <0.018 4.7 2.7 135 0.10 0.25 340 55 60 -180 7.30 15.9 1,141
16-Apr-05 300 0.012 0.030 3.6 R NM NM NM 2.5 1.6 190 0.02 NM NM 35 NM -93 7.41 10.7 991
16-Nov-05 NM NM NM 2.8J NM NM NM NM NM NM NM NM NM NM NM NM -207 6.27 10.5 1,023

PES-CW-1 13-Nov-01 2.0 U 1.6 U 1.4 U 1.0 0.25 Na <0.2 <0.2 0.04 0.6 80 <0.01 <0.01 333 60 60 -25 7.08 11.9 1,064
11-Feb-02 2.0 U 1.6 U 1.4 U 1.3 0.92 Na 0.49 <0.077 0.05 <0.6 130 <0.01 0.03 387 116 65 -195 7.23 11.3 1,079
20-May-02 2.0 U 1.6 U 1.4 U <1.3 2.3 2.3 0.20 <0.077 0.01 <0.6 160 <0.01 0.01 347 60 65 -28 7.04 11.2 1,079
26-Aug-02 2.0 U 1.6 U 1.4 U 11 1.8 3.3 0.19 <0.077 0.04 <0.6 110 <0.01 0.04 408 70 110 45 6.47 13.1 1,258
9-Dec-02 2.6 J 0.017 0.014 1.6 0.25 2.5 <0.057 <0.018 0.03 <0.6 120 <0.01 0.04 391 35 60 120 7.27 10.4 770
7-Apr-03 0.23 0.005 U 0.013 < 1.0 0.65 3.1 0.73 <0.018 <0.01 <0.6 140 <0.01 0.02 408 50 125 72 6.89 10.4 1,354

18-Aug-03 0.16 0.004 J 0.013 1.6 J 0.71 1.5 0.65 <0.018 0.03 2.0 160 <0.01 0.02 357 70 130 103 7.00 15.7 215
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TABLE 4.6 (Continued)
SUMMARY OF GROUNDWATER GEOCHEMICAL DATA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

FRIDLEY, MINNESOTA

PES-CW-2 13-Nov-01 2.0 U 1.6 U 1.4 U 0.97 0.28 Na <0.2 <0.2 0.30 1.1 50 <0.01 0.05 323 74 65 -32 7.05 12.0 1,064
11-Feb-02 2.0 U 1.6 U 1.4 U 0.97 2.3 Na <0.13 <0.077 <0.01 <0.6 190 <0.01 0.01 340 45 55 -78 7.21 10.6 1,011
20-May-02 2.0 U 1.6 U 1.4 U <1.0 1.1 2.9 <0.13 <0.077 0.06 <0.6 140 <0.01 0.06 357 45 60 -44 7.10 11.9 1,020
26-Aug-02 2.0 U 1.6 U 1.4 U 12 1.1 3.3 0.15 <0.077 0.02 <0.6 130 0.01 <0.01 357 55 80 82 6.59 13.2 1,134
9-Dec-02 4.0 0.017 0.006 5.4 0.33 1.8 <0.057 <0.018 0.01 <0.6 170 <0.01 0.09 357 30 55 210 7.35 10.6 819
7-Apr-03 0.12 0.005 U 0.011 < 1.0 0.85 3.8 0.84 <0.018 <0.01 0.6 140 <0.01 0.02 425 45 100 128 6.94 10.6 1,292

19-Aug-03 0.3 0.007 0.023 1.7 J 1.79 1.8 1.10 <0.018 0.02 0.4 120 <0.01 0.01 391 50 125 87 6.50 15.8 140
11-Apr-05 NM NM NM 3.6 R NM NM NM 0.03 0.3 160 <0.01 NM NM 60 NM -3 7.14 11.9 1,164
14-Nov-05 NM NM NM 30 NM NM NM NM NM NM NM NM NM NM NM NM -9 7.22 11.2 1,273

PES-CW-3 13-Nov-01 2.0 U 1.6 U 1.4 U 0.75 0.60 Na <0.2 <0.2 0.02 1.0 110 <0.01 0.04 357 70 63 32 7.07 12.8 1,014
12-Feb-02 2.0 U 1.6 U 1.4 U 2.1 1.0 Na <0.13 <0.077 <0.01 <0.6 150 <0.01 0.03 323 25 50 71 7.03 10.4 988
20-May-02 2.0 U 1.6 U 1.4 U <1.6 1.5 2.6 <0.13 <0.077 0.04 <0.6 130 <0.01 0.03 340 40 60 -60 7.10 14.0 920
26-Aug-02 2.8 1.6 U 1.4 U 11 1.3 6.7 <0.13 <0.077 0.04 <0.6 150 0.01 0.08 238 35 50 81 6.74 13.4 962
10-Dec-02 2.0 U 0.016 0.013 14 0.20 2.6 <0.057 <0.018 0.02 <0.6 140 <0.01 0.05 306 30 55 200 7.02 10.2 458
7-Apr-03 1.2 0.007 0.011 < 1.0 0.80 3.0 <0.058 <0.018 0.03 <0.6 180 <0.01 0.01 289 30 55 103 7.29 7.4 1,056

19-Aug-03 1.3 0.012 0.026 <1.0 0.98 3.4 0.360 <0.018 0.01 1.0 140 <0.01 <0.01 340 50 80 215 6.92 20.0 1,142
11-Apr-05 NM NM NM 3.7 R NM NM NM 0.03 0.4 170 <0.01 NM NM 45 NM 29 7.50 11.5 1,153
14-Nov-05 NM NM NM 3.5J NM NM NM NM NM NM NM NM NM NM NM NM 38 7.11 10.7 1,029

PES-MW-10A 15-Apr-05 21,000 0.360 0.110 190 R NM NM NM 5.1 17 87 0.10 NM NM 120 NM -111 6.61 11.4 1,365
16-Nov-05 NM NM NM 51 NM NM NM NM NM NM NM NM NM NM NM NM -202 5.54 10.0 1,037

PES-MW-10B 14-Apr-05 4.5 0.034 0.045 3.3 R NM NM NM 0.04 0.8 180 0.04 NM NM 40 NM -52 7.15 13.0 1,064
15-Nov-05 NM NM NM <5.0 NM NM NM NM NM NM NM NM NM NM NM NM 19 7.32 10.5 901

PES-MW-11A 13-Apr-05 3,900 0.090 0.066 8.9 R NM NM NM 3.1 2.4 150 0.01 NM NM 35 NM -21 6.91 10.8 1,047
15-Nov-05 NM NM NM 3.6J NM NM NM NM NM NM NM NM NM NM NM NM 4 7.40 10.6 807

PES-MW-12A 12-Apr-05 2.1 0.042 0.080 6.0 R NM NM NM 0.08 <0.6 150 0.03 NM NM 35 NM 60 7.31 11.7 1,291
15-Nov-05 NM NM NM 2.9J NM NM NM NM NM NM NM NM NM NM NM NM 32 7.26 10.5 1,270

PES-MW-12B 20-Apr-05 7.8 0.140 0.180 5.5 R NM NM NM 0.03 1.6 150 0.01 NM NM 25 NM 18 7.08 10.6 1,348
15-Nov-05 NM NM NM 3.5J NM NM NM NM NM NM NM NM NM NM NM NM -6 7.39 10.7 827

PES-MW-13A 22-Apr-05 4.8 0.032 0.042 5.1 R NM NM NM 0.19 1.3 190 0.01 NM NM 25 NM -34 7.57 13.5 1,102
16-Nov-05 NM NM NM 3.0J NM NM NM NM NM NM NM NM NM NM NM NM 210 6.00 10.3 942

PES-MW-14A 12-Apr-05 6,900 0.150 0.180 50 R NM NM NM 3.19 2.3 130 0.12 NM NM 65 NM -44 6.88 12.0 901
15-Nov-05 NM NM NM 7.1 NM NM NM NM NM NM NM NM NM NM NM NM -12 7.05 10.3 1,044

PES-MW-14B 20-Apr-05 7.7 0.120 0.140 4.2J R NM NM NM 0.01 0.7 220 0.01 NM NM 20 NM 57 7.28 12.1 1,082
16-Nov-05 NM NM NM 2.8J NM NM NM NM NM NM NM NM NM NM NM NM 195 6.03 10.7 984

INJECTION WELLS
PES-INJ-1 19-Nov-01 2.0 U 1.6 U 1.4 U 1.1 0.14 Na <0.2 <0.2 0.01 0.6 140 <0.01 0.03 323 25 55 -1 7.62 10.7 1,015

18-Feb-02 200 U 160 U 140 U 11,000 0.15 Na 19 <13 NA NA NA 36 6.3 8,500 8,500 85 -325 5.67 10.9 4,660
23-May-02 140 U 280 U 250 U 2,500 0.10 4.4 0.9 9.7 280 3.3 <7.0 1.0 0.6 21,250 5,500 2,500 -89 5.50 11.3 1,702
29-Aug-02 190 70 41 2,900 <0.01 16 <2.6 21 17 6.6 <7.0 0.11 0.1 2,975 2,500 125 -98 5.23 12.0 4,520
13-Dec-02 630 35 24 2,600 R 5.2 <2.5 7.9 13 6.9 <7.0 0.14 1.3 4,675 2,800 125 -40 5.25 8.2 R
10-Apr-03 73 3.1 7.6 2,300 1.58 4.4 <0.58 13 3.9 16 <7.0 0.04 0.7 4,250 2,500 250 -91 5.24 12.6 3,310
22-Aug-03 660 21 25 2,100 0.65 32 <0.58 9.8 J 4.8 9.3 <7.0 0.03 0.5 2,040 2,000 100 -33 5.21 12.1 2,950
19-Apr-05 14,000 6.3 4.6 2,500 R NM NM NM 3.6 14 <7.0 6.9 NM NM 2,500 NM 0 R 5.60 11.6 3,081

PES-INJ-2 19-Nov-01 2.0 U 1.6 U 1.4 U 0.8 <0.01 Na <0.2 <0.2 0.01 <0.6 130 <0.01 0.04 289 25 55 74 7.77 10.5 971
15-Feb-02 50 U 40 U 35 U 9,500 0.01 Na 34 110 NA NA NA 9 7.0 8,500 3,000 2,500 -323 5.44 10.6 4,200
23-May-02 28 U 56 U 50 U 4,100 0.05 93 2.7 19 2.6 14 <7.0 1.9 3.1 29,750 7,500 2,500 -93 5.10 12.3 1,872
29-Aug-02 13 5 2.8 4,130 <0.01 4.9 <2.6 28 NA 17 23 2.9 0.72 2,550 2,250 100 -55 5.10 12.4 4,870
13-Dec-02 11 0.34 1.4 4,400 R 12 20 13 NA 5.4 61 0.8 0.68 4,250 2,900 100 -30 5.10 10.5 R
11-Apr-03 99 0.35 1.4 2,300 0.63 39 <0.58 11 J NA 78 <7.0 0.8 0.40 5,100 2,750 100 -33 5.09 11.1 3,160
22-Aug-03 1,500 1.1 4.5 2,000 1.05 300 <0.58 6.7 J 2.4 69 <7.0 0.3 0.56 1,700 1,300 150 1 5.11 12.8 2,650
19-Apr-05 5,800 1.1 3.8 2,400 R NM NM NM 1.6 50 5 12 NM NM 3,500 NM 5 R 5.35 11.0 2,434
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PES-INJ-3 16-Nov-01 2.0 U 1.6 U 1.4 U 1.0 0.92 Na <0.2 <0.2 0.01 0.6 110 <0.01 0.06 255 10 60 -79 8.47 12.1 881
18-Feb-02 200 U 160 U 140 U 6,900 0.67 Na 15 <7.7 NA NA NA 23 3.3 11,900 4,500 60 -317 5.65 10.8 6,310
23-May-02 140 U 280 U 250 U 4,100 0.12 30 1.9 23 NA NA 66 1.8 2.2 25,500 7,500 2,500 -76 5.30 12.9 1,843
29-Aug-02 7.5 5.6 J 1.4 U 3,650 <0.01 15 <2.6 32 5.6 31 <7.0 1.6 1.5 2,975 2,875 100 -98 5.23 12.0 4,520
13-Dec-02 3.3 0.630 1.2 4,900 0.47 57 <2.5 13 NA 30 <7.0 2.8 2.0 5,525 3,875 100 -35 5.26 10.3 R
11-Apr-03 58 0.35 1.4 4,600 0.04 39 <0.58 17 J NA 20 <7.0 4.6 2.7 5,950 5,000 100 -88 5.14 11.3 4,010
22-Aug-03 290 1.4 3.7 2,600 2.34 150 <0.58 15 J 5.7 22 <7.0 0.2 0.7 2,380 2,100 100 -54 5.19 15.0 3,710
19-Apr-05 2,800 3.6 3.4 4,700 R NM NM NM 4.5 74 <7.0 14 NM NM 2,000 NM 9 R 5.33 11.6 3,328
17-Nov-05 NM NM NM 13,000 NM NM NM NM NM NM NM NM NM NM NM NM 3 5.86 10.5 5,081

a/  µg/L = micrograms per liter. g/  oC = degrees Centigrade.
b/   TOC = total organic carbon. h/  µs/cm = microsiemens per centimeter.
c/  mg/L = milligrams per liter. i/   J indicates that the analyte was detected at a concentration above the method detection limit but below the reporting limit resulting in an estimated value.

d/  nM = nano-Mol j/  NM = Not measured. 
e/  mV = millivolts. k/  <20 indicates that the analyte was not detected above the referenced method detection limit.
f/  SU = pH standard units. l/ R = This data point is of suspect quality or was collected in the incorrect units (as percent saturation instead of mg/L). Therefore it is rejected and was not considered during data interpretation.
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Baseline concentrations of TOC ranged from a minimum of 0.8 milligrams per liter 
(mg/L) at PES-INJ-2 to a maximum of 3.7 mg/L at GWMS-27S.  Following injection, 
elevated concentrations of TOC (i.e., greater than 10 mg/L) were observed at the 
injection wells and at monitoring wells PES-MW-1, PES-MW-6, and PES-MW-7 (Table 
4.6).   These data indicate that TOC was distributed as far as the first downgradient line 
of monitoring wells (approximately 15 feet) within approximately 2 months of injection.   
Elevated TOC concentrations (greater than 10 mg/L) were observed in later events 
(particularly the August 2002 event) in all of the remaining monitoring wells including 
the contingency (i.e., “CW”) wells and GWMS-27S and GWMS-47S.  High 
concentrations (greater than 100 mg/L) of TOC were detected in PES-MW-7 during the 
February 2002 sampling event, indicating that this well was heavily impacted by the 
injection.  High concentrations of TOC were also detected in PES-MW-9 during the 
August 2002 and December 2002 sampling events, indicating that large quantities of 
TOC mass are migrating to this well.  These values are relatively low (with the exception 
of PES-MW-7 in February 2002) compared to TOC measured in groundwater samples 
collected from the injection wells, which ranged from 2,000 mg/L to 2,600 mg/L during 
the August 2003 sampling event (Table 4.6). 

TOC data indicate that the zone of influence of the vegetable oil injection within the 
first few months following injection was limited primarily to the area of wells PES-MW-
1, PES-MW-6, PES-MW-7, and PES-MW-9; these wells are located only 10 feet from 
the injection wells.  However, during subsequent sampling events TOC concentrations in 
all of the other monitoring wells had increased approximately one order of magnitude, 
indicating that the zone of influence expanded as dissolved TOC migrated downgradient.  
However, between December 2002 and April 2003 TOC concentrations decreased 
significantly at nearly all of the monitoring well locations.  This decrease mirrors CAH 
concentration trend changes during the same time period and is likely related to temporal 
changes in groundwater flow conditions.  

4.5.2 Dissolved Hydrogen as an Indicator of Substrate Addition and Area of 
Influence 

As organic material is broken down though fermentation, H2 is produced.  This H2 is 
then used by the microbial population during the reductive dechlorination of chlorinated 
solvent mass.  The spatial distribution of dissolved H2 is a good indicator of the spatial 
distribution of organic material that is being fermented and of areas where reductive 
dechlorination is likely to occur.   

Dissolved H2 data were not collected during the baseline and February 2002 process 
monitoring events.  Thus, background dissolved H2 data are not available for the wells 
installed within the pilot test area.  However, dissolved H2 data from wells that were not 
impacted by the injected vegetable oil (e.g., the contingency wells and existing wells 
GWMS-27S and GWMS-47S) can be evaluated to determine how much dissolved H2 is 
in the aquifer system naturally.  The data from the contingency wells and existing wells 
GWMS-27S and GWMS-47S indicate that dissolved H2 concentrations as high as 4 
nanomolar (nM) may be naturally occurring within the pilot test area.  During process 
monitoring sampling, concentrations of dissolved H2 exceeding 4 nM were observed only 
in the injection wells and in monitoring wells PES-MW-7 and PES-MW-9.  This lack of 
elevated dissolved H2 implies that dissolved H2 related to the injected vegetable oil was 
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not effectively distributed to the monitoring well network.  However, H2 is very reactive 
and tends to be consumed readily through biotic and abiotic processes.  Therefore, the 
lack of elevated concentrations of dissolved H2 does not necessarily indicate that 
vegetable oil breakdown products were not distributed beyond the injection area or that 
reductive dechlorination will not occur outside of the injection area.   

Dissolved H2 concentrations also can be used to determine the dominant terminal 
electron accepting process (TEAP) in an aquifer.  This method has been shown to provide 
a direct, independent measurement that identifies which redox reactions are taking place 
in anaerobic groundwater (Lovley and Goodwin, 1988; Lovley et al., 1994; Vroblesky 
and Chapelle, 1994).  When dissolved H2 concentrations are measured, the 
concentrations directly indicate which TEAP is dominant in a given location at a given 
time.  Dissolved H2 concentrations ranging from 0.2 nM to 0.8 nM are indicative of iron 
reduction, concentrations ranging from 1 to 4 nM are indicative of sulfate reduction, and 
concentrations greater than 5 nM are indicative of methanogenesis (USEPA, 1998).  
Dissolved H2 concentrations throughout the pilot test area typically ranged between 1 and 
4 nM except at the injection wells and monitoring wells PES-MW-7 and PES-MW-9 
where dissolved H2 concentrations were elevated due to the injected vegetable oil.  These 
data suggests that sulfate reduction should be the dominant TEAP at the majority of the 
well locations within the pilot test area.   

4.5.3 Microbial Population and Volatile Fatty Acid Data 

Groundwater sample aliquots were collected for VFA and PLFA analysis from each of 
the pilot test monitoring wells, existing well GWMS-46S, and the three injection wells 
during all of the process monitoring sampling events, with the exception of the February 
2002 event.  These analyses were performed by Microbial Insights, Inc..  Additional 
sample aliquots were collected from GSMW-46S, PES-MW-1, PES-MW-3, PES-MW-4 
PES-MW-5, and PES-INJ-2 during the December 2002 sampling event and submitted to 
Microbial Insights Inc. for PLFA analysis.  The results of these analyses are summarized 
in Table 4.7. 

4.5.3.1 Biomass and Microbial Starvation Indicators 

Biomass is represented by the total amount of PLFA present and provides a 
quantitative measure of the viable microbial biomass present.  Elevated concentrations of 
biomass are an indicator of enhanced microbial activity.  Biomass estimates were 
elevated in injection well PES-INJ-2, and slightly elevated in monitoring wells GWMS-
46S and PES-MW-1.  The biomass present at the remaining wells was one to two orders 
of magnitude lower than that measured in GWMS-46S and PES-MW-1.  These data 
indicate that the microbial biomass was stimulated in the vicinity of the injection wells.  

During times of decreasing food supply, or when the microbial community expands 
beyond the available food supply, some microbial strains will convert cis-fatty acid to 
cyclopropyl.  The degree of starvation occurring at a particular location can be 
determined by measuring the concentration of cyclopropyl in groundwater and dividing it 
by the concentration of its biosynthetic precursor cis-fatty acid.  Thus, an increase in the 
starvation ratio indicates that there has been a decrease in the food supply (organic 
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Total Bacterial Starvation Total Volatile
Sample Sample Organic Carbon  Biomass  Ratio  Fatty Acids Pyruvic Lactic Formic Acetic Proprionic Butyric
Location Date (mg/L)a/ (pmol/mL)b/ (unitless) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

18S 4/18/2005 3.8 NM 0.00 < 4 < 4 < 1 < 1 < 1 < 1 < 1
26-S 4/15/2005 2.2 NM 0.09 NM NM NM NM NM NM NM
GWMS-27S 220 21-May-02 <1.7 c/ NM d/ NM < 4 b/ < 80 < 1 < 1 < 1 < 1 < 1

26-Aug-02 9.9 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
9-Dec-02 16 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
7-Apr-03 2.8 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1

18-Aug-03 1.2 J NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
GWMS-46S e/ -22 22-May-02 2.3 NM NM 5.6 < 40 < 1 4.0 1.6 < 1 < 1

28-Aug-02 10 NM NM 6.2 < 4 0.8 J f/ 1.9 2.6 0.9 J < 1
11-Dec-02 18 13.4 0.56 < 4 < 4 < 1 < 1 < 1 < 1 < 1
8-Apr-03 1.0 J 3 0.12 < 4 < 4 < 1 < 1 < 1 < 1 < 1

20-Aug-03 1.0 UJ 11 0.32 < 4 < 4 < 1 < 1 < 1 < 1 < 1
18-Apr-05 4 NM 1.22 < 4 < 4 < 1 < 1 < 1 < 1 < 1

GWMS-47S 224 21-May-02 <1.1 NM NM < 4 < 80 < 1 < 1 < 1 < 1 < 1
26-Aug-02 11 NM NM 3.8 < 4 < 1 1.8 2.0 < 1 < 1
10-Dec-02 38 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
8-Apr-03 1.1 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1

19-Aug-03 1.0 J NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-1 16 22-May-02 3.0 NM NM 6.5 < 40 < 1 3.7 1.8 0.97 < 1

28-Aug-02 14 NM NM 10.4 < 4 < 1 1.7 6.8 1.9 < 1
12-Dec-02 12 31.3 1.13 < 4 < 4 < 1 < 1 < 1 < 1 < 1
10-Apr-03 <1.0 54 0.07 3.0 < 4 1.0 < 1 1.0 1.0 < 1
21-Aug-03 1.4 J 14 0.25 < 4 < 4 < 1 < 1 < 1 < 1 < 1
15-Apr-05 3 NM 0.26 < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-MW-2 28 22-May-02 2.5 NM NM 8.0 < 40 < 1 3.9 1.9 2.2 < 1
28-Aug-02 12 NM NM 3.6 < 4 < 1 1.7 1.9 < 1 < 1
9-Dec-02 6.5 0.2 1.54 < 4 < 4 < 1 < 1 < 1 < 1 < 1
9-Apr-03 <1.0 7 0.11 < 4 < 4 < 1 < 1 < 1 < 1 < 1

20-Aug-03 1 J 19 0.07 < 4 < 4 < 1 < 1 < 1 < 1 < 1
14-Apr-05 1.9 NM 0.16 < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-MW-3 48 21-May-02 2.9 NM NM 8.1 < 40 < 1 4.0 2.4 1.7 < 1
27-Aug-02 13 NM NM 6.7 < 4 < 1 1.7 3.8 1.2 < 1
10-Dec-02 24 0.0 0.00 < 4 < 4 < 1 < 1 < 1 < 1 < 1
8-Apr-03 2.0 J 194 0.92 3.6 < 4 < 1 < 1 1.9 1.7 < 1

20-Aug-03 2.6 J 44 0.27 < 4 < 4 < 1 < 1 < 1 < 1 < 1
14-Apr-05 2 NM 0.76 < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-MW-4 76 21-May-02 2.0 NM NM 1.5 < 80 < 1 1.5 < 1 < 1 < 1
27-Aug-02 10 NM NM 3.7 < 4 < 1 1.8 1.9 < 1 < 1
10-Dec-02 15 1.0 0.09 < 4 < 4 < 1 < 1 < 1 < 1 < 1
8-Apr-03 1.7 J 6.0 0.36 2.0 < 4 < 1 < 1 1.0 1.0 < 1

19-Aug-03 1.2 J 119 0.62 < 4 < 4 < 1 < 1 < 1 < 1 < 1
12-Apr-05 51 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1

MONITORING WELLS

Metabolic Acids
Distance 

Downgradient 
From Injection 

Wells (feet)

FRIDLEY, MINNESOTA

TABLE 4.7
BIOMASS AND VOLATILE FATTY ACIDS IN GROUNDWATER

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
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Total Bacterial Starvation Total Volatile
Sample Sample Organic Carbon  Biomass  Ratio  Fatty Acids Pyruvic Lactic Formic Acetic Proprionic Butyric
Location Date (mg/L)a/ (pmol/mL)b/ (unitless) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Metabolic Acids
Distance 

Downgradient 
From Injection 

Wells (feet)

FRIDLEY, MINNESOTA

TABLE 4.7 (Continued)
BIOMASS AND VOLATILE FATTY ACIDS IN GROUNDWATER

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

PES-MW-5 142 21-May-02 1.8 NM NM 1.4 < 80 < 0 1.4 < 1 < 1 < 1
27-Aug-02 12 NM NM 4.3 < 4 < 0.9 1.8 2.5 < 1 < 1
10-Dec-02 23 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
8-Apr-03 <1.0 NM NM 2.0 < 4 < 1 < 1 1.0 1.0 < 1

19-Aug-03 <1.0 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-6 16 23-May-02 <0.83 NM NM 19.1 < 40 < 1 4.1 12.3 2.7 < 1

28-Aug-02 7 NM NM 6.3 < 4 < 1 2.1 4.2 < 1 < 1
12-Dec-02 16 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
10-Apr-03 <1.0 57 0.07 8.0 4.0 1.0 < 1 1.0 1.0 1.0
21-Aug-03 1.7 J 18 0.02 < 4 < 4 < 1 < 1 < 1 < 1 < 1
15-Apr-05 3 NM 0.07 < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-MW-7 16 22-May-02 150 NM NM 347 < 20 < 1 3.9 133 182 28
28-Aug-02 150 NM NM 212 < 4 < 1 1.9 57.8 122 30
12-Dec-02 200 NM NM 149 < 4 < 1 < 1 28.3 98 23
10-Apr-03 210 87 0.50 202.2 < 4 < 1 < 1 43.4 153.5 5.3
21-Aug-03 53 558 0.21 < 4 < 4 < 1 < 1 < 1 < 1 < 1
15-Apr-05 29 NM 0.10 < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-MW-8 40 22-May-02 1.9 NM NM 5.6 < 40 < 1 4.0 1.6 < 1 < 1
28-Aug-02 14 NM NM 3.9 < 4 < 1 1.9 2.0 < 1 < 1
12-Dec-02 4.6 NM NM < 1 < 4 < 1 < 1 < 1 < 1 < 1
9-Apr-03 <1.0 62 2.35 8.0 4.0 1.0 < 1 1.0 1.0 1.0

21-Aug-03 3.7 29 1.45 < 4 < 4 < 1 < 1 < 1 < 1 < 1
14-Apr-05 1.7 NM 0.67 < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-MW-9 36 22-May-02 58 J NM NM 140 < 40 < 1 4.2 53.8 82.4 < 1
27-Aug-02 180 NM NM 308 < 4 < 0.5 1.9 199 99.1 7.6
11-Dec-02 240 NM NM 295 < 4 < 1 0.6 J 229 47.5 18.1
9-Apr-03 2.6 45 0.42 4.0 < 4 1.0 < 1 1.0 1.0 1.0

20-Aug-03 1.5 J 121 0.19 < 4 < 4 < 1 < 1 < 1 < 1 < 1
16-Apr-05 4 NM 0.58 < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-MW-10A 16 15-Apr-05 190 NM 0.20 50.5 < 4 < 1 < 1 26.8 11.6 12.1
PES-MW-10B 13 14-Apr-05 3 NM 0.07 < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-11A 38 13-Apr-05 9 NM 0.17 < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-12A 155 12-Apr-05 6 NM 0.08 < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-12B 155 20-Apr-05 6 NM 0.00 < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-13A NA 20-Apr-05 5 NM 0.08 < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-14A 75 12-Apr-05 50 NM 0.37 < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-14B 75 20-Apr-05 4.2J NM 0.05 < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-CW-1 220 20-May-02 <1.3 NM NM <1 < 80 < 1 < 1 < 1 < 1 < 1

26-Aug-02 11 NM NM 3.4 < 4 < 1 1.6 1.8 < 1 < 1
9-Dec-02 1.5 NM NM < 1 < 4 < 1 < 1 < 1 < 1 < 1
7-Apr-03 <1.0 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1

18-Aug-03 1.6 J NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
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Total Bacterial Starvation Total Volatile
Sample Sample Organic Carbon  Biomass  Ratio  Fatty Acids Pyruvic Lactic Formic Acetic Proprionic Butyric
Location Date (mg/L)a/ (pmol/mL)b/ (unitless) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Metabolic Acids
Distance 

Downgradient 
From Injection 

Wells (feet)

FRIDLEY, MINNESOTA

TABLE 4.7 (Continued)
BIOMASS AND VOLATILE FATTY ACIDS IN GROUNDWATER

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

PES-CW-2 212 20-May-02 <1.0 NM NM <1 < 80 < 1 < 1 < 1 < 1 < 1
26-Aug-02 12 NM NM 3.4 < 4 < 1 1.7 1.7 < 1 < 1
9-Dec-02 5.4 NM NM < 1 < 4 < 1 < 1 < 1 < 1 < 1
7-Apr-03 <1.0 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1

19-Aug-03 1.7 J NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-CW-3 220 20-May-02 <1.6 NM NM <1 < 80 < 1 < 1 < 1 < 1 < 1

26-Aug-02 11 NM NM 4.0 < 4 0.4 J 1.8 1.8 < 1 < 1
10-Dec-02 14 NM NM < 1 < 4 < 1 < 1 < 1 < 1 < 1
8-Jul-03 <1.0 NM NM 3.0 < 4 < 1 < 1 1.0 1.0 1.0 J

19-Aug-03 <1.0 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-INJ-1 NA d/ 23-May-02 2,500 NM NM 3,279 < 80 1.2 4.9 1,500 843 930
29-Aug-02 2,900 NM NM 2,910 < 4 1.2 3.0 1,468 458 980
13-Dec-02 2,600 NM NM 2,509 < 4 < 1 3.8 1,294 255 956
10-Apr-03 2,300 3.0 2.47 2,321 < 4 < 1 1.5 1,276 179 865
22-Aug-03 2,100 4.0 1.73 1,973 < 4 < 1 < 1 963 311 699
19-Apr-05 2,500 NM NM 1,954 < 4 < 1 < 1 1,222 167 565

PES-INJ-2 NA 23-May-02 4,100 NM NM 5,777 < 80 < 20 32.7 1,471 2,835 1,438
29-Aug-02 4,130 NM NM 4,371 333 < 20 < 20 1,059 1,753 1,226
13-Dec-02 4,400 7,698 0.05 3,176 177 < 10 < 10 917 1,047 1,035
11-Apr-03 2,300 98 0.18 2,139 40 10 10 905 466 708
22-Aug-03 2,000 350 0.00 1,879 < 4 < 1 < 1 893 379 607
19-Apr-05 2,400 NM 0.25 1,334 < 4 < 1 < 1 794 174 366

PES-INJ-3 NA 23-May-02 4,100 NM NM 5,410 < 80 < 20 33.4 1,303 2,355 1,719
29-Aug-02 3,650 NM NM 2,965 < 80 < 20 < 20 889 806 1,270
13-Dec-02 4,900 NM NM 3,202 < 4 < 10 < 10 1,265 652 1,285
11-Apr-03 4,600 27 0.00 2,668 < 4 < 1 2.2 1,039 255 1,372
22-Aug-03 3,600 59 0.79 2,787 243 < 1 20 963 231 1,330
19-Apr-05 4,700 NM NM 1,822 < 4 2.3 84 646 127 963

MS-53PC NA 11-Apr-05 110 NM NM 792 < 4 1.0 106 469 210 6
a/  mg/L = milligrams per liter. d/ NM = not measured.
b/ pmol/mL = picomoles per milliliter. e/ This well is located upgradient of the injection area.
c/ "<" indicates that anayte was below the limit of quantitation. f/ J indicates that the analyte was detectedat a concentration greater than the method detection limit 

   and less than the reporting limit.  Thus, the concentration is estimated.

INJECTION WELLS

OTHER WELLS
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carbon) or that microbial population growth (increasing bacterial biomass) has 
outstripped the available food supply.   

The PLFA data summarized in Table 4.7 indicate that microbial starvation is highly 
variable both spatially and temporally.  During the December 2002 sampling event high 
starvation ratios were measured at locations PES-MW-1 and PES-MW-2, indicating that 
the food supply (i.e., organic carbon) available to the microbial population was declining 
and the microbial populations at these locations were starving as a result.  A low 
starvation ratio was measured at PES-INJ-2, indicating that the microbial population at 
this location had a plentiful food supply available.  The starvation data are supported by 
observed decreases in TOC concentrations at PES-MW-1 and PES-MW-2 and high 
concentrations of TOC detected at PES-INJ-2. 

Review of the starvation ratio data, bacterial biomass data, and TOC concentration 
data (Table 4.7) from the April and August 2003 sampling rounds indicates that 
bioavailable organic carbon mass increased at monitoring well locations PES-MW-7 and 
PES-MW-9.  This increase in bioavailable organic carbon is evidenced by large increases 
in bacterial biomass and coincident decreases in starvation ratio.  During the same period, 
TOC concentrations decreased or remained stable at these locations, likely due to 
increased bacterial biomass and a resultant increase in consumption of TOC.  At location 
PES-MW-2 there was a small increase in bacterial biomass coincident with a decrease in 
starvation ratio and a small decrease in TOC concentration, indicating that bioavailable 
organic carbon mass may have increased at this location.  The biomass and starvation 
ratio data from locations PES-MW-6 and PES-MW-8 indicate that bioavailable organic 
carbon mass at these locations was relatively low in December 2002 and remained low 
through August 2003.  At location PES-MW-4 the bacterial biomass increased 
substantially between April and August 2003.  This increase in bacterial biomass was 
accompanied by stable TOC concentrations and a slight increase in starvation ratio.  
These data indicate that bioavailable organic carbon mass at this location may have 
increased during 2003, but that the additional carbon mass was consumed by microbial 
processes. 

The bacterial biomass, starvation ratio, and TOC concentration data indicate that a 
significant mass of bioavailable organic carbon is present at PES-MW-7 and PES-MW-9, 
and that a lower mass is present at PES-MW-2.  The data also indicate that a significant 
quantity of bioavailable organic carbon is not present at wells PES-MW-6 and PES-MW-
8, and that bioavailable organic carbon mass at PES-MW-4 either remained stable or 
increased slightly.   

4.5.3.2 Denatured Gradient Gel Electrophoresis 

DGGE is a powerful tool for detection and identification of organisms from 
environmental samples.  In this method, sample microbial DNA is first isolated and 
purified.  The DNA sequence for the Bacterial 16S ribosomal DNA (rDNA) is then 
amplified (many copies are made) using a polymerase chain reaction.  The 16S rDNA 
gene is used for bacterial identification since it is common to all bacteria, and there are 
large databases of sequences available for comparison.  The amplified sequences are 
separated into bands using a denaturing gradient gel.  Numerically dominant members of 
the microbial community (greater than 1 to 2 percent of the community) can be detected, 
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so the bacterial identifications reported are examples of abundant members of the 
microbial community.  For each sequenced DNA band, the closest described relative of 
each is reported.  Phylogenetic affiliations are determined by comparing the rDNA 
sequences from samples to known bacterial sequences in the National Center for 
Biotechnology Information Database (GenBank). 

High throughput DNA screening by DGGE analysis was conducted during the April 
and August 2003 sampling events at the injection wells, existing well GWMS-46S, and 
the nine pilot test monitoring wells to determine the composition of the microbial 
population at each location.  During April and August 2003, the microbial populations at 
the injection wells were dominated by bacterial strains Clostridium, Trichococcus, and 
Rahnella.  These bacterial strains are known organic material fermenters and nitrate 
reducers.  The microbial populations at well locations PES-MW-1, PES-MW-6, PES-
MW-7, and PES-MW-9 were similar in that the population at each location was 
dominated by microbial strains Sulfurospirillum and Sulfuricurvum.  These microbial 
strains are known sulfate and nitrate reducers known to be capable of dechlorinating 
PCE.  Dechloromonas, a known perchlorate reducer, was also detected at PES-MW-7 
during the August 2003 event.  Sulfurospirillum was also detected at PES-MW-8 during 
the April 2003 event but not during the August 2003 event.  The microbial communities 
at the remaining well are dominated by various bacterial strains including Pseudomonas, 
a nitrate reducer; Methylobacter, a methane utilizer; and Hydrogenophaga, an organic 
carbon fermenter and oxygen reducer. 

The similarities in microbial population between PES-MW-1, PES-MW-6, PES-MW-
7, and PES-MW-9 indicate that these well locations have similar geochemical 
environments which are dissimilar from the remaining well locations.  The geochemical 
environment and resulting microbial populations at well locations PES-MW-1, PES-
MW-6, PES-MW-7, and PES-MW-9 have probably been modified by the presence of 
vegetable oil-related organic carbon. 

4.5.3.3 Targeted Gene Detection 

Groundwater samples were collected from the injection wells, existing well GWMS-
46S, and the pilot test monitoring wells and analyzed via targeted gene detection to 
determine the presence or absence and relative population of Dehalococcoides 
Ethenogenes.  Dehalococciodes Ethenogenes is the only microbial strain that has been 
documented to be capable of sequential reductive dechlorination of PCE and TCE to cis-
1,2-DCE, VC, and ethene.  Dehalococcoides Ethenogenes was not detected at any of the 
sampled locations during the April and August 2003 sampling rounds.  The absence of 
Dehalococcoides Ethenogenes does not mean that PCE and TCE will not be completely 
dechlorinated.  Rather, either populations of Dehalococcoides Ethenogenes have not 
developed yet or reductive dechlorination is occurring via other microbial strains within 
the pilot test area. 

4.5.3.4 Volatile Fatty Acids 

VFAs (or metabolic acids) are microbial degradation byproducts of organic material 
and are also a quantitative indicator of microbial activity.  These primary degradation 
products are further utilized as fermentation products, which can produce hydrogen for 
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reductive dechlorination.  VFA analyses indicate that the primary metabolic byproducts 
of the degradation of soybean oil in injection wells PES-INJ-1, PES-INJ-2, and PES-INJ-
3 are acetic, propionic, and butyric acids.  Elevated concentrations of these acids were 
measured in monitoring wells PES-MW-7 and PES-MW-9.  Low concentrations of VFAs 
(3 to 4 mg/L total VFAs) were also detected in all of the monitoring wells during the 
August sampling event.  However these VFA detections were all near the MDL and were 
not repeated during the December 2002 sampling event, indicating that the low 
concentrations of VFAs detected during the August sampling event may have been 
laboratory artifacts.  The VFA data also indicate that different metabolic acids are 
predominant in different locations (e.g. acetic acid is dominant at PES-INJ-1 while 
propionic acid is dominant at PES-INJ-2).  This heterogeneity in VFA content indicates 
that the microbial population is relatively heterogeneous within the pilot test area, which  
is to be expected considering the relatively heterogeneous distribution of vegetable oil 
(Section 4.5.1). 

Based on biomass and VFA data, the most significant impact from injected vegetable 
oil appears to have occurred in the immediate vicinities of the injection wells and 
monitoring wells PES-MW-7, and PES-MW-9.  However, the biomass data indicate that 
there may be smaller impacts to monitoring wells PES-MW-1 and PES-MW-6 as well. 

4.5.4 Cross-Borehole Radar Data 

During substrate injection, Ferrofluid™ was added to the vegetable oil emulsion 
injected into PES-INJ-3 and colloidal iron was added to the emulsion injected into PES-
INJ-1.  The iron materials were added to serve as tracers to allow the USGS to determine 
the three dimensional distribution of vegetable oil in the subsurface.  The USGS 
performed downhole tomography and cross borehole radar geophysical surveys during 
several of the process monitoring events in order to map the distribution of the substrate 
over time.  The results of these surveys are presented in detail in a draft report prepared 
by the USGS (2003) entitled Application of Cross-Borehole Radar to Monitor Field-
Scale Vegetable Oil Injection Experiments for Biostimulation and are briefly summarized 
in the following paragraph.   

The geophysical data collected by the USGS indicate that immediately after injection, 
the vegetable oil was present as a single mass surrounding the three injection wells.  The 
injected radius of influence was estimated to be approximately two to three meters away 
from the injection wells.  During the following 11 months (through November 2002) 
geophysical data indicate that the vegetable oil did not migrate away from the injection 
wells as a separate phase liquid.  The geophysical data also indicate that geochemical 
changes related to vegetable oil injection extend as far downgradient as PES-MW-2 (a 
distance of approximately 30 feet) (USGS, 2003). 

There is an apparent contradiction between the radius of influence of the injection as 
indicated by the cross borehole data (4-5 meters) and the radius of influence as indicated 
by field observations collected during drilling operations and groundwater geochemical 
data (3 meters).  However, this apparent contradiction is likely simply a result of 
differences in the two approximations.  It is likely that the injected vegetable oil spread 
laterally during injection at least 3 meters and no more than 5 meters from each injection 
point. 
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4.6 GEOCHEMICAL RESULTS 

Biodegradation causes measurable changes in groundwater geochemistry that can be 
used to evaluate the effectiveness of vegetable oil in stimulating microbial activity.  For 
reductive dechlorination to be an efficient process, the groundwater typically must be 
sulfate-reducing or methanogenic.  Thus, groundwater in which reductive dechlorination 
is occurring should have the following geochemical signature: 

• Depleted concentrations of DO, nitrate, and sulfate; 

• Elevated concentrations of ferrous iron (Fe[II]), a reduced species of manganese 
(Mn[II]), methane, ethene, ethane, hydrogen, chloride, and alkalinity; and 

• Reduced ORP. 

The geochemistry of groundwater in the vicinity of the field test (Table 4.6) has 
changed significantly following injection of the vegetable oil.  The following sections 
describe these changes and how the site geochemical conditions provide insights 
regarding the potential for biodegradation of CAHs. 

4.6.1 Alternate Electron Acceptors and Metabolic Byproducts 

Biodegradation of organic compounds, whether natural or anthropogenic, brings about 
measurable changes in the chemistry of groundwater in the affected area.  Concentrations 
of compounds used as electron acceptors (e.g., DO, nitrate, and sulfate) are depleted, and 
byproducts of electron acceptor reduction (e.g., Fe(II) and methane) are produced.  By 
measuring these changes, it is possible to evaluate what biological processes have been 
induced or enhanced by substrate addition.  Results of alternate electron acceptor and 
metabolic byproduct analyses for ACP are presented in Table 4.6.  The following 
paragraphs discuss those parameters most useful in evaluating site biodegradation 
processes. 

4.6.1.1 Dissolved Oxygen 

DO concentrations through time are tabulated in Table 4.6 and are shown graphically 
on Figures 4.12A and 4.12B.  DO was measured at each monitoring and injection well 
during baseline sampling in November 2001 and during each process monitoring event.  
During the baseline sampling event DO concentrations ranged from less than 0.01 mg/L 
at PES-INJ-2 to a maximum of 2.3 mg/L at PES-MW-7.  DO concentrations measured 
during the baseline sampling event were generally around 1 mg/L at most of the 
monitoring well locations.  The baseline DO data set indicates that the groundwater was 
weakly aerobic prior to the injection of the vegetable oil. 

During the February 2002 process monitoring event, DO concentrations were slightly 
higher in most locations, with a relatively large increase observed in GWMS-47S (Table 
4.6).  During subsequent process monitoring events DO concentrations dropped to below 
1 mg/L at all of the well locations upgradient of PES-MW-5, indicating that the 
groundwater geochemical environment became predominantly anaerobic after the 
February 2002 process monitoring event.  However, between December 2002 and April 
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FIGURE 4.12A
CONCENTRATIONS OF DISSOLVED OXYGEN OVER TIME
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FIGURE 4.12B
CONCENTRATIONS OF DISSOLVED OXYGEN OVER TIME
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2003 there was a reversal in the DO concentration trends at most well locations.  During 
the April 2003 sampling event DO concentrations were significantly higher (greater than 
1 mg/L) at most well locations.  This reversal in the DO concentration trend mirrors trend 
changes in TOC and CAH concentrations discussed in earlier sections.  DO 
concentrations decreased again between April and August 2003, indicating that the trend 
reversal was temporary.  It should be noted that the elevated DO concentrations measured 
during the April 2003 sampling event contradict ORP and dissolved H2 data collected 
during the same sampling event.  These contradictions suggest that either the DO data or 
the ORP and H2 data collected during the April 2003 sampling round are suspect.   

An alternative explanation for the temporary increase in DO is related to spring 
surface water recharge.  Surface water infiltration to groundwater is highest during the 
spring time as evidenced by higher water tables measured during sampling events 
conducted in the spring.  This increased surface water infiltration may serve to DO 
concentrations in groundwater because the infiltrating surface water is highly 
oxygenated.  This effect would be expected to be temporary and would diminish as 
surface water infiltration diminished.  

There were a number of instances during the process monitoring events where DO 
concentration data contradicted ORP and dissolved H2 data.  These contradictions 
occurred most frequently at wells GWMS-47S, PES-MW-5, PES-MW-1, PES-CW-2, 
and PES-CW-3, all of which are installed in the area where upwelling of groundwater 
from the PC Aquifer is interpreted to occur (TtNUS, 2003 and USGS, 2003).  Thus, these 
data contradictions may be related to the mixing of groundwater from the PC aquifer and 
the unconsolidated aquifer system.   

DO concentrations throughout the pilot test area generally decreased over the course 
of the pilot test (with the notable exception of the April 2003 event), indicating that 
geochemical conditions within the pilot test area became less aerobic and therefore 
potentially more conducive to the occurrence of anaerobic degradation processes 
(including reductive dechlorination). 

4.6.1.2 Nitrate and Nitrite 

After DO has been depleted in the microbiological treatment zone, nitrate may be used 
as an electron acceptor for anaerobic biodegradation via denitrification.  Nitrate 
concentrations below background in areas with high organic carbon concentrations and 
low DO are indicative of denitrification.  The oxidation of organic carbon via the process 
of denitrification (using nitrate as an electron acceptor) yields a relatively large amount 
of free energy to microbial populations.  Because nitrate may compete with CAHs as an 
alternate electron acceptor, nitrate concentrations less than 1 mg/L are desired for 
significant reductive dechlorination to occur (USEPA, 1998). 

Groundwater samples were collected from all of the sampled monitoring and injection 
wells during all sampling events, and analyzed by Enchem, Inc. for nitrate and nitrite (as 
nitrogen [N]) using USEPA Method E300.1.  Baseline concentrations measured using 
this method were less than 1.0 mg/L in all cases with the exception of GWMS-47S, and 
less than the MDL of 0.2 mg/L in most cases (Table 4.6). 

4-49 
022.739484/final text_revised.doc 



 

During process monitoring, nitrate and nitrite concentrations remained below the 
MDL in all monitoring wells except GWMS-47S, PES-MW-4, and PES-MW-9.  At PES-
MW-4 and PES-MW-9 nitrate and nitrite concentrations increased slightly, but remained 
well below 1 mg/L.  At GWMS-47S nitrate concentrations decreased initially, than 
increased to a maximum concentration of 2.5 mg/L.  Nitrate concentrations also 
increased slightly at the contingency wells during the December 2002 and 2003 sampling 
events.  It is likely that these well locations are strongly influenced by the nearby 
Mississippi River, thus the observed increases in nitrate concentrations are likely related 
to the river water quality.   

During the process monitoring events, substantial increases in nitrate and nitrite 
concentrations were observed in the injection wells.  Peak concentrations were observed 
during the February 2002 (PES-INJ-2) and August 2002 (PES-INJ-1 and PES-INJ-3) 
sampling events (Table 4.6).  The increases in nitrate concentrations in the injection wells 
indicate that nitrate mass may have been mobilized from the soil matrix or injected with 
the vegetable oil emulsion.  The nitrate data is somewhat anomalous.  However, it does 
indicate that denitrification could be a competing TEAP to reductive dechlorination even 
though there is no nitrate mass naturally present within the dissolved phase.   

However, within monitoring wells that show definitive signs of enhanced reductive 
dechlorination (PES-MW-7 and PES-MW-9), nitrate concentrations remained below the 
MDL and nitrite concentrations remained below 2.5 mg/L.  These observations indicate 
that nitrate reduction is a relatively minor reduction-oxidation (redox) process outside of 
the area that is directly impacted by vegetable oil, and nitrate should not exert an 
excessive electron acceptor demand downgradient of the injection wells. 

4.6.1.3 Ferrous Iron 

The reduction of ferric iron [Fe(III)] has been shown to be a major metabolic pathway 
for some micro-organisms (Lovley and Phillips, 1988; Chapelle, 1993).  Reduction of 
Fe(III) produces ferrous iron [Fe(II)], which is soluble in natural groundwater systems 
and can be readily measured in the field.  Concentrations of Fe(II) measured in 
groundwater samples are summarized in Table 4.6 and are depicted on Figures 4.13A and 
4.13B. 

During the baseline sampling event, Fe(II) concentrations ranged from not detected 
(less than 0.01 mg/L) to a maximum of 2.2 mg/L (GWMS-46S).  During the process 
monitoring events, Fe(II) concentrations increased substantially in the injection wells and 
in monitoring wells PES-MW-1, PES-MW-3, PES-MW-7, and PES-MW-9.  There were 
also small increases in Fe(II) concentrations observed in GWMS-27S and PES-MW-6.  
Fe(II) concentration increases were most dramatic in the injection wells and in 
monitoring wells PES-MW-7 and PES-MW-9 (Table 4.6), indicating that the Fe(II) 
concentration changes are directly related to the stimulation of microbial processes 
following injection of vegetable oil.  At the injection wells, very high concentrations of 
Fe(II) were detected after injection, with a maximum concentration of 280 mg/L detected 
at PES-INJ-1 during the May 2002 sampling event.  However, the high Fe(II) 
concentrations detected in the injection wells also may be related to the addition of iron 
by the USGS for use as a tracer (i.e., they may have resulted from abiotic reduction of 
Fe(III)).  This supposition is supported by the elevated Fe(II) concentrations detected in 
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FIGURE 4.13A
CONCENTRATIONS OF FE (II) OVER TIME
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FIGURE 4.13B
CONCENTRATIONS OF FE (II) OVER TIME
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PES-INJ-1 and PES-INJ-3, where iron was added, with respect to PES-INJ-02, where no 
iron was added.  The decreasing concentrations of Fe(II) in the injection wells after May 
2002 indicate that iron reduction rates are decreasing, potentially as a result of Fe(III) 
depletion. 

Geochemical data collected during the process monitoring events indicates that the 
most elevated Fe(II) concentrations generally coincide with the most elevated ORP 
measurements.  This indicates that Fe(III) reduction is a prevalent TEAP under the proper 
redox conditions (i.e., ORP greater than -200 millivolts [mV]).  Exceptions to this 
observation occur at GWMS-27S and PES-MW-1.  However, it would be expected that 
DO will be completely consumed and ORP would decrease below -200 mV at locations 
where sufficient TOC is present.  Therefore, Fe(III) reduction should not be a significant 
competing TEAP to reductive dechlorination at locations where there is sufficient TOC 
present.  

4.6.1.4 Sulfate and Sulfide 

Sulfate also may be used as an electron acceptor (sulfate reduction) during microbial 
degradation of an organic substrate under anaerobic conditions (Grbic-Galic, 1990).  
Sulfate is reduced to sulfide during the sulfate reduction process.  Therefore, sulfate and 
sulfide concentrations were measured in groundwater samples collected during baseline 
sampling and during each of the performance monitoring sampling events (Table 4.6).  
Sulfate concentrations measured during baseline sampling ranged from 19 mg/L at 
GWMS-27S to 230 mg/L at PES-MW-4.  Sulfate concentrations measured during the 
baseline sampling event were generally greater than 100 mg/L with the exceptions of 
GWMS-27S, GWMS-47S, PES-CW-1, and PES-CW-2.  Sulfide concentrations measured 
during the baseline sampling event were generally near or below the MDL of 0.01 mg/L.  
The maximum concentration of sulfide detected during the baseline sampling event was 
0.20 mg/L at PES-MW-6. 

During the process monitoring sampling events, sulfate concentrations decreased 
rapidly at the injection wells and at monitoring wells PES-MW-7 and PES-MW-9.  
Relatively small decreases in sulfate concentration were also observed at well PES-MW-
4.  Sulfate concentrations actually increased in 10 monitoring wells (Table 4.6) during 
the process monitoring events.  The observed sulfate concentration increases may be 
related to geochemical changes induced by the observed increases TOC concentrations.   

Sulfide concentrations measured during the process monitoring events generally 
remained near the MDL in most of the monitoring wells.  The most substantial increases 
in sulfide concentrations occurred at monitoring wells PES-MW-1, PES-MW-6, PES-
MW-7, and in the injection wells.  Smaller sulfide concentration increases occurred at 
wells PES-MW-3 and PES-MW-9.  The maximum sulfide concentration detected during 
process monitoring was 36 mg/L at PES-INJ-1.   

Review of the geochemical data collected during the sampling events at ACP (Table 
4.6) indicate that low sulfate and high sulfide concentrations generally correspond to 
ORP measurements of less than -300 mV.  These data indicate that sulfate will be a 
competing TEAP to reductive dechlorination where the groundwater ORP is less than -
300 mV.   
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It is important to note that at locations where there was sufficient organic carbon 
present (the injection wells, PES-MW-7, and PES-MW-9), sulfate mass was rapidly 
reduced to sulfide (within a few months in the case of the injection wells and PES-MW-
9).  Therefore, the sulfate mass present in the subsurface environment is expected to act 
as a competing TEAP to reductive dechlorination.  However, sulfate reduction is 
expected to only delay the onset of reductive dechlorination for a few months at locations 
where there is sufficient TOC mass present because the sulfate mass present at a 
particular location will be rapidly depleted.  

4.6.1.5 Methane, Ethane, and Ethene in Groundwater 

Although anaerobic degradation of CAHs may occur under nitrate-, iron- and sulfate-
reducing conditions (Vogel et al., 1987; Chapelle, 1993), the most rapid reductive 
dechlorination rates occur under methanogenic conditions (Bouwer, 1994).   However, 
methanogenic organisms are known to compete with dechlorinating organisms for 
hydrogen (electron donor) produced by fermentation of organic substrate.  Strongly 
elevated methane concentrations may be an indication that the majority of the organic 
substrate is being used to support methanogenesis, at the expense of dechlorination 
reactions. 

Methane, ethane, and ethene concentrations were measured at all of the well locations 
during the baseline sampling event and subsequent process monitoring events.  During 
the baseline sampling event methane, ethane, and ethene concentrations were all below 
their respective MDLs of 2 µg/L, 1.6 µg/L, and 1.4 µg/L with the exception of GWMS-
27S (Table 4.6).   

Methane concentration data are tabulated in Table 4.6 and are presented graphically 
on Figures 4.14A and 4.14B. During the process monitoring events substantial increases 
in methane concentrations were observed in the injection wells and in monitoring wells 
PES-MW-1, PES-MW-2, PES-MW-3, PES-MW-6, PES-MW-7, and PES-MW-9.  The 
largest increases in methane concentration were generally observed during the December 
2002 and April and August 2003 monitoring events.  The highest methane concentration 
measured during the process monitoring events was 18,000 µg/L at PES-MW-7.  The 
large increases in methane concentration at all of the monitoring wells upgradient of 
PES-MW-4, except PES-MW-8, indicate that methanogenesis is actively occurring in the 
upgradient portion of the pilot test area (Table 4.6).  At PES-MW-1 and PES-MW-7, 
methane concentrations started to increase as early as the May 2002 sampling event.  At 
locations PES-MW-3 and PES-MW-9, methane concentration increases were not 
observed until the August 2002 event.  During the August 2003 sampling event methane 
concentrations increased slightly at PES-MW-4.  These observations indicate that the 
area characterized by the occurrence of methanogenesis is slowly expanding into the 
downgradient portions of the pilot test area.   

Ethene and ethane are end products of reductive dechlorination.  An increase in ethene 
and/or ethane concentration is strong indication that complete degradation of chlorinated 
ethenes has occurred.  During baseline sampling, ethane and ethene were not detected at 
any of the wells sampled.  Ethene and ethane concentrations detected during the various 
sampling events are summarized in Table 4.6, and ethene concentration data are depicted 
on Figures 4.15A and 4.15B.  Significant ethane and ethene concentration increases were 
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FIGURE 4.14A
CONCENTRATIONS OF METHANE OVER TIME
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FIGURE 4.14B
CONCENTRATIONS OF METHANE OVER TIME
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FIGURE 4.15A
CONCENTRATIONS OF ETHENE OVER TIME
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FIGURE 4.15B
CONCENTRATIONS OF ETHENE OVER TIME
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observed during process monitoring of the injection wells and monitoring well PES-MW-
9 (August 2002 sampling event).  These data indicate that reductive dechlorination is 
proceeding to completion at these locations.  The observed increasing trends in methane 
concentration indicate that the injection of vegetable oil may have preferentially 
stimulated methanogenic biodegradation processes rather than reductive dechlorination 
processes at ACP.  However, increasing trends in ethane and ethene concentrations 
coupled with decreasing TCE concentration trends indicate that reductive dechlorination 
has also been stimulated by the injection of the vegetable oil. 

4.6.2 ORP as an Indicator of Redox Processes 

ORP is a quantitative measure of the relative tendency of a solution to accept or 
transfer electrons.  The ORP of a groundwater system depends on which electron 
acceptors are being reduced by microbes during oxidation of organic compounds.  In 
general, reactions yielding more energy tend to take precedence over processes that yield 
less energy (Stumm and Morgan, 1981; Godsey, 1994; Reinhard et al., 1984).  Oxygen 
reduction would be expected in an aerobic environment with microorganisms capable of 
aerobic respiration, because oxygen reduction yields significant energy (Bouwer, 1992; 
Chapelle, 1993).  However, once the available DO is depleted and anaerobic conditions 
dominate the interior regions of a contaminant plume, anaerobic microorganisms can 
utilize other electron acceptors in the following order of preference: nitrate 
(denitrification), manganese (manganese reduction), ferric iron (iron reduction), sulfate 
(sulfate reduction), and finally carbon dioxide (methanogenesis).  Each successive 
oxidation/reduction reaction provides less energy to the system, and each step down in 
redox energy yield is paralleled by an ecological succession of microorganisms capable 
of facilitating the pertinent redox reactions.  

ORP values measured during baseline and performance monitoring sampling are 
presented in Table 4.6 and are depicted on Figures 4.16A and 4.16B.  The quality of the 
ORP data set collected during the December 2002 sampling round is suspect and was 
largely discounted during the interpretation of the ORP data set.   

Baseline ORP values exhibited a wide range of redox conditions, ranging from a high 
of +115 mV to a low of -185 mV.   In general, these values indicate that both aerobic and 
anaerobic processes were occurring in site groundwater (USEPA, 1998).  ORP values 
also varied substantially within the treatment zone.  For example, the ORPs at PES-INJ-2  
and PES-INJ-3 were +74 mV and  –79 mV, respectively,  suggesting heterogeneity in the 
natural redox conditions present at the site prior to injection. 

After injection, ORP decreased to approximately -200 to -400 mV at most of the wells 
installed upgradient of PEW-MW-5 (with the exceptions of PES-MW-2 and PES-MW-
4), indicating that geochemical conditions upgradient of PES-MW05 generally became 
moderately to strongly reducing and more conducive to reductive dechlorination of 
CAHs following the vegetable oil injection.  It is notable that the two locations with the 
lowest ORP values (PES-MW-7, PES-MW-9) exhibited some evidence of dechlorination 
of TCE to DCE (PES-MW-7) and TCE to DCE to ethene (PES-MW-9).  At wells 
downgradient of PES-MW-5, redox conditions remained relatively oxidizing, with ORP 
ranging from approximately 0 to +300 mV.  This observation indicates that monitoring 
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FIGURE 4.16A
OXIDATION/REDUCTION POTENTIAL OVER TIME
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FIGURE 4.16B
OXIDATION/REDUCTION POTENTIAL OVER TIME
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FIGURE 4.17A
CONCENTRATIONS OF CHLORIDE OVER TIME
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FIGURE 4.17B
CONCENTRATIONS OF CHLORIDE OVER TIME
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well locations downgradient of PES-MW-5 were not as significantly impacted by the 
injected vegetable oil. 

4.6.3 Additional Geochemical Indicators 

Other geochemical data collected for this evaluation can be used to further interpret 
and support the contaminant, electron donor, electron acceptor, and byproduct data 
previously discussed.  These parameters provide additional qualitative indications of 
what microbial processes may be operating at the site.   

4.6.3.1 Chloride as an Indicator of Reductive Dechlorination 

Chloride ions are removed from chlorinated solvents and enter solution during 
biodegradation, whether via reductive dechlorination or aerobic oxidation.  Therefore, 
chloride concentrations in groundwater should increase above baseline levels in areas 
where these processes are occurring.   

Chloride concentrations detected during baseline sampling and process monitoring are 
presented in Table 4.6 and depicted on Figures 4.17A and 4.17B.  Chloride 
concentrations detected during the baseline sampling event range from 15 mg/L (GWMS-
46S) to 105 mg/L (PES-MW-5).  During the process monitoring events, chloride 
concentrations were highly variable, with no consistent concentration trends apparent in 
the majority of the wells.  This temporal variability in chloride content is likely due to 
changing groundwater flow conditions observed within the pilot test area (Section 4.1).  
Some of the variability in chloride content also is likely related to the significant changes 
in pH observed in the wells that are relatively close to the river (GWMS-27S and the 
three contingency wells).  Large changes in pH (6.36 to 9.81 at GWMS-27S) would 
affect the solubility of various minerals in the soil matrix, which could in turn affect the 
concentration of chloride, as well as other cations and anions, in the groundwater.  These 
changes in pH are likely related to the river stage since large variations in pH were not 
observed during process monitoring of the majority of the wells installed upgradient of 
the contingency wells. 

During process monitoring, significant increases in chloride concentration were only 
observed in the injection wells, where chloride concentrations increased by 
approximately two orders of magnitude, from baseline concentrations of approximately 
50 to 60 mg/L to a maximum of 2,500 mg/L.   

The maximum chloride concentrations detected in the injection wells occurred during 
the May 2002 process monitoring event; since this event, concentrations have declined to 
approximately 100 mg/L.  The high concentrations of chloride measured at the injection 
wells indicates that chloride is being added to the groundwater system within the 
injection area.  This addition of chloride mass may be related to reductive dechlorination 
of chlorinated ethene mass. 

4.6.3.2 Carbon Dioxide and Alkalinity 

Carbon dioxide is produced during the biodegradation of organic carbon compounds.  
In aquifers that have carbonate minerals as part of the matrix, carbon dioxide forms 
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carbonic acid, which dissolves these minerals, increasing the alkalinity of the 
groundwater.  An increase in carbon dioxide and alkalinity (measured as calcium 
carbonate [CaCO3]) in the treatment zone can be used to infer that organic carbon (i.e., 
vegetable oil), and possibly less-chlorinated solvents, have been destroyed through 
aerobic and anaerobic microbial respiration.  Alkalinity also is a measure of the ability of 
groundwater to buffer changes in pH.  Because microbial degradation produces metabolic 
acids, the ability of the groundwater system to buffer these acids is beneficial to 
maintaining pH within the optimal range for halorespirating organisms. 

Total alkalinity and carbon dioxide concentrations over time are summarized in Table 
4.6 and shown on Figures 4.18 and 4.19, respectively.  During the baseline sampling 
event, alkalinity concentrations ranged from 119 to 1,700 mg/L, but were generally 
between 300 mg/L to 400 mg/L.  During the February 2002 process monitoring event, 
large alkalinity concentration increases were observed at PES-MW-1, PES-MW-5, PES-
MW-7, and very large alkalinity concentration increases were observed in the injection 
wells (Table 4.6).  Conversely, alkalinity concentrations decreased substantially in 
GWMS-46S and PES-MW-2 between the baseline event and the February 2002 event.  
During the remaining process monitoring events, alkalinity concentrations remained 
relatively stable in the majority of the monitoring wells with the exceptions of PES-MW-
9 and the injection wells.  At PES-MW-9, alkalinity concentrations increased through the 
December 2002 process monitoring event.  At the injection wells alkalinity 
concentrations peaked during the May 2002 event, than declined.  These observations, 
coupled with the other geochemical indicator data described above, indicate that the 
observed changes in alkalinity concentrations are a result of enhanced microbial 
destruction of organic carbon (i.e., vegetable oil).   

Carbon dioxide concentrations measured during the various sampling events exhibit a 
similar pattern to the alkalinity concentration changes discussed above (Figure 4.19).  
During the baseline sampling event, carbon dioxide concentrations ranged from 1.25 
mg/L to 134 mg/L, but generally were between 40 and 60 mg/L.  During the process 
monitoring events, large increases in carbon dioxide concentrations were observed in the 
injection wells and in wells PES-MW-7 and PES-MW-9.  The spatial distribution of the 
observed increases in carbon dioxide, coupled with the previously discussed geochemical 
data, indicates that the observed increases in carbon dioxide concentration are related to 
the vegetable oil injection.  These data indicate that the vegetable oil injection was 
successful in encouraging biological activity in the injection wells and in monitoring 
wells PES-MW-7 and PES-MW-9.  

4.7 ISOTOPIC FRACTIONATION DATA 

The degradation of organic compounds by biological enzymatic processes can cause 
significant shifts in the ratio of the carbon isotopes carbon-13 (13C) and carbon-12 (12C) 
in both the reactants and the products (e.g., PCE and TCE or TCE and DCE) (Song et al., 
2002).  This shift in carbon isotope ratios occurs because of the stronger molecular bonds 
formed by 13C in comparison to 12C and the preferential selection of 12C bonded atoms by 
the microorganisms involved (Song et al., 2002).  As a result of this phenomenon, TCE 
that is undergoing biologically mediated reductive dechlorination tends to become 
enriched in 13C and depleted in 12C because the lighter isotopes are transformed more 
quickly.  At the same time, the DCE that is being produced through the biologically 
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FIGURE 4.18A
ALKALINITY OVER TIME
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FIGURE 4.18B
ALKALINITY OVER TIME
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FIGURE 4.19A
CONCENTRATIONS OF CARBON DIOXIDE OVER TIME
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FIGURE 4.19B
CONCENTRATIONS OF CARBON DIOXIDE OVER TIME
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mediated reductive dechlorination of TCE becomes enriched in 12C with respect to 13C  
(Song et al., 2002).  Thus, a significant positive change in the 13C fraction in TCE would 
be indicative of biologically mediated degradation, as would a significant negative 
change in 13C fraction in DCE.   

A complicating factor in evaluating DCE 13C data is that DCE is an intermediate 
degradation product and may be undergoing continuing degradation to VC (thus 
depleting 12C in DCE).  Thus, 13C data for TCE and DCE must be evaluated together.  
However, if a finite amount of reactant (e.g., TCE) is present and the reaction proceeds to 
completion, the isotopic ratio of the product (e.g., DCE) would equal that of the reactant.  
Thus, isotopic fractionation analysis is a useful tool to determine if chlorinated solvent 
mass is being degraded through biologically mediated processes in systems where the 
degradation process is incomplete (Song, et al., 2002).   

Isotopic fractionation analyses were conducted on sample aliquots collected from the 
injection wells, existing well GWMS-46S, and the pilot test monitoring wells to 
determine if chlorinated solvents are being degraded through microbially mediated 
processes at these locations.  The isotopic fractionation data collected during the 2003 
sampling rounds is presented in Table 4.8.  At well locations PES-INJ-2, PES-INJ-3, 
PES-MW-1, PES-MW-3, PES-MW-8, and PES-MW-9, there were significant (i.e., larger 
than the sum of the standard deviations [Table 4.8]) changes in the 13C fraction in TCE, 
indicating that TCE was undergoing biologically mediated reductive dechlorination to 
DCE at these locations.  At well locations PES-INJ-3, GWMS-46S, PES-MW-1, PES-
MW-6, PES-MW-8, and PES-MW-9, there were significant negative changes in the 13C 
fraction in cis-1,2-DCE, indicating that cis-1,2-DCE is being produced at these locations 
through biologically mediated reductive dechlorination.  Locations where 13C data from 
both TCE and DCE indicate that TCE is being degraded through biologically mediated 
processes include PES-INJ-3, PES-MW-1, PES-MW-8, and PES-MW-9.  Thus, it can be 
stated with some certainty that at least partial biologically mediated reductive 
dechlorination of TCE to DCE is occurring at these four well locations, and also is likely 
occurring at wells PES-INJ-2, GWMS-46S, PES-MW-3, and PES-MW-6.  The same 
analytical exercise can be used to determine if DCE is degrading to VC and on to ethene.  
However, significant concentrations of VC and ethene were not detected within the pilot 
test area during the baseline or process monitoring events.  Therefore, these 
determinations cannot be made for VC or ethene. 

4.8 SUMMARY OF ENHANCED BIODEGRADATION 

There are several lines of evidence that can be used to determine if biologically 
mediated reductive dechlorination of chlorinated ethene mass is occurring and/or if 
geochemical conditions are conducive to the development of reductive dechlorination.  
The primary line of evidence used to assess the occurrence of reductive dechlorination is 
the composition of the chlorinated ethene mass present, and any changes in that mass.  As 
chlorinated ethene mass is reductively dechlorinated within an aquifer system, decreasing 
trends in chlorinated ethene parent compound concentrations (PCE and TCE) and 
increasing trends in less chlorinated ethenes (cis-1,2-DCE, and VC) would be expected.  
As reductive dechlorination progresses, and the parent compounds are degraded, the 1,2-
DCE and VC concentrations would be expected to decrease.  These chlorinated ethene 
concentration trends would be paralleled by an increasing trend in ethene and ethane  
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PCEa/ TCEa/ Standard cis -1,2-DCEa/ Standard trans -1,2-DCE Standard
Sample Sample Average 13C Fraction Average 13C Fraction Deviation Variance b/ Average 13C Fraction Deviation Variance Average 13C Fraction Deviation Variance
Location Date (Parts per thousand) (Parts per thousand) (Parts per thousand) (Parts per thousand)

MONITORING WELLS
GWMS-46S c/ 22 8-Apr-03 NA d/ -24.56 0.72 -41.83 NA -32.06 NA

20-Aug-03 NA -24.58 0.18 -0.02 -49.55 0.35 -7.72 -42.89 3.52 -10.83
PES-MW-1 16 10-Apr-03 NA -23.84 0.26 -26.31 0.62 -35.54 2.57

21-Aug-03 NA -21.36 0.08 2.48 -29.05 0.68 -2.74 -38.12 2.74 -2.58
PES-MW-2 28 9-Apr-03 -39.40 -25.67 0.28 -42.58 NA -42.29 2.29

20-Aug-03 NA -25.76 0.06 -0.09 -36.81 1.23 5.77 -43.10 2.59 -0.81
PES-MW-3 48 8-Apr-03 NA -34.21 0.15 -41.20 NA -38.51 NA

20-Aug-03 NA -23.80 0.17 10.41 -37.05 0.81 4.15 -37.69 4.43 0.82
PES-MW-4 76 8-Apr-03 NA -24.64 0.01 -38.67 0.21 -36.90 2.03

19-Aug-03 -25.25 -24.87 0.25 -0.23 -37.83 0.08 0.84 -37.80 2.88 -0.90
PES-MW-6 16 10-Apr-03 NA -23.18 0.64 -30.00 NA -40.38 NA

21-Aug-03 NA -24.58 0.03 -1.40 -34.53 1.34 -4.53 -35.08 1.57 5.30
PES-MW-7 16 10-Apr-03 -32.14 -7.33 NA -30.20 0.24 -35.78 NA

21-Aug-03 NA -23.47 8.16 -16.14 -26.26 1.77 3.94 -37.11 2.10 -1.33
PES-MW-8 40 9-Apr-03 NA -30.13 1.65 -34.06 1.46 NA NA

21-Aug-03 NA -25.03 0.32 5.10 -38.01 4.84 -3.95 4.84 4.37
PES-MW-9 36 9-Apr-03 NA -24.18 0.89 -31.98 2.00 -20.61 NA

20-Aug-03 NA -22.10 0.06 2.08 -41.69 0.93 -9.71 -38.31 0.48 -17.70
INJECTION WELLS
PES-INJ-1 -- 10-Apr-03 -29.97 -26.08 1.32 -27.48 1.12 1.12 NA

22-Aug-03 -27.84 -25.49 1.32 0.59 NA NA NA NA
PES-INJ-2 -- 11-Apr-03 -40.76 -35.38 1.79 -34.02 0.58 -30.63 NA

22-Aug-03 -28.10 -32.40 0.60 2.98 -33.93 0.74 0.09 NA NA
PES-INJ-3 -- 11-Apr-03 -29.71 -39.18 2.17 -33.07 0.61 -24.41 NA

22-Aug-03 -28.62 -34.90 0.02 4.28 -42.43 2.42 -9.36 NA NA
a/ PCE = tetrachloroethene; TCE = trichloroethene; DCE = dichloroethene
b/ A positive variance indicates that the 13C ratio has increased due to reductive dechlorination of the compound to the left of the variance column.
  A negative variance indicates that the 13C ratio has decreased, indicating that this compound is being produced through dechlorination or that this compound is being depleted. 
c/ This well is located upgradient of the injection area.
d/ NA = not analyzed.

FRIDLEY, MINNESOTA

Distance 
Downgradient 
From Injection 

Wells (feet)

TABLE 4.8
CARBON ISOTOPE FRACTIONATION DATA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
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concentrations as the chlorinated ethene mass is completely reductively dechlorinated to 
the reaction end products, ethene and ethane. 

TCE concentrations detected during the August 2003 process monitoring event were 
significantly lower than concentrations detected during the baseline sampling event in 
monitoring wells MS-46S, PES-MW-1, PES-MW-2, PES-MW-3, PES-MW-4, PES-MW-
6, PES-MW-7, PES-MW-8, and PES-MW-9.  TCE concentrations in the wells installed 
upgradient of PES-MW-5 (with the exception of PES-MW-9) increased initially, than 
decreased between the August 2002 and August 2003 sampling events.  By the August 
2003 sampling event, TCE concentrations had declined to near-baseline levels at PES-
MW-1 and PES-MW-2.  TCE concentration reductions were coupled with increases in 
the concentration of cis-1,2-DCE at wells PES-MW-1, PES-MW-3, PES-MW-4, PES-
MW-6, PES-MW-7, and PES-MW-9.  These data indicate that TCE is being reductively 
dechlorinated at least to cis-1,2-DCE at these locations.  Increases in VC and ethene 
concentrations observed at monitoring well PES-MW-9 during 2002 indicated that a 
limited amount of TCE was being completely reductively dechlorinated to the reaction 
end product ethene at this location during this time period.  However, TCE 
concentrations increased and cis-1,2-DCE, VC, and ethene concentrations decreased in 
December 2002 and April 2003.  The cause(s) of this reversal in contaminant 
concentrations and molar fractions are not well understood, and may include subtle 
variations in groundwater flow directions that were not detected by the water-level 
measurement events, or temporal variation in the rate and efficiency with which native 
microbial populations were degrading the TCE.  Between April and August 2003, TCE 
concentrations decreased slightly and cis-1,2-DCE and VC concentrations increased, 
reversing the trend observed between December 2002 and April 2003.   

Significant TCE concentration decreases were observed in the injection wells 
immediately after vegetable oil injection.  However, these decreases were not paralleled 
by significant increases in cis-1,2-DCE, VC, or ethene concentrations, indicating that 
they were due to partitioning of the TCE mass into the vegetable oil and/or dilution.  
During the course of process monitoring events, the TCE concentrations detected in each 
injection well continued to decline.  This post-injection decrease in TCE concentrations 
at the injection wells was accompanied by stable concentrations of cis-1,2-DCE and VC 
in all three of the injection wells and increasing concentrations of ethene in PES-INJ-1 
and PES-INJ-2.  These dissolved phase concentration trends were also accompanied by 
decreasing concentrations of TCE in the vegetable oil (Table 4.5).  These data indicate 
that TCE is being re-released into the groundwater from the vegetable oil and that re-
released TCE mass is being rapidly reductively dechlorinated to ethene.  The lack of 
significant VC concentrations in the injection wells indicates that the VC mass is being 
degraded to ethene as fast as it is being produced. 

There are several indirect lines of evidence that can be used to augment chlorinated 
ethene concentration data to determine whether reductive dechlorination is occurring or 
has the potential to occur.  These indirect lines of evidence include geochemical indicator 
parameters, microbial population data, and isotopic fractionation data.  Changes in these 
conditions during the course of the pilot test are generally more important than the 
absolute values of the properties. 
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Changes observed during the process monitoring events, with respect to the baseline 
event and to previous process monitoring events, indicate that the groundwater at the 
ACP pilot test site has become more reducing and therefore more conducive to anaerobic 
biodegradation processes as a result of the vegetable oil injection.  TOC concentrations 
have increased from baseline levels at all of the monitoring wells upgradient of the 
contingency wells by approximately one order of magnitude.  DO concentrations and 
ORP have decreased since the baseline sampling event at wells upgradient of PES-MW-
5, indicating that the area downgradient of the injection wells and upgradient of PES-
MW-5 has become more reducing since vegetable oil injection.   

The geochemical data indicates that there is substantial competing electron acceptor 
mass (sulfate and nitrate) in the groundwater system that may be preferentially used by 
microbial consortia prior to use of chlorinated ethene mass.  However, at wells where 
sufficient TOC mass is present, the competing electron acceptor mass has been depleted 
and reductive dechlorination is proceeding.  This indicates that the competing electron 
acceptor mass will delay the onset of significant reductive dechlorination, but not 
preclude it. 

Methane concentrations increased in the injection wells and in all of the monitoring 
wells upgradient of PES-MW-4, relative to baseline conditions, indicating that 
methanogenesis is becoming more prevalent upgradient of PES-MW-4.  Reductive 
dechlorination has been shown to proceed relatively rapidly under methanogenic 
conditions (Bower, 1994).  Thus, the onset of methanogenic conditions upgradient of 
PES-MW-4 indicates that geochemical conditions in this area are becoming more 
conducive to reductive dechlorination.   

Review of the analytical data collected during the various sampling rounds indicates 
that the wells where complete reductive dechlorination is occurring (the injection wells, 
PES-MW-7, and PES-MW-9 [prior to December 2002 and after April 2003]) have 
several properties in common.  These properties are summarized below: 

• DO concentration less than 1 mg/L; 
• ORP less than -100 mV; 
• Carbon dioxide concentration greater than 100 mg/L; 
• Sulfate concentration less than 50 mg/L; 
• TOC concentration equal to or greater than approximately 20 mg/L; 
• Measurable concentrations of VFAs equal to or greater than 50 mg/L; 
• Ferrous iron concentration greater than 2 mg/L; 
• Methane concentration greater than 1 mg/L; and 
• Total biomass greater than approximately 50 picomoles of PLFA per milliliter 

(pmoles PLFA/mL). 
Figure 4.20 depicts the area where partial or complete reductive dechlorination is 

occurring based on the geochemical and contaminant data collected to date.   

These data indicate that the lack of wide-spread reductive dechlorination at the ACP 
pilot test site is primarily a function of sub-optimal organic carbon distribution.  This 
conclusion is supported by the microbial population data and cross-borehole radar data.  
The geochemical data collected during the first 20 months of monitoring indicate that 
dissolved phase organic carbon is not being transported to downgradient monitoring 
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wells as rapidly as was expected.  The slow migration rates are likely a result of the low 
hydraulic gradient in the injection area and the transient groundwater flow reversals 
observed occasionally during the process monitoring activities.  Alternatively, organic 
carbon may be moving beyond the injection area but is being consumed by the microbial 
population prior to its arrival at downgradient monitoring wells.  The result is that 
organic carbon is not being transported to downgradient monitoring wells at a rate that is 
sufficient to drive reductive dechlorination as rapidly as expected.  However, it is 
apparent that reductive dechlorination has been stimulated and it is expected that 
reductive dechlorination will continue, albeit at slower rates and in a more limited area 
than was expected.  The isotopic fractionation data indicate that the limited reductive 
dechlorination observed is at least partially biologically mediated.   

4.9 IRON ADDITION AND THE ROLE OF ABIOTIC DEGRADATION 

During vegetable oil injection, the USGS added approximately 110 pounds of 
colloidal iron to the vegetable oil emulsion injected into PES-INJ-01 and approximately 
7.9 pounds of dissolved magnetite to the vegetable oil emulsion injected into PES-INJ-03 
(USGS, 2003).  These iron products were added to the injected emulsion in order to track 
the emulsion in the subsurface following injection using geophysical techniques. 

Prior to injection, the colloidal iron was mixed with the extracted groundwater in a 
large tank using a recirculation pump.  The groundwater, with the colloidal iron in 
suspension, was than emulsified with the vegetable oil and injected into PES-INJ-1.  
During mixing and injection, it was extremely difficult to maintain the colloidal iron 
product in suspension in the vegetable oil-in-water emulsion.  The colloidal iron settled 
out of the groundwater very rapidly within the mixing tank.  After injection activities 
were complete at PES-INJ-1 there was a significant mass of iron remaining in the bottom 
of the mixing tank.  Thus, is it expected that only a portion of the 110 pounds of colloidal 
iron added to the tank was actually injected into PES-INJ-1.  In addition, because the 
colloidal iron settled out so rapidly within the mixing tank it is expected that a significant 
amount of the iron mass ended up in the injection well sump and did not make its way 
into the aquifer matrix.  A significant amount of colloidal iron was in fact observed in the 
injection well sump during post-injection sampling activities.  Thus, it is impossible to 
determine how much of the colloidal iron actually made it into the aquifer matrix. 

The colloidal iron was injected as micro-powder metallic iron which means that the 
valence state of the injected iron was zero.  ZVI) is very reactive and is known to be 
capable of degrading CAH species through abiotic degradation processes.  Thus, it is 
likely that the ZVI injected by the USGS was capable of degrading CAH contaminant 
mass within the injection area.  However, the extremely small particle size of the injected 
powder would have made the reaction kinetics associated with the iron very rapid.  The 
reaction rate increases with the available surface area of the iron particles, and the surface 
area to mass ratio increases with decreasing particle size.  The occurrence of rapid 
reaction kinetics at the pilot test site is supported by the Fe(II) data collected during the 
process monitoring rounds.  Fe(II) concentrations measured at PES-INJ-1 peaked at 180 
mg/L during the May 2002 sampling event and decreased rapidly to less than 20 mg/L by 
the following sampling event.  These data indicate that the ZVI injected in PES-MW-1 
was depleted within approximately eight months of substrate injection.  Thus, the ZVI 
may have been responsible for degrading some contaminant mass in close proximity to 
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PES-INJ-1.  However, contaminant mass degradation attributable to the ZVI was likely 
limited primarily to the first eight months of process monitoring. 

The small volume of magnetite injected into PES-INJ-3 was injected as a fluid 
consisting of approximately 2.8 to 3.5 percent magnetite suspended in water by 
proprietary dispersants.  The magnetite product mixed very rapidly and completely with 
the extracted groundwater and did not appear to fall out of suspension prior to injection.  
Thus, the majority of the magnetite product injected into PES-INJ-3 probably entered the 
aquifer matrix with the vegetable oil emulsion.  The valence state of the iron associated 
with the magnetite is unknown.  Thus, it can not be determined if the iron injected into 
PES-INJ-3 had any effect on the chlorinated solvents in the vicinity of PES-INJ-3.  
However, the mass of iron injected into PES-INJ-3 was extremely small (7.9 pounds) 
compared to the mass of vegetable oil (9,360 pounds) injected into the same well.  Thus, 
it is not expected that this iron had a significant impact on contaminant degradation at 
PES-INJ-3. 

The mass of TCE that could have been dechlorinated by the injected magnetite can be 
estimated by combining the specific reductive capacity of the magnetite (0.37 uM/g of 
TCE) from Lee and Batchelor (2002) with the mass of magnetite injected (7.9 pounds) from 
USGS (2003b).  The maximum specific reductive capacity of the 7.9 pounds of magnetite is 
approximately 1.3 millimoles of TCE (7.9 lb*453.6 grams/lb*0.37 uMol/gram* 1 
mMol/1000 µMol).  Thus, the maximum mass of TCE that could have been dechlorinated 
by the magnetite is equal to approximately 0.17 grams of TCE (1.3 millimoles multiplied 
by the molecular weight of TCE of 131.38 grams/mole).  The total mass of TCE that was 
degraded at MW-7 can be approximated by combining the volume of water impacted by the 
injection at INJ-3 (immediately upgradient of MW-7) with the TCE concentration reduction 
observed at MW-7.  The volume of water affected by the injection at INJ-03 can be 
estimated by combining the volume of water impacted by the initial injection with the 
volume of water moving through the system during the pilot test.  The volume of water 
initially impacted by the injection would be approximately equal to the volume of vegetable 
oil emulsion injected at INJ-03 (3,600 gallons).  The volume of water moving through the 
system can be approximated by multiplying the cross sectional area of the injection volume 
at INJ-3 of 160 square feet (diameter of the injection area of approximately 16 feet (USGS, 
2003a) multiplied by the injection interval of 10 feet) by the effective porosity of the 
aquifer matrix of 0.25 (Fetter, 1994) and by the estimated groundwater flow rate at INJ-03 
of 32 feet/year (Table 4.2) and by the length of the pilot test of 1.8 years (November 2001 
to August 2003).  The total estimated groundwater flux through the system is approximately 
2,304 cubic feet or 65,200 liters of water.  Thus, the total volume of water impacted by the 
injection over the course of the pilot test at INJ-03 is approximately 78,800 liters.  The TCE 
mass present in this volume of water can be conservatively estimated by multiplying 78,800 
liters by the TCE concentration reduction observed at MW-7 of 1298 µg/L (1,300 µg/L – 2 
µg/L).  Thus, a conservative estimate of the TCE mass impacted by the injection at INJ-03 
and reduced (as evidenced by the concentration of 2 µg/L at MW-7) is approximately 102 
grams.  Thus, it can be estimated that the magnetite could have been responsible for the 
reduction of approximately 0.17 percent of the TCE mass reduction. 
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4.10 DATA QUALITY OBJECTIVES 

During the work plan preparation phase of this project a series of DQOs were 
developed to provide criteria to determine the success of this pilot test.  The DQOs were 
agreed to collectively by the US Navy and the various regulatory agencies involved in 
this project.  The DQOs were established in a relatively rigid decision matrix that 
addresses contaminant mass reduction and the potential for contaminant mass 
mobilization and migration.  The DQO decision matrix is presented on Figure 4.21.  

Step one of the DQO matrix was designed to demonstrate the degree of TCE 
concentration reduction in the immediate vicinity of the injected vegetable oil.  Step one 
requires that the mean TCE concentration at monitoring wells PES-MW-1, PES-MW-6, 
or PES-MW-7 be below 1,000 µg/L for five consecutive sampling rounds.  The mean 
TCE concentration at PES-MW-7 over the last five rounds of data was approximately 
529 µg/L, meeting this objective.  The TCE concentration reduction at PES-MW-7 (300 
µg/L to 2.1 µg/L measured in August 2003) represents a decline of 99.3 percent.  It 
should be noted that the TCE concentration at PES-MW-7 prior to vegetable oil injection 
was below 1,000 µg/L, invalidating the letter of this objective.  However, Parsons 
believes that the spirit of this objective was met through the 99+ percent TCE 
concentration reduction observed at this location.   

Step two of the DQO matrix was designed to demonstrate the statistical significance 
of the TCE concentration reductions in the pilot test area.  Step two required that 1) a 
Mann-Kendall statistical evaluation be conducted on TCE concentrations at monitoring 
wells PES-MW-1, PES-MW-6, and PES-MW-7, and 2) this evaluation show that TCE 
concentrations are deceasing in one or more of the three wells evaluated at 10% 
significance.  The results of the Mann-Kendall evaluation indicate that TCE 
concentrations at PES-MW-6 are decreasing with a 98% confidence (2% significance) 
and that TCE concentrations are decreasing at PES-MW-7 with an 82% confidence (18% 
significance).  Thus, this pilot test objective has been met. 

Steps three, four, and five of the DQO matrix were designed to determine if regulated 
daughter products migrated downgradient of the pilot test area.  These steps require that 
mean concentrations of cis-1,2-DCE, trans-1,2-DCE and VC at the contingency wells, 
over the last five sampling events be below the USEPA Maximum Contaminant Level 
(MCL) plus the baseline concentration of each analyte.  The mean concentrations of cis- 
1,2-DCE at PES-CW-1, PES-CW-2, and PES-CW-3 were 15 µg/L, 10.5 µg/L, and 6.4 
µg/L, respectively, compared to baseline concentrations of 12 µg/L, 7.3 µg/L, and 5.7 
µg/L, respectively.  The mean concentrations of trans-1,2-DCE at PES-CW-1, PES-CW-
2, and PES-CW-3 were 2.2 µg/L, 2.0 µg/L, and 1.3 µg/L, respectively, compared to 
baseline concentrations of 7.5 µg/L, <1.9 µg/L, and <0.76 µg/L, respectively.  VC was 
not detected at a concentration above the MDL at any of the contingency wells during the 
course of the pilot test.  The MCLs for cis- and trans-1,2-DCE are 70 µg/L and 100 µg/L, 
respectively.  Thus, these pilot test objectives have been met. 

Steps six, seven, and eight of the DQO matrix were designed to determine if 
concentrations of cis-1,2-DCE, trans-1,2-DCE and VC are increasing at the contingency 
wells and if the increasing concentrations would exceed USEPA MCLs plus the baseline 
concentrations of each analyte within five years after vegetable oil injection.  These steps 
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required that cis-1,2-DCE, trans-1,2-DCE, and VC concentration trends from each of the 
three contingency wells be plotted and extended to a point corresponding to five years 
after vegetable oil injection.  The projected concentration of each analyte could not 
exceed the USEPA MCL plus the baseline concentration of each analyte.  cis- and trans-
1,2-DCE concentration trends were plotted and projected out to five years after injection 
for each contingency well; the plots are presented on Figures 4.22, 4.23, and 4.24.   

The projected concentrations of cis- and trans-1,2-DCE at each contingency well five 
years after vegetable oil injection were all substantially below the USEPA MCLs for 
these compounds (listed above) plus the baseline concentration of each analyte at each 
location.  The highest projected concentration was approximately 22 µg/L of cis-1,2-
DCE at PES-CW-2.  This concentration projection exercise was not conducted for VC 
because  

VC was not detected at any of the contingency wells or at newly installed monitoring 
well cluster PES-MW-12 during the course of the pilot test.  Thus, these pilot test 
objectives have been met.   

All pilot test DQOs presented in the Project Work Plan (Parsons 2001b) have been 
met.  Thus, this pilot test project can be considered a success from the DQO standpoint. 
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FIGURE 4.22
PROJECTED DCE CONCENTRATION TRENDS AT

WELL PES-CW1
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE 4.23
PROJECTED DCE CONCENTRATION TRENDS AT

WELL PES-CW2
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE 4.24
PROJECTED DCE CONCENTRATION TRENDS AT

WELL PES-CW3
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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SECTION 5 
 

CONCLUSIONS AND RECOMMENDATIONS 

This section presents conclusions and recommendations for the field application to 
enhance in-situ bioremediation of chlorinated solvents via vegetable oil injection at 
NIROP Fridley, Minnesota. 

5.1 CONCLUSIONS 

5.1.1 Data Quality Objectives 

During the work plan preparation phase of this project a series of DQOs were 
developed and agreed to collectively by the US Navy and the various regulatory agencies 
involved in this project.  The DQOs provide specific criteria used to determine the 
success of this pilot test.  All of the DQOs were successfully met and in most cases were 
exceeded.  Thus, this pilot test can be considered a success with respect to the project 
DQOs. 

5.1.2 Observed Changes in Site Geochemistry 

Geochemical changes observed during process monitoring indicate that the addition of 
vegetable oil to the subsurface at ACP has induced environmental conditions conducive 
to reductive dechlorination upgradient of PES-MW-5.  However, these geochemical 
changes are neither spatially uniform nor temporally consistent within the pilot test area.   

Baseline geochemical conditions were generally weakly anaerobic to weakly aerobic, 
with DO concentrations ranging from 0.1 to 2 mg/L and ORP ranging from +123 to -185 
mV.  Following vegetable oil injection, geochemical conditions upgradient of PES-MW-
5 became moderately to strongly anaerobic while conditions downgradient of PES-MW-5 
remained weakly aerobic.  These observations indicate that subsurface conditions 
upgradient of PES-MW-5 became more favorable for anaerobic degradation processes, 
while the area downgradient of PES-MW-5 was either not affected or only weakly 
affected by the injected vegetable oil.  Increases in methane concentrations upgradient of 
PES-MW-5 indicate that methanogenesis has become more prevalent in this area.  
Reductive dechlorination is known to occur most rapidly under methanogenic conditions.  
Thus, geochemical conditions in this area have become more favorable for reductive 
dechlorination.  

Sulfate data collected during the baseline sampling event indicated that there was 
significant sulfate mass present in the subsurface within the pilot test area.  Thus, the 
baseline data set indicated that sulfate reduction would be a significant TEAP in the pilot 
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test area and would compete with reductive dechlorination for electron donor.  Increasing 
concentrations of sulfide coupled with decreasing concentrations of sulfate at wells 
where there is significant TOC present support the assertion that sulfate reduction is 
occurring in the pilot test area and is likely consuming electron donor mass at the 
expense of reductive dechlorination.   

Sulfate reduction and methanogenesis are the dominant TEAPs that have been 
stimulated at this site, and sulfate and carbon dioxide are competing with CAHs for use 
as electron acceptors in site groundwater.  Sulfate mass is rapidly depleted in the 
presence of sufficient organic carbon.  Thus, sulfate reduction is considered to be a 
temporary competing TEAP to reductive dechlorination at locations where sufficient 
TOC mass is present.  Methanogenesis is expected to continue to be an active TEAP 
within the pilot test area and to continue to compete with reductive dechlorination for 
electron donor mass. 

5.1.3 Microbial Population Characterization 

Targeted gene detection analysis of soil samples collected during the 2005 sampling 
program indicates that DHC and DHB were positively identified in nearly all samples 
analyzed including both vegetable oil impacted and un-impacted samples.  The 
population of DHC in the impacted samples was approximately one order of magnitude 
higher than the population measured in the non-impacted samples, while DHB 
populations in the impacted samples were approximately two to three orders of 
magnitude higher than background.  Dechlorinating bacteria DSB, DSM, and GEO were 
also positively identified at lower concentrations.  Thus, the microbial population within 
the pilot test area is capable of completely dechlorinating chlorinated VOC mass.  In 
addition, moderate to high concentrations of sMMO (with respect to the un-impacted 
samples) were detected at locations PES-SB-1, PES-SB-7, and PES-MW-10B, indicating 
that it is possible that chlorinated solvent mass is being destroyed by methanotrophic 
bacteria through cometabolic oxidation at these locations.  This data indicates that several 
microbial strains that are known to be capable of dechlorinating chlorinated VOC mass 
are present naturally in site soils, that the injected vegetable oil has been effective at 
increasing the populations of DHC, DHB, and to a lesser extent GEO.  The injected 
vegetable oil may have also been successful in promoting contaminant mass destruction 
through cometabolic oxidation.  Samples of groundwater were also collected for targeted 
gene detection analysis.  Comparison of the targeted gene detection data collected in soil 
and in groundwater indicates that the analysis of groundwater from this site does not 
adequately represent the microbial population in the subsurface. 

5.1.4 Aqueous and Mineral Intrinsic Bioremediation Assessment  

A total of 11 samples were collected for AMIBA analysis during the 2005 drilling 
program.  Comparison of the impacted and un-impacted sample sets indicates that 
bioavailable iron, bioavailable manganese, and chromium extractable sulfide have been 
depleted slightly in the impacted samples.  This data indicates that the impacted soil 
matrix has been depleted of bioavailable metals and sulfide and therefore the capacity for 
abiotic degradation has been reduced slightly.  However, the observed reduction in these 
species is relatively small in relation to the total mass present in the un-impacted 
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samples.  Therefore, the impacted soils’ capacity to support abiotic degradation remains 
relatively unchanged.   

5.1.5 Actual/Significant Changes in Contaminant Concentrations 

Groundwater VOC data is the primary line of evidence in determining the success of 
the vegetable oil pilot test.  During the first extended monitoring program process 
monitoring round all of the original pilot test monitoring wells, the eight newly installed 
monitoring wells, and seven monitoring wells outside of the pilot test area were sampled 
for VOCs. 

Review of the entire VOC data set indicates that TCE remains the most commonly 
detected contaminant across the site and that TCE is typically present at greater 
concentration than any other contaminant compound within each monitoring well.  TCE 
concentrations have been decreasing at all of the wells (except for the newly installed 
wells) since 2002.  cis-1,2-DCE, trans-1,2-DCE, 1,1-DCE, and 1,1-DCA have also been 
detected routinely during the last 36 months at much lower concentrations than TCE.  
VC, acetone, and 2-butanone have also been detected sporadically both historically and 
during the most recent sampling event in November 2005. 

Review of groundwater analytical data from the baseline sampling event in November 
2001 indicates that four contaminants were detected at concentrations above associated 
method detection limits: PCE, TCE, cis-1,2-DCE, and trans-1,2-DCE.  PCE was detected 
at only one location (GWMS-47S) at a low concentration of 0.92 micrograms per liter 
(µg/L).  TCE was detected at elevated concentrations at all wells within the pilot test 
area, except GWMS-27S, with a maximum concentration of 20,000 µg/L detected at 
location MS-46S.  TCE concentrations were generally highest (>1,000 μg/L in most 
cases) in the upgradient portions of the pilot test area, east of PES-MW-4.  TCE 
concentrations detected in the downgradient portions of the pilot test area were 
significantly lower, generally below 300 μg/L, with the exception of PES-CW-1 (630 
µg/L).  cis-1,2-DCE, a breakdown product of TCE, was detected at most locations at 
concentrations significantly less than TCE.  This data suggests that limited degradation of 
TCE to cis-1,2-DCE occurred naturally at the site prior to vegetable oil injection. 

Review of groundwater analytical data collected after vegetable oil injection indicates 
that TCE concentrations detected in groundwater have been variable over time, but 
generally have declined at the three injection wells (PES-INJ-1, PES-INJ-2, and PES-
INJ-3) and at all of the pilot test wells with the exception of GMW-27S.  At the majority 
of these wells TCE concentrations increased initially, typically peaking during the May 
or August 2002 sampling rounds, then decreased through November 2005.  Comparison 
of the pre-injection VOC data to the most recently collected VOC data indicates that TCE 
concentrations have decreased substantially since injection, with the largest decreases 
observed in and downgradient from the injection area.   

2-butanone and acetone have been detected sporadically at elevated concentrations 
during all of the process monitoring events in several wells including PES-INJ-1, PES-
INJ-2, PES-INJ-3, PES-MW-6, PES-MW-7, PES-MW-8, and PES-MW-9.  
Concentrations of both analytes were relatively low during the first round of process 
monitoring with a maximum concentration of 490 µg/L for 2-butanone and 240 µg/L for 
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acetone.  During later process monitoring rounds concentrations of 2-butanone and 
acetone were highly variable and in some cases relatively high.  However, 2-butanone 
and acetone have never been detected at concentrations approaching the MPCA Health 
Risk Limits of 4,000 µg/L for 2-butanone and 700 µg/L for acetone outside of the 
injection area and monitoring wells PES-MW-7 and PES-MW-9.   

VC has not detected at concentrations above the method detection limit in any of the 
contingency wells (PES-CW1, PES-CW2, PES-CW3, GWMS-47S), or the new 
downgradient monitoring well cluster PES-MW-12A/B, during the course of the pilot 
test.   

5.1.4 Daughter Product Formation and Persistence  

The presence of the daughter products cis-1,2-DCE, VC, and ethene which were not 
used in facility operations, provides direct evidence that TCE is being reductively 
dechlorinated.  Increasing concentrations of cis-1,2-DCE coupled with decreasing 
concentrations of TCE at wells installed close to the injection area (upgradient of PES-
MW-5) indicate that partial degradation of TCE to cis-1,2-DCE is occurring in this area.  
The detection of low concentrations of VC and ethene in the same area indicate that 
limited complete reductive dechlorination is limited to close proximity to the injection 
area (wells PES-MW-7 and PES-MW-9).  Complete dechlorination appears to correlate 
to areas where TOC is greater than 20 mg/L.   

5.1.5 Degree of Electron Donor Utilization for Reductive Dechlorination 

A significant percentage of the substrate mass is utilized for microbially mediated 
redox processes other than reductive dechlorination of chlorinated compounds.  In 
particular, geochemical data indicate that sulfate reduction and methanogenesis may 
utilize a significant percentage of substrate (i.e., this mass is not being used to enhance 
reductive dechlorination of CAHs).  However, reduction of TCE to cis-1,2-DCE (and in 
some cases to VC and ethene) observed at the injection wells and monitoring locations 
PES-MW-7 and PES-MW-9 are direct indications that reductive dechlorination is 
occurring in groundwater at the site.  It may be that organic carbon concentrations greater 
than 20 mg/L are required to meet both the natural demand for electron donor and to 
provide sufficient electron donor for the dechlorination of CAH mass. 

5.1.6 Substrate Distribution and Potential for Future Reductive Dechlorination 

Wells where evidence of reductive dechlorination of TCE has occurred exhibit the 
following characteristics: 

• DO concentration less than 1 mg/L; 
• ORP less than -100 mV; 
• Carbon dioxide concentration greater than 100 mg/L; 
• Sulfate concentration less than 50 mg/L; 
• TOC concentration equal to or greater than approximately 20 mg/L; 
• Measurable concentrations of VFAs equal to or greater than 50 mg/L; 
• Ferrous iron concentration greater than 2 mg/L; 
• Methane concentration greater than 1 mg/L; and 
• Total biomass concentration greater than approximately 50 pmoles PLFA/mL. 
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These conditions have not been uniformly induced across the treatment area.  During 
the Spring 2005 sampling event TOC concentrations sufficient to support reductive 
dechlorination (>20 milligrams per liter (mg/L) (USEPA, 1998)) were detected at the 
injection wells and at monitoring wells PES-MW-4, PES-MW-7, PES-MW-10A, and 
PES-MW-14A.  The TOC data indicates that there was a relatively large area of elevated 
TOC present to the south and southwest of the injection area present during the Spring 
2005 sampling event.  Within the relatively large area impacted by elevated (>10 mg/L) 
TOC concentrations was a smaller core of highly elevated TOC concentrations (>50 
mg/L) which extended as far down gradient as PES-MW-4 and PES-MW-14A.  Within 
this area TOC was present at concentrations sufficient to drive reductive dechlorination 
(USEPA, 1998).  The TOC mass was most likely related to and derived from the 
vegetable oil injected as part of this pilot test.   

Between the April 2005 and November 2005 sampling events TOC concentrations 
decreased at most locations sampled and the horizontal extent of TOC concentrations 
exceeding 10 mg/L decreased.  The reductions in TOC concentrations observed 
downgradient of the injection area are not likely to be a result of, or indicative of, organic 
carbon depletion in the injection area because TOC concentrations in the injection area 
increased at PES-INJ-03 during the same time period.  It is more likely that the observed 
reductions in TOC concentrations downgradient of the injection area are related to 
seasonal fluctuations in groundwater flow and TOC transport rates. 

At monitoring locations where TOC concentrations were elevated (the injection wells, 
PES-MW-7, PES-MW-10A, and PES-MW-14A) geochemical conditions were 
moderately to strongly reducing as indicated by the presence of elevated concentrations 
ferrous iron, reduced manganese, sulfide, and methane.  The presence of these reduced 
species indicated that iron reduction, manganese reduction, sulfate reduction and 
methanogenesis were occurring at, or in close proximity to, these locations.  These 
reducing conditions are conducive to anaerobic biological processes including anaerobic 
reductive dechlorination.  

During the Spring 2005 sampling event ethane and ethene concentrations present in 
wells known to be un-impacted by vegetable oil (MS-27S, MS-47S, PES-CW-1, PES-
CW-2, PES-CW-3) ranged up to approximately 35 nanograms per liter (ng/L) and 50 
ng/L, respectively.  During this event ethane concentrations at least twice the 
concentration measured in non-impacted wells (70 ng/L) were detected in the injection 
wells and in monitoring wells MS-45S, MS-46S, PES-MW-1, PES-MW-7, PES-MW-
10A, PES-MW-11A, PES-MW-12B, PES-MW-14A, and PES-MW-14B.  During the 
same sampling event ethene concentrations at least twice the concentration measured in 
un-impacted wells (100 ng/L) were detected in the injection wells and in monitoring 
wells PES-MW-1, PES-MW-6, PES-MW-10A, PES-MW-12B, PES-MW-14A, and PES-
MW-14B.  This data indicates that complete reductive dechlorination may be occurring 
at these locations or immediately upgradient of these locations (in the case of PES-MW-1 
and PES-MW-6).  Methane, ethene, and ethane samples were not collected during the 
November 2005 sampling event. 
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5.2 RECOMMENDATIONS 

The following recommendations are made for the consideration of the NIROP 
partnering team and are not necessarily required for future pilot-scale activities at ACP.  
Parsons suggests that the Navy continue to perform limited groundwater monitoring in 
the pilot test area in order to track the future progress of the pilot test and to define the 
life cycle of the injected substrate.  Future sampling events could be combined with the 
base wide sampling events in order to decrease the monitoring costs and to produce site 
wide sampling rounds that are internally comparable.  The sampling locations and 
analytical parameters could be scaled back to only those locations and parameters 
important for tracking the progress of the pilot test (Table 5.1).  It is recommended that 
the following sampling be retained and repeated approximately annually in order to 
continue to track the effectiveness of the system and to track the depletion of the 
vegetable oil derived organic carbon: 

TABLE 5.1 
RECOMMENDATIONS FOR FUTURE ANNUAL SAMPLING 

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY 
ANOKA COUNTY PARK 
FRIDLEY, MINNESOTA 

Well Identification Well Stabilization 
Parameters a/

VOCs (8260B) TOC (SW9060) 

PES-INJ-03 X X X 
PES-MW-4 X X X 
PES-MW-5 X X X 
PES-MW-7 X X X 
PES-MW-9 X X X 

PES-MW-10A X X X 
PES-MW-11A X X X 
PES-MW-12A X X X 
PES-MW-13A X X  
PES-MW-14A X X X 

PES-CW-2 X X  
PES-CW-3 X X  

MS-46S X X  
MS-47S X X  

a/ Well stabilization parameters include dissolved oxygen, temperature, pH, oxidation reduction potential, 
and turbidity.   

In addition it is recommended that a slightly expanded sampling program be 
implemented during the site wide sampling round immediately prior to a five year ROD 
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review in order to prepare a more complete representation of “current” site conditions.  
Parsons recommends that PES-MW-1 and PES-MW-6 be added to the pre-ROD review 
sampling protocol in order to assess groundwater conditions immediately downgradient 
from the injection area (Table 5.2).  Parsons also recommends that the B interval wells be 
added at well clusters PES-MW-10, PES-MW-12, and PES-MW-14 in order to assess 
water quality downgradient from and slightly below the injection area.   

TABLE 5.2 
RECOMMENDATIONS FOR SAMPLING PRIOR TO A 5-YEAR ROD REVIEW 

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY 
ANOKA COUNTY PARK 
FRIDLEY, MINNESOTA 

Well Identification Well Stabilization 
Parameters a/

VOCs (8260B) TOC (SW9060) 

PES-MW-1 X X X 

PES-MW-6 X X X 

PES-MW-10B X X X 

PES-MW-12B X X X 

PES-MW-14B X X X 
Note: Sampling recommendations presented in this table are in addition to the sampling recommendations 
presented in Table 5.1. 
a/ Well stabilization parameters include dissolved oxygen, temperature, pH, oxidation reduction potential, 

and turbidity.   

During the coming months the NIROP team will be required to make a series of 
decisions regarding the future of remedial activities at Anoka County Park.  These 
decisions will be made based upon the results of the vegetable oil pilot test, research 
being conducted by the USGS with regard to the hydraulic system, and the impact of the 
extraction system currently operating on site.  The vegetable oil pilot test has been 
successful in enhancing the destruction of chlorinated solvent mass in the subsurface and 
has thus been successful in reducing the overall toxicity of the groundwater plume.  
Vegetable oil has also been shown to be effective at stripping contaminant mass from the 
soil matrix through its surfactant properties and immobilizing contaminant mass through 
its preferential partitioning properties (Parsons, 2004).  Therefore, Parsons recommends 
that organic substrate addition in general and vegetable oil injection specifically be 
considered as a future remedial option at this site.   

In 1990 the record of decision (ROD) for groundwater at the NIROP facility was 
signed.  The ROD specified that contaminated groundwater located offsite and 
downgradient of the NIROP facility in Anoka County Park would be allowed to dissipate 
naturally (TTNUS, 2005).  During the 1998 5-year ROD review it was determined that 
VOC concentrations in Anoka County Park were not decreasing as rapidly as expected 
and it was recommended that the Navy determine what could be done to reduce residual 
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groundwater contamination in Anoka County Park (TTNUS, 2005).  As a result of this 
recommendation the Navy embarked on this organic substrate addition pilot test program.  
In addition, the Navy started a groundwater extraction system expansion program in 
order to more fully capture the VOC plume emanating from the NIROP facility.  Over the 
last several years of groundwater monitoring in Anoka County Park VOC concentrations 
at wells installed within and outside of the pilot testing area have been decreasing 
(TTNUS, 2006).  The VOC concentration decreases observed outside of the pilot test 
area are likely a result of more complete capture afforded by the expanded extraction 
system and natural attenuation mechanisms active in the Park (TTNUS, 2006).  Since 
VOC concentrations in Anoka County Park have been decreasing over the last several 
years, Parsons suggests that the Navy continue to monitor VOC concentrations at wells 
installed in the Park to determine if the VOC concentration reductions are sustainable.  If 
VOC concentrations continue to decrease in the Park then the tenants of the ROD should 
be fulfilled and active remediation in the Park may be unnecessary to be protective of 
identified potential contaminant receptors.  In the event that VOC concentrations in the 
Park increase significantly over a significant period of time the NIROP partnering team 
could re-consider the need for more active remediation measures.    

In the event that a more active approach becomes warranted, Parsons suggests that 
future active remedial activities at Anoka County Park be designed to reduce the 
potential impact to receptors and therefore reduce the environmental risk and impact 
associated with the contaminant mass remaining in the subsurface instead of attempting 
to remove or destroy all of the remaining contaminant mass.  To this end Parsons 
suggests that the NIROP team limit future remedial activities at the site to defined 
contaminant hot spots or source areas instead of attempting to treat large areas (for 
example attempting to treat an area within a particular interpreted VOC concentration 
contour).  The control or elimination of contaminant mass present as hot spots will allow 
the environmental risk associated with the site to be reduced most significantly and most 
efficiently in terms of cost and in terms of impact to activities and access to the site. 
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APPENDIX A  
 

PROCESS MONITORING ANALYTICAL DATA 
This data is available upon request from CH2M Hill Constructors Inc. 

 



APPENDIX B.1 

SLUG TEST DATA 



APRIL 2003 



Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-INJ-1
Test Date: April 5, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 3.97E-04 cm/sec

7.81E-04 ft/min
1.12 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.73 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 4.200 feet

H at time t (Yt) 0.500 feet

 Time 30.00 min

Bouwer-Rice Parameters
feet cm cm

25.23 769.01 SW
19.77 602.59 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.30 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.77 602.59 D #NUM! Ln[(D-H)/Rw]

4.2 128.02 Y 0 #NUM! equation (8)
0.5 15.24 Y t 3.83 equation (9)

1800.00 t (seconds) 3.83 Ln(Re/Rw)
0.30 n 4.0E-04 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-INJ-1
Test Date: April 6, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 2.83E-04 cm/sec

5.56E-04 ft/min
0.80 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.73 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 4.100 feet

H at time t (Yt) 0.900 feet

 Time 30.00 min

Bouwer-Rice Parameters
feet cm cm

25.23 769.01 SW
19.77 602.59 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.30 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.77 602.59 D #NUM! Ln[(D-H)/Rw]

4.1 124.97 Y 0 #NUM! equation (8)
0.9 27.43 Y t 3.83 equation (9)

1800.00 t (seconds) 3.83 Ln(Re/Rw)
0.30 n 2.8E-04 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-MW-6
Test Date: April 4, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 2.15E-02 cm/sec

4.24E-02 ft/min
61.04 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.71 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.800 feet

H at time t (Yt) 0.017 feet

 Time 1.00 min
.

Bouwer-Rice Parameters
feet cm cm

25.21 768.40 SW
19.79 603.20 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.30 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.79 603.20 D #NUM! Ln[(D-H)/Rw]

0.8 24.38 Y 0 #NUM! equation (8)
0.017 0.52 Y t 3.83 equation (9)

60.00 t (seconds) 3.83 Ln(Re/Rw)
0.30 n 2.2E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-MW-6
Test Date: April 4, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 2.64E-02 cm/sec

5.21E-02 ft/min
74.98 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.71 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.900 feet

H at time t (Yt) 0.000 feet

 Time 2.00 min

Bouwer-Rice Parameters
feet cm cm

25.21 768.40 SW
19.79 603.20 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.30 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.79 603.20 D #NUM! Ln[(D-H)/Rw]

0.9 27.43 Y 0 #NUM! equation (8)
0.00007 0.00 Y t 3.83 equation (9)

120.00 t (seconds) 3.83 Ln(Re/Rw)
0.30 n 2.6E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-MW-1
Test Date: April 4, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 4.15E-02 cm/sec

8.16E-02 ft/min
117.51 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.77 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 2.000 feet

H at time t (Yt) 0.001 feet

 Time 1.00 min
.

Bouwer-Rice Parameters
feet cm cm

25.27 770.23 SW
19.73 601.37 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.30 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.73 601.37 D #NUM! Ln[(D-H)/Rw]

2 60.96 Y 0 #NUM! equation (8)
0.0012 0.04 Y t 3.83 equation (9)

60.00 t (seconds) 3.83 Ln(Re/Rw)
0.30 n 4.1E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-MW-1
Test Date: April 4, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 4.58E-02 cm/sec

9.01E-02 ft/min
129.71 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.77 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 1.800 feet

H at time t (Yt) 0.001 feet

 Time 1.00 min

Bouwer-Rice Parameters
feet cm cm

25.27 770.23 SW
19.73 601.37 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.30 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.73 601.37 D #NUM! Ln[(D-H)/Rw]

1.8 54.86 Y 0 #NUM! equation (8)
0.0005 0.02 Y t 3.83 equation (9)

60.00 t (seconds) 3.83 Ln(Re/Rw)
0.30 n 4.6E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-INJ-2
Test Date: April 4, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 2.87E-03 cm/sec

5.65E-03 ft/min
8.14 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 28.23 feet
 Depth to bottom of screen (from ground level) 50.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 50.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 4.000 feet

H at time t (Yt) 0.900 feet

 Time 3.00 min

Bouwer-Rice Parameters
feet cm cm

25.73 784.25 SW
24.27 739.75 H 80.00 L/Rw

40 1219.20 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.30 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
24.27 739.75 D #NUM! Ln[(D-H)/Rw]

4 121.92 Y 0 #NUM! equation (8)
0.9 27.43 Y t 3.96 equation (9)

180.00 t (seconds) 3.96 Ln(Re/Rw)
0.30 n 2.9E-03 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-INJ-2
Test Date: April 4, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 3.05E-03 cm/sec

6.01E-03 ft/min
8.65 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 28.23 feet
 Depth to bottom of screen (from ground level) 50.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 50.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 3.900 feet

H at time t (Yt) 0.800 feet

 Time 3.00 min

Bouwer-Rice Parameters
feet cm cm

25.73 784.25 SW
24.27 739.75 H 80.00 L/Rw

40 1219.20 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.30 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
24.27 739.75 D #NUM! Ln[(D-H)/Rw]

3.9 118.87 Y 0 #NUM! equation (8)
0.8 24.38 Y t 3.96 equation (9)

180.00 t (seconds) 3.96 Ln(Re/Rw)
0.30 n 3.1E-03 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-MW-7
Test Date: April 4, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 3.36E-02 cm/sec

6.62E-02 ft/min
95.34 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.89 feet
 Depth to bottom of screen (from ground level) 50.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 50.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 3.000 feet

H at time t (Yt) 0.009 feet

 Time 1.00 min

Bouwer-Rice Parameters
feet cm cm

25.39 773.89 SW
24.61 750.11 H 80.00 L/Rw

40 1219.20 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.30 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
24.61 750.11 D #NUM! Ln[(D-H)/Rw]

3 91.44 Y 0 #NUM! equation (8)
0.009 0.27 Y t 3.97 equation (9)

60.00 t (seconds) 3.97 Ln(Re/Rw)
0.30 n 3.4E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-MW-7
Test Date: April 4, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 2.61E-02 cm/sec

5.14E-02 ft/min
74.02 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.89 feet
 Depth to bottom of screen (from ground level) 50.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 50.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 2.000 feet

H at time t (Yt) 0.022 feet

 Time 1.00 min

Bouwer-Rice Parameters
feet cm cm

25.39 773.89 SW
24.61 750.11 H 80.00 L/Rw

40 1219.20 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.30 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
24.61 750.11 D #NUM! Ln[(D-H)/Rw]

2 60.96 Y 0 #NUM! equation (8)
0.022 0.67 Y t 3.97 equation (9)

60.00 t (seconds) 3.97 Ln(Re/Rw)
0.30 n 2.6E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-INJ-1
Test Date: August 28, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 8.39E-05 cm/sec

1.65E-04 ft/min
0.24 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.48 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 4.000 feet

H at time t (Yt) 0.010 feet

 Time 400.00 min

Bouwer-Rice Parameters
feet cm cm

24.98 761.39 SW
20.02 610.21 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.30 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
20.02 610.21 D #NUM! Ln[(D-H)/Rw]

4 121.92 Y 0 #NUM! equation (8)
0.01 0.30 Y t 3.84 equation (9)

24000.00 t (seconds) 3.84 Ln(Re/Rw)
0.30 n 8.4E-05 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-INJ-1
Test Date: August 28, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 9.38E-05 cm/sec

1.85E-04 ft/min
0.27 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.48 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 4.200 feet

H at time t (Yt) 2.150 feet

 Time 40.00 min

Bouwer-Rice Parameters
feet cm cm

24.98 761.39 SW
20.02 610.21 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.30 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
20.02 610.21 D #NUM! Ln[(D-H)/Rw]

4.2 128.02 Y 0 #NUM! equation (8)
2.15 65.53 Y t 3.84 equation (9)

2400.00 t (seconds) 3.84 Ln(Re/Rw)
0.30 n 9.4E-05 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-MW-6
Test Date: August 27, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 3.03E-02 cm/sec

5.97E-02 ft/min
85.97 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.54 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 1.200 feet

H at time t (Yt) 0.080 feet

 Time 0.50 min

Bouwer-Rice Parameters
feet cm cm

25.04 763.22 SW
19.96 608.38 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.31 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.96 608.38 D #NUM! Ln[(D-H)/Rw]

1.2 36.58 Y 0 #NUM! equation (8)
0.08 2.44 Y t 3.84 equation (9)

30.00 t (seconds) 3.84 Ln(Re/Rw)
0.30 n 3.0E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-MW-6
Test Date: August 27, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 3.61E-02 cm/sec

7.10E-02 ft/min
102.19 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.54 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 2.000 feet

H at time t (Yt) 0.080 feet

 Time 0.50 min

Bouwer-Rice Parameters
feet cm cm

25.04 763.22 SW
19.96 608.38 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.31 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.96 608.38 D #NUM! Ln[(D-H)/Rw]

2 60.96 Y 0 #NUM! equation (8)
0.08 2.44 Y t 3.84 equation (9)

30.00 t (seconds) 3.84 Ln(Re/Rw)
0.30 n 3.6E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-MW-1
Test Date: August 27, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 3.27E-02 cm/sec

6.43E-02 ft/min
92.60 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.50 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 1.200 feet

H at time t (Yt) 0.065 feet

 Time 0.50 min

Bouwer-Rice Parameters
feet cm cm
25 762.00 SW
20 609.60 H 80.00 L/Rw
35 1066.80 Ts 1.00 H/D

0.125 3.81 Rw 3.80 A
0.240 7.31 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
20 609.60 D #NUM! Ln[(D-H)/Rw]

1.2 36.58 Y 0 #NUM! equation (8)
0.065 1.98 Y t 3.84 equation (9)

30.00 t (seconds) 3.84 Ln(Re/Rw)
0.30 n 3.3E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-MW-1
Test Date: August 27, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 3.36E-02 cm/sec

6.61E-02 ft/min
95.14 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.50 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 3.000 feet

H at time t (Yt) 0.150 feet

 Time 0.50 min

Bouwer-Rice Parameters
feet cm cm
25 762.00 SW
20 609.60 H 80.00 L/Rw
35 1066.80 Ts 1.00 H/D

0.125 3.81 Rw 3.80 A
0.240 7.31 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
20 609.60 D #NUM! Ln[(D-H)/Rw]

3 91.44 Y 0 #NUM! equation (8)
0.15 4.57 Y t 3.84 equation (9)

30.00 t (seconds) 3.84 Ln(Re/Rw)
0.30 n 3.4E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-INJ-2
Test Date: August 27, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 9.20E-04 cm/sec

1.81E-03 ft/min
2.61 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.96 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 3.400 feet

H at time t (Yt) 0.055 feet

 Time 25.00 min

Bouwer-Rice Parameters
feet cm cm

25.46 776.02 SW
19.54 595.58 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.30 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.54 595.58 D #NUM! Ln[(D-H)/Rw]

3.4 103.63 Y 0 #NUM! equation (8)
0.055 1.68 Y t 3.82 equation (9)

1500.00 t (seconds) 3.82 Ln(Re/Rw)
0.30 n 9.2E-04 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-INJ-2
Test Date: August 27, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 9.98E-04 cm/sec

1.96E-03 ft/min
2.83 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.96 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 3.500 feet

H at time t (Yt) 0.040 feet

 Time 25.00 min

Bouwer-Rice Parameters
feet cm cm

25.46 776.02 SW
19.54 595.58 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.30 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.54 595.58 D #NUM! Ln[(D-H)/Rw]

3.5 106.68 Y 0 #NUM! equation (8)
0.04 1.22 Y t 3.82 equation (9)

1500.00 t (seconds) 3.82 Ln(Re/Rw)
0.30 n 1.0E-03 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-MW-7
Test Date: August 27, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 2.46E-02 cm/sec

4.84E-02 ft/min
69.71 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.66 feet
 Depth to bottom of screen (from ground level) 50.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 50.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 2.500 feet

H at time t (Yt) 0.300 feet

 Time 0.50 min

Bouwer-Rice Parameters
feet cm cm

25.16 766.88 SW
24.84 757.12 H 80.00 L/Rw

40 1219.20 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.31 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
24.84 757.12 D #NUM! Ln[(D-H)/Rw]

2.5 76.20 Y 0 #NUM! equation (8)
0.3 9.14 Y t 3.97 equation (9)

30.00 t (seconds) 3.97 Ln(Re/Rw)
0.30 n 2.5E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project: NIROP Fridley
Project No.:

Well No.: PES-MW-7
Test Date: August 27, 2003
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 2.22E-02 cm/sec

4.36E-02 ft/min
62.82 ft/day

 Casing stickup 2.50 feet
 Static water level (from top of casing) 27.66 feet
 Depth to bottom of screen (from ground level) 50.00 feet
 Boring diameter 9.45 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 50.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 2.500 feet

H at time t (Yt) 0.370 feet

 Time 0.50 min

Bouwer-Rice Parameters
feet cm cm

25.16 766.88 SW
24.84 757.12 H 80.00 L/Rw

40 1219.20 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.240 7.31 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
24.84 757.12 D #NUM! Ln[(D-H)/Rw]

2.5 76.20 Y 0 #NUM! equation (8)
0.37 11.28 Y t 3.97 equation (9)

30.00 t (seconds) 3.97 Ln(Re/Rw)
0.30 n 2.2E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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DECEMBER 2001 PRE-INJECTION 

 



Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-CW2 Pre-Injection
Test Date: December 6, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 6.97E-02 cm/sec

1.37E-01 ft/min
197.51 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 31.38 feet
 Depth to bottom of screen (from ground level) 40.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 40.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.660 feet

H at time t (Yt) 0.001 feet

 Time 0.71 min

Bouwer-Rice Parameters
feet cm cm

28.38 865.02 SW
11.62 354.18 H 80.00 L/Rw

30 914.40 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
11.62 354.18 D #NUM! Ln[(D-H)/Rw]

0.66 20.12 Y 0 #NUM! equation (8)
0.001 0.03 Y t 3.49 equation (9)

42.60 t (seconds) 3.49 Ln(Re/Rw)
0.30 n 7.0E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-CW2 Pre-Injection
Test Date: December 6, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 6.87E-02 cm/sec

1.35E-01 ft/min
194.61 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 31.38 feet
 Depth to bottom of screen (from ground level) 40.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 40.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.600 feet

H at time t (Yt) 0.001 feet

 Time 0.71 min

Bouwer-Rice Parameters
feet cm cm

28.38 865.02 SW
11.62 354.18 H 80.00 L/Rw

30 914.40 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
11.62 354.18 D #NUM! Ln[(D-H)/Rw]

0.6 18.29 Y 0 #NUM! equation (8)
0.001 0.03 Y t 3.49 equation (9)

42.60 t (seconds) 3.49 Ln(Re/Rw)
0.30 n 6.9E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client: CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-INJ1 Pre-Injection
Test Date: December 7, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 7.22E-02 cm/sec

1.42E-01 ft/min
204.70 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.37 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.951 feet

H at time t (Yt) 0.001 feet

 Time 0.79 min

Bouwer-Rice Parameters
feet cm cm

25.37 773.28 SW
19.63 598.32 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.63 598.32 D #NUM! Ln[(D-H)/Rw]

0.9512 28.99 Y 0 #NUM! equation (8)
0.001 0.03 Y t 3.83 equation (9)

47.60 t (seconds) 3.83 Ln(Re/Rw)
0.30 n 7.2E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-INJ1 Pre-Injection
Test Date: December 7, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 7.62E-02 cm/sec

1.50E-01 ft/min
216.03 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.37 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.881 feet

H at time t (Yt) 0.001 feet

 Time 0.74 min

Bouwer-Rice Parameters
feet cm cm

25.37 773.28 SW
19.63 598.32 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.63 598.32 D #NUM! Ln[(D-H)/Rw]

0.8812 26.86 Y 0 #NUM! equation (8)
0.001 0.03 Y t 3.83 equation (9)

44.60 t (seconds) 3.83 Ln(Re/Rw)
0.30 n 7.6E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-INJ2 Pre-Injection
Test Date: December 7, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 7.24E-02 cm/sec

1.43E-01 ft/min
205.26 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.84 feet
 Depth to bottom of screen (from ground level) 50.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 50.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.711 feet

H at time t (Yt) 0.001 feet

 Time 0.78 min

Bouwer-Rice Parameters
feet cm cm

25.84 787.60 SW
24.16 736.40 H 80.00 L/Rw

40 1219.20 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
24.16 736.40 D #NUM! Ln[(D-H)/Rw]

0.7112 21.68 Y 0 #NUM! equation (8)
0.001 0.03 Y t 3.96 equation (9)

47.00 t (seconds) 3.96 Ln(Re/Rw)
0.30 n 7.2E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-INJ2 Pre-Injection
Test Date: December 7, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 8.33E-02 cm/sec

1.64E-01 ft/min
236.07 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.84 feet
 Depth to bottom of screen (from ground level) 50.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 50.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.881 feet

H at time t (Yt) 0.001 feet

 Time 0.70 min

Bouwer-Rice Parameters
feet cm cm

25.84 787.60 SW
24.16 736.40 H 80.00 L/Rw

40 1219.20 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
24.16 736.40 D #NUM! Ln[(D-H)/Rw]

0.8812 26.86 Y 0 #NUM! equation (8)
0.001 0.03 Y t 3.96 equation (9)

42.20 t (seconds) 3.96 Ln(Re/Rw)
0.30 n 8.3E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-INJ3 Pre-Injection
Test Date: December 7, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 8.62E-02 cm/sec

1.70E-01 ft/min
244.34 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.73 feet
 Depth to bottom of screen (from ground level) 50.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 50.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.611 feet

H at time t (Yt) 0.001 feet

 Time 0.64 min

Bouwer-Rice Parameters
feet cm cm

25.73 784.25 SW
24.27 739.75 H 80.00 L/Rw

40 1219.20 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
24.27 739.75 D #NUM! Ln[(D-H)/Rw]

0.6112 18.63 Y 0 #NUM! equation (8)
0.001 0.03 Y t 3.96 equation (9)

38.60 t (seconds) 3.96 Ln(Re/Rw)
0.30 n 8.6E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-INJ3 Pre-Injection
Test Date: December 7, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 9.28E-02 cm/sec

1.83E-01 ft/min
263.11 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.73 feet
 Depth to bottom of screen (from ground level) 50.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 50.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.651 feet

H at time t (Yt) 0.001 feet

 Time 0.60 min

Bouwer-Rice Parameters
feet cm cm

25.73 784.25 SW
24.27 739.75 H 80.00 L/Rw

40 1219.20 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
24.27 739.75 D #NUM! Ln[(D-H)/Rw]

0.6512 19.85 Y 0 #NUM! equation (8)
0.001 0.03 Y t 3.96 equation (9)

36.20 t (seconds) 3.96 Ln(Re/Rw)
0.30 n 9.3E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-MW1 Pre-Injection
Test Date: December 7, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 6.38E-02 cm/sec

1.26E-01 ft/min
180.81 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.55 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 1.000 feet

H at time t (Yt) 0.001 feet

 Time 0.90 min

Bouwer-Rice Parameters
feet cm cm

25.55 778.76 SW
19.45 592.84 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.45 592.84 D #NUM! Ln[(D-H)/Rw]

1 30.48 Y 0 #NUM! equation (8)
0.001 0.03 Y t 3.82 equation (9)

54.20 t (seconds) 3.82 Ln(Re/Rw)
0.30 n 6.4E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-MW1 Pre-Injection
Test Date: December 7, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 6.08E-02 cm/sec

1.20E-01 ft/min
172.43 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.55 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.840 feet

H at time t (Yt) 0.001 feet

 Time 0.92 min

Bouwer-Rice Parameters
feet cm cm

25.55 778.76 SW
19.45 592.84 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.45 592.84 D #NUM! Ln[(D-H)/Rw]

0.84 25.60 Y 0 #NUM! equation (8)
0.001 0.03 Y t 3.82 equation (9)

55.40 t (seconds) 3.82 Ln(Re/Rw)
0.30 n 6.1E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-MW3 Pre-Injection
Test Date: December 6, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 6.78E-03 cm/sec

1.33E-02 ft/min
19.21 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 29.66 feet
 Depth to bottom of screen (from ground level) 40.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 40.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 1.100 feet

H at time t (Yt) 0.010 feet

 Time 5.42 min

Bouwer-Rice Parameters
feet cm cm

26.66 812.60 SW
13.34 406.60 H 80.00 L/Rw

30 914.40 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
13.34 406.60 D #NUM! Ln[(D-H)/Rw]

1.1 33.53 Y 0 #NUM! equation (8)
0.01 0.30 Y t 3.58 equation (9)

325.20 t (seconds) 3.58 Ln(Re/Rw)
0.30 n 6.8E-03 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-MW3 Pre-Injection
Test Date: December 6, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 9.51E-03 cm/sec

1.87E-02 ft/min
26.94 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 29.66 feet
 Depth to bottom of screen (from ground level) 40.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 40.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 1.200 feet

H at time t (Yt) 0.002 feet

 Time 5.26 min

Bouwer-Rice Parameters
feet cm cm

26.66 812.60 SW
13.34 406.60 H 80.00 L/Rw

30 914.40 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
13.34 406.60 D #NUM! Ln[(D-H)/Rw]

1.2 36.58 Y 0 #NUM! equation (8)
0.002 0.06 Y t 3.58 equation (9)

315.60 t (seconds) 3.58 Ln(Re/Rw)
0.30 n 9.5E-03 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-MW4 Pre-Injection
Test Date: December 6, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 3.24E-03 cm/sec

6.38E-03 ft/min
9.19 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 31.20 feet
 Depth to bottom of screen (from ground level) 40.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 40.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.250 feet

H at time t (Yt) 0.030 feet

 Time 5.00 min

Bouwer-Rice Parameters
feet cm cm

28.2 859.54 SW
11.8 359.66 H 80.00 L/Rw

30 914.40 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
11.8 359.66 D #NUM! Ln[(D-H)/Rw]
0.25 7.62 Y 0 #NUM! equation (8)
0.03 0.91 Y t 3.50 equation (9)

300.00 t (seconds) 3.50 Ln(Re/Rw)
0.30 n 3.2E-03 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-MW4 Pre-Injection
Test Date: December 6, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 6.82E-03 cm/sec

1.34E-02 ft/min
19.33 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 31.20 feet
 Depth to bottom of screen (from ground level) 40.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 40.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.260 feet

H at time t (Yt) 0.003 feet

 Time 5.00 min

Bouwer-Rice Parameters
feet cm cm

28.2 859.54 SW
11.8 359.66 H 80.00 L/Rw

30 914.40 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
11.8 359.66 D #NUM! Ln[(D-H)/Rw]
0.26 7.92 Y 0 #NUM! equation (8)

0.003 0.09 Y t 3.50 equation (9)
300.00 t (seconds) 3.50 Ln(Re/Rw)

0.30 n 6.8E-03 equation (5)
                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-MW8 Pre-Injection
Test Date: December 7, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 3.69E-02 cm/sec

7.27E-02 ft/min
104.73 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.70 feet
 Depth to bottom of screen (from ground level) 40.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 40.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 1.100 feet

H at time t (Yt) 0.001 feet

 Time 1.50 min

Bouwer-Rice Parameters
feet cm cm

25.7 783.34 SW
14.3 435.86 H 80.00 L/Rw

30 914.40 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
14.3 435.86 D #NUM! Ln[(D-H)/Rw]

1.1 33.53 Y 0 #NUM! equation (8)
0.001 0.03 Y t 3.63 equation (9)

90.00 t (seconds) 3.63 Ln(Re/Rw)
0.30 n 3.7E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.

FIRST 5 MINUTES

0.00

0.01

0.10

1.00

10.00

0 1 2 3 4 5
ELAPSED TIME IN MINUTES

D
IS

PL
A

C
EM

EN
T 

IN
 F

EE
T

LOGGER DATA
MANUAL
CURVE FIT

FULL DATA SET

0.00

0.01

0.10

1.00

10.00

0 1 2 3 4 5 6 7
ELAPSED TIME IN MINUTES

D
IS

PL
A

C
EM

EN
T 

IN
 F

EE
T

LOGGER DATA
MANUAL
CURVE FIT

Pre MW8 Falling.xls, 2/4/2004



Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-MW8 Pre-Injection
Test Date: December 7, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 2.77E-02 cm/sec

5.45E-02 ft/min
78.41 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.70 feet
 Depth to bottom of screen (from ground level) 40.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 40.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.690 feet

H at time t (Yt) 0.001 feet

 Time 1.87 min

Bouwer-Rice Parameters
feet cm cm

25.7 783.34 SW
14.3 435.86 H 80.00 L/Rw

30 914.40 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
14.3 435.86 D #NUM! Ln[(D-H)/Rw]
0.69 21.03 Y 0 #NUM! equation (8)

0.001 0.03 Y t 3.63 equation (9)
112.20 t (seconds) 3.63 Ln(Re/Rw)

0.30 n 2.8E-02 equation (5)
                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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DECEMBER 2001 POST INJECTION 

 



Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-INJ1 Post-Injection
Test Date: December 14, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 3.81E-03 cm/sec

7.50E-03 ft/min
10.79 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.32 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.861 feet

H at time t (Yt) 0.500 feet

 Time 1.19 min

Bouwer-Rice Parameters
feet cm cm

25.32 771.75 SW
19.68 599.85 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.68 599.85 D #NUM! Ln[(D-H)/Rw]

0.8612 26.25 Y 0 #NUM! equation (8)
0.5 15.24 Y t 3.83 equation (9)

71.60 t (seconds) 3.83 Ln(Re/Rw)
0.30 n 3.8E-03 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.

FIRST 5 MINUTES

0.01

0.10

1.00

10.00

0 1 2 3 4 5
ELAPSED TIME IN MINUTES

D
IS

PL
A

C
EM

EN
T 

IN
 F

EE
T

LOGGER DATA
MANUAL
CURVE FIT

FULL DATA SET

0.01

0.10

1.00

10.00

0 2 4 6 8 10 12 14 16 18
ELAPSED TIME IN MINUTES

D
IS

PL
A

C
EM

EN
T 

IN
 F

EE
T

LOGGER DATA
MANUAL
CURVE FIT

Post INJ1 falling.xls, 2/4/2004



Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-INJ1 Post-Injection
Test Date: December 14, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 3.93E-03 cm/sec

7.73E-03 ft/min
11.13 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.73 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.911 feet

H at time t (Yt) 0.500 feet

 Time 1.27 min

Bouwer-Rice Parameters
feet cm cm

25.73 784.25 SW
19.27 587.35 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
19.27 587.35 D #NUM! Ln[(D-H)/Rw]

0.9112 27.77 Y 0 #NUM! equation (8)
0.5 15.24 Y t 3.82 equation (9)

76.40 t (seconds) 3.82 Ln(Re/Rw)
0.30 n 3.9E-03 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-INJ2 Post-Injection
Test Date: December 14, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 2.78E-03 cm/sec

5.48E-03 ft/min
7.89 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.82 feet
 Depth to bottom of screen (from ground level) 40.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 40.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.811 feet

H at time t (Yt) 0.500 feet

 Time 1.37 min

Bouwer-Rice Parameters
feet cm cm

25.82 786.99 SW
14.18 432.21 H 80.00 L/Rw

30 914.40 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
14.18 432.21 D #NUM! Ln[(D-H)/Rw]

0.8112 24.73 Y 0 #NUM! equation (8)
0.5 15.24 Y t 3.62 equation (9)

82.40 t (seconds) 3.62 Ln(Re/Rw)
0.30 n 2.8E-03 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-INJ3 Post-Injection
Test Date: December 14, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 2.44E-03 cm/sec

4.81E-03 ft/min
6.93 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.73 feet
 Depth to bottom of screen (from ground level) 50.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 50.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.515 feet

H at time t (Yt) 0.230 feet

 Time 2.85 min

Bouwer-Rice Parameters
feet cm cm

25.73 784.25 SW
24.27 739.75 H 80.00 L/Rw

40 1219.20 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
24.27 739.75 D #NUM! Ln[(D-H)/Rw]
0.515 15.70 Y 0 #NUM! equation (8)

0.23 7.01 Y t 3.96 equation (9)
171.00 t (seconds) 3.96 Ln(Re/Rw)

0.30 n 2.4E-03 equation (5)
                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-INJ3 Post-Injection
Test Date: December 14, 2001
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 6.73E-03 cm/sec

1.33E-02 ft/min
19.09 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 28.73 feet
 Depth to bottom of screen (from ground level) 50.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 50.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.740 feet

H at time t (Yt) 0.230 feet

 Time 1.50 min

Bouwer-Rice Parameters
feet cm cm

25.73 784.25 SW
24.27 739.75 H 80.00 L/Rw

40 1219.20 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
24.27 739.75 D #NUM! Ln[(D-H)/Rw]

0.74 22.56 Y 0 #NUM! equation (8)
0.23 7.01 Y t 3.96 equation (9)

90.00 t (seconds) 3.96 Ln(Re/Rw)
0.30 n 6.7E-03 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-MW1 Post-Injection
Test Date: December 16, 2002
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 8.46E-02 cm/sec

1.67E-01 ft/min
239.90 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 26.67 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.620 feet

H at time t (Yt) 0.001 feet

 Time 0.64 min

Bouwer-Rice Parameters
feet cm cm

23.67 721.46 SW
21.33 650.14 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
21.33 650.14 D #NUM! Ln[(D-H)/Rw]

0.62 18.90 Y 0 #NUM! equation (8)
0.001 0.03 Y t 3.88 equation (9)

38.60 t (seconds) 3.88 Ln(Re/Rw)
0.30 n 8.5E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-MW1 Post-Injection
Test Date: December 16, 2002
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 2.93E-02 cm/sec

5.77E-02 ft/min
83.10 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 26.67 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.180 feet

H at time t (Yt) 0.001 feet

 Time 1.50 min

Bouwer-Rice Parameters
feet cm cm

23.67 721.46 SW
21.33 650.14 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
21.33 650.14 D #NUM! Ln[(D-H)/Rw]

0.18 5.49 Y 0 #NUM! equation (8)
0.001 0.03 Y t 3.88 equation (9)

90.00 t (seconds) 3.88 Ln(Re/Rw)
0.30 n 2.9E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-MW6 Post-Injection
Test Date: December 16, 2002
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 8.47E-02 cm/sec

1.67E-01 ft/min
240.16 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 26.60 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.840 feet

H at time t (Yt) 0.001 feet

 Time 0.67 min

Bouwer-Rice Parameters
feet cm cm

23.6 719.33 SW
21.4 652.27 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
21.4 652.27 D #NUM! Ln[(D-H)/Rw]
0.84 25.60 Y 0 #NUM! equation (8)

0.001 0.03 Y t 3.88 equation (9)
40.40 t (seconds) 3.88 Ln(Re/Rw)

0.30 n 8.5E-02 equation (5)
                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-MW6 Post-Injection
Test Date: December 16, 2002
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 2.46E-02 cm/sec

4.85E-02 ft/min
69.81 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 26.60 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.140 feet

H at time t (Yt) 0.001 feet

 Time 1.70 min

Bouwer-Rice Parameters
feet cm cm

23.6 719.33 SW
21.4 652.27 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
21.4 652.27 D #NUM! Ln[(D-H)/Rw]
0.14 4.27 Y 0 #NUM! equation (8)

0.001 0.03 Y t 3.88 equation (9)
102.00 t (seconds) 3.88 Ln(Re/Rw)

0.30 n 2.5E-02 equation (5)
                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-MW7 Post-Injection
Test Date: December 16, 2002
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Falling
Logger Data File:
Hydraulic conductivity 6.07E-02 cm/sec

1.20E-01 ft/min
172.20 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 26.60 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.550 feet

H at time t (Yt) 0.001 feet

 Time 0.88 min

Bouwer-Rice Parameters
feet cm cm

23.6 719.33 SW
21.4 652.27 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
21.4 652.27 D #NUM! Ln[(D-H)/Rw]
0.55 16.76 Y 0 #NUM! equation (8)

0.001 0.03 Y t 3.88 equation (9)
52.80 t (seconds) 3.88 Ln(Re/Rw)

0.30 n 6.1E-02 equation (5)
                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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Client:  CH2M Hill Constructors Inc.
Project:  Verification against Bouwer & Rice (1976) Data
Project No.:

Well No.: PES-MW7 Post-Injection
Test Date: December 16, 2002
Formation Tested: Glacial/Fluvial Material
Rising (R) or Falling (F) Head Test: Rising
Logger Data File:
Hydraulic conductivity 3.87E-02 cm/sec

7.61E-02 ft/min
109.59 ft/day

 Casing stickup 3.00 feet
 Static water level (from top of casing) 26.60 feet
 Depth to bottom of screen (from ground level) 45.00 feet
 Boring diameter 12.00 inches
 Casing diameter 3.00 inches
 Screen diameter 3.00 inches
 Screen length 10.00 feet
 Depth to "impermeable boundary" 45.00 feet
 Porosity of filter pack 0.30
Slug diameter (optional) inches
Slug length (optional) feet
Theoretical H at time zero (Y0) 0.00 feet

 Actual H at time zero (Y0) 0.300 feet

H at time t (Yt) 0.001 feet

 Time 1.25 min

Bouwer-Rice Parameters
feet cm cm

23.6 719.33 SW
21.4 652.27 H 80.00 L/Rw

35 1066.80 Ts 1.00 H/D
0.125 3.81 Rw 3.80 A
0.293 8.94 Rc 0.65 B
0.250 7.62 DS 3.50 C

10.00 304.80 L #NUM! Ln[(D-H)/Rw]'
21.4 652.27 D #NUM! Ln[(D-H)/Rw]

0.3 9.14 Y 0 #NUM! equation (8)
0.001 0.03 Y t 3.88 equation (9)

75.00 t (seconds) 3.88 Ln(Re/Rw)
0.30 n 3.9E-02 equation (5)

                      Bouwer, Herman. 1989. “The Bouwer and Rice Slug Test - An Update”. Ground Water vol. 27, no. 3, May-June 1989.
                      Bouwer, H.  and R.C. Rice. 1976. A Slug Test for Determining Hydraulic Conductivity of Unconfined Aquifers With Completely
                      or Partially Penetrating Wells”. Water Resources Research. vol 12, no. 3, June 1976.
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APPENDIX B.2 

GROUNDWATER SAMPLING FORMS 

This data is available upon request from CH2M Hill Constructors Inc. 



 

APPENDIX C 
 

 CONCENTRATION AND MOLAR FRACTION PLOTS 

 



PCEa/ TCEa/ cis+trans-1,2-DCEa/ VCa/ Ethene Total CAHa/

Well ID Date

Concentration 

(µg/Lb/)

Molar Weight 

(g/mol)c/

Molar 
Concentration 

(mol/Ld/)

Molar 

Fraction  
(percent)

Concentration 
(µg/L)

Molar 
Weight 
(g/mol)

Molar 
Concentration 

(mol/L)

Molar 

Fraction  
(percent)

Concentration 
(µg/L)

Molar 
Weight 
(g/mol)

Molar 
Concentration 

(mol/L)

Molar 

Fraction  
(percent)

Concentration 
(µg/L)

Molar 
Weight 
(g/mol)

Molar 
Concentration 

(mol/L)

Molar 

Fraction  
(percent)

Concentration 
(µg/L)

Molar Weight 
(g/mol)

Molar 
Concentration 

(mol/L)

Molar 

Fraction  
(percent)

Molar 
Concentration 

(mol/L) Percent
GWMS-27S 12-Nov-01 0.39 165.834 2.35E-09 10.2% 0.44 131.38894 3.35E-09 14.6% 1.4 96.94388 1.41E-08 61.6% 0.17 62.49882 2.72E-09 11.9% 0.011 28.05376 3.92E-10 1.71% 2.29E-08 100.00%

11-Feb-02 0.39 165.834 2.35E-09 5.9% 0.76 131.38894 5.78E-09 14.5% 2.8 96.94388 2.87E-08 71.8% 0.17 62.49882 2.72E-09 6.8% 0.011 28.05376 3.92E-10 0.98% 3.99E-08 100.00%
21-May-02 0.39 165.834 2.35E-09 0.3% 89 131.38894 6.77E-07 82.9% 13 96.94388 1.34E-07 16.4% 0.17 62.49882 2.72E-09 0.3% 0.011 28.05376 3.92E-10 0.05% 8.17E-07 100.00%
26-Aug-02 0.39 165.834 2.35E-09 0.1% 170 131.38894 1.29E-06 69.3% 55 96.94388 5.68E-07 30.4% 0.17 62.49882 2.72E-09 0.1% 0.011 28.05376 3.92E-10 0.02% 1.87E-06 100.00%
9-Dec-02 0.25 165.834 1.51E-09 0.2% 54 131.38894 4.11E-07 53.4% 34 96.94388 3.51E-07 45.6% 0.30 62.49882 4.80E-09 0.6% 0.036 28.05376 1.28E-09 0.17% 7.69E-07 100.00%
7-Apr-03 0.24 165.834 1.45E-09 0.1% 140 131.38894 1.07E-06 89.6% 12 96.94388 1.19E-07 10.0% 0.17 62.49882 2.72E-09 0.2% 0.023 28.05376 8.20E-10 0.07% 1.19E-06 100.00%

18-Aug-03 0.30 165.834 1.81E-09 0.1% 290 131.38894 2.21E-06 80.4% 51 96.94388 5.30E-07 19.3% 0.17 62.49882 2.72E-09 0.1% 0.056 28.05376 2.00E-09 0.07% 2.74E-06 100.00%

GWMS-46S 19-Nov-01 78 165.834 4.70E-07 0.3% 20,000 131.38894 1.52E-04 96.7% 400 96.94388 4.13E-06 2.6% 34 62.49882 5.44E-07 0.3% 0.011 28.05376 3.92E-10 0.00% 1.57E-04 100.00%
18-Feb-02 39 165.834 2.35E-07 0.2% 14,000 131.38894 1.07E-04 97.1% 260 96.94388 2.68E-06 2.4% 17 62.49882 2.72E-07 0.2% 0.011 28.05376 3.92E-10 0.0% 1.10E-04 100.00%
22-May-02 1.9 165.834 1.15E-08 0.0% 5,600 131.38894 4.26E-05 97.2% 116 96.94388 1.20E-06 2.7% 0.85 62.49882 1.36E-08 0.0% 0.011 28.05376 3.92E-10 0.00% 4.38E-05 100.00%
28-Aug-02 0.8 165.834 4.70E-09 0.0% 4,900 131.38894 3.73E-05 98.4% 58 96.94388 5.98E-07 1.6% 0.92 62.49882 1.47E-08 0.0% 0.011 28.05376 3.92E-10 0.00% 3.79E-05 100.00%
11-Dec-02 1.2 165.834 7.24E-09 0.0% 7,200 131.38894 5.48E-05 97.4% 138 96.94388 1.42E-06 2.5% 1.5 62.49882 2.40E-08 0.0% 0.069 28.05376 2.46E-09 0.00% 5.63E-05 100.00%
9-Apr-03 0.2 165.834 1.45E-09 0.0% 2,600 131.38894 1.98E-05 97.1% 56 96.94388 5.78E-07 2.8% 0.6 62.49882 9.28E-09 0.0% 0.030 28.05376 1.07E-09 0.01% 2.04E-05 100.00%

20-Aug-03 0.2 165.834 1.45E-09 0.0% 4,500 131.38894 3.42E-05 95.8% 142 96.94388 1.46E-06 4.1% 1.3 62.49882 2.08E-08 0.1% 0.046 28.05376 1.64E-09 0.00% 3.57E-05 100.00%
18-Apr-05 0.5 165.834 2.71E-09 0.0% 1,700 131.38894 1.29E-05 92.1% 106 96.94388 1.09E-06 7.8% 0.5 62.49882 7.20E-09 0.1% 0.080 28.05376 2.85E-09 0.02% 1.40E-05 100.00%
17-Nov-05 0.5 165.834 2.71E-09 0.0% 1,300 131.38894 9.89E-06 93.0% 71 96.94388 7.32E-07 6.9% 0.4 62.49882 6.88E-09 0.1% 0.080 28.05376 2.85E-09 0.03% 1.06E-05 100.00%

GWMS-47S 14-Nov-01 0.92 165.834 5.55E-09 1.0% 44 131.388943.35E-07 57.6% 23 96.94388 2.38E-07 41.0% 0.17 62.49882 2.72E-09 0.5% 0.011 28.05376 3.92E-10 0.07% 5.82E-07 100.00%
12-Feb-02 1.1 165.834 6.63E-09 0.4% 180 131.38894 1.37E-06 91.0% 12 96.94388 1.24E-07 8.2% 0.34 62.49882 5.44E-09 0.4% 0.011 28.05376 3.92E-10 0.03% 1.51E-06 100.00%
21-May-02 0.60 165.834 3.62E-09 0.2% 220 131.38894 1.67E-06 92.5% 13 96.94388 1.30E-07 7.2% 0.17 62.49882 2.72E-09 0.2% 0.011 28.05376 3.92E-10 0.02% 1.81E-06 100.00%
26-Aug-02 0.39 165.834 2.35E-09 0.2% 120 131.38894 9.13E-07 89.5% 10 96.94388 1.02E-07 10.0% 0.17 62.49882 2.72E-09 0.3% 0.011 28.05376 3.92E-10 0.04% 1.02E-06 100.00%
10-Dec-02 0.64 165.834 3.86E-09 0.5% 62 131.38894 4.72E-07 62.6% 26 96.94388 2.72E-07 36.1% 0.30 62.49882 4.80E-09 0.6% 0.013 28.05376 4.63E-10 0.06% 7.53E-07 100.00%
8-Apr-03 1.50 165.834 9.05E-09 1.2% 66 131.38894 5.02E-07 68.3% 21 96.94388 2.21E-07 30.0% 0.17 62.49882 2.72E-09 0.4% 0.010 28.05376 3.56E-10 0.05% 7.35E-07 100.00%

19-Aug-03 1.10 165.834 6.63E-09 1.1% 57 131.38894 4.34E-07 72.3% 15 96.94388 1.57E-07 26.1% 0.17 62.49882 2.72E-09 0.5% 0.001 28.05376 4.99E-11 0.01% 6.00E-07 100.00%
11-Apr-05 0.87 165.834 5.25E-09 1.4% 42 131.38894 3.20E-07 84.3% 5 96.94388 5.15E-08 13.6% 0.18 62.49882 2.88E-09 0.8% 0.001 28.05376 4.99E-11 0.01% 3.79E-07 100.00%

PES-MW-1 16-Nov-01 3.9 165.834 2.35E-08 0.3% 1,100 131.38894 8.37E-06 96.0% 29 96.94388 2.99E-07 3.4% 1.7 62.49882 2.72E-08 0.3% 0.011 28.05376 3.92E-10 0.00% 8.72E-06 100.00%
15-Feb-02 7.8 165.834 4.70E-08 0.5% 1,100 131.38894 8.37E-06 94.2% 40 96.94388 4.13E-07 4.6% 3.4 62.49882 5.44E-08 0.6% 0.011 28.05376 3.92E-10 0.00% 8.89E-06 100.00%
22-May-02 0.78 165.834 4.70E-09 0.0% 3,200 131.38894 2.44E-05 81.8% 525 96.94388 5.42E-06 18.2% 0.34 62.49882 5.44E-09 0.0% 0.011 28.05376 3.92E-10 0.00% 2.98E-05 100.00%
28-Aug-02 0.39 165.834 2.35E-09 0.0% 2,600 131.38894 1.98E-05 74.1% 669 96.94388 6.90E-06 25.8% 1.3 62.49882 2.08E-08 0.1% 0.011 28.05376 3.92E-10 0.00% 2.67E-05 100.00%
12-Dec-02 0.50 165.834 3.02E-09 0.0% 1,700 131.38894 1.29E-05 83.0% 256 96.94388 2.64E-06 16.9% 0.60 62.49882 9.60E-09 0.1% 0.079 28.05376 2.82E-09 0.02% 1.56E-05 100.00%
10-Apr-03 0.24 165.834 1.45E-09 0.0% 1,300 131.38894 9.89E-06 70.5% 400 96.94388 4.13E-06 29.4% 0.17 62.49882 2.72E-09 0.0% 0.050 28.05376 1.78E-09 0.01% 1.40E-05 100.00%
21-Aug-03 0.24 165.834 1.45E-09 0.0% 1,200 131.38894 9.13E-06 42.8% 1179 96.94388 1.22E-05 57.0% 1.40 62.49882 2.24E-08 0.1% 0.013 28.05376 4.63E-10 0.00% 2.13E-05 100.00%
15-Apr-05 0.45 165.834 2.71E-09 0.1% 380 131.38894 2.89E-06 55.3% 226 96.94388 2.33E-06 44.5% 0.18 62.49882 2.88E-09 0.1% 0.120 28.05376 4.28E-09 0.08% 5.23E-06 100.00%

PES-MW-2 15-Nov-01 7.8 165.834 4.70E-08 0.3% 2,100 131.38894 1.60E-05 96.3% 49 96.94388 5.05E-07 3.0% 3.4 62.49882 5.44E-08 0.3% 0.011 28.05376 3.92E-10 0.00% 1.66E-05 100.00%
14-Feb-02 20 165.834 1.21E-07 0.4% 3,600 131.38894 2.74E-05 94.9% 118 96.94388 1.22E-06 4.2% 8.5 62.49882 1.36E-07 0.5% 0.011 28.05376 3.92E-10 0.00% 2.89E-05 100.00%
22-May-02 0.78 165.834 4.70E-09 0.0% 2,200 131.38894 1.67E-05 94.1% 101 96.94388 1.04E-06 5.9% 0.59 62.49882 9.44E-09 0.1% 0.011 28.05376 3.92E-10 0.00% 1.78E-05 100.00%
28-Aug-02 0.78 165.834 4.70E-09 0.0% 3,200 131.38894 2.44E-05 98.0% 47 96.94388 4.85E-07 2.0% 0.34 62.49882 5.44E-09 0.0% 0.011 28.05376 3.92E-10 0.00% 2.49E-05 100.00%
11-Dec-02 0.50 165.834 3.02E-09 0.0% 2,600 131.38894 1.98E-05 97.1% 56 96.94388 5.78E-07 2.8% 0.6 62.49882 9.60E-09 0.0% 0.054 28.05376 1.92E-09 0.01% 2.04E-05 100.00%
9-Apr-03 0.24 165.834 1.45E-09 0.0% 2,900 131.38894 2.21E-05 95.4% 101 96.94388 1.04E-06 4.5% 0.53 62.49882 8.48E-09 0.0% 0.025 28.05376 8.91E-10 0.00% 2.31E-05 100.00%

20-Aug-03 0.24 165.834 1.45E-09 0.0% 2,000 131.38894 1.52E-05 94.6% 84 96.94388 8.66E-07 5.4% 0.39 62.49882 6.24E-09 0.0% 0.023 28.05376 8.20E-10 0.01% 1.61E-05 100.00%
14-Apr-05 0.45 165.834 2.71E-09 0.0% 930 131.38894 7.08E-06 91.5% 63 96.94388 6.50E-07 8.4% 0.18 62.49882 2.88E-09 0.0% 0.070 28.05376 2.50E-09 0.03% 7.74E-06 100.00%

PES-MW-3 14-Nov-01 20 165.834 1.21E-07 0.3% 5,000 131.38894 3.81E-05 94.7% 183 96.94388 1.89E-06 4.7% 8.5 62.49882 1.36E-07 0.3% 0.011 28.05376 3.92E-10 0.00% 4.02E-05 100.00%
13-Feb-02 20 165.834 1.21E-07 0.2% 6,100 131.38894 4.64E-05 93.5% 290 96.94388 2.99E-06 6.0% 8.5 62.49882 1.36E-07 0.3% 0.011 28.05376 3.92E-10 0.00% 4.97E-05 100.00%
21-May-02 1.9 165.834 1.15E-08 0.0% 6,200 131.38894 4.72E-05 92.3% 380 96.94388 3.92E-06 7.7% 0.85 62.49882 1.36E-08 0.0% 0.011 28.05376 3.92E-10 0.00% 5.11E-05 100.00%
27-Aug-02 1.9 165.834 1.15E-08 0.0% 5,900 131.38894 4.49E-05 89.9% 485 96.94388 5.00E-06 10.0% 2.2 62.49882 3.52E-08 0.1% 0.011 28.05376 3.92E-10 0.00% 5.00E-05 100.00%
10-Dec-02 1.2 165.834 7.24E-09 0.0% 5,000 131.38894 3.81E-05 90.6% 380 96.94388 3.92E-06 9.3% 1.5 62.49882 2.40E-08 0.1% 0.081 28.05376 2.89E-09 0.01% 4.20E-05 100.00%
8-Apr-03 0.2 165.834 1.45E-09 0.0% 3,800 131.38894 2.89E-05 86.7% 430 96.94388 4.44E-06 13.3% 1.1 62.49882 1.76E-08 0.1% 0.007 28.05376 2.50E-10 0.00% 3.34E-05 100.00%

20-Aug-03 0.2 165.834 1.45E-09 0.0% 2,400 131.38894 1.83E-05 80.4% 430 96.94388 4.44E-06 19.5% 0.9 62.49882 1.44E-08 0.1% 0.026 28.05376 9.27E-10 0.00% 2.27E-05 100.00%
14-Apr-05 0.45 165.834 2.71E-09 0.0% 830 131.38894 6.32E-06 73.4% 221 96.94388 2.28E-06 26.5% 0.34 62.49882 5.44E-09 0.1% 0.065 28.05376 2.32E-09 0.03% 8.61E-06 100.00%

TABLE C.1

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
FRIDLEY, MINNESOTA

MOLAR FRACTION OF CHLORINATED ALIPHATIC HYDROCARBONS IN GROUNDWATER
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PCEa/ TCEa/ cis+trans-1,2-DCEa/ VCa/ Ethene Total CAHa/

Well ID Date

Concentration 

(µg/Lb/)

Molar Weight 

(g/mol)c/

Molar 
Concentration 

(mol/Ld/)

Molar 

Fraction  
(percent)

Concentration 
(µg/L)

Molar 
Weight 
(g/mol)

Molar 
Concentration 

(mol/L)

Molar 

Fraction  
(percent)

Concentration 
(µg/L)
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Weight 
(g/mol)

Molar 
Concentration 

(mol/L)

Molar 
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(percent)

Concentration 
(µg/L)

Molar 
Weight 
(g/mol)
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Concentration 
(µg/L)

Molar Weight 
(g/mol)

Molar 
Concentration 

(mol/L)

Molar 

Fraction  
(percent)

Molar 
Concentration 

(mol/L) Percent

TABLE C.1

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
FRIDLEY, MINNESOTA

MOLAR FRACTION OF CHLORINATED ALIPHATIC HYDROCARBONS IN GROUNDWATER

PES-MW-4 14-Nov-01 7.8 165.834 4.70E-08 0.2% 3,300 131.38894 2.51E-05 92.0% 203 96.94388 2.09E-06 7.7% 3.4 62.49882 5.44E-08 0.2% 0.011 28.05376 3.92E-10 0.00% 2.73E-05 100.00%
12-Feb-02 7.8 165.834 4.70E-08 0.2% 3,300 131.38894 2.51E-05 92.1% 198 96.94388 2.04E-06 7.5% 3.4 62.49882 5.44E-08 0.2% 0.011 28.05376 3.92E-10 0.00% 2.73E-05 100.00%
21-May-02 0.78 165.834 4.70E-09 0.0% 4,200 131.38894 3.20E-05 90.3% 330 96.94388 3.40E-06 9.6% 0.34 62.49882 5.44E-09 0.0% 0.011 28.05376 3.92E-10 0.00% 3.54E-05 100.00%
27-Aug-02 0.78 165.834 4.70E-09 0.0% 3,100 131.38894 2.36E-05 94.9% 123 96.94388 1.27E-06 5.1% 0.34 62.49882 5.44E-09 0.0% 0.011 28.05376 3.92E-10 0.00% 2.49E-05 100.00%
10-Dec-02 0.50 165.834 3.02E-09 0.0% 2,100 131.38894 1.60E-05 90.9% 154 96.94388 1.59E-06 9.0% 0.60 62.49882 9.60E-09 0.1% 0.068 28.05376 2.42E-09 0.01% 1.76E-05 100.00%
8-Apr-03 0.24 165.834 1.45E-09 0.0% 2,300 131.38894 1.75E-05 90.4% 180 96.94388 1.86E-06 9.6% 0.17 62.49882 2.72E-09 0.0% 0.025 28.05376 8.91E-10 0.00% 1.94E-05 100.00%

19-Aug-03 0.73 165.834 4.40E-09 0.0% 2,600 131.38894 1.98E-05 86.8% 290 96.94388 2.99E-06 13.1% 0.86 62.49882 1.38E-08 0.1% 0.082 28.05376 2.92E-09 0.01% 2.28E-05 100.00%
12-Apr-05 0.45 165.834 2.71E-09 0.0% 820 131.38894 6.24E-06 67.8% 286 96.94388 2.95E-06 32.1% 0.33 62.49882 5.28E-09 0.1% 0.085 28.05376 3.03E-09 0.03% 9.20E-06 100.00%
14-Nov-05 0.45 165.834 2.71E-09 0.0% 1000 131.38894 7.61E-06 77.3% 216 96.94388 2.23E-06 22.6% 0.18 62.49882 2.88E-09 0.0% 0.085 28.05376 3.03E-09 0.03% 9.85E-06 100.00%

PES-MW-5 14-Nov-01 0.39 165.834 2.35E-09 0.3% 75 131.388945.71E-07 63.5% 31 96.94388 3.18E-07 35.3% 0.47 62.49882 7.52E-09 0.8% 0.011 28.05376 3.92E-10 0.04% 8.99E-07 100.00%
12-Feb-02 0.39 165.834 2.35E-09 0.2% 77 131.38894 5.86E-07 61.8% 34 96.94388 3.52E-07 37.1% 0.47 62.49882 7.52E-09 0.8% 0.011 28.05376 3.92E-10 0.04% 9.48E-07 100.00%
21-May-02 0.39 165.834 2.35E-09 0.2% 82 131.38894 6.24E-07 62.2% 36 96.94388 3.69E-07 36.8% 0.47 62.49882 7.52E-09 0.7% 0.011 28.05376 3.92E-10 0.04% 1.00E-06 100.00%
27-Aug-02 0.39 165.834 2.35E-09 0.0% 1000 131.38894 7.61E-06 94.4% 42 96.94388 4.33E-07 5.4% 1.00 62.49882 1.60E-08 0.2% 0.011 28.05376 3.92E-10 0.00% 8.06E-06 100.00%
10-Dec-02 0.25 165.834 1.51E-09 0.1% 120 131.38894 9.13E-07 47.2% 98 96.94388 1.02E-06 52.5% 0.26 62.49882 4.16E-09 0.2% 0.009 28.05376 3.21E-10 0.02% 1.93E-06 100.00%
8-Apr-03 0.24 165.834 1.45E-09 0.0% 780 131.38894 5.94E-06 89.1% 70 96.94388 7.22E-07 10.8% 0.22 62.49882 3.52E-09 0.1% 0.009 28.05376 3.21E-10 0.00% 6.66E-06 100.00%

19-Aug-03 0.28 165.834 1.69E-09 0.0% 880 131.38894 6.70E-06 91.4% 58 96.94388 5.98E-07 8.2% 1.70 62.49882 2.72E-08 0.4% 0.026 28.05376 9.27E-10 0.01% 7.33E-06 100.00%
12-Apr-05 0.45 165.834 2.71E-09 0.7% 38 131.38894 2.89E-07 73.0% 10 96.94388 9.92E-08 25.0% 0.18 62.49882 2.88E-09 0.7% 0.062 28.05376 2.21E-09 0.56% 3.96E-07 100.00%

PES-MW-6 15-Nov-01 20 165.834 1.21E-07 0.2% 6,200 131.38894 4.72E-05 94.8% 228 96.94388 2.35E-06 4.7% 8.5 62.49882 1.36E-07 0.3% 0.011 28.05376 3.92E-10 0.00% 4.98E-05 100.00%
15-Feb-02 20 165.834 1.21E-07 0.3% 5,800 131.38894 4.41E-05 94.0% 250 96.94388 2.58E-06 5.5% 8.5 62.49882 1.36E-07 0.3% 0.011 28.05376 3.92E-10 0.00% 4.70E-05 100.00%
23-May-02 1.9 165.834 1.15E-08 0.0% 5,100 131.38894 3.88E-05 94.5% 214 96.94388 2.21E-06 5.4% 1.7 62.49882 2.72E-08 0.1% 0.011 28.05376 3.92E-10 0.00% 4.11E-05 100.00%
28-Aug-02 1.9 165.834 1.15E-08 0.0% 6,600 131.38894 5.02E-05 96.6% 170 96.94388 1.75E-06 3.4% 1.4 62.49882 2.24E-08 0.0% 0.011 28.05376 3.92E-10 0.00% 5.20E-05 100.00%
12-Dec-02 0.50 165.834 3.02E-09 0.0% 3,800 131.38894 2.89E-05 90.0% 311 96.94388 3.21E-06 10.0% 0.6 62.49882 9.60E-09 0.0% 0.082 28.05376 2.92E-09 0.01% 3.21E-05 100.00%
10-Apr-03 0.24 165.834 1.45E-09 0.0% 3,000 131.38894 2.28E-05 88.7% 280 96.94388 2.89E-06 11.2% 0.77 62.49882 1.23E-08 0.0% 0.051 28.05376 1.82E-09 0.01% 2.57E-05 100.00%
21-Aug-03 0.24 165.834 1.45E-09 0.0% 2,000 131.38894 1.52E-05 90.3% 158 96.94388 1.63E-06 9.7% 0.59 62.49882 9.44E-09 0.1% 0.066 28.05376 2.35E-09 0.01% 1.69E-05 100.00%
15-Apr-05 0.45 165.834 2.71E-09 0.0% 700 131.38894 5.33E-06 72.3% 197 96.94388 2.03E-06 27.6% 0.27 62.49882 4.32E-09 0.1% 0.110 28.05376 3.92E-09 0.05% 7.37E-06 100.00%

PES-MW-7 16-Nov-01 0.78 165.834 4.70E-09 0.2% 300 131.38894 2.28E-06 96.9% 6.0 96.94388 6.17E-08 2.6% 0.34 62.49882 5.44E-09 0.2% 0.011 28.05376 3.92E-10 0.02% 2.36E-06 100.00%
14-Feb-02 1.90 165.834 1.15E-08 0.3% 540 131.38894 4.11E-06 95.7% 15 96.94388 1.58E-07 3.7% 0.85 62.49882 1.36E-08 0.3% 0.011 28.05376 3.92E-10 0.01% 4.29E-06 100.00%
22-May-02 0.39 165.834 2.35E-09 0.0% 980 131.38894 7.46E-06 95.7% 32 96.94388 3.30E-07 4.2% 0.36 62.49882 5.76E-09 0.1% 0.011 28.05376 3.92E-10 0.01% 7.80E-06 100.00%
28-Aug-02 0.48 165.834 2.89E-09 0.0% 1300 131.38894 9.89E-06 92.6% 76 96.94388 7.84E-07 7.3% 0.42 62.49882 6.72E-09 0.1% 0.011 28.05376 3.92E-10 0.00% 1.07E-05 100.00%
12-Dec-02 0.25 165.834 1.51E-09 0.0% 350 131.38894 2.66E-06 57.3% 188 96.94388 1.94E-06 41.8% 0.53 62.49882 8.48E-09 0.2% 0.950 28.05376 3.39E-08 0.73% 4.65E-06 100.00%
10-Apr-03 0.24 165.834 1.45E-09 0.0% 12 131.38894 9.13E-08 3.1% 276 96.94388 2.84E-06 96.4% 0.69 62.49882 1.10E-08 0.4% 0.076 28.05376 2.71E-09 0.09% 2.95E-06 100.00%
21-Aug-03 0.24 165.834 1.45E-09 0.0% 2 131.38894 1.60E-08 0.4% 417 96.94388 4.30E-06 99.3% 0.90 62.49882 1.44E-08 0.3% 0.001 28.05376 4.99E-11 0.00% 4.34E-06 100.00%
15-Apr-05 0.45 165.834 2.71E-09 0.2% 4 131.38894 3.12E-08 2.2% 135 96.94388 1.39E-06 97.1% 0.29 62.49882 4.64E-09 0.3% 0.092 28.05376 3.28E-09 0.23% 1.43E-06 100.00%
17-Nov-05 0.45 165.834 2.71E-09 0.2% 1 131.38894 7.61E-09 0.5% 153 96.94388 1.58E-06 98.4% 0.80 62.49882 1.28E-08 0.8% 0.092 28.05376 3.28E-09 0.20% 1.60E-06 100.00%

PES-MW-8 15-Nov-01 20 165.834 1.21E-07 0.2% 6,700 131.38894 5.10E-05 92.4% 380 96.94388 3.92E-06 7.1% 8.5 62.49882 1.36E-07 0.2% 0.011 28.05376 3.92E-10 0.00% 5.52E-05 100.00%
14-Feb-02 20 165.834 1.21E-07 0.3% 4,700 131.38894 3.58E-05 90.2% 350 96.94388 3.61E-06 9.1% 8.5 62.49882 1.36E-07 0.3% 0.011 28.05376 3.92E-10 0.00% 3.96E-05 100.00%
22-May-02 1.9 165.834 1.15E-08 0.0% 5,400 131.38894 4.11E-05 91.0% 390 96.94388 4.02E-06 8.9% 2.2 62.49882 3.52E-08 0.1% 0.011 28.05376 3.92E-10 0.00% 4.52E-05 100.00%
27-Aug-02 1.9 165.834 1.15E-08 0.0% 5,700 131.38894 4.34E-05 94.1% 260 96.94388 2.68E-06 5.8% 1.8 62.49882 2.88E-08 0.1% 0.011 28.05376 3.92E-10 0.00% 4.61E-05 100.00%
12-Dec-02 1.2 165.834 7.24E-09 0.0% 5,500 131.38894 4.19E-05 96.5% 143 96.94388 1.48E-06 3.4% 1.5 62.49882 2.40E-08 0.1% 0.062 28.05376 2.21E-09 0.01% 4.34E-05 100.00%
9-Apr-03 0.2 165.834 1.45E-09 0.0% 3,000 131.38894 2.28E-05 89.8% 250 96.94388 2.58E-06 10.1% 0.81 62.49882 1.30E-08 0.1% 0.011 28.05376 3.92E-10 0.00% 2.54E-05 100.00%

21-Aug-03 0.3 165.834 1.93E-09 0.0% 2,200 131.38894 1.67E-05 90.4% 172 96.94388 1.77E-06 9.6% 0.17 62.49882 2.72E-09 0.0% 0.066 28.05376 2.35E-09 0.01% 1.85E-05 100.00%
14-Apr-05 0.45 165.834 2.71E-09 0.0% 1100 131.38894 8.37E-06 84.6% 147 96.94388 1.52E-06 15.3% 0.34 62.49882 5.44E-09 0.1% 0.049 28.05376 1.75E-09 0.02% 9.90E-06 100.00%

PES-MW-9 15-Nov-01 3.9 165.834 2.35E-08 0.2% 1,400 131.38894 1.07E-05 96.3% 35 96.94388 3.61E-07 3.3% 1.7 62.49882 2.72E-08 0.2% 0.011 28.05376 3.92E-10 0.00% 1.11E-05 100.00%
13-Feb-02 3.9 165.834 2.35E-08 0.2% 1,300 131.38894 9.89E-06 95.8% 37 96.94388 3.82E-07 3.7% 1.7 62.49882 2.72E-08 0.3% 0.011 28.05376 3.92E-10 0.00% 1.03E-05 100.00%
22-May-02 0.78 165.834 4.70E-09 0.0% 410 131.38894 3.12E-06 14.0% 1863 96.94388 1.92E-05 85.9% 1.2 62.49882 1.92E-08 0.1% 0.011 28.05376 3.92E-10 0.00% 2.24E-05 100.00%
27-Aug-02 1.9 165.834 1.15E-08 0.0% 120 131.38894 9.13E-07 2.7% 3067 96.94388 3.16E-05 95.2% 12 62.49882 1.92E-07 0.6% 13 28.05376 4.63E-07 1.40% 3.32E-05 100.00%
11-Dec-02 0.50 165.834 3.02E-09 0.0% 20 131.38894 1.52E-07 0.9% 1533 96.94388 1.58E-05 98.4% 5.7 62.49882 9.12E-08 0.6% 0.210 28.05376 7.49E-09 0.05% 1.61E-05 100.00%
9-Apr-03 0.24 165.834 1.45E-09 0.0% 2,300 131.38894 1.75E-05 88.4% 222 96.94388 2.29E-06 11.6% 0.17 62.49882 2.72E-09 0.0% 0.035 28.05376 1.25E-09 0.01% 1.98E-05 100.00%

20-Aug-03 0.24 165.834 1.45E-09 0.0% 2,200 131.38894 1.67E-05 77.1% 480 96.94388 4.95E-06 22.8% 0.71 62.49882 1.14E-08 0.1% 0.001 28.05376 4.99E-11 0.00% 2.17E-05 100.00%
13-Apr-05 2.20 165.834 1.33E-08 0.2% 490 131.38894 3.73E-06 54.4% 300 96.94388 3.09E-06 45.2% 0.77 62.49882 1.23E-08 0.2% 0.030 28.05376 1.07E-09 0.02% 6.85E-06 100.00%
16-Nov-05 0.45 165.834 2.71E-09 0.0% 28 131.38894 2.13E-07 3.8% 518 96.94388 5.34E-06 95.8% 1.00 62.49882 1.60E-08 0.3% 0.030 28.05376 1.07E-09 0.02% 5.58E-06 100.00%
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TABLE C.1

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
FRIDLEY, MINNESOTA

MOLAR FRACTION OF CHLORINATED ALIPHATIC HYDROCARBONS IN GROUNDWATER

PES-CW-1 13-Nov-01 1.9 165.834 1.15E-08 0.2% 630 131.388944.79E-06 95.5% 20 96.94388 2.01E-07 4.0% 0.85 62.49882 1.36E-08 0.3% 0.011 28.05376 3.92E-10 0.01% 5.02E-06 100.00%
11-Feb-02 0.78 165.834 4.70E-09 0.3% 170 131.38894 1.29E-06 90.7% 12 96.94388 1.23E-07 8.6% 0.34 62.49882 5.44E-09 0.4% 0.011 28.05376 3.92E-10 0.03% 1.43E-06 100.00%
20-May-02 0.39 165.834 2.35E-09 0.2% 170 131.38894 1.29E-06 91.9% 11 96.94388 1.08E-07 7.7% 0.17 62.49882 2.72E-09 0.2% 0.011 28.05376 3.92E-10 0.03% 1.41E-06 100.00%
26-Aug-02 0.89 165.834 5.37E-09 0.6% 61 131.38894 4.64E-07 50.8% 43 96.94388 4.41E-07 48.3% 0.17 62.49882 2.72E-09 0.3% 0.011 28.05376 3.92E-10 0.04% 9.14E-07 100.00%
9-Dec-02 0.53 165.834 3.20E-09 0.2% 250 131.38894 1.90E-06 93.3% 13 96.94388 1.29E-07 6.3% 0.30 62.49882 4.80E-09 0.2% 0.014 28.05376 4.99E-10 0.02% 2.04E-06 100.00%
7-Apr-03 1.5 165.834 9.05E-09 1.7% 54 131.38894 4.11E-07 77.3% 11 96.94388 1.09E-07 20.4% 0.17 62.49882 2.72E-09 0.5% 0.013 28.05376 4.63E-10 0.09% 5.32E-07 100.00%

18-Aug-03 2 165.834 1.21E-08 1.9% 67 131.38894 5.10E-07 81.3% 10 96.94388 1.02E-07 16.2% 0.17 62.49882 2.72E-09 0.4% 0.013 28.05376 4.63E-10 0.07% 6.27E-07 100.00%

PES-CW-2 13-Nov-01 1.9 165.834 1.15E-08 0.5% 290 131.388942.21E-06 94.8% 9.2 96.94388 9.49E-08 4.1% 0.85 62.49882 1.36E-08 0.6% 0.011 28.05376 3.92E-10 0.02% 2.33E-06 100.00%
11-Feb-02 0.78 165.834 4.70E-09 0.2% 350 131.38894 2.66E-06 94.6% 13.8 96.94388 1.42E-07 5.1% 0.34 62.49882 5.44E-09 0.2% 0.011 28.05376 3.92E-10 0.01% 2.82E-06 100.00%
20-May-02 0.39 165.834 2.35E-09 0.1% 210 131.38894 1.60E-06 94.1% 9.1 96.94388 9.39E-08 5.5% 0.17 62.49882 2.72E-09 0.2% 0.011 28.05376 3.92E-10 0.02% 1.70E-06 100.00%
26-Aug-02 0.39 165.834 2.35E-09 0.1% 200 131.38894 1.52E-06 89.0% 17.7 96.94388 1.83E-07 10.7% 0.17 62.49882 2.72E-09 0.2% 0.011 28.05376 3.92E-10 0.02% 1.71E-06 100.00%
9-Dec-02 0.25 165.834 1.51E-09 0.1% 230 131.38894 1.75E-06 95.2% 7.9 96.94388 8.15E-08 4.4% 0.30 62.49882 4.80E-09 0.3% 0.006 28.05376 2.14E-10 0.01% 1.84E-06 100.00%
7-Apr-03 0.75 165.834 4.52E-09 0.5% 100 131.38894 7.61E-07 85.2% 12.1 96.94388 1.25E-07 14.0% 0.17 62.49882 2.72E-09 0.3% 0.011 28.05376 3.92E-10 0.04% 8.94E-07 100.00%

19-Aug-03 1.30 165.834 7.84E-09 0.9% 87 131.38894 6.62E-07 79.5% 15.5 96.94388 1.60E-07 19.2% 0.17 62.49882 2.72E-09 0.3% 0.023 28.05376 8.20E-10 0.10% 8.33E-07 100.00%
11-Apr-05 0.45 165.834 2.71E-09 0.3% 110 131.38894 8.37E-07 83.4% 16 96.94388 1.60E-07 15.9% 0.18 62.49882 2.88E-09 0.3% 0.023 28.05376 8.20E-10 0.08% 1.00E-06 100.00%
14-Nov-05 0.66 165.834 3.98E-09 0.7% 63 131.38894 4.79E-07 87.7% 6 96.94388 5.97E-08 10.9% 0.18 62.49882 2.88E-09 0.5% 0.023 28.05376 8.20E-10 0.15% 5.47E-07 100.00%

PES-CW-3 13-Nov-01 0.78 165.834 4.70E-09 0.2% 240 131.38894 1.83E-06 95.9% 6.5 96.94388 6.66E-08 3.5% 0.34 62.49882 5.44E-09 0.3% 0.011 28.05376 3.92E-10 0.02% 1.90E-06 100.00%
12-Feb-02 0.78 165.834 4.70E-09 0.2% 330 131.38894 2.51E-06 96.1% 8.8 96.94388 9.08E-08 3.5% 0.34 62.49882 5.44E-09 0.2% 0.011 28.05376 3.92E-10 0.02% 2.61E-06 100.00%
20-May-02 0.39 165.834 2.35E-09 0.1% 200 131.38894 1.52E-06 94.4% 8.3 96.94388 8.56E-08 5.3% 0.17 62.49882 2.72E-09 0.2% 0.011 28.05376 3.92E-10 0.02% 1.61E-06 100.00%
26-Aug-02 0.39 165.834 2.35E-09 0.1% 230 131.38894 1.75E-06 94.8% 8.7 96.94388 8.97E-08 4.9% 0.17 62.49882 2.72E-09 0.1% 0.011 28.05376 3.92E-10 0.02% 1.85E-06 100.00%
10-Dec-02 0.25 165.834 1.51E-09 0.1% 220 131.38894 1.67E-06 95.5% 7.0 96.94388 7.20E-08 4.1% 0.30 62.49882 4.80E-09 0.3% 0.013 28.05376 4.63E-10 0.03% 1.75E-06 100.00%
8-Apr-03 0.24 165.834 1.45E-09 0.1% 190 131.38894 1.45E-06 96.3% 5.0 96.94388 5.11E-08 3.4% 0.17 62.49882 2.72E-09 0.2% 0.011 28.05376 3.92E-10 0.03% 1.50E-06 100.00%

19-Aug-03 0.24 165.834 1.45E-09 0.1% 160 131.38894 1.22E-06 92.0% 9.8 96.94388 1.01E-07 7.6% 0.17 62.49882 2.72E-09 0.2% 0.026 28.05376 9.27E-10 0.07% 1.32E-06 100.00%
11-Apr-05 0.45 165.834 2.71E-09 0.3% 120 131.38894 9.13E-07 93.6% 5 96.94388 5.56E-08 5.7% 0.18 62.49882 2.88E-09 0.3% 0.026 28.05376 9.27E-10 0.10% 9.75E-07 100.00%
14-Nov-05 0.45 165.834 2.71E-09 0.2% 140 131.38894 1.07E-06 93.0% 7 96.94388 7.32E-08 6.4% 0.18 62.49882 2.88E-09 0.3% 0.026 28.05376 9.27E-10 0.08% 1.15E-06 100.00%

PES-MW-10A Apr-05 0.45 165.834 2.71E-09 0.1% 7 131.38894 5.18E-08 2.6% 185 96.94388 1.91E-06 96.5% 0.67 62.49882 1.07E-08 0.5% 0.110 28.05376 3.92E-09 0.20% 1.98E-06 100.00%
Nov-05 0.45 165.834 2.71E-09 0.3% 1 131.38894 9.13E-09 1.0% 82 96.94388 8.50E-07 97.2% 0.56 62.49882 8.96E-09 1.0% 0.110 28.05376 3.92E-09 0.45% 8.75E-07 100.00%

PES-MW-10B Apr-05 3.50 165.834 2.11E-08 4.8% 48 131.38894 3.65E-07 83.4% 5 96.94388 4.73E-08 10.8% 0.18 62.49882 2.88E-09 0.7% 0.045 28.05376 1.60E-09 0.37% 4.38E-07 100.00%
Nov-05 3.90 165.834 2.35E-08 5.2% 49 131.38894 3.73E-07 82.4% 5 96.94388 5.15E-08 11.4% 0.18 62.49882 2.88E-09 0.6% 0.045 28.05376 1.60E-09 0.35% 4.52E-07 100.00%

PES-MW-11A Apr-05 0.45 165.834 2.71E-09 0.1% 100 131.388947.61E-07 38.6% 117 96.94388 1.20E-06 61.0% 0.18 62.49882 2.88E-09 0.1% 0.066 28.05376 2.35E-09 0.12% 1.97E-06 100.00%
Nov-05 0.45 165.834 2.71E-09 0.4% 48 131.38894 3.65E-07 54.4% 29 96.94388 2.98E-07 44.4% 0.18 62.49882 2.88E-09 0.4% 0.066 28.05376 2.35E-09 0.35% 6.71E-07 100.00%

PES-MW-12A Apr-05 0.45 165.834 2.71E-09 0.3% 80 131.38894 6.09E-07 71.2% 23 96.94388 2.37E-07 27.8% 0.18 62.49882 2.88E-09 0.3% 0.080 28.05376 2.85E-09 0.33% 8.55E-07 100.00%
Nov-05 0.90 165.834 5.43E-09 0.2% 350 131.38894 2.66E-06 93.0% 18 96.94388 1.86E-07 6.5% 0.36 62.49882 5.76E-09 0.2% 0.080 28.05376 2.85E-09 0.10% 2.86E-06 100.00%

PES-MW-12B Apr-05 1.10 165.834 6.63E-09 0.2% 330 131.388942.51E-06 88.2% 31 96.94388 3.17E-07 11.1% 0.45 62.49882 7.20E-09 0.3% 0.180 28.05376 6.42E-09 0.23% 2.85E-06 100.00%
Nov-05 0.90 165.834 5.43E-09 0.2% 290 131.38894 2.21E-06 91.4% 18 96.94388 1.89E-07 7.8% 0.36 62.49882 5.76E-09 0.2% 0.180 28.05376 6.42E-09 0.27% 2.41E-06 100.00%

PES-MW-13A Apr-05 0.45 165.834 2.71E-09 0.1% 380 131.388942.89E-06 94.9% 14 96.94388 1.48E-07 4.8% 0.18 62.49882 2.88E-09 0.1% 0.042 28.05376 1.50E-09 0.05% 3.05E-06 100.00%
Nov-05 1.10 165.834 6.63E-09 0.4% 230 131.38894 1.75E-06 93.2% 11 96.94388 1.11E-07 5.9% 0.45 62.49882 7.20E-09 0.4% 0.042 28.05376 1.50E-09 0.08% 1.88E-06 100.00%

PES-MW-14A Apr-05 0.45 165.834 2.71E-09 0.0% 87 131.38894 6.62E-07 11.0% 515 96.94388 5.31E-06 88.6% 0.85 62.49882 1.36E-08 0.2% 0.180 28.05376 6.42E-09 0.11% 6.00E-06 100.00%
Nov-05 2.20 165.834 1.33E-08 0.2% 87 131.38894 6.62E-07 10.9% 522 96.94388 5.38E-06 88.5% 1.30 62.49882 2.08E-08 0.3% 0.180 28.05376 6.42E-09 0.11% 6.09E-06 100.00%

PES-MW-14B Apr-05 0.45 165.834 2.71E-09 0.3% 110 131.388948.37E-07 91.1% 7 96.94388 7.12E-08 7.7% 0.18 62.49882 2.88E-09 0.3% 0.140 28.05376 4.99E-09 0.54% 9.19E-07 100.00%
Nov-05 0.45 165.834 2.71E-09 0.3% 110 131.38894 8.37E-07 91.3% 7 96.94388 6.91E-08 7.5% 0.18 62.49882 2.88E-09 0.3% 0.140 28.05376 4.99E-09 0.54% 9.17E-07 100.00%

PES-INJ-1 19-Nov-01 3.90 165.834 2.35E-08 0.2% 1,400 131.38894 1.07E-05 96.2% 36 96.94388 3.71E-07 3.4% 1.7 62.49882 2.72E-08 0.2% 0.011 28.05376 3.92E-10 0.00% 1.11E-05 100.00%
18-Feb-02 3.90 165.834 2.35E-08 3.0% 70 131.38894 5.33E-07 68.5% 19 96.94388 1.94E-07 24.9% 1.7 62.49882 2.72E-08 3.5% 0.011 28.05376 3.92E-10 0.05% 7.78E-07 100.00%
23-May-02 0.39 165.834 2.35E-09 0.4% 47 131.38894 3.58E-07 68.1% 16 96.94388 1.62E-07 30.8% 0.17 62.49882 2.72E-09 0.5% 0.011 28.05376 3.92E-10 0.07% 5.25E-07 100.00%
29-Aug-02 0.39 165.834 2.35E-09 0.1% 29 131.38894 2.21E-07 12.2% 12 96.94388 1.23E-07 6.8% 0.17 62.49882 2.72E-09 0.2% 41 28.05376 1.46E-06 80.74% 1.81E-06 100.00%
13-Dec-02 0.25 165.834 1.51E-09 0.1% 37 131.38894 2.82E-07 20.5% 22 96.94388 2.23E-07 16.2% 0.83 62.49882 1.33E-08 1.0% 24 28.05376 8.56E-07 62.23% 1.37E-06 100.00%
10-Apr-03 0.24 165.834 1.45E-09 0.1% 66 131.38894 5.02E-07 51.8% 18 96.94388 1.86E-07 19.1% 0.63 62.49882 1.01E-08 1.0% 7.6 28.05376 2.71E-07 27.92% 9.70E-07 100.00%
22-Aug-03 0.24 165.834 1.45E-09 0.1% 20 131.38894 1.52E-07 12.2% 19 96.94388 1.94E-07 15.5% 0.7 62.49882 1.12E-08 0.9% 25 28.05376 8.91E-07 71.30% 1.25E-06 100.00%
19-Apr-05 1.80 165.834 1.09E-08 2.6% 10 131.38894 7.61E-08 18.4% 15 96.94388 1.51E-07 36.5% 0.72 62.49882 1.15E-08 2.8% 4.6 28.05376 1.64E-07 39.70% 4.13E-07 100.00%
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PCEa/ TCEa/ cis+trans-1,2-DCEa/ VCa/ Ethene Total CAHa/

Well ID Date

Concentration 

(µg/Lb/)

Molar Weight 

(g/mol)c/

Molar 
Concentration 

(mol/Ld/)

Molar 

Fraction  
(percent)

Concentration 
(µg/L)

Molar 
Weight 
(g/mol)

Molar 
Concentration 

(mol/L)

Molar 

Fraction  
(percent)

Concentration 
(µg/L)

Molar 
Weight 
(g/mol)

Molar 
Concentration 

(mol/L)

Molar 

Fraction  
(percent)

Concentration 
(µg/L)

Molar 
Weight 
(g/mol)

Molar 
Concentration 

(mol/L)

Molar 

Fraction  
(percent)

Concentration 
(µg/L)

Molar Weight 
(g/mol)

Molar 
Concentration 

(mol/L)

Molar 

Fraction  
(percent)

Molar 
Concentration 

(mol/L) Percent

TABLE C.1

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
FRIDLEY, MINNESOTA

MOLAR FRACTION OF CHLORINATED ALIPHATIC HYDROCARBONS IN GROUNDWATER

PES-INJ-2 19-Nov-01 1.9 165.834 1.15E-08 0.2% 630 131.38894 4.79E-06 96.1% 16.5 96.94388 1.70E-07 3.4% 0.85 62.49882 1.36E-08 0.3% 0.011 28.05376 3.92E-10 0.01% 4.99E-06 100.00%
15-Feb-02 3.9 165.834 2.35E-08 4.4% 45 131.38894 3.42E-07 64.0% 13.7 96.94388 1.41E-07 26.4% 1.70 62.49882 2.72E-08 5.1% 0.011 28.05376 3.92E-10 0.07% 5.35E-07 100.00%
23-May-02 0.39 165.834 2.35E-09 0.9% 25 131.38894 1.90E-07 71.8% 6.7 96.94388 6.91E-08 26.1% 0.17 62.49882 2.72E-09 1.0% 0.011 28.05376 3.92E-10 0.15% 2.65E-07 100.00%
29-Aug-02 0.39 165.834 2.35E-09 0.8% 16 131.38894 1.22E-07 42.5% 5.8 96.94388 5.98E-08 20.9% 0.17 62.49882 2.72E-09 0.9% 2.8 28.05376 9.98E-08 34.84% 2.86E-07 100.00%
13-Dec-02 0.25 165.834 1.51E-09 0.6% 18 131.38894 1.37E-07 53.5% 6.1 96.94388 6.29E-08 24.6% 0.30 62.49882 4.80E-09 1.9% 1.4 28.05376 4.99E-08 19.48% 2.56E-07 100.00%
11-Apr-03 0.24 165.834 1.45E-09 0.6% 16 131.38894 1.22E-07 52.8% 5.3 96.94388 5.47E-08 23.7% 0.17 62.49882 2.72E-09 1.2% 1.4 28.05376 4.99E-08 21.65% 2.31E-07 100.00%
22-Aug-03 0.24 165.834 1.45E-09 0.5% 13 131.38894 9.89E-08 31.3% 5.1 96.94388 5.26E-08 16.6% 0.17 62.49882 2.72E-09 0.9% 4.5 28.05376 1.60E-07 50.74% 3.16E-07 100.00%
19-Apr-05 0.45 165.834 2.71E-09 0.9% 14 131.38894 1.07E-07 35.9% 4.8 96.94388 4.95E-08 16.7% 0.18 62.49882 2.88E-09 1.0% 3.8 28.05376 1.35E-07 45.59% 2.97E-07 100.00%

PES-INJ-3 16-Nov-01 3.9 165.834 2.35E-08 0.4% 760 131.38894 5.78E-06 95.9% 19 96.94388 1.96E-07 3.2% 1.7 62.49882 2.72E-08 0.5% 0.011 28.05376 3.92E-10 0.01% 6.03E-06 100.00%
18-Feb-02 3.9 165.834 2.35E-08 5.7% 29 131.38894 2.21E-07 53.4% 14 96.94388 1.41E-07 34.2% 1.7 62.49882 2.72E-08 6.6% 0.011 28.05376 3.92E-10 0.09% 4.13E-07 100.00%
23-May-02 0.39 165.834 2.35E-09 1.1% 21 131.38894 1.60E-07 77.0% 4.1 96.94388 4.22E-08 20.3% 0.17 62.49882 2.72E-09 1.3% 0.011 28.05376 3.92E-10 0.19% 2.07E-07 100.00%
29-Aug-02 3.9 165.834 2.35E-08 8.8% 10 131.38894 7.61E-08 28.3% 14 96.94388 1.41E-07 52.6% 1.7 62.49882 2.72E-08 10.1% 0.011 28.05376 3.92E-10 0.15% 2.69E-07 100.00%
13-Dec-02 0.25 165.834 1.51E-09 0.7% 12 131.38894 9.13E-08 43.8% 6.6 96.94388 6.81E-08 32.7% 0.3 62.49882 4.80E-09 2.3% 1.2 28.05376 4.28E-08 20.52% 2.08E-07 100.00%
11-Apr-03 0.24 165.834 1.45E-09 0.8% 10 131.38894 7.46E-08 40.7% 5.3 96.94388 5.47E-08 29.8% 0.17 62.49882 2.72E-09 1.5% 1.4 28.05376 4.99E-08 27.22% 1.83E-07 100.00%
22-Aug-03 0.24 165.834 1.45E-09 0.5% 10 131.38894 7.61E-08 27.9% 5.9 96.94388 6.09E-08 22.3% 0.17 62.49882 2.72E-09 1.0% 3.7 28.05376 1.32E-07 48.31% 2.73E-07 100.00%
19-Apr-05 0.45 165.834 2.71E-09 1.1% 9 131.38894 6.62E-08 25.7% 5.2 96.94388 5.36E-08 20.8% 0.18 62.49882 2.88E-09 1.1% 3.7 28.05376 1.32E-07 51.25% 2.57E-07 100.00%
17-Nov-05 9.00 165.834 5.43E-08 10.3% 15 131.38894 1.14E-07 21.6% 17.5 96.94388 1.81E-07 34.2% 3.60 62.49882 5.76E-08 10.9% 3.4 28.05376 1.21E-07 22.96% 5.28E-07 100.00%

NOTE:  Non-detects are listed as zero for plotting purposes.
a/ PCE = tetrachloroethene; TCE = trichloroethene; DCE = dichloroethene; VC = vinyl chloride; CAH = clhlorinated aliphatic hydrocarbons
b/  µg/L = micrograms per liter.
c/   g/mol = grams per mol.
d/  mol/L = moles per liter.
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FIGURE C.1A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL GWMS-27S
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE C.1B
MOLAR FRACTION OF CHLORINATED ETHENES

AT WELL GWMS-27S
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE C.2A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL GWMS-47S
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE C.2B
MOLAR FRACTION OF CHLORINATED ETHENES

AT WELL GWMS-47S
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE C.3A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL GWMS-46S
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE C.3B
MOLAR FRACTION OF CHLORINATED ETHENES

AT WELL GWMS-46S
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE C.4A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-MW-1
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE C.4B
MOLAR FRACTION OF CHLORINATED ETHENES

AT WELL PES-MW-1
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE C.5A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-MW-2
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE C.5B
MOLAR FRACTION OF CHLORINATED ETHENES

AT WELL PES-MW-2
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE C.6A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-MW-3
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE C.6B
MOLAR FRACTION OF CHLORINATED ETHENES

AT WELL PES-MW-3
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE C.7A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-MW-4
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ANOKA COUNTY PARK, FRIDLEY MN

0

500

1,000

1,500

2,000

Nov-01 Mar-02 Jul-02 Oct-02 Feb-03 Jun-03 Oct-03 Feb-04 Jun-04 Oct-04 Feb-05 Jun-05 Oct-05

Date

C
on

ce
nt

ra
ti

on
 ( µµ µµ

g/
L

)

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

100000

E
xt

ra
ct

io
n

 S
ys

te
m

 P
u

m
p

in
g

 R
at

e 
(1

,0
00

s 
o

f 
g

al
lo

n
s)

PCE

TCE

cis + trans-1,2-DCE

VC

Ethene

Extraction System
Rate

4,200

FIGURE C.7B
MOLAR FRACTION OF CHLORINATED ETHENES
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FIGURE C.8A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-MW-5
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FIGURE C.8B
MOLAR FRACTION OF CHLORINATED ETHENES
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FIGURE C.9A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-MW-6
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
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FIGURE C.10A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-MW-7
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FIGURE C.11A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-MW-8
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FIGURE C.11B
MOLAR FRACTION OF CHLORINATED ETHENES

AT WELL PES-MW-8
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
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FIGURE C.12A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-MW-9
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FIGURE C.12B
MOLAR FRACTION OF CHLORINATED ETHENES

AT WELL PES-MW-9
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FIGURE C.13A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-CW-1
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
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FIGURE C.13B
MOLAR FRACTION OF CHLORINATED ETHENES
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FIGURE C.14A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-CW-2
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
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FIGURE C.14B
MOLAR FRACTION OF CHLORINATED ETHENES

AT WELL PES-CW-2
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FIGURE C.15A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-CW-3
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE C.15B
MOLAR FRACTION OF CHLORINATED ETHENES

AT WELL PES-CW-3
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
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FIGURE C.16A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-INJ-1
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FIGURE C.16B
MOLAR FRACTION OF CHLORINATED ETHENES
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FIGURE C.17A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-INJ-2
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN

0

50

100

150

200

Nov-01 Mar-02 Jul-02 Oct-02 Feb-03 Jun-03 Oct-03 Feb-04 Jun-04 Oct-04 Feb-05

Date

C
on

ce
nt

ra
ti

on
 ( µµ µµ

g/
L

)

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

100000

E
xt

ra
ct

io
n

 S
ys

te
m

 P
u

m
p

in
g

 R
at

e 
(1

,0
00

s 
o

f 
g

al
lo

n
s)

PCE

TCE

cis + trans-1,2-DCE

VC

Ethene

Extraction System
Rate

630
630

FIGURE C.17B
MOLAR FRACTION OF CHLORINATED ETHENES

AT WELL PES-INJ-2
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
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FIGURE C.18A
CONCENTRATIONS OF SELECT CHLORINATED ETHENES OVER TIME

WELL PES-INJ-3
NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

ANOKA COUNTY PARK, FRIDLEY MN
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FIGURE C.18B
MOLAR FRACTION OF CHLORINATED ETHENES

AT WELL PES-INJ-3
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APPENDIX D 
 

MPCA SPLIT SAMPLE DATA 

 



Sample

Location Date Sampler
MONITORING WELLS
GWMS-46S 19-Nov-01 EMR 78 U 20,000 200 U 200 94 U 34 U 110 U 94 U 0.52 U 0.54 U 0.47 U 0.42 U 210 U 330 U 88 U 84 U

MPCA 0.40 22,000 150 200 18 5.8 0.20 U 1.8 2.7 2.0 U 0.10 2.0 U 10 U 20 U 2.0 U 0.3
99 9 25 0 81 83 98 81 79 100

PES-MW-1 16-Nov-01 EMR 3.9 U 1,100 14 15 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 10 U 16 U 4.4 U 4.2 U
MPCA 0.2 U 600 16 22 2.3 0.5 U 0.2 U 1.7 0.3 2.0 U 1.0 U 2.0 U 10 U 20 U 2.0 U 0.2 U

45 13 32 51 64 94
12-Dec-02 EMR 0.50 U 1,700 230 26 2.5 0.6 U 0.46 U 1.4 J 0.68 U 0.58 U 0.38 U 0.64 U 1.7 U 1.0 U 0.40 U 4.1

MPCA 20 U 1,800 160 30 50 U 50 U 20 U 20 U 20 U 20 U 0.10 U 20 U 1,000 U 2,000 U 20 U 20 U
6 30 13 95 80

PES-MW-2 15-Nov-01 EMR 7.8 U 2,100 22 27 9.4 U 3.4 U 11 U 9.4 U 10 U 11 U 9.4 U 8.4 U 21 U 33 U 8.8 U 8.4 U
MPCA 0.20 2,500 30 47 4.6 0.5 0.20 U 1.9 0.30 2.0 U 1.0 U 2.0 U 10 U 20 U 2.0 U 0.2 U

97 16 27 43 51 85 80 97
PES-MW-3 14-Nov-01 EMR 20 U 5,000 73 110 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 52 U 82 U 22 U 21 U

MPCA 0.7 5,400 71 140 6.6 2.0 0.2 U 2.1 0.7 2.0 U 1.0 U 2.0 U 10 U 20 U 2.0 U 0.2 U
97 7 3 21 71 76 91 97

PES-MW-6 15-Nov-01 EMR 20 U 6,200 88 140 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 52 U 82 U 22 U 21 U
MPCA 0.6 4,300 92 170 6.7 2.3 0.2 U 2.4 0.8 2.0 U 1.0 U 2.0 U 10 U 20 U 2.0 U 0.2 U

97 31 4 18 71 73 90 97
12-Dec-02 EMR 0.50 U 3,800 240 71 3.9 0.60 U 0.46 U 1.6 J 0.68 U 0.58 U 0.38 U 0.64 U 1.7 U 4.0 U 0.4 U 0.44 U

MPCA 20 U 4,400 180 70 50 U 50 U 20 U 20 U 20 U 20 U 0.10 U 20 U 1000 U 2000 U 20 U 0.20 U
14 25 1 92 92

PES-MW-7 16-Nov-01 EMR 0.78 U 300 5.2 0.78 U 0.94 U 0.34 U 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
MPCA 2.0 U 390 4.0 5.0 5.00 U 5.0 U 2.0 U 5.0 U 2.0 U 2.0 U 1.0 U 2.0 U 100 U 200 U 2.0 U 2.0 U

23 23 84
12-Dec-02 EMR 0.25 U 350 J 180 8.3 2.0 0.53 U 0.23 U 1.0 0.34 U 0.29 U 0.19 U 0.32 U 320 2.0 U 0.20 U 4.5

MPCA 20 U 310 110 10 50 U 50 U 20 U 20 U 20 U 20 U 10 U 20 U 1000 Ue/ 2000 U 20 U 20 U
11 39 17 96 95 68 78

PES-MW-8 15-Nov-01 EMR 20 U 6,700 160 220 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 10 U 82 U 22 U 21 U
MPCA 0.7 7,900 180 270 6.4 3.3 0.2 U 4.2 0.8 2.0 U 1.0 U 2.0 U 10 U 20 U 2.0 U 0.2 U

97 15 11 19 72 61 82 97
PES-MW-9 15-Nov-01 EMR 3.9 U 1,400 15 20 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 52 U 16 U 4.4 U 0.42 U

MPCA 2.0 U 2,300 10 23 5.0 U 5.0 U 2.0 U 5.0 U 2.0 U 2.0 U 1.0 U 2.0 U 100 U 200 U 2.0 U 2.0 U
39 33 13

11-Dec-02 EMR 0.50 U 20 U 1,500 33 6.8 5.7 0.46 U 0.4 U 0.68 U 0.58 U 0.38 U 0.64 U 180 68 0.4 U 0.44 U
MPCA 20 U 20 1,300 20 20 U 50 U 20 U 20 U 20 U 20 U 10 U 20 U 1,000 U 2,000 U 20 U 20 U

0 13 39 66 89 82 97
INJECTION WELLS
PES-INJ-1 19-Nov-01 EMR 3.9 U 1,400 16 20 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 10 U 16 U 4.4 U 4.2 U

MPCA 0.2 U 1,700 22 34 3.0 0.5 U 0.2 U 1.8 0.3 2.0 U 1.0 U 2.0 U 10 U 20 U 2.0 U 0.2 U
18 27 41 36 62 94

13-Dec-02 EMR 0.25 U 37 J 19 2.6 0.64 0.83 0.23 U 0.20 U 0.34 U 0.29 U 0.19 U 0.32 U 360 130 0.20 U 0.7 U
MPCA 20 U 20 20 10 U 20 U 50 U 20 U 50 U 20 U 20 U 10 U 20 U 1,500 2,500 20 U 20 U

46 5 74 97 98 76 95
PES-INJ-2 19-Nov-01 EMR 1.90 U 630 8.6 7.9 2.3 U 0.85 U 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U

MPCA 2.0 U 770 7.0 10 2.0 U 5.0 U 2.0 U 5.0 U 2.0 U 2.0 U 1.0 U 2.0 U 100 U 200 U 2.0 U 2.0 U
18 19 21

a/ PCE = tetrachloroethene; TCE = trichloroethene; DCE = dichloroethene; TCA = trichloroethane; DCA = dichloroethane. 
b/ µg/L = micrograms per liter.
c/ U = Analyte was not detected at a concentration above the method detection limit.
d/ J = Analyte was detected at a concentration above the method detection limit and below the reporting limit.
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TABLE D.1
SUMMARY OF VOLATILE ORGANIC COMPOUNDS DETECTED IN GROUNDWATER

FRIDLEY, MINNESOTA
ANOKA COUNTY PARK

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

Chloroform

(µg/L)
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Item Section Page Comments Responses 

General Response to Comments: 

There were a number of comments submitted by the reviewing agencies regarding the inconclusive nature of the pilot test results collected to date, the potential 
(and currently incompletely defined) roll of other contaminant mass reduction mechanisms (e.g., the upgraded extraction system and abiotic degradation related 
to naturally occurring iron as well as injected iron), and the inadequately defined hydrogeologic system at the site.  The majority of these data gaps are presented 
in the draft report (dated March 2004) and Parsons and the Navy concur with the majority of the comments.  Thus, we recommend that the current pilot test 
system be expanded with the addition of 3 to 4 new well clusters (as recommended in the draft report) and monitored for a minimum of an additional 18 to 24 
months in order to investigate these data gaps and to determine the long terms effects of the injected vegetable oil.  We also recommend that the subject of an 
expanded pilot scale application (involving an additional injection) be tabled until after the extended monitoring of the current pilot test system is complete.  We 
believe, as was discussed during the April 2004 meeting, that discussion of the appropriateness of an expanded scale application is premature at this time.  As a 
result, reference to an expanded scale application (termed Phases 1, II, and III of a full scale application in the draft report) will be removed from the 
recommendation section (Section 5.2).  Section 5 has been revised and is attached to this comment response matrix for review. 

At this time we believe that it would be an inefficient use of time and funds to finalize the draft report (dated March 2004) as the current pilot test system will be 
monitored for a minimum of an additional 18 to 24 months and that no decision regarding the propriety of an expanded scale application will be made at this 
time.  Thus, we propose to leave the draft report as is, with the exception of Section 5 (conclusions and recommendations), until the partnering team believes 
that the pilot test data set is adequate to determine the answers to the data gaps eluded to above and to determine the appropriateness of an expanded scale 
application.  After the extended monitoring has been complete and the data gaps can be addressed to the satisfaction of the partnering team, the draft report will 
be finalized.  The final report will contain the current pilot test data set as well as the extended monitoring data set and will thus represent all of the available 
data and will present the pilot test from inception to completion.  In addition, the final report will present recommendations regarding the propriety of applying 
the organic substrate addition technology at Anoka County Park based upon all of the data collected to date.  This comment response matrix will be attached to 
the final report as an appendix when it is prepared.  Parsons and the Navy believe that this approach represents the most efficient and cost effective means to 
completing this project. 

Minnesota Department of Health Comments 

1. General NA As a general comment, the report was not very conclusive on 
the success of the pilot study.  The best indicators of 
dechlorination appear to be the appearance of increasing 
concentrations of cis-1,2-DCE and, more indirectly, the 
occurrence of indicator conditions that would support 
dechlorination, such as depleted dissolved oxygen, 
methanogenesis, ferrous iron and manganese release, and so 
forth.  There are a number of geochemical processes 

This pilot project was not a complete success and the report 
reflects this.  This pilot test was successful in that complete 
reductive dechlorination was induced at locations where 
sufficient vegetable-oil-derived organic carbon was distributed, 
as evidenced by decreasing TCE and increasing cis-1,2-DCE, 
VC, and ethene. This pilot project was also successful in 
enhancing incomplete dechlorination of TCE to cis-1,2-DCE at 
locations where only limited vegetable-oil-derived organic 
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Item Section Page Comments Responses 
competing for the same substrate.  The pattern of TCE levels 
was variable, with some of the wells showing increasing 
TCE levels.  We found it difficult to distinguish changes due 
to dechlorination, preferential partitioning of TCE into the 
oil phase, reactions with sediment organics, or simple 
physical displacement due to a “blob” of vegetable oil or 
movement of the static water level.  If DCE was already 
present in the contaminant mass, even this measure is 
suspect.  We are left with the conclusion that some 
dechlorination probably occurred, but the extent of 
dechlorination is unclear. 

carbon was distributed. However, the organic carbon was not 
adequately and uniformly distributed throughout the desired 
treatment zone.  As a result, Parsons does not recommend 
going forward with an expanded scale application (involving a 
second injection) at this time. Instead, Parsons recommends 
expanding the monitoring well network at the existing pilot 
test area and continuing to monitor the pilot-scale application 
for a minimum of an additional 18-24 months.  After the pilot 
test system has been monitored for an additional period of time 
and the system has been completely evaluated, the propriety of 
an expanded scale application will be revisited.   

Changes due to dechlorination are evidenced by decreasing 
concentrations of parent compound (TCE) and increasing 
concentrations of the daughter compounds (DCE, VC, and 
ethene)..  The occurrence of dechlorination is also indicated by 
changing molar fraction ratios of parent compounds to 
daughter compounds (Section 4.4.2).  Concentration changes 
related to partitioning or simple dilution are evidenced by 
decreasing concentrations of all compounds (parent and 
daughter).  It is very difficult to distinguish dechlorination 
related to biotic processes and abiotic processes and the report 
makes no attempt to do so.  It is much more valid and more 
defensible to distinguish degradation related to the injected 
vegetable oil (degradation within the pilot test area) from 
degradation related to other processes (degradation outside of 
the pilot test area).  Because degradation within the pilot test 
area, minus exterior effects (e.g., the extraction system), is 
directly related to the presence of vegetable oil derived organic 
carbon (whether the degradation is due to abiotic or biotic 
processes).   

2. General NA The discussion of groundwater flow reversals (and 
portrayal in figures 4.4 – 4.7) and upward flow from the 

Concur.  The potentiometric surface maps will be revised to 
show a more southwesterly flow that is more in line with 
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Item Section Page Comments Responses 
Prairie du Chien dolomite probably needs further 
consideration.  The potentiometric lines in these figures can 
be slightly reconfigured to show a more southwesterly 
flow, similar to the pattern shown in Figure 4.3 and the 
pattern shown historically.  The fact that the groundwater 
gradients in this area are so flat makes the pattern very 
sensitive to measurement variability.  The USGS 2003 
report cited as a reference in this discussion does not 
appear to address groundwater flow.  We do not have a 
copy of the TtNUS 2003 report to review those findings.  If 
indeed groundwater flow is completely reversed, it does 
beg the question where is groundwater going?  You may 
also want to consider rechecking well top elevations to 
make sure they have not changed during the last two years. 

historical flow patterns, and the text will be corrected as 
necessary. 

The USGS report reference in this section is incorrect.  The 
USGS report reference will be corrected to read: “USGS 
2003a” and will reference the USGS draft report entitled: 
“Evaluation of the Capture Zones for Recovery Wells at the 
Naval Industrial Reserve Ordnance Plant, Fridley, Minnesota.” 

Concur.  The recommendation to resurvey top of casing 
elevations at each of the pilot test wells will be added to the 
recommendations section of the report (Section 5). 

The groundwater flow reversals near the river as depicted in 
Figures 4.1, 4.4, 4.5, 4.6, and 4.7 will likely be eliminated 
when the potentiometric surface contours are re-interpreted.  
The groundwater flow reversal in the upper portion of the pilot 
test area as depicted in Figure 4.3 will remain.  Groundwater 
flow within the upper portion of the pilot test area during the 
May 2002 sampling round (Figure 4.3) was to the northeast, 
toward the extraction system.   

3.  General NA There is a comment on Page 2-13 that monitoring wells 
GWMS-45S and GWPC-53PC were accidentally cross 
contaminated by backflow through extraction lines.  First of 
all, this is a very unfortunate development, especially 
involving the Prairie du Chien well.  It seems odd to be 
using groundwater from the Prairie du Chien as part of the 
injection system.  It throws a whole new wrinkle into the 
assessment of geochemical processes.  Although it may be 
different at this site, water quality in the Prairie du Chien 
aquifer is generally more mineralized and less oxygenated 
than groundwater in unconfined, surficial aquifers at major 
discharge zones as here.  Please describe in more detail the 
causes of this backflow and the quantities of oil involved 

The impact to MS-53PC was discovered during groundwater 
sampling efforts in March 2003.  Upon discovery, the 
vegetable oil in MS-53PC was removed and the well was 
sampled to determine if there were any significant contaminant 
impacts to the well.  Only trace concentrations of TCE and 
PCE were detected in groundwater at this well after the 
vegetable oil was removed, indicating that this well was not 
impacted significantly.  Activities associated with the removal 
of vegetable oil from MS-53PC are discussed in more detail in 
a summary technical memorandum prepared by CH2M Hill.  
This technical memo is attached to this comment response 
matrix for reference.  Vegetable oil has never been detected in 
well MS-45S.  However, it is assumed that this well was 
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Item Section Page Comments Responses 
and the efforts to recover the “lost oil”. impacted in the same way as MS-53PC and that the vegetable 

oil that was introduced to MS-45S has degraded. 

During the planning phase of this project it was proposed to 
draw site water for the injection from a shallow well (MS-46S) 
surrounding the injection area in order to match the 
geochemical conditions within the shallow aquifer as closely 
as possible.  During the first round of work plan review the 
regulatory agencies determined that only uncontaminated or 
lightly contaminated groundwater could be used for the 
injection.  Thus, the Navy was required to use groundwater 
from MS-53PC and MS-45S for the injection.   

The geochemistry of the water being drawn from MS-53PC 
was probably different from the geochemical conditions within 
the shallow aquifer in the injection area at the time of injection.  
However, the geochemical conditions within the injection area 
were rapidly modified after injection by the presence of the 
vegetable oil, as evidenced by the geochemistry data presented 
in Table 4.6.  Thus, the geochemistry of the injection water did 
not significantly impact the success of this project.  

4. General NA The discussion of data quality issues on Page 34 appears to 
describe reuse of sampling tubing, inadequate 
decontamination of tubing or sampling equipment, and 
possible cross-contamination of subsequent samples.  This 
condition raises obvious quality assurance/quality control 
questions and concerns.  Although the procedures appear 
consistent to those outlined in the Quality Assurance 
Project Plan of September 17, 2001, you may want to give 
serious consideration to use of dedicated equipment in 
certain wells to avoid a repeat. 

Concur.  Dedicated equipment was used during the last three 
rounds of process monitoring to avoid compromising data 
quality as stated in Paragraph 2, Page 3-4 of the draft report. 

5. General NA The USGS report refers to the injection of 110 pounds of 
colloidal iron and 7.8 pounds of magnetite, which does not 
appear to be consistent with the 30 pounds of 

At the time of the variance application, USGS was performing 
laboratory tests of both colloidal iron (identified as ferrous iron 
in the variance request) and magnetite.  Since it was not clear 
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Item Section Page Comments Responses 
magnetite./ferrous iron discussed in the variance and in the 
September 2001 work plan.  Please provide a description of 
“colloidal iron” as used in the USGS 2003 report. 

which one of these would work better, the variance application 
referenced both the products. The initial quantity estimated in 
the variance application was based on early estimates provided 
by USGS.  Based on laboratory tests performed by USGS, the 
exact quantity was determined prior to the actual injection.  
Since USGS felt both the products proved to work equally well 
in the laboratory, they wanted to test both the products in the 
field.  Hence, one of the injection wells (PES-INJ-3) had 
colloidal iron and the other injection well (PES-INJ-1) had 
magnetite; and injection well PES-INJ-2 had no colloidal iron 
or magnetite.  Copies of the colloidal iron and magnetite 
MSDS sheets were included in the variance request letter 
submitted to MDH. 

The variance application, variance request letter, MSDS sheets 
for the colloidal iron and magnetite products, and MDH 
variance approval letter will be included as Appendix E of the 
final report for reference. 

6. General NA Parts of the tables in Appendices C and D appear to have 
been cut off and some information appears to be missing.  
For example, part of the perchloroethene column is missing 
in Appendix C.  Appendix D is simply unclear of what it is 
comparing. 

Concur.  The appendix tables were inadvertently mis-
formatted. This error will be corrected for the final report. 

7. General NA The proposal to add up to 21 monitoring well clusters in 
Phase II may be a serious concern to Anoka County.  
Anoka County expressed concern with the number of wells 
installed for the pilot study in terms of compatibility with 
public use of the park.  This will likely be a major issue if 
and when discussions of a potential Phase II occur. 

It will be necessary to balance the needs of the project with the 
concerns of Anoka County.  This issue will have to be 
addressed during the planning phase for any future work 
within the park. 

8. General NA As noted above, we were left with a lot of uncertainty 
regarding the effectiveness of the pilot scale study and the 

Refer to response to comment MDH #1. 
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Item Section Page Comments Responses 
prudence of moving to Phase II. 

Environmental Protection Agency Comments 

1. Section 
2.3 

2-4 The Draft Report provides several references to more 
detailed discussions on site geology and hydrogeology.  
The Annual Monitoring Reports (AMRs) should be added 
to this list.  The AMRs include detailed discussions of site 
geology and hydrogeology and are updated annually as 
necessary to reflect any new data and analysis on site 
hydrogeological issues, including any developing 
consensus among the NIROP Technical Team on these 
issues.  Specifically the revised Draft Report should 
reference the 2003 AMR. 

Concur, the final report will reference the most recent AMR as 
a source for detailed discussions on site geology and 
hydrogeology. 

2. Section 
2.3 

2-4 The Draft Report states that “although monitoring wells 
installed in the shallow drift aquifer at the site have been 
designated as shallow and intermediate, there appears to be 
no or very little hydraulic separation between these 
monitored intervals; hence both of these zones make up the 
shallow unconfined aquifer at the site.”  This statement 
does not appear to be consistent with the current 
understanding of site hydrogeology.  There are areas of the 
site where the hydraulic separation between shallow and 
intermediate zone has been observed; and in these areas it 
may be more appropriate to associate the intermediate zone 
with the deeper confined or semi-confined aquifer.  Revise 
the Draft Report to provide a more accurate and complete 
description of site hydrogeology. 

Concur.  The hydrogeology discussion in the final report will 
be revised to reference the most recent AMR. 

3 Section 
2.3.1 

2-7 The Draft Report discusses the potential for a significant 
component of upward vertical flow between the Prairie du 
Chien (PC) aquifer and the overlying unconsolidated 
aquifer system.  The Draft Report further indicates that 
“this vertical flow up into the unconsolidated aquifer 

Concur.  The text will be amended such that it more closely 
conforms to the site conceptual model advanced by the USGS 
and to the most recent AMR.   
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system likely represents a potential source of both 
contaminant mass and groundwater having a different 
geochemical signature than the unconsolidated aquifer 
system.”  Due to the groundwater quality observed in 
monitoring well MS-53PC, the Draft Report concludes, 
however, that “upwelling of PC aquifer water into the pilot 
test area is expected to impact groundwater geochemistry 
only.”  This assessment of the potential impact of 
groundwater discharging from the PC aquifer into the 
overlying unconsolidated deposits appears to be 
overestimated.  While the higher heads in the PC aquifer 
and associated discharge into the overly unconsolidated 
aquifer may be partially responsible for the upward vertical 
gradients from the deep zone into the intermediate and 
shallow zones in ACP, the current conceptual model 
advanced by the United States Geological Survey (USGS) 
attributes these gradients to other hydraulic phenomena 
within the unconsolidated zone at the NIROP site.  
Moreover, the higher heads in the deeper aquifer is unlikely 
to result in groundwater flow from the PC aquifer, or even 
the deeper portions of the unconsolidated aquifer system, 
into the shallow groundwater system.  These gradients are 
more likely to force flow in the intermediate zone in 
upgradient areas of ACP up into the shallow zone in the 
downgradient areas of ACP.  Revise the Draft Report to 
provide a more accurate and complete description of site 
hydrogeology. 

4 Section 
2.3.2 

2-9 When discussing the effects of the extraction wells on 
groundwater flow directions and the hydraulic divide 
observed in ACP, the Draft Report states that “these 
observations indicate that the extraction system does not 
directly impact the pilot test area other than to potentially 
influence hydraulic gradients and produce short-term 

On March 10, 2003 the groundwater extraction system was 
down and the groundwater elevation at MS-46S was 806.04.  
The extraction system was restarted on March 18th 2003.  On 
April 7, 2003 EMR collected a round of water level data as 
part of the April 2003 process monitoring event.  During this 
round the groundwater elevation at MS-46S was 804.81.  
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effects on groundwater flow conditions in the extreme 
upgradient portions of the pilot test area.”   The Draft 
Report further states that “as a result, geochemical and 
contaminant conditions within the pilot test area do not 
appear to be directly impacted by the extraction system.” 
The Draft Report appears to understate the impact of the 
extraction system on the pilot study area.  The water level 
surfaces depicted in the 2003 AMR (Figures 4-6 and 4-7) 
indicate that pumping may reduce water levels at MS-46S 
by approximately three feet.  While seasonal water-level 
data taken during the pilot test may indicate a large 
seasonal component in these water-level changes, the 
recent USGS analysis of data taken during a different 
seasonal period appears to confirm water level changes of 
more than one and one-half feet.  Moreover, the analysis of 
vertical gradient presented in the 2003 AMR indicates 
significant change between pumping and non-pumping 
conditions in the magnitude and direction of vertical 
gradients between the shallow and intermediate zone at 
MS-46.  During non-pumping conditions, a slight upward 
gradient is observed at the MS-46 location, while during 
pumping conditions a more substantial downward gradient 
is observed at this location.  The full impacts of the 
pumping system should be acknowledged and the potential 
impact on the pilot test should be discussed in the Draft 
Report. 

As noted in the following comments, the extraction system 
may have significant impacts on the migration of 
contaminants through ACP and into the pilot test area.  
Consequently, it does not appear appropriate to state that 
“geochemical and contaminant conditions within the pilot 

Thus, the impact of the extraction system on MS-46S is likely 
to be approximately 1.2 feet, assuming that seasonal 
fluctuations were minimal during this time period  The 1.2 foot 
drop in the water table in the vicinity of MS-46S likely 
resulted in diminished groundwater potentiometric surface 
gradients within the pilot test area which would have affected 
the geochemical conditions and therefore the contaminant 
conditions within the pilot test area.  The reviewer is correct in 
pointing out this oversight.  The text will be corrected and the 
above discussion will be included. 

Concur, the vertical flow discussion in the draft report will be 
amended to reference the most recent understanding of site 
conditions as presented in the most recent AMR. 

Concur, the statement that the extraction system does not 
directly impact geochemical and contaminant conditions 
within the pilot test area will be removed. 
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test area do not appear to be directly impacted by the 
extraction system.”  Revise the Draft Report to 
acknowledge the potential impact of the extraction system 
on the pilot test area. 

5 Section 
2.4 

2-11/2-12 When discussing the higher concentrations of TCE in the 
central portion of ACP, the Draft Report indicates that 
isoconcentration maps of the shallow aquifer zone in the 
1999 AMR show that “TCE concentrations are 
significantly lower northeast of East River Road than TCE 
concentrations present in the ACP.”  The Draft Report 
further states that “this zone of elevated concentrations 
generally corresponds to the location of the groundwater 
divide, which may represent a stagnation zone.  This 
groundwater stagnation zone may allow elevated 
concentrations to exist in this area.” 

While the area of elevated concentrations in ACP has 
previously been thought to potentially result from an area 
of stagnation, more recent analyses suggests that this area 
of elevated concentrations may be/have been the result of 
contamination passing through the extraction system and 
migrating downgradient into the central portion of ACP.  
Recent analysis of vertical gradients in ACP, particularly in 
those areas upgradient to MS-46, indicate that this 
contamination may have been migrating not only through 
the shallow aquifer zone but also through the extraction 
system in the intermediate aquifer zone and subsequently 
may have been raised by the vertical gradients into the 
shallow zone.  It is also important to note that high levels of 
contaminants remain evident in the intermediate zone 
northeast of the East River Road in potential source areas 

Concur. Section 2.4 will be revised to reference the most 
recent AMR.  

The draft report states that the groundwater potentiometric 
surface in the upper portion of the pilot test area is relatively 
flat and that the groundwater flow velocity in this area is 
relatively slow as a result.  Estimated groundwater flow rates 
were calculated during the course of the pilot test and are 
presented in Section 4.1.2 (Table 4.2) of the draft report.  The 
draft report also explores the ramifications of the flat 
potentiometric surface throughout Section 4.  Briefly, the 
limited success of the pilot test is largely due to poor substrate-
derived organic carbon distribution.  The poor organic carbon 
distribution is directly related to the low groundwater flow 
velocity and heterogeneous conditions within the upper portion 
of the pilot test area. 
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beneath the former manufacturing building.  The drop in 
contaminant levels in ACP observed since the 
augmentation of the extraction system in 2001 appears to 
support this alternate explanation of contamination patterns 
in ACP. 

Revise the Draft Report to acknowledge this alternate 
explanation for the patterns of contamination observed in 
ACP.  The Draft Report should similarly use knowledge 
gained during the pilot study regarding groundwater flow 
in the study area, including estimates of groundwater 
velocity, to assess whether the study area is an area of 
hydraulic stagnation.  If found to be an area of hydraulic 
stagnation, the ramification of this finding on the 
implementation of the vegetable oil technology should be 
further explored in the Draft Report. 

6 Section 
2.5 

NA The Draft Report discusses the trends in TCE and 
Dichloroethene (DCE) concentration in ACP prior to and 
during the pilot test.  Several concerns have been noted 
about this analysis of contaminant trends.  The extraction 
system was upgraded in June, 2001, and this upgrade 
appears to have had significant impact on contaminant 
levels in ACP, particularly in the core area of the ACP 
plume (see the 2003 AMR).  The analysis of contaminant 
trends prior to and during the pilot test should be focused 
on evaluating the potential impact of these upgrades in the 
extraction system on the contaminant trends upgradient 
from and in the pilot study area.  The analysis currently 
included in the Draft Report presents data from wells 
located throughout the ACP and tends to average 
contaminant trends from these wells.  However, 

Concur, The impact of the extraction system on contaminant 
concentrations in the vicinity of the pilot test area in 
comparison to the impact of the injected vegetable oil on 
contaminant concentrations is important when considering the 
overall effectiveness of the pilot test.  However, the 
effectiveness of the extraction system upgrade in comparison 
to the effectiveness of the extraction system prior to the 
upgrade is not as important when considering the effectiveness 
of the pilot test because the extraction system upgrade was 
placed online approximately 6 months before the vegetable oil 
was injected.  Therefore the impact of the extraction system 
prior to the system upgrade is not germane to this evaluation.   

Concur, Sections 2.4 and 2.5 will be revised to reference the 
most recent AMR.   
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contaminant levels are significantly less in the peripheral 
areas of the plume than the core area of the plume.  
Moreover, the upgrades to the extraction system were 
designed to address core areas of the plume, which appear 
to be largely upgradient from the initial pilot study area. 

The wells located in the core area of the plume, including 
upgradient and within the general downgradient area of the 
pilot study, include MS-36S, 18-S, MS-45, and 26-S.  The 
data in the 2003 AMR clearly demonstrate that all of these 
wells have experienced significant declines in contaminant 
concentrations since the 2001 upgrade of the extraction 
system, both prior to and during the pilot test.  As indicated 
in an earlier comment, contaminant trends in the 
intermediate zone in areas upgradient from the pilot study 
area may also influence contaminant trends in the shallow 
zone in the pilot study area.  The data from well MS-36I 
demonstrates a dramatic drop in contaminant levels in the 
upgradient intermediate zone after implementation of the 
2001 extraction system upgrade.   

Indicating that wells MS-45S and MS-46S were likely 
impacted by vegetable oil injection, the Draft Report has 
excluded the data from these wells from the evaluation of 
the data trends during pilot test.  However, the contaminant 
trends observed in these wells during the pilot test appear 
consistent with the overall trends observed in the core area 
of the ACP plume.  Based on the data presented, the cause 
for the decreases observed in these well are not clear and 
appear to require further evaluation. 

The analysis of contaminant trends presented in the Draft 
Report appears to dramatically underestimate the potential 
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impact of the 2001 upgrade of the extraction system on 
contaminant trends in the Pilot Study Area.  Revise the 
Draft Report to include a detailed analysis of contaminant 
trends in the core areas of the plume in ACP prior to and 
during the pilot test and to provide a more complete 
analysis of the impact of these trends on the interpretation 
of pilot test results. 

7 Section 
4.1   

NA Since the geochemical data obtained during the pilot test 
appears to indicate potentially significant variability in flow 
patterns in the test area.   Revise the Draft Report to include 
an analysis of the boring data obtained during the 
installation of the pilot-test wells to determine if any 
significant geologic features can be identified that might 
influence flow patterns in the pilot-test area. 

Concur.  Text will be added to Section 4.2 that will present a 
discussion of the boring log data collected during system 
installation.   

8 Section 
4.3 

4-24 When discussing the initial distribution of TCE in 
groundwater, the Draft Report states that “this distribution 
of TCE concentrations is similar to the distribution of TCE 
concentration in soil and is (the) reciprocal to the 
distribution of TOC in soil.”  This statement appears 
counterintuitive.  While high concentrations of TCE would 
be expected in soil at locations where groundwater 
concentrations are high, for any given concentration of 
TCE in groundwater, the concentration of TCE in soil 
should be higher in soils with a higher TOC.  This is 
because the higher soil TOC provides for greater 
adsorption of TCE for any given concentration of TCE in 
groundwater. 

Review of the groundwater quality data reported in Table 
4-4 and the soil data presented in Table 4.3 indicates that 
the above statement is also not fully supported by the data.  

Paragraphs 1 and 2:  The reviewer is correct in that the 
distribution of TCE in soil, TCE in groundwater, and TOC in 
soil is counter-intuitive.  The following text is considered to be 
correct and will remain in the report: “The average TCE 
concentration detected upgradient of PES-MW-4 was 
approximately 4,100 µg/L, while the average TCE 
concentration downgradient of PES-MW-4 is approximately 
210 µg/L.  This distribution of TCE concentrations is similar 
to the distribution of TCE concentrations in soil and is 
inversely proportional to the distribution of TOC in soil.” The 
second statement (“This distribution of TCE concentrations is 
similar to the distribution of TCE concentrations in soil and is 
inversely proportional to the distribution of TOC in soil.”) 
was meant only as a general observation regarding the areal 
distribution of TCE in groundwater and soil and TOC in soil.  
This statement will be removed to avoid potential future 
confusion. 
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While this statement appears to be correct for the data 
reported at PES-MW-6, where a high concentration of TCE 
in groundwater (6,200 µg/l) was observed along with a 
high concentration of TCE (710 µg/kg) and a relatively low 
TOC concentration (320 mg/kg) in soil.  However, at PES 
MW-8 the highest concentration of TCE was measured in 
groundwater (6,700 µg/l), while a relatively low 
concentration of TCE (130 µg/kg) and high concentration 
of TOC (1,400 mg/kg) were measured in soil.   At PES-
MW-2 the groundwater concentration was initially 
relatively low at 2,100 µg/l, particularly relative to that at 
PES MW-8.  However, the TCE and TOC concentrations in 
soil were 140 µg/kg and 1,200 mg/kg, respectively, which 
are very close to the soil concentrations observed at PES 
MW-8.  Thus, the pattern between TCE concentrations in 
groundwater and soil and TOC in soil appears less certain 
than initially stated. 

The Draft Report also states that “spatial distributions of 
TCE concentrations in soil and in groundwater correspond 
to observed changes in hydraulic conductivity, groundwater 
potentiometric surface gradients, and TOC concentrations.”  
The meaning of this statement is unclear and the referenced 
correspondences should be more fully developed.  The 
Draft Report continues by stating that “these data indicate 
that VOC migration downgradient through the pilot test 
area is being retarded and that this retardation may be 
related to increasing TOC content in soil near the river or 
changes in the groundwater migration related to changes in 
hydraulic conductivity.”   Although somewhat ambiguous, 
this statement appears to indicate that the contaminant 
concentration gradients observed within and downgradient 

Paragraph 3:  TCE concentrations in groundwater in the 
monitoring wells installed upgradient of PES-MW-3 
(including MW-3) are much higher than the TCE 
concentrations in groundwater at monitoring wells 
downgradient of MW-4 (including MW-4).  The measured 
hydraulic conductivities upgradient of MW-8 and MW-9 
(geometric mean of 176.6 ft/day) are significantly higher than 
the hydraulic conductivities measured at wells MW-3, MW-
8, and MW-9 (geometric mean of 29.5 ft/day).  The TOC 
concentration in soil appears to increase significantly in the 
direction of the river.  The statement: “spatial distributions of 
TCE concentrations in soil and in groundwater correspond to 
observed changes in hydraulic conductivity, groundwater 
potentiometric surface gradients, and TOC concentrations”  is 
only meant to draw all of these pieces of information together 
and is intended as an observation.  It is unknown if these 
factors are interrelated but it seems likely that they are.  In 
the draft report it is hypothesized that the increasing organic 
carbon content in the soil matrix in the direction of the  river 
could serve to retard the rate of contaminant mass migration 
toward the river.  However, this statement will be removed as 
the retardation of the rate of contaminant mass migration is 
not germane to the evaluation of the pilot test. 

The migration of parent and daughter products will be 
retarded to varying degrees based on their differing Koc 
values and resulting retardation coefficients.  In general, 
retardation will be proportional to the degree of chlorination, 
with the more highly chlorinated compounds being retarded 
to a greater degree than the less-chlorinated daughter 
products.  The effects of retardation will likely be evidenced 
over the long term; the current duration of this pilot test is 
insufficient to allow a meaningful analysis of the compound-
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of the pilot study area are due to the advancing contaminant 
front and it’s failure to reach the river.  However, given the 
high groundwater velocities observed in ACP and the 
length of time the contamination has likely been present in 
the environment, this does not appear likely. 

Revise the Draft Report to include further analysis of the 
role adsorption is currently playing on contaminant 
migration in ACP and, particularly, in the pilot test area.  
The impact of adsorption on the migration patterns of 
contaminant and daughter products during biodegradation 
and the resulting consequence on data interpretation should 
be fully defined. 

specific migration patterns as parent compounds are degraded 
and daughter compounds are produced.   

In an effort to explore the impact of contaminant mass 
retardation TOC samples will be collected from each of the 
proposed borings (total of 8 samples).  A retardation analysis 
will be prepared from the TOC in soil data set and will be 
presented in the final report. 

 

9 Section 
4.4.1 

4-29 When discussing the significant decrease in TCE 
concentrations observed in MS-46S following vegetable oil 
injection, the Draft Report states that “this decrease 
indicates that this well was impacted by the vegetable oil 
activities, despite the fact that it is located approximately 
20 feet upgradient of the injection wells.”  The Draft 
Report fails to provide adequate evidence that MW-46S 
was impacted by the vegetable oil injection.  The TCE 
concentrations in this well dropped from 20,000 µg/L in 
November, 2001 before the injection of vegetable oil to 
14,000 µg/L in February, 2002 after the injection. The TCE 
concentration at MW-46S subsequently dropped further to 
5,600 µg/L by May, 2002.  No discussion of the vegetable 
oil having spread this far upgradient in the text has been 
provided.  Moreover, the geochemical data (Table 4.6) 
provides little evidence of the impact of vegetable oil in 
MS-46S, although geochemical impacts are readily 
observable in other wells impacted by the vegetable oil.  

Concur. The evidence of vegetable oil impact to MS-46S is 
largely circumstantial.  Geochemical evidence of organic 
carbon impact to this location includes: TOC concentrations 
increased an order of magnitude after vegetable oil injection, 
dissolved oxygen concentrations decreased from 0.6 mg/L to 
non-detect, and oxidation reduction potential decreased from -
82 to -276mV.  In addition, non-aqueous phase vegetable oil 
was observed at PES-BG-1, which is located cross-gradient 
from MS-46S, during the May 2002 sampling round indicating 
that non-aqueous phase vegetable oil is present as far 
upgradient as BG-1.  Thus, although vegetable oil has not been 
directly observed at MS-46S, oil has been observed at a 
location very close to and cross-gradient from MS-46S.  In 
addition, the geochemical data from MS-46S indicate that 
there was some vegetable-oil-derived organic carbon impact to 
MS-46S.  Thus, the weight of evidence indicates that MS-46S 
was impacted by vegetable-oil-derived organic carbon.  
However, a portion of the contaminant concentration reduction 
observed at MS-46S could be related to the extraction system 
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The widespread reductions in TCE concentration observed 
in the core of the contaminant plume in ACP after the 
augmentation of the extraction system may be responsible, 
at least in part, for the reduction in TCE observed in MS-
46S.  The Draft Report should be revised to  discuss the 
potential causes for the decreases in contamination 
observed in MS-46S.  Unless a convincing demonstration 
can be made that the injection of vegetable oil is 
responsible for the reduction in contaminant 
concentrations, an acknowledgment that the pilot test may 
not be responsible for these decreases should be included in 
the Draft Report.  This demonstration should clearly 
account for the lack of rebound in TCE concentrations in 
MS-46S after the initial period following the injection of 
vegetable oil. 

The drop in TCE concentrations in MS-45S following 
injection of vegetable has similarly been attributed to 
impacts of the injection of vegetable oil.  The Draft Report 
should also discuss whether the decreases in contaminant 
concentrations observed in MS-45S are attributable to the 
injection of vegetable oil or acknowledge that these 
decreases in contaminant concentrations may be 
attributable to underlying trends in contaminant 
concentrations observed in ACP. 

and not to the injected vegetable oil.  Text pertaining to the 
weight of evidence discussion and to the potential role of the 
extraction system will be added to Section 4.4.1 of the final 
report. 

All of the data collected during this pilot test was obtained 
from wells located downgradient of the injection area and MS-
46S.  Thus, the lack of contaminant concentration rebound at 
MS-46S cannot be accounted for due to the lack of data from 
immediately upgradient of MS-46S.   

The draft report does not attribute decreases in contaminant 
concentrations at MS-45S to the vegetable oil injection.  The 
draft report only states that “Wells GWMS-45S and GWMS-
46S were likely impacted by the vegetable oil injection pilot 
test and thus are not included in this evaluation.  GWMS-46S 
was likely directly impacted by vegetable oil during 
injection, and GWMS-45S and GWMS-53PC were likely 
accidentally impacted by vegetable oil back-flushing through 
groundwater extraction lines during substrate injection 
activities.”  The evaluation referred to is the evaluation of 
TCE and DCE concentration reduction rates in Anoka 
County Park resulting from factors other than the pilot test.  
Since MS-45S and MS46S may have been impacted by 
vegetable oil, Parsons does not believe that it is appropriate 
to include them in this evaluation. 

10 Section 
4.4.1 

4-36 to 4-
38 

The Draft Report provides an analysis of the average 
decrease of TCE in the pilot test area and contrasts this 
decrease with that observed in ACP outside the pilot test 
area.  This discussion should be revised to more fully 
account for the decreasing contaminant trends occurring in 
the core of the plume in ACP, including the potential 

The wells selected for inclusion in the evaluation of 
contaminant trends outside of the pilot test were chosen based 
on their proximity to the pilot test area.  Monitoring wells 17-S 
and 27-S will be excluded from the evaluation as they are not 
in the “core” of the plume as defined by Figure 4-37 of the 
2003 AMR.  MS-46S will be removed from the concentration 
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influence of these underlying trends on the decreases in 
contaminant concentration observed in MS-46S. 

Presentation of the total concentrations of volatile organic 
compounds (VOCs) expressed as molar concentrations at 
pilot test wells may be useful to demonstrate the extent to 
which the total mass of contaminants in the pilot study area 
remained constant during the test period.  Such an analysis 
may help to demonstrate that the reductions in contaminant 
concentrations observed in many pilot test wells were not 
due to an underlying trend in contaminant mass in the pilot 
study area.  Revise the Draft Report accordingly. 

trend evaluation within the pilot test area to eliminate this 
source of potential bias. 

Concur.  The total molar concentration will be added to 
Figures 4.10C and 4.11C as well as the figures presented in 
Appendix C.  In addition, text will be added to the final report 
pertaining to the total molar concentration trend data. 

11 Section 
4.4.3 

4-41 Based on the concentration of TCE measured in vegetable 
oil collected from PES-INJ-2 in February, 2002 and the 
changes in TCE concentrations observed in groundwater at 
this location before and after vegetable oil injection, the 
Draft Report indicates that the majority of TCE mass at this 
location was partitioned into the vegetable oil.  While this 
appears to be a reasonable assumption, the Draft Report has 
also concluded that “these data also indicate that an 
additional 5,600 µg/L of TCE was added to the system,” 
and that “this additional TCE mass was likely stripped out 
of the soil matrix by the vegetable oil and partitioned into 
the vegetable oil NAPL.”  The basis for this statement is 
unclear.  While TCE mass was likely stripped from the soil 
matrix, the estimate of an additional 5,600 µg/L that was 
added to the system does not appear to be well founded.  
The vegetable clearly shows the ability to concentrate 
contaminants above groundwater concentrations, but the 
actual volume of vegetable oil into which the contaminants 
were partitioned and the relative volume of water from 

Concur.  This statement will be removed. 
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which the TCE is removed are not known.  Consequently, 
it does not appear possible to estimate the amount of mass 
that has been removed from the soil matrix.  Revise the 
Draft Report to clarify this analysis or remove it from the 
text. 

12 Section 
4.8 

4-80 The Draft Report states that “increases in VC and ethene 
concentrations observed at monitoring well PES-MW-9 
during 2002 indicate that TCE was being completely 
reductively dechlorinated to the reaction end product 
ethene at this location during this time period.”  Since there 
remained high levels of cis-1,2-DCE at PES-MW-9 during 
these periods, it appears more appropriate to indicate that a 
limited amount of TCE was being completely dechlorinated 
to the end reaction product ethene.  Revise the Draft Report 
language accordingly. 

Concur.  The text will be revised as suggested. 

13 Section 
4.8 

4-80 When discussing the contaminant trends at PES-MW-9, the 
Draft Report states that “TCE concentrations increased and 
cis-1,2-DCE, VC and ethene concentrations decreased in 
December 2002 and April 2003,” and that “this reversal in 
contaminant concentrations and molar fractions indicates 
that groundwater flow conditions changed in the vicinity of 
PES-MW-9.”  However, water level data do not appear to 
indicate a change in groundwater flow during this period, 
particularly during December 2002.  Revise the Draft 
Report to further justify this statement or provide  other 
explanations for the increases in TCE concentrations at 
PES-MW-9. 

Concur, The following statement: “this reversal in 
contaminant concentrations and molar fractions indicates that 
groundwater flow conditions changed in the vicinity of PES-
MW-9.” will be removed and the following text will be 
inserted in its place: “The cause(s) of this reversal in 
contaminant concentrations and molar fractions are not well 
understood, and may include subtle variations in groundwater 
flow directions that were not detected by the water-level 
measurement events, or temporal variation in the rate and 
efficiency with which native microbial populations were 
degrading the TCE.” 

 

14 Section 
4.8 

NA Significant quantities of cis-1,2-DCE have been generated 
during the pilot test at a number of locations, including 
PES-MW-9.  However, the fate of this daughter product 

Concur, the potential deficiency in the well network will be 
acknowledged and the installation of additional sentinel wells 
will be added to the recommendations section. 
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and subsequent daughter products (i.e., vinyl chloride) has 
not been clearly established in the Draft Report.  
Discussions during the April 14, 2004 meeting indicated 
that a number of processes, abiotic as well as biotic, were 
available for the destruction of these compounds.  Since 
concern has previously been expressed regarding the 
generation of vinyl chloride and its discharge to the river, 
the Draft Report should discuss in greater detail the 
potential fate of these daughter products.  The Draft Report 
has noted that significant amount of the daughter products 
have not been detected at the sentinel wells.  Based on the 
apparent flow directions observed in the southeast portion 
of the pilot test area, it appears that flow directions away 
from the study area may be in a much more southerly 
direction than originally anticipated and that the sentinel 
wells may not be adequately placed to detect daughter 
products migrating from the pilot test area.  Revise the 
Draft Report to acknowledge this potential deficiency in 
the sentinel monitoring well network. 

 

 

15 Section 
4.8 

4-82 The Draft Report indicates that the “data indicate that the 
lack of wide-spread reductive dechlorination at the ACP 
pilot test site is primarily a function of sub-optimal organic 
carbon distribution.”  The report further states that 
“dissolved phase organic carbon is not being transported to 
downgradient monitoring wells as rapidly as was 
expected,” and that “the slow migration rates are likely a 
result of the low hydraulic gradient in the injection area and 
the transient groundwater flow reversals observed 
occasionally during the process monitoring activities.”  
However, the assessment that slow groundwater flow is 
responsible for the failure of dissolve organic carbon to be 

Concur.  It is possible that organic carbon is being transported 
out of the injection area but is being consumed prior to 
reaching the downgradient monitoring wells.  This possibility 
is alluded to in Section 4.5.3.1 and will be restated in Section 
4.8 as requested.   
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transported seems inconsistent with the reduction of TCE 
levels in a number of downgradient wells, although there is 
little evidence that reductive dechlorination is occurring at 
these locations.  This would appear to suggest that TCE 
levels are being reduced upgradient and that these volumes 
of groundwater with reduced TCE concentrations are 
migrating to the downgradient wells.  If there is sufficient 
groundwater velocity to bring these reduced levels of TCE 
into downgradient areas, there may be some other reason 
for dissolved organic carbon not reaching these 
downgradient areas as well.   Revise the Draft Report to 
discuss other potential causes for the failure for dissolved 
organic carbon to reach downgradient area. 

16 Section 
4.10 

4-87 The Draft Report indicates that “the pilot test project can be 
considered a complete success from the DQO standpoint.”  
The Draft Report also indicates that, based on the DQOs 
previously established, the first step in evaluating the pilot 
test is to determine if “the mean concentration at 
monitoring wells PES-MW-1, PES-MW-6, or PES-MW-7 
is below 1,000 µg/L for five consecutive sampling rounds.”  
The Draft Report notes that this requirement is met at PES-
MW-7.  Although not stated in the report and not required 
by the DQOs, this requirement has clearly not been met at 
PES-MW-1 and PES-MW-6.  The Draft Report indicates 
that TCE concentration reduction at PES-MW-7 represents 
a decline of 99.3%, with the TCE concentration dropping 
from 300 µg/L to 2.1 µg/L.  This reduction does 
demonstrate that the pilot test was able to reduce 
significantly the relatively low concentrations of TCE 
initially found at this location.  However, it must be noted 
that the DQOs would likely have been met at this location, 

The fact that the TCE concentration at PES-MW-7 was below 
1,000 µg/L prior to vegetable oil injection will be noted in the 
final report.  As the reviewer has noted, the original intent of 
the first DQO was to show that vegetable oil injection was 
capable of reducing the TCE concentration at MS-46S from a 
concentration of 20,000 µg/L to 1,000 µg/L.  This represents a 
95% reduction in TCE concentration.  As also noted by the 
reviewer, the TCE concentration reduction at MW-7 was 
99.3%.  Thus, Parsons believes that the intent of this DQO has 
been satisfied even though the TCE concentration at MW-7 
was below 1,000 µg/L prior to injection. 

Parsons agrees that the first DQO does not provide a good 
measure of success for this pilot test as it is written.  However, 
Parsons does feel that the first DQO’s intent (Reduction of 
TCE concentrations by 95%) is a valid measure of success.  
This discussion will be added to the text for clarity. 
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even if the pilot test had not been conducted, since the TCE 
concentration was already below 1000 µg/L at this location 
before the start of the test.  The DQOs were originally 
established based on the idea that concentrations of TCE 
representative of that found at MS-46S (18,000 µg/L) 
would be found throughout the study area and that the goal 
was to achieve a reduction of TCE concentrations from this 
level to below 1,000 µg/L.  Thus, while the DQOs have 
technically been met, these evaluation criteria do not 
appear to be particularly well suited for evaluating the 
conditions actually encountered during the test.  It is 
recommended that while indicating that the DQOs have 
been met, the Draft Report should be revised to indicate 
that these evaluation criteria do not provide a good measure 
of the capability of the vegetable oil injection technology.  
Rather, the Draft Report should emphasize other measures 
of success when evaluating the pilot test. 

17 Section 
5.1 

NA The conclusions present in the Draft Report should be 
revised as necessary after addressing the concerns and 
issues raised in the previous Specific Comments. 

Concur.  The conclusions will be revised appropriately.   

18 Section 
5.2 

NA Based on discussion at the April 14, 2004 NIROP 
Technical Team meeting, the recommendations included in 
the Draft Report should be revised to include only a 
recommendation for an expanded pilot test.  The 
recommendations should identify the issues and data gaps 
that should be addressed during the expanded pilot test and 
include tentative plans for how these issues and data gaps 
can be addressed. 

Concur.  The recommendations will be revised appropriately.  
The data gaps identified within the draft report and during the 
April 14, 2004 meeting will be addressed by expanding the 
pilot test monitoring well network and monitoring the system 
for an additional 18 to 24 months. 

Minnesota Pollution Control Agency Comments 
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1 General NA Biofouling due to microbial growth has been identified as a 
problem around the oil injection wells.  Oil delivery has 
been identified as a problem and at meetings it has been 
said that more numerous injection points may be need.  
How will permeability reductions due to biofouling impact 
the movement of ground water through the oil to achieve 
treatment? 

The MPCA staff believes that this question was not 
answered in the Report.  The MPCA staff requests that the 
Navy answer this question. 

Significant reductions in hydraulic conductivity can result in 
the deflection of groundwater movement around the low 
hydraulic conductivity zone.  This would result in much lower 
treatment efficiency as advective transport of dissolved organic 
carbon in the downgradient direction would be diminished.  
These effects are discussed in Section 4.1.2 of the draft report.  
In addition, Section 4.1.2 of the draft report states that the 
hydraulic conductivity immediately downgradient of the 
injection area decreased by approximately one order of 
magnitude immediately after injection but returned to baseline 
conditions within the first year of process monitoring.  Based 
on this information, long-term permeability reductions due to 
oil injection are not anticipated to be problematic. 

2 General NA It has been stated that organic carbon is not migrating as 
expected and that organic carbon may be degrading before 
reaching downgradient wells.  How will this problem be 
addressed? 

The MPCA staff believes that the Report adequately 
answers the question. 

The TOC distribution issue will not be addressed within the 
current Phase I pilot test.  If an expanded pilot test is 
implemented, the TOC distribution problem will be addressed 
by injecting a much more dilute emulsion over a much wider 
area.  Thus, the expanded scale injection will attempt to 
achieve the required substrate distribution during injection 
instead of relying so heavily on advective groundwater flow to 
distribute the TOC after injection.  In addition, a mixed 
injection of both soluble and slowly soluble substrates would 
likely be employed if an expanded pilot test is installed.  The 
mixed injection would have the added benefit of a soluble and 
mobile substrate to improve TOC distribution as well as the 
longevity of a slowly soluble substrate. 

3 General NA It is stated that Dehalococciodes ethenogenes has not been 
found at the site even in wells with high biomass.  Ethane is 
present which would indicate conflicting information that 
the microbe should be present.  How will this be resolved? 

The MPCA staff believes that the Report adequately 

No response necessary. 
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answers this question. 

4 General NA It is stated that the local hydrogeologic system in the 
vicinity of the pilot test area is not adequately defined.  
Parsons recommends expanding the monitoring well 
network and conducting additional process monitoring 
rounds to make these determinations.  How will this issue 
be resolved? What are Parsons' recommendations? 

Please see the follow-up MPCA staff response in Part II of 
this attachment. 

No response necessary. 

5 General NA The issue of upward flow of ground water from deeper 
zones was not resolved at the Technical Subcommittee 
meeting regarding the USGS report.  The pilot test was 
designed assuming horizontal ground water flow.  How 
important is it that this be resolved for the pilot scale test?  
How does this impact the results? 

Please see the follow-up MPCA staff response in Part II of 
this attachment. 

No response necessary. 

6 General NA How will the issue of partitioning of TCE to the oil be 
evaluated in the TCE reductions observed?  Are we 
creating an LNAPL?  What will happen to this material 
over time? 

The MPCA staff believes that the Report adequately 
answers the questions. 

No response necessary. 

7 General NA It seems that the imaging work, proposed to determine how 
the oil was distributed, is important to the evaluation of the 
test results (oil delivery and carbon distribution has been 
identified as a problem).  Will the final report include the 
USGS imaging evaluation? 

No response necessary. 
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The MPCA staff believes that the Report adequately 
answers the question. 

8 General NA Is it likely that the iron added to image to oil distribution is 
reactive with TCE? Is it reactive?  Is it fair to assume that it 
was added to enhance TCE reduction?  Will it be possible 
to determine what reduction is from the oil and biological 
activity and what reduction is due to the iron addition (see 
comments to MS-53PC work plan).  How valid is the 
evaluation of organic substrate addition now that iron has 
been added to the aquifer? 

Please see the follow-up MPCA staff response in Part II of 
this attachment. 

No response necessary. 

9 General NA How will you evaluate the TCE reductions in Anoka 
County Park due to the addition of additional capture wells 
upgradient and how will you separate this from the other 
potential treatment mechanisms at work including 
biological activity from the oil injection and the 
introduction of iron? 

Please see the follow-up MPCA staff response in Part II of 
this attachment. 

No response necessary. 

10 General NA The results of the monitoring downgradient of the oil 
injection points are equivocal.  While a couple of the wells 
appear to show the effect of the oil injection (primary 
fermentation products, an increase in cis-DCE and vinyl 
chloride) other monitoring wells do not.  It is unclear 
whether this indicates: 

• An incorrect initial conceptual model of the 
ground water flow at the site; 

• That the vegetable oil has altered ground water 

No response necessary. 
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flow patterns;  

• And an actual spatial variation in the aquifer and 
microbial response to the oil injection 

The MPCA staff believes that the Report adequately 
addresses the bulleted items above. 

11 General NA Understanding what effect the oil has had on the 
chlorinated solvents is compromised by the injection of the 
iron into the ground water.   

The MPCA staff believes that this item was discussed in 
the Report; however, the recommendations/conclusion 
section does not allude to it.  The MPCA staff requests that 
this item be addressed in the recommendations/conclusions 
section. 

Concur. The recommendations/conclusions section will be 
amended to address the iron issues discussed in detail in 
Section 4. 

12 General NA The appearance of hydrogen in CW wells 1, 2, and 3 at 1 
nanomolar or higher is confusing.  These concentrations of 
hydrogen indicate a highly reducing environment. 
However, these wells are downgradient of the injection 
wells in an aquifer that was characterized before the oil 
injection study as aerobic, and we should not expect to see 
hydrogen increases that far away from the test area as a 
result of the oil injection. 

The MPCA staff believes that this apparent contradiction 
was not answered in the Report.  The MPCA staff requests 
that the Navy explain this apparent contradiction. 

Concur. The dissolved hydrogen concentrations measured at 
the contingency wells are indicative of anaerobic sulfate 
reducing conditions.  The hydrogen data contradict the 
dissolved oxygen, sulfate, sulfide, ferrous iron, and oxidation 
reduction potential data, which all indicate that geochemical 
conditions at the contingency wells are weakly aerobic.  The 
reason for this apparent contradiction between data sets is 
unknown.  Dissolved hydrogen data were not collected during 
the baseline sampling event so dissolved hydrogen conditions 
prior to vegetable oil injection are unknown.  Thus, it can not 
be directly determined if the elevated hydrogen concentrations 
measured at the contingency wells are related to the vegetable 
oil injection or some natural process.  However, the 
geochemical and contaminant data collected from the 
contingency wells indicate that these well locations were not 
impacted significantly by the vegetable oil injection.  Thus, the 
weight of evidence implies that the elevated dissolved 
hydrogen concentrations at the contingency wells is related to 
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some process other than the vegetable oil pilot test.  It may be 
that the contradictory data sets are related to the mixing of 
water from different aquifer units with different geochemical 
characteristics in the vicinity of the river, resulting in unstable 
and contradictory geochemical conditions. 

13 General NA Earlier discussion centered on the fact that monitoring 
wells 1 and 6 have not yet exhibited  a convincing 
downward trend, and wells 2, 3, and 4 are showing very 
little effect of the oil injection on contaminant 
concentrations.  As was discussed last July, declaring 
success and moving to a full scale system may be 
premature. 

The MPCA staff believes that this comment is addressed 
Report; however, the MPCA staff believes that the 
interpretation of how successful the pilot study has been is 
still being debated. 

Concur.  Parsons feels that this pilot test can only be 
considered a limited success and full-scale application of this 
technology is inappropriate at this time.  Parsons recommends 
that monitoring well network of the current pilot test system be 
expanded and that monitoring of the pilot test system continue 
for an additional period of time before the decision regarding 
the propriety of a full scale application can be made. 

14 General NA While the analysis and presentation of the pilot study 
results are excellent, the results are confounded by the co-
injection of the zero-valent iron and magnetite with the oil.  
Magnetite has been reported to break down chlorinated 
aliphatic compounds non-biologically (see Lee, W., and B. 
Batchelor, 2002. Abiotic reductive dechlorination of 
chlorinated ethylenes by iron bearing soil minerals. 1. 
Pyrite and magnetite. Environ. Sci. Technol. 36:5147-
5154), and the reaction of chlorinated ethylenes with zero-
valent iron is well-known.  The impact of the vegetable oil 
on the chlorinated compounds apart from the iron 
compounds is very difficult to determine, and remains an 
unknown factor as the scale-up options are considered. 

Concur.  Parsons recommends that if an expanded pilot-scale 
application is installed, the injection should involve the 
injection of organic substrate only, and that any type of iron 
should be excluded.   
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15 General NA Studies at the nearby Twin City Arms and Ammunition 
Plant (TCAAP) also indicate that the disappearance of 
dichloroethylene (DCE) isomers without the appearance of 
vinyl chloride is likely due to the presence of magnetite in 
the ground water sediments (see Ferrey, et al., 2004.  Non-
biological removal of cis-dichloroethylene and 1,1-
dichloroethylene in aquifer sediment containing magnetite. 
Environ. Sci. Technol., 38:1746-1752).  This may account 
for the absence of DCE isomers in the downgradient wells 
from the pilot study.  The MPCA staff requests that the 
discussion be amended to include the possibility that 
magnetite may be responsible for DCE isomer degradation 
at this Site as well. 

Concur.  The role of magnetite in the degradation of cis-1,2-
DCE without the accumulation of VC will be acknowledged.  
However, the absence of VC does not necessarily mean that all 
of the DCE degradation is occurring through abiotic processes.  
DCE degradation via anaerobic or aerobic oxidation results in 
the complete biotic dechlorination of DCE without the 
production of VC.  In addition, under methanogenic 
conditions, VC may degrade more rapidly than DCE, resulting 
in the dechlorination of DCE without the accumulation of VC.  
Unfortunately this pilot test was designed to demonstrate 
anaerobic biotic reductive dechlorination and the sampling 
program was designed accordingly.  Thus, the resulting data 
set is insufficient to accurately assess the role of abiotic 
degradation.  Parsons recommends that the current pilot test 
system be expanded and monitored for an additional period of 
time in order to investigate this issue further. 

16 General NA The effect of iron addition needs more discussion in the 
Report, particularly in Section 5 where conclusions and 
recommendations are presented.  Because the influence of 
the iron compounds is unknown, it is not clear how to 
proceed with the planning and implementation of Phase II 
and possibly Phase III (conclusions and recommendations 
section).  

Concur.  While the role of the iron cannot be quantified, it is 
likely that a portion of the contaminant mass destruction within 
the pilot test area is attributable to abiotic processes.  This will 
be acknowledged in Section 5.   

Parsons recommends that the current pilot test system be 
expanded and monitored for an additional period of time in an 
effort to determine the rolls of abiotic and biotic degradation as 
well as the roll of the expanded extraction system.  Parsons 
recommends that these issues be resolved more completely 
prior to the implementation of an expanded scale or full-scale 
application.  

17 General NA As a general comment, it is confusing why concentrations 
of trichloroethylene (TCE) increased dramatically in well 
MW-5 and remained relatively stable in MW-4.  If the 
effect of the oil was to decrease concentrations of this 

The impact of vegetable oil is limited to a very small area in 
the immediate vicinity of the injection area as stated in the 
draft report (Section 4.5.1).  The reason for the TCE 
concentration increase at MW-5 is currently unknown and is 



RESPONSE TO WRITTEN COMMENTS ON 
 THE DRAFT REPORT FOR A FIELD APPLICATION TO ENHANCE IN-SITU BIOREMEDIATION OF CHLORINATED 

SOLVENTS VIA VEGETABLE OIL INJECTION AT NAVAL INDUSTRIAL ORDNANCE PLANT FRIDLEY, MINNESOTA 

 (Continued) 

S:\es\remed\1-NIROP\report\draft\comments\final response to comments\Revised NIROP Vegoil RTC.doc -27- 

Item Section Page Comments Responses 
contaminant near the injection wells, the subsequent 
monitoring data for wells MW-4 and MW-5 either indicate 
that these wells are not downgradient of the injection wells 
or that the impact of the oil is limited to a very narrow band 
near the injection area. 

one of the main drivers behind Parsons’ recommendation that 
the current pilot test monitoring be continued, although in a 
slightly altered form. 

18 Section 
ES.1 

ES-4 Please see MPCA staff comment to Section 4.1.1 regarding 
ground water flow. 

See the response to the referenced comment. 

19 Section 
2.2 

2-3 The natural material beneath the fill in the pilot study area 
also includes silty sand and sandy clay (see Figure 2.1).  
The significance of these various deposits is that they have 
a varying degree of ability to transmit water due to 
hydraulic conductivity differences.  Silty sand has much 
lower hydraulic conductivity than sand and may have an 
effect on the local ground water flow regime.  Lithologic 
variation of such materials may affect the pilot test results 
by influencing the ground water flow regime and the 
distribution of the desired reactants.  The MPCA staff 
requests that the Navy acknowledge this in the Report. 

Concur.  Text will be added to Section 4.2 that will present a 
discussion of the boring log data collected during system 
installation, and the potential influence of the stratigraphy on 
groundwater flow and pilot test results..   

20 Section 
2.3.1 

2-4 to 2-9 This section discusses the ground water flow conditions 
that have been determined on a large scale that includes 
Anoka County Park (ACP).  There is general agreement on 
the “big picture” two-dimensional flow scenario in ACP.  It 
is possible that on a smaller scale there are local variations 
in the flow regime where horizontal flow may differ due to 
smaller scale changes in lithology that are not apparent on a 
larger scale. These variations in flow may impact any 
evaluations or tests that are carried out on a smaller scale.  
The MPCA staff requests that the Navy acknowledge this 
fact in the Report.  

Concur.  The potential occurrence and significance of small-
scale variations in the groundwater flow regime will be 
acknowledged in Section 2.3.1 of the final report. 

 

 

 

 

 

Concur.  The potential role of vertical flow will be 
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There is less agreement on the role of vertical hydraulic 
head gradients and the vertical movement of ground water 
from one zone to another, i.e., the three-dimensional flow 
regime that may have an impact on ACP. How these 
lithologic variations in the test area affect the three 
dimensional flow in ACP is not fully understood.  The 
MPCA staff requests that this be noted in the Report. 

acknowledged and discussed in more detail in Section 2.3.1 of 
the final report.  Parsons recommends that additional wells be 
installed within the current pilot test system and that the 
system be monitored for at least 18 to 24 months in order to 
investigate this issue further. 

21 Section 
2.3.1 

2-4 to 2-9 The ground water flow regime in ACP is three-dimensional 
given the presence of vertical head gradients in the park.  
The pilot test largely assumes a two-dimensional flow 
regime in which ground water flow is primarily horizontal.  
It is important to understand the ground water flow regime 
prior to evaluating the pilot study and prior to developing 
any remedial options.  As stated elsewhere in this letter, the 
lack of homogeneous lithology and the role of vertical 
gradients and how these affect ground water flow in ACP is 
not generally agreed upon.  The MPCA staff requests that 
this be noted in the Report. 

Concur.  The text will be revised as requested. 

22 Section 
2.3.1 

2-7 The discussion of the vertical movement of water from the 
Prairie du Chien/Jordan (PC) aquifer is most likely 
oversimplified.  The Report suggests that PC water 
migrates from depth to the shallow zone.  In reality the 
flow is most likely much more complicated and is not fully 
understood.  Variations in the strength of horizontal 
gradients and lithologic variations in various zones between 
the PC and the shallow subsurface will dictate how ground 
water moves from one zone to another.  In some zones 
there are strong horizontal gradients and more permeable 
materials.  Water traveling up to these zones may tend to be 
preferentially carried horizontally rather than continue 

Concur.  The text will be amended to reference the most recent 
AMR.  In addition, the uncertainties regarding vertical flow 
and its ramifications will be emphasized.   
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upward or there may be a component of both horizontal 
and vertical flow.  PC water may not travel all of the way 
up into the shallow subsurface.  Instead deep and 
intermediate zone water may be pushed up into shallow 
zones. 

In addition, there is variation in the contaminant 
concentrations from zone to zone.  The intermediate and 
shallow zones generally have higher concentrations.  It is 
important to know the vertical flow relationships because 
the movement of water between zones may impact the 
concentrations in other zones.  At the present time this is 
poorly understood and there is not general agreement on 
this issue.  The concept that PC water or low contaminant 
concentration and differing geochemical character flows 
freely from the PC into the shallow subsurface may not be 
valid.  The MPCA staff requests that the Navy emphasize 
the uncertainty of this type of flow occurring in the Report. 

23 Section 
2.3.1 

2-7 The silt layer identified in the United States Geological 
Survey (USGS) report has been interpreted to be leaky, 
allowing some water to move upward as indicated in 
discussions with the USGS at NIROP Technical 
Subcommittee meetings.  How ground water travels 
vertically through this interval is not fully understood.  The 
MPCA staff requests that the Navy acknowledge this 
uncertainty in the Report. 

Concur.  The text will be amended to reference the most recent 
AMR. 

24 Section 
2.3.2 

2-9 The Report states that geochemical and contaminant 
conditions within the pilot study area do not appear to be 
directly impacted by the extraction system.  Although the 
pilot study area does not appear to be in the capture zone of 
the system, it is impacted by the system.  The system 

Concur. Please refer to the response to EPA comment #4. 

Contaminant concentration trends in wells exterior to the pilot 
test area are discussed in Section 2.4.  In addition, contaminant 
concentration trends within the pilot test area are compared to  
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intercepts contaminated ground water that would otherwise 
flow into ACP.  Trends in some ACP wells do show a 
downward trend in contaminant concentration.  This 
section needs to be reworded to acknowledge that ACP has 
been impacted in a positive way by the extraction system.  
How much ACP and the pilot study area COC levels in 
ground water have been impacted by the extraction system 
is not discussed in this section. The 2003 Annual 
Monitoring Report (AMR) indicates that in much of ACP 
the TCE trends have been downward since the additional 
shallow pumping was added to the system.  In ACP wells, 
where increases in TCE were observed, it is possible that 
the extended shutdown of the extractions system could 
have resulted in these increases.  This information could be 
referenced from the 2003 AMR.  The MPCA staff requests 
that the Navy discuss the effects of extraction system 
operation and shutdown on the study results in the Report. 

contaminant concentration trends outside of the pilot test area 
in Section 4.4.1 in an effort to discriminate between the effects 
of the vegetable oil pilot test on the one hand, and the 
combined effects of the extraction system and natural 
attenuation on the other hand. 

The run time data for the extraction system will added to the 
contaminant concentration plots and any 
correlations/observations will be discussed in Section 4.4.1 of 
the final report. 

 

 

25 Section 
2.5 

2-13 The Report states that MS-46S was directly impacted by 
the pilot study.  However, in Section 4.5.4, the Report 
states that the geophysical data indicate that geochemical 
changes related to vegetable oil injection extends 
downgradient, not up gradient.  Also Figure 9 of the USGS 
tracer study report, “Application of Cross-Borehole Radar 
to Monitor Field-Scale Vegetable Oil Injection 
Experiments for Biostimulation,” (“Tracer Study Report”), 
undated, emailed to the MPCA staff on January 8, 2004, 
does not show that the subsurface oil emulsion reached 
MS-46S.  Instead Figure 9 shows the oil-affected ground 
water flowing in the opposite direction.  The MPCA staff 
requests that this contradiction be explained in the Report.   

On Page 6 of the USGS report the following statement is 
made: “Based on these results, a qualitative map of the 
interpreted extent of oil-affected groundwater in November 
2002 is inferred (Fig. 9).”  This statement indicates that figure 
9 represents only an approximation of the extent of vegetable 
oil in the subsurface.  In addition, on page 5 of the USGS 
report the following statement is made: “Based on the spatial 
and temporal distribution of slowness anomalies, we infer that 
the vegetable oil emulsion had not spread horizontally more 
than 4 or 5 meters from the injection boreholes by November 
2002.”  Figure 9 of the USGS report depicts a lateral spread of 
only approximately 3 meters.  It is apparent that there is some 
uncertainty in the USGS geophysical data and that the reported 
lateral extent of the vegetable oil is only an approximation.  
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The Report also identifies MS-45S as being accidentally 
impacted by vegetable oil back-flushing.  Although the 
Navy has identified MS-53P as being impacted by back-
flushing, the Navy has not previously identified MS-45S as 
being similarly impacted.  To the MPCA’s knowledge, no 
effort has been made to remove oil from MS-45S as was 
done for MS-53P.  The MPCA staff requests more 
information about the back-flushing contamination of MS-
45S, efforts made to remove oil from this well, and the 
effect of this oil addition on pilot study results in the 
Report. 

Thus, the noted contradiction is likely simply the difference 
between an approximation based on geophysical data (USGS) 
and an approximation based on geochemical data and field 
observations (Parsons).  This discussion will be added to 
Section 4.5.4 of the final report.   

In Section 2.5 (Page 2-13, third paragraph) the report states 
that: “GWMS-46S was directly impacted by vegetable oil 
during injection, and GWMS-45S and GWMS-53PC were 
likely accidentally impacted by vegetable oil back-flushing 
through groundwater extraction lines during substrate injection 
activities.”  Vegetable oil has never been detected in MS-45S, 
indicating that, apart from the likely accidental impact 
described above, this well may not have  been impacted by the 
vegetable oil injection. However, MS-53PC was impacted, and 
the groundwater extraction system installed in MS-53PC 
during vegetable oil injection was identical to the system 
installed in MS-45S.  Thus, it is a valid assumption that MS-
45S may have been impacted in the same way as MS-53PC.  

26 Section 
2.5 

2-12 to 2-
13 

In its responses to the 2002 NIROP AMR, the MPCA staff 
requested that a statistical method be investigated to 
determine trends of chemical concentrations with time.  
The 2003 NIROP AMR used the Mann-Kendall trend 
analysis to look at trends in TCE trends in NIROP wells. 
The MPCA staff requests that the general trends in ACP 
wells be discussed in this section; that the 2003 AMR be 
referenced; and a general summary of ACP well trends be 
included in this section. 

Concur.  The text will be amended as requested. 

27 Section 
2.5 

2-13 This section mentions that monitoring well MS-45S was 
directly impacted by oil injection.  This is not indicated in 
the figures in the Tracer Study Report that show vegetable 
oil distribution.  Chemical parameters discussed in 

Please refer to the response to MPCA comment #25. 

The report states that GWMS-45S was likely accidentally 
impacted in the same way that MS-53PC was impacted, by the 
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subsequent sections of the Report do not seem to 
corroborate that MS-45S was impacted by oil injection.  
The MPCA staff requests that the Navy clarify the apparent 
contradiction.  If the well was not impacted by oil injection 
please, provide possible reasons why the TCE 
concentration has been dramatically declined in this well. 

back flushing of oil through extraction lines, not through 
migration of vegetable oil through the subsurface.  Thus, 
impact to MS-45S would not appear in the USGS report as the 
impact to MS-45S was likely limited to a very small quantity 
of vegetable oil confined to the PVC casing of the well (as in 
the case of MS-53PC).    

28 Section 
3.1.4 

NA Please see MPCA staff response to Section 4.5.4 regarding 
the addition of colloidal iron and dissolved magnetite. 

No response necessary. 

29 Section 
4.1.1 

4-2 to 4-16 A review of the water level data is presented in the 
discussion.  The data is presented in a series of figures that 
is used to construct equipotential maps for the pilot area.  
The maps show hydraulic head distribution prior to oil 
injection and during various seasons (spring, summer, fall 
and winter) during the pilot study.  The MPCA staff has 
reviewed the data and maps and makes the general 
observations and requests: 

• A hydraulic head difference exists from higher head to 
lower head along the line of monitoring wells including 
MS-27S, PES-CW-1, PES-CW-2, PES-CW-3 and MS-
47S.  This difference indicates that there is a component 
of north to south flow that is not accounted for in the 
maps as presented.  The data indicates that, in reality, 
ground water flow is most likely not perpendicular to the 
Mississippi River, as is assumed, but flows towards the 
river in a more south westerly direction.  In many of the 
maps, it appears that ground water flow could be 
interpreted to be nearly south.  In some of the maps 
some water levels were not collected in certain wells, 
which makes evaluation more difficult due to lack of 
data control (an example is Figure 4.2).  

• An area of relatively flat gradient is present represented 

Bullet 1:  Concur. Figures 4.1 through 4.4.7 will be revised to 
indicate a more southerly flow direction as discussed in the 
April 15 2004 meeting. 

Bullet 2:  Concur.  It is likely that there is a component of 
north-south groundwater flow in the vicinity of the 
contingency wells, MW-4, and MW-5.  This component of 
north-south flow will be depicted on the revised groundwater 
potentiometric surface maps.     

Bullet 3:  Concur.  The groundwater flow reversals depicted on 
the current potentiometric surface maps will be eliminated 
when these figures are revised. 

Bullet 4:  Concur. The groundwater potentiometric surface 
maps will be revised to incorporate a north-south flow 
component in the vicinity of the contingency wells, PES-MW-
4, and PES-MW-5. 

Bullet 5:  Concur.  The hydrogeology discussion will be 
revised to reference the most recent AMR.  In addition, the 
installation of several nested well clusters will be added to the 
recommendations section for the current pilot test area.  The 
installation of nested well clusters in already included in the 
recommendations section for the expanded scale pilot test. 
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by data from monitoring wells PES-MW-4, PES-MW-5, 
PES-CW-1 and PES-CW-2.  It appears that this area of 
flat gradients is present in all of the maps with the 
possible exception of the winter of 2002 (Figure 4.2, 
February 2002) although several water levels were not 
collected at that time.  Some data is not available to 
complete the map.  Hydraulic heads north of this area 
and south of this area seem to show a drop in hydraulic 
head from north to south that shows the potential for 
ground water flow through this area.  If high 
permeability sediments are located in the area of “flat” 
hydraulic gradients, sufficient horizontal gradient 
change between north and south of this area may 
transmit ground water readily from north to south 
through the “flat” area.  

• Ground water flow reversals are shown on many of the 
Report figures, which show ground water flow away 
from the river towards the pilot area.  In most of these 
figures, the hydraulic head differences are only a mater 
of several hundredths of a foot.  These differences are 
likely well within measurement error and in reality are 
too small to cause reverses in ground water flow.  
Although seasonal changes can occur in ground water 
flow, the ground water flow regime in this area is most 
likely well established and flow directions are unlikely 
to change significantly. The area is beyond the direct 
hydraulic influence of the pumping system and the 
Report indicates that the area is not affected by the river 
stages.  Precipitation events, the spring recharge event, 
and winter freeze up may affect some seasonal changes 
on the hydraulic heads in monitoring wells, but these 
effects most likely do not cause flow reversals or great 
changes in flow direction.  Many of these influences are 
transient and may be short lived and ultimately not result 

Bullet 6:  Concur.  Text will be added to Section 4.2 which will 
present a discussion of the boring log data collected during 
system installation. 



RESPONSE TO WRITTEN COMMENTS ON 
 THE DRAFT REPORT FOR A FIELD APPLICATION TO ENHANCE IN-SITU BIOREMEDIATION OF CHLORINATED 

SOLVENTS VIA VEGETABLE OIL INJECTION AT NAVAL INDUSTRIAL ORDNANCE PLANT FRIDLEY, MINNESOTA 

 (Continued) 

S:\es\remed\1-NIROP\report\draft\comments\final response to comments\Revised NIROP Vegoil RTC.doc -34- 

Item Section Page Comments Responses 
in significant changes in flow directions.  A different 
interpretation of the equipotential maps eliminates the 
need for reversing flow (see next comment).  

• A different interpretation of ground water equipotentials 
can be made using the same head data.  The 
interpretation involves taking into account the north to 
south change from high head to low head in the last row 
of wells towards the river and resolves the flow through 
the area of relatively flat gradients.  The interpretation is 
show in the attached modified figures that show ground 
water flow from north to south through the area of flat 
gradient.  The horizontal flow regime may be much 
different than the assumed flow regime upon which the 
test was based.  It is possible that the addition of 
monitoring wells during the next monitoring phase of 
the pilot could refine the ground water flow regime.  

• The effect of any vertical gradients on the flow regime 
in the test area is unknown.  It is possible that the 
addition of several intermediate monitoring wells, nested 
with shallow unconfined wells, could verify the vertical 
ground water flow regime.  A review of the vertical flow 
evaluation in the 2003 AMR might shed light on this 
issue. 

• The impact of the lack of homogeneity of lithology in 
the pilot area and how that might effect the flow regime 
is not fully understood and discussed.  It is possible that 
additional lithologic information could be collected 
during the addition of monitoring wells to verify the 
impact of lithologic changes on the ground water flow 
regime in the pilot area. 

It is uncertain how this variation on the assumed flow 
regime might effect the interpretation of the pilot study, but 
it is unlikely that the ground flow as interpreted in the 
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Report is correct.  The MPCA staff requests that the Navy 
evaluate the alternative flow presented by the MPCA staff 
and determine how that flow scenario might impact the 
interpretation of the pilot study data.  The flow scenario 
may help to explain some of the study results.  As 
discussed in previous comments, the possible effect of 
vertical gradients has not been quantified or evaluated.  A 
vertical flow component might also impact the pilot study 
results.  Much of this information could be collected during 
field work for the extended monitoring of the pilot study. 

30 Section 
4.1.2 

4-16 The Report indicates that wells PES-MW-3, PES-MW-8 
and PES-MW-9 are screened in low permeability materials. 
There is apparently lithologic variability in the area of these 
wells that may have prevented or impeded the flow of 
ground water in a downgradient direction from the 
injection points.  This variability may have impacted the 
distribution of the desired reactants to these wells from the 
injection points and may also explain the seeming lack of 
impact from the vegetable oil injection on some of these 
wells.  (It appears that PES-MW-3 was impacted from the 
test but that PES-MW-3 and PES-MW-8 were not impacted 
much.)  The MPCA staff requests that the Navy review and 
discuss how this may have impacted the pilot. 

Concur.  Text will be added to Section 4.2 which will present a 
discussion of the boring log data collected during system 
installation.  The lithologic data will be evaluated in terms of 
its impact on conclusions regarding the groundwater flow 
regime and the distribution of organic carbon introduced into 
the subsurface. 

31 Section 
4.1.2 

4-17 The Report states that “the observed impact to hydraulic 
conductivity is likely a long-term effect of the vegetable oil 
injection and will likely last until the vegetable oil and 
associated biomass have been depleted”.  This is an 
important consideration for evaluation of a scale-up effort 
at the site.  Based on this observation, the impact on ground 
water flow on a larger scale may be significant.  The 

Concur.  Impact to hydraulic conductivity is a critical design 
consideration to any application (expanded pilot or scale up to 
full scale).   
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MPCA staff requests that the Navy’s plans for scaling up 
the project take this into consideration. 

32 Section 
4.1.2 

4-20 The MPCA has discussed the potential flow reversal 
scenario in a comment to Section 4.1.1.  The MPCA staff 
requests that the Navy refer to this comment for this 
section. 

No response necessary. 

33 Section 
4.1.1 

NA In this section, the Navy identifies periodic changes in 
ground water flow direction during the pilot study.  The 
Figures 4.1 through 4.7 show that the predominant ground 
water flow direction in the study area is to the southwest.  
In Figure 4.3, the Navy shows that the ground water flow 
direction in May 2002 in the area of the injection wells is 
toward MS-46S.  However, Figure 9 of the Tracer Study 
Report shows that the direction of movement of the oil-
affected ground water is to the southwest toward the river, 
away from MS-46S.  The MPCA staff requests that the 
Navy explain this apparent contradiction. 

Parsons does not see the contradiction.  Figure 4.3 depicts the 
estimated groundwater flow direction during the May 2002 
groundwater sampling event.  The USGS Figure 9 depicts their 
interpretation of the subsurface distribution of vegetable oil.  
The distribution of vegetable oil is predominantly dependant 
upon the groundwater flow direction during injection and, to a 
lesser extent, the predominant groundwater flow direction over 
time.  Short lived, low magnitude groundwater flow reversals 
that take place after injection are not likely to significantly 
effect the distribution of non-aqueous phase vegetable oil.  
However, short-term changes in groundwater flow directions 
may impact the distribution of vegetable-oil-derived soluble 
organic carbon. 

34 Section 
4.4.1 

4-29 This section states that upgradient well GWMS-46S is 
impacted by vegetable oil injection activities.  This is 
neither indicated in the figures in the Tracer Study Report 
that show vegetable oil distribution nor is this supported by 
various chemical parameters observed in the well.  The 
MPCA staff requests that the Navy clarify the apparent 
contradiction. 

Please refer to the response to EPA comments #9 and #10. 

35 Section 
4.4.1 

4-30 The Report states that the variation in TCE concentration in 
well MS-46S is perhaps due to variable ground water flow 
direction.  In Figures 4.1- 4.7, MS-46S is upgradient of the 
pilot test wells with the possible exception of the May 2002 

Concur.  The individual contributions of the extraction system 
and the vegetable oil injection pilot test in the reduction of 
TCE concentrations at MS-46S cannot be determined.  Thus, 
MS-46S will be removed from both TCE concentration 
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map (Figure 4.3).  It is questionable that small differences 
in hydraulic head shown on this map are significant and 
long lasting enough to cause flow to reverse from the 
regional trend of flow towards the river.  It may be possible 
that vegetable oil moved, under injection pressures, in an 
upgradient direct to MS-46S, but the Tracer Study Report 
on the study to investigate the distribution of vegetable oil 
using iron additives does not seem to indicate that oil 
traveled to that well.  Chemical parameters discussed in 
subsequent sections of the Report do not seem to 
corroborate that MS-45S was impacted by oil injection.  It 
may also be possible that modifications to the pumpout 
system may have caused changes in concentration in the 
well.  The MPCA staff requests that the Navy further 
discuss this contradiction. 

reduction evaluations (TCE concentration reductions inside 
and outside of the pilot test area) to eliminate this source of 
potential bias. 

Parsons recommends that the pilot test monitoring system be 
monitored for a minimum of an additional 18 to 24 months in 
order to further investigate this issue. 

36 Section 
4.4.1 

4-29 The Navy attributes the dramatic decline in the TCE 
concentration in MS-46S to “vegetable oil injection 
activities,” presumably meaning that injected oil reached 
the area around this well.  However, as cited above, the 
Tracer Study Report shows that the ground water flow 
direction is away from MS-46S.  Also unlike MW-7, which 
shows an increasing level of DCEs associates with a 
decrease in TCE concentrations over the study period, the 
decline in TCE in MS-46S is occurring with a concurrent 
decline in DCEs even though the starting TCE 
concentration in MS-46S is over an order of magnitude 
higher than that of MW-7.  Also in Section 4.5.1, the Navy 
argues that total organic carbon (TOC) is an indicator of 
the impact of oil injection in MWs 7 and 9, these wells 
showing the highest TOCs in the study, up to 26,000 mg/L 
in MW-7 and up to 240 mg/L in MW-9.  The TOC in MS-

Please refer to the response to EPA comments #9 and #10 and 
the response to MPCA comment #35. 
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46S never exceeds 18 mg/L.  These contradictory data 
suggest that the decline in TCE concentration in MS-46S 
may not be associated with vegetable oil injection 
activities.  The MPCA staff requests that the Navy explain 
the apparent contradiction in the data cited above.  Also the 
MPCA staff requests that the Navy identify what 
“vegetable oil injection activities” it believes are resulting 
in the decline in the TCE concentration in MS-46S. 

37 Section 
4.4.1 

4-36 The MPCA staff requests that the Navy acknowledge that 
the TCE levels in MW-9 increased in the last two sampling 
events after falling dramatically during a period that 
showed the expected associated rise in DCEs. 

The increase in TCE concentrations at MW-9 is discussed on 
Page 4-33, second paragraph.   

38 Section 
4.4.2 

4-39 It is not clear from Figure 4.10B that the molar fraction of 
vinyl chloride increased over the time interval from April, 
2003-August, 2003.  From the figure, concentrations of 
vinyl chloride appear near 0% throughout the entire time of 
the study.  The MPCA staff requests that the Navy explain 
this apparent contradiction.   

Concur.  The molar fraction of VC increased from 0.0% to 
0.6% between April and August 2003.  This small increase is 
likely within the measurement error of the analysis and is so 
small that it is imperceptible on Figure 4.10B.  The sentence 
reading: “Between April 2003 and August 2003 the molar 
fraction of TCE decreased while the molar fractions of DCE 
and VC increased.” will be replaced with: “Between April 
and August 2003 the molar fraction of TCE decreased, the 
molar fraction of DCE increased, and the molar fraction of 
VC remained virtually unchanged.”. 

39 Section 
4.5.1 

4-43 to 4-
47 

This section discusses the use of TOC to determine 
distribution of substrate.  An increase in TOC concentration 
is used to interpret distribution of substrate.  In other 
sections, the Report indicates that well MS-46S has been 
impacted by vegetable oil injection activities. There is not a 
significant sustained increase in TOC concentration in well 
MS-46S observed in the data.  It would seem that the lack 
of increase in TOC does not support that this well is 

Actually, an increase of an order of magnitude is a significant 
change in TOC concentration. This is especially true in this 
case where, prior to injection, TOC concentrations were too 
low to support reductive dechlorination (1.8 µg/L) and, after 
injection, were sufficiently high to support reductive 
dechlorination (~20 mg/L) as defined by The Technical 
Protocol for Evaluating Natural Attenuation of Chlorinated 
Solvents in Groundwater (USEPA, 1998).  
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impacted by vegetable oil injection activities.  The MPCA 
staff requests that the Navy discuss this apparent 
contradiction.  

However, the individual contributions of the extraction system 
and the vegetable oil injection pilot test in the reduction of 
TCE concentrations at MS-46S cannot be determined.  Thus, 
MS-46S will be removed from both TCE concentration 
reduction evaluations (TCE concentration reductions inside 
and outside of the pilot test area) to eliminate this source of 
potential bias. 

40 Section 
4.5.1 

NA The data in Table 4.6 appears to indicate that most TOC is 
found around MWs 7 and 9, with most of the study area, 
including the area around MWs 6, 1, and 2, having TOC 
levels an order of magnitude or more lower in other areas 
of the study area.  However, Figure 9 of the Tracer Study 
Report implies that the oil-affected ground water uniformly 
covers the area around MWs 6, 1, 7, and 2.  The MPCA 
staff requests that the Navy explain the apparent 
contradiction regarding the area of influence of the 
vegetable oil injection.  

The aquifer in the area around MWs 1, 2, 6, and 7 was not 
uniformly impacted by the vegetable oil injection, as can be 
seen through inspection of Table 4.6 and review of Section 4 of 
the draft report.  Figure 9 of the USGS report represents a 
“qualitative, interpreted, and inferred” representation of the 
geochemical conditions present within the pilot test area as 
stated in the USGS report on Page 6, first sentence.  This is not 
a contradiction, but an over-simplification.   

41 Section 
4.5.1 

4-43 The texts states that the USGS results of the radius of 
influence testing are summarized in Section 4.5.3; 
however, the USGS results are discussed in Section 4.5.4.  
The MPCA staff requests that the text be changed 
accordingly. 

Concur.  The text will be revised as requested. 

42 Section 
4.5.1 

4-47 It does not appear that the data on Table 4.6 supports the 
statement that “TOC data indicate that the zone of 
influence of the vegetable oil injection within the first few 
months following injection was limited primarily to the 
area of wells PESMW-1, PES-MW-6, PES-MW-7 and 
PES-MW-9”.  The TOC data for wells PES-MW-1 and 
PES-MW-6 does not appear to be elevated, particularly in 
comparison to PES-MW-7 and PES-MW-9.  The MPCA 

TOC concentrations at MW-1 increased from 1 mg/L prior to 
injection to 30 mg/L 3 months after injection, and TOC 
concentrations at MW-6 increased from 1.4 mg/L to 12 mg/L 
during the same time frame.  These increases indicate that 
these well locations were impacted by vegetable-oil-derived 
soluble organic carbon.  TOC concentrations at MW-7 (26,000 
mg/L) 3 months after injection indicate that this well was 
impacted by non-aqueous phase vegetable oil.  The differences 
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staff requests that the Navy resolve the apparent 
contradiction in the Report. 

in TOC concentrations at MW-1, MW-6, MW-7, and MW-9 
are not representative of impacted locations verses non-
impacted locations, but are representative of differences in the 
amount of impact to each location.  

43 Section 
4.5.2 

4-47 The presence of hydrogen at 4 nanomolar (nM) in wells 
27S and 47S indicate that conditions at these locations are 
naturally conducive to the reductive dechlorination of 
chlorinated compounds.   How does this observation affect 
the overall interpretation of the influence of the vegetable 
oil?   If hydrogen is present at locations where we are 
assuming there is no significant reductive dehalogenation, 
is it an adequate indicator of the reductive processes at the 
site? 

As stated in the response to MPCA comment #12, the 
dissolved hydrogen data collected at the contingency wells, 
and at monitoring wells 27S and 47S contradict most of the 
other geochemical data collected at each location.  In this case, 
the weight of evidence points to a different conclusion.   

The mere presence of hydrogen is not enough to indicate that 
reductive dechlorination is occurring.  The evaluation of a site 
for reductive processes is a weight-of-evidence type of 
analysis where a number of lines of evidence are combined to 
come to a conclusion regarding the types and extent of 
degradation processes occurring.  Thus, one line of 
geochemical evidence, by itself, is typically not sufficient to 
draw conclusions regarding the degradation processes that are 
occurring at a particular location, especially if it is contradicted 
by multiple other lines of evidence 

44 Section 
4.5.4 

4-56 This section does not indicate distribution of vegetable oil 
in an upgradient direction to well MS-46S.  This situation 
contradicts information in the Report that suggests that 
vegetable oil injection has impacted the well.  The MPCA 
staff requests that the Navy discuss this apparent 
contradiction. 

Please refer to the responses to EPA comments #9 and #10 and 
to MPCA comments #25 and  #35. 

45 Table 
4.5 

 

4-37 Calculation of a slope on the data is informative, but must 
be accompanied by a standard deviation or variance on the 
slope to provide perspective on the variability of the data.  
The MPCA staff requests that the analysis be completed 
accordingly and that the corresponding discussion make 

Concur.  The R value calculated for each line fit will be 
provided as an indication of the quality of the line fit. 
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reference to these statistics. 

46 Section 
4.6.1.1 

4-58 The Report states that there is a change in dissolved oxygen 
(DO), oxidation-reduction potential (ORP) and dissolved 
hydrogen data.  It should be noted that in April, the spring 
recharge event occurs in Minnesota.  During this event, 
frozen water stored in the frost zone, snowmelt and any 
significant spring precipitation may recharge to the water 
table.  It is possible that the influx of this recharge water 
may impact some of the parameters that are discussed in 
this section.  The MPCA staff requests that the Navy 
evaluate the recharge event in the Report.  

Concur.  Surface water recharge is a potential contributor to 
the geochemical changes observed between December 2002 
and April 2003.  This potential contributor to the observed 
geochemical changes will be discussed in Section 4.8.   

47 Section 
4.8 

4-82 A number of factors are indicated that were present for 
reductive dechlorination to occur. The MPCA staff request 
that the Navy add a map to the Report that shows the area 
where these factors were present and where dechlorination 
occurred. 

Concur.  The new figure will be Figure 4.20.  Subsequent 
figure numbers (i.e., Figures 4.20, 4.21, 4.22, and 4.23) will be 
advanced one such that current Figure 4.23 will become 4.24. 

48 Section 
4.8 

4-82 The Report notes the sub-optimal distribution of organic 
carbon, which is attributed to low hydraulic gradient and 
transient ground water flow reversals.  In previous 
responses to the Report, the MPCA staff noted that it is 
unlikely that transient flow reversals occur in the pilot area 
and that alternative interpretations of ground water flow 
indicate that hydraulic gradients in the area denoted as a 
“flat area” of gradient may be influenced by stronger 
gradients than previously thought.  It should be noted that 
variable lithology may also be a factor in the uneven 
distribution of organic carbon.  The MPCA staff requests 
that the Navy resolve these issues in the next phase of pilot 
monitoring.  

Concur.  The recommendation to install additional nested well 
clusters will be added to the recommendations pertaining to the 
current pilot test area in Section 5. 
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49 Section 
4.9 

4-84 The text states “it cannot be determined if the iron injected 
into PES-INJ-3 had any effect on the chlorinated solvents 
in the vicinity of PES-INJ-3.”  As pointed out earlier in the 
attachment, magnetite is known to degrade chlorinated 
solvents.  Based on the pilot study DQOs, pilot success 
could be achieved with the success of only one of the three 
monitoring wells.  Pilot success was achieved only in MW-
7.  Therefore, it is critical to know why success was 
achieved in only MW-7.  The MPCA staff requests that the 
Navy evaluate the effect of magnetite on the results seen in 
MW-7.  If uncertainty remains after the requested 
evaluation, the MPCA staff requests that the Navy indicate 
in the Report what will be done to account for the impact of 
added iron in further work associated with the pilot study. 

The mass of TCE that could have been dechlorinated by the 
injected magnetite can be estimated by combining the specific 
reductive capacity of the magnetite (0.37 uM/g of TCE) from 
Lee and Batchelor (2002) with the mass of magnetite injected 
(7.9 pounds) from USGS (2003b).  The maximum specific 
reductive capacity of the 7.9 pounds of magnetite is 
approximately 1.3 millimoles of TCE (7.9 lb*453.6 
grams/lb*0.37 uMol/gram* 1 mMol/1000 µMol).  Thus, the 
maximum mass of TCE that could have been dechlorinated by 
the magnetite is equal to approximately 0.17 grams of TCE 
(1.3 millimoles multiplied by the molecular weight of TCE of 
131.38 grams/mole).  The total mass of TCE that was degraded 
at MW-7 can be approximated by combining the volume of 
water impacted by the injection at INJ-3 (immediately 
upgradient of MW-7) with the TCE concentration reduction 
observed at MW-7.  The volume of water affected by the 
injection at INJ-03 can be estimated by combining the volume 
of water impacted by the initial injection with the volume of 
water moving through the system during the pilot test.  The 
volume of water initially impacted by the injection would be 
approximately equal to the volume of vegetable oil emulsion 
injected at INJ-03 (3,600 gallons).  The volume of water 
moving through the system can be approximated by 
multiplying the cross sectional area of the injection volume at 
INJ-3 of 160 square feet (diameter of the injection area of 
approximately 16 feet (USGS, 2003a) multiplied by the 
injection interval of 10 feet) by the effective porosity of the 
aquifer matrix of 0.25 (Fetter, 1994) and by the estimated 
groundwater flow rate at INJ-03 of 32 feet/year (Table 4.2) and 
by the length of the pilot test of 1.8 years (November 2001 to 
August 2003).  The total estimated groundwater flux through 
the system is approximately 2,304 cubic feet or 65,200 liters of 
water.  Thus, the total volume of water impacted by the 
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injection over the course of the pilot test at INJ-03 is 
approximately 78,800 liters.  The TCE mass present in this 
volume of water can be conservatively estimated by 
multiplying 78,800 liters by the TCE concentration reduction 
observed at MW-7 of 1298 µg/L (1,300 µg/L – 2 µg/L).  Thus, 
a conservative estimate of the TCE mass impacted by the 
injection at INJ-03 and reduced (as evidenced by the 
concentration of 2 µg/L at MW-7) is approximately 102 grams.  
Thus, it can be estimated that the magnetite could have been 
responsible for the reduction of approximately 0.17 percent of 
the TCE mass reduction.  This discussion will be added to 
Section 4.9 of the final report. 

In addition, Parsons does not agree with the statement that the 
pilot test was only successful at MW-7.  The reviewer is 
correct in the fact that TCE concentrations were below 1,000 
µg/L at MW-7 only.  However, significant TCE concentration 
reductions were observed at a number of other wells (e.g., 
PES-MW-3, PES-MW-6, and PES-WM-8).  Thus, the limited 
success of this pilot test is based on the combined contaminant 
and geochemical trends at a number of well locations, not just 
PES-MW-7.   

50 Section 
5.1.2 

5-1 The Report states that geochemical changes from the oil 
injection are “neither spatially uniform or [sic] temporally 
consistent” within the pilot study area.   The MPCA staff 
requests that the Navy further explain the factors that might 
have contributed to this observation.  

This observation is based upon the fact that the geochemistry 
varies both from location to location and through time at each 
location, thus making the site-wide geochemical data set 
“neither spatially uniform nor temporally consistent”.  These 
inconsistencies are likely related to inconsistent groundwater 
flow rates and directions, non-uniform vegetable-oil-derived 
organic carbon distribution, and non-uniform microbial 
population development.  Additional text will be added to 
Section 5.1.3 regarding the potential factors controlling the 
observed geochemical inconsistencies. 
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51 Section 
5.1.3 

5-2 The Report states that after vegetable oil injection, there 
were significant decreases in TCE concentration in well 
MS-46S. The Tracer Study Report does not indicate that oil 
was distributed to this well.  Chemical parameters that 
would indicate that the well was impacted by oil did not 
seem to be present in the data.  Although a significant 
decrease in TCE did occur, it appears that it cannot be 
attributed to reductive dechlorination due to vegetable oil 
injection.  The MPCA staff requests that the Navy identify 
and discuss other mechanisms that could have led to the 
TCE concentration reduction in this well. 

Concur. The reductions in TCE at MS-46S cannot be attributed 
with confidence to reductive dechlorination as stated in the 
draft report.  However, the TCE concentration reductions at 
MS-46S can be attributed to preferential partitioning of the 
TCE mass into the non-aqueous phase vegetable oil, as stated 
in the draft report.   

The groundwater extraction system likely had some impact on 
the TCE concentrations observed at MS-46S.  However, The 
individual contributions of the extraction system and the 
vegetable oil injection pilot test in the reduction of TCE 
concentrations at MS-46S cannot be determined.  Thus, MS-
46S will be removed from both TCE concentration reduction 
evaluations (TCE concentration reductions inside and outside 
of the pilot test area) to eliminate this source of potential bias. 

52 Section 
5.1.3 

5-3 The Report states that there were increasing TCE 
concentration trends in four monitoring wells between 
baseline sampling and the most recent monitoring event.  It 
may be possible that the increases were the result of the 
extended downtime of the extraction system.  The MPCA 
staff requests that the Navy compare periods of system 
downtime to TCE concentration increases in ACP wells.  

Concur.  The runtime data from the extraction system will be 
added to the trend plots in Appendix C and to Figures 4.10 and 
4.11.  Discussion regarding the extraction system run time data 
will be added to the text as appropriate. 

53 Section 
5.1.5 

5-4 The Report states that organic carbon concentrations 
greater than 20 milligrams per liter (mg/l) are required to 
meet both the natural demand for electron donor and to 
provide sufficient electron donor for the dechlorination of 
chlorinated aliphatic hydrocarbon (CAH) mass.  The 
MPCA staff requests that the Navy list the monitoring 
wells where this was achieved in the pilot study area and 
show a map of the area where these conditions were met. 

The draft report simply makes the observation that wells that 
have exhibited evidence of reductive dechlorination of TCE 
typically have had concentrations of TOC greater than or equal 
to approximately 20 mg/L.  The report does not definitively 
state that 20 mg/L of TOC are required to meet competing 
electron acceptor demand and drive reductive dechlorination.  
Wells where partial or complete reductive dechlorination was 
observed are listed in Section 4.8.  A figure depicting these 
locations and the approximate extent of reductive 
dechlorination (and TOC distribution) will be added to Section 
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4. 

54 Section 
5.1.6 

5-5 The Report states that the lack of reductive dechlorination 
at ACP is primarily a function of inadequate substrate 
distribution.  This factor seems to have greatly limited the 
success of the pilot study.  The MPCA staff does not agree 
that the failure of distribution is the result of cyclical 
reversals of ground water flow.  There are other more likely 
factors that have prevented the distribution of substrate.  
They  include variations in lithology that prevent the flow 
of ground water to certain areas, lack of dissolution of oil 
into ground water, lack of characterization of the ground 
water flow regime in the horizontal direction and lack of 
characterization of the impact of vertical ground water flow 
into the pilot study area.  There may be other factors.  The 
MPCA staff requests that the Navy discuss these other 
factors and their possible impact on the pilot study. 

Concur.  The inadequate substrate distribution is likely 
primarily a result of aquifer heterogeneity and resulting 
preferential groundwater flow pathways (and consequent zones 
of inadequate advective groundwater flow) as the draft report 
states in Section 4.8 of the draft report.  The discussion of 
potential groundwater flow reversals will be removed per the 
April 15, 2004 meeting.  A section will also be added to 
present stratigraphic data collected during system installation. 

Parsons does not agree that a lack of vegetable oil dissolution 
is a likely factor limiting the distribution of organic carbon in 
the pilot test area given that the volatile fatty acid data (Table 
4.7) indicates that the vegetable oil is readily degrading into 
soluble organic carbon (VFA concentrations exceed 2,000 
mg/L at the injection wells). 

Parsons agrees that the groundwater flow regime (primarily 
vertical flow) within the pilot test area has not been adequately 
characterized, and that this lack of characterization makes 
interpretation of the pilot test data difficult.  As a result, 
Parsons will add a recommendation in Section 5 to install 
additional well clusters within the pilot test area to improve the 
characterization of the groundwater flow conditions.  

55 Section 
5.2 

5-5 A number of recommendations are discussed for further 
monitoring of the existing pilot study wells and for a 
phased expansion to full scale in ACP.  The limited success 
of the pilot study and a number of uncertainties regarding 
the horizontal ground water flow regime, vertical ground 
water flow and variations in lithology were previously 
noted in the MPCA staff response to the Report.  The 
MPCA staff is not certain how these factors have limited 
the distribution of substrate and impacted the results.  Due 

Concur.  Recommendations regarding additional well 
installations and additional monitoring of the current pilot test 
will be added to Section 5.2.1.  Parsons recommends that an 
additional 3 to 4 well clusters be installed and that monitoring 
(in a slightly reduced form) be continued for at least 18 to 24 
months.  

The recommendations to move forward with an expanded 
application (Phases I, II, and III of a full-scale application in 
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to the uncertainties identified by the MPCA staff (and 
others to the pilot study) at the April 15, 2004 meeting, the 
NIROP Partnering Team decided that full scale 
implementation and additional injection not proceed at this 
time.  Instead the team decided to conduct continued 
monitoring of the existing pilot study area and to install 
some additional monitoring wells to address some of the 
uncertainties that have been identified.  A Technical 
Subcommittee meeting will be convened to scope the level 
of effort for the next monitoring phase and to determine the 
number and location of additional monitoring wells.  For 
the time being, the MPCA staff cannot approve the phased 
full-scale implementation.  The MPCA staff requests that 
the Navy revise the Report to reflect the actions adopted by 
the NIROP Partnering Team at its April 15, 2004 meeting.  

the draft report) will be removed.  The text will also be revised 
such that the current pilot test system (with 3-4 well clusters 
added) will be monitored for at least approximately 18 to 24 
months prior to the initiation of the expanded scale application.  
The extended monitoring data will be used to determine the 
long-term impacts to groundwater flow conditions and 
groundwater quality related to the injected vegetable oil, to 
assess the potential for long term impacts to the river., to assess 
the roll of abiotic degradation verses biotic degradation, and to 
assess the roll of the extraction system  After this design data 
has been collected the design phase of the Phase II expanded 
pilot test may commence.   

56 Section 
5.2.2 

NA Since the Navy is not proposing to add iron to the vegetable 
oil for full scale implementation, before the MPCA staff 
can approve moving ahead with full scale implementation 
(phased or otherwise), the staff requests that the Navy 
determine the role played by the addition of iron to success 
of the pilot study.   

Since the Navy has asserted that MS-46S was impacted by 
the vegetable oil injection of the pilot study and the Navy 
plans to install six monitoring well pairs in the vicinity of 
this well, the MPCA staff requests that the Navy identify 
how far upgradient the vegetable oil traveled during the 
pilot study before choosing the area for Phase I of the full 
implementation. 

Please Refer to the response to MPCA comment #49. 

Disagree. The Navy feels that the upgradient edge of the 
injected vegetable oil has been sufficiently bounded as 
vegetable oil was positively identified at well PES-BG-1 only.  
Parsons was in error during the April 15th 2004 meeting when 
it was asserted that vegetable oil had been identified in MS-
46S.  In actuality vegetable oil was identified in PES-BG-1 
(approximately 15 feet cross-gradient from MS-46S) during 
the May 2002 process monitoring round.   

 

57 Section 
5.2.2 

5-7 Since the objective of the pumpout wells is to capture the 
ground water plume leaving NIROP at a TCE 

The scope and design of a full-scale application is not within 
the scope of this document.  Therefore, the definition of the 
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concentration of 100 ppb or higher (see the DQO decision 
rules of Step 5 for Problem C, dated August 21, 2001), the 
area covered by the full scale should be chosen to be 
consistent with treating ground water at a TCE 
concentration of 100 ppb or higher.  The number and 
placement of injection wells needs to be based on this 
objective so at this juncture the MPCA staff cannot agree 
on the number of injection wells needed for any full scale 
remedy.  

area within which a full-scale system would be located and the 
number of injection locations necessary for any future full-
scale application will not be addressed at this time. 

 



SECTION 5 
 

CONCLUSIONS AND RECOMMENDATIONS 

This section presents conclusions and recommendations for the field application to 

enhance in-situ bioremediation of chlorinated solvents via vegetable oil injection at 

NIROP Fridley, Minnesota. 

5.1 CONCLUSIONS 
5.1.1 Data Quality Objectives 

During the work plan preparation phase of this project a series of DQOs were 

developed and agreed to collectively by the US Navy and the various regulatory agencies 

involved in this project.  The DQOs provide specific criteria used to determine the 

success of this pilot test.  All of the DQOs were successfully met and in most cases were 

exceeded.  Thus, this pilot test can be considered a success with respect to the DQOs. 

5.1.2 Observed Changes in Site Geochemistry 
Changes in geochemical conditions during process monitoring indicates that the 

addition of vegetable oil to the subsurface at ACP has induced environmental conditions 

conducive to reductive dechlorination upgradient of PES-MW-5.  However, these 

geochemical changes are neither spatially uniform or temporally consistent within the 

pilot test area.   

Baseline geochemical conditions were generally weakly anaerobic to weakly aerobic, 

with DO concentrations ranging from 0.1 to 2 mg/L and ORP ranging from +123 to -185 

mV.  Following vegetable oil injection, geochemical conditions upgradient of PES-MW-

5 became moderately to strongly anaerobic while conditions downgradient of PES-MW-5 

remained weakly aerobic.  These observations indicate that subsurface conditions 

upgradient of PES-MW-5 became more favorable for anaerobic degradation processes, 

while the area downgradient of PES-MW-5 was either not affected or only weakly 

affected by the injected vegetable oil.  Increases in methane concentrations upgradient of 



PES-MW-5 indicate that methanogenesis has become more prevalent in this area.  

Reductive dechlorination is known to occur most rapidly under methanogenic conditions.  

Thus, geochemical conditions in this area have become more favorable for reductive 

dechlorination.  

Sulfate data collected during the baseline sampling event indicated that there was 

significant sulfate mass present in the subsurface within the pilot test area.  Thus, the 

baseline data set indicated that sulfate reduction would be a significant TEAP in the pilot 

test area and would compete with reductive dechlorination for electron donor.  Increasing 

concentrations of sulfide coupled with decreasing concentrations of sulfate at wells where 

there is significant TOC present support the assertion that sulfate reduction is occurring 

in the pilot test area and is likely consuming electron donors at the expense of reductive 

dechlorination.  However, sulfate reduction will only delay the onset or slow the rate of 

dechlorination as the sulfate mass will likely be depleted within a few months if sufficient 

TOC is present.   

Sulfate reduction and methanogenesis are the dominant TEAPs that have been 

stimulated at this site, and sulfate and carbon dioxide are competing with CAHs for use 

as electron acceptors in site groundwater.  Sulfate mass is rapidly depleted in the 

presence of sufficient organic carbon.  Thus, sulfate reduction is considered to be a 

temporary competing TEAP to reductive dechlorination at locations where sufficient 

TOC mass is present.  Methanogenesis is expected to continue to be an active TEAP 

within the pilot test area and to continue to compete with reductive dechlorination for 

electron donor mass. 

5.1.3 Actual/Significant Changes in Contaminant Concentrations 

After vegetable oil injection there were significant decreases in the concentration of 

TCE observed at the injection wells and at monitoring wells GWMS-46S, PES-MW-4, 

PES-MW-6, PES-MW-8, and PES-MW-9.  Concentrations of TCE at the remaining wells 

upgradient of PES-MW-5 increased initially, typically peaking in May or August 2002, 

then decreased through August 2003.  However, the decreasing trend in TCE was not 

uniform for all of the wells within the pilot test area.  Increasing trends in the 

concentration of TCE were observed at monitoring locations GWMS-27S, GWMS-47S, 



PES-MW-1, and PES-MW-5 between baseline sampling and the most recent process 

monitoring event.  However, an increase in cis-1,2-DCE concentrations detected in 

several monitoring wells (PES-MW-1, PES-MW-3, PES-MW-4, PES-MW-6, PES-MW-

7, and PES-MW9) suggests that reduction of TCE to cis-1,2-DCE has occurred due to 

substrate addition.  In addition, the detection of low concentrations of VC and ethene at 

some wells indicates that TCE is being reductively dechlorinated to ethene in limited 

areas close to the injection wells.  

The greatest decrease in contaminant concentrations occurred at the GWMS-46S, 

where TCE decreased from a baseline concentration of 20 mg/L to a concentration of 

approximately 5 mg/L; and at the injection locations, where contaminant concentrations 

decreased from the 1 mg/L range to tens of µg/L.  However, there is some ambiguity 

regarding the mechanism(s) responsible for the observed TCE concentration decreases at 

MS-46S and within the rest of the pilot test area.  Significant TCE concentration 

decreases have been observed at well locations installed outside of the pilot test area that 

are likely to be related to upgrades to the extraction system.  In addition, the roll of 

abiotic degradation mechanisms have not been completely defined within the pilot test 

area.   

5.1.4 Daughter Product Formation and Persistence  
The presence of the daughter products cis-1,2-DCE, VC, and ethene which were not 

used in facility operations, provides direct evidence that TCE is being reductively 

dechlorinated.  Increasing concentrations of cis-1,2-DCE coupled with decreasing 

concentrations of TCE at wells installed close to the injection area (upgradient of PES-

MW-5) indicate that partial degradation of TCE to cis-1,2-DCE is occurring in this area.  

The detection of low concentrations of VC and ethene in the same area indicate that 

limited complete reductive dechlorination is limited to close proximity to the injection 

area (wells PES-MW-7 and PES-MW-9).  Complete dechlorination appears to correlate 

to areas where TOC is greater than 20 mg/L.  Therefore, the lack of complete 

dechlorination at the majority of the pilot test wells is likely due to a lack of sufficient 

TOC. 



5.1.5 Degree of Electron Donor Utilization for Reductive Dechlorination 
A significant percentage of the substrate mass is utilized for microbially mediated 

redox processes other than reductive dechlorination of chlorinated compounds.  In 

particular, geochemical data indicate that sulfate reduction and methanogenesis may 

utilize a significant percentage of substrate (i.e., this mass is not being used to enhance 

reductive dechlorination of CAHs).  However, reduction of TCE to cis-1,2-DCE (and in 

some cases to VC and ethene) observed at the injection wells and monitoring locations 

PES-MW-7 and PES-MW-9 are direct indications that reductive dechlorination is 

occurring in groundwater at the site.  It may be that organic carbon concentrations greater 

than 20 mg/L are required to meet both the natural demand for electron donor and to 

provide sufficient electron donor for the dechlorination of CAH mass. 

5.1.6 Substrate Distribution and Potential for Future Reductive Dechlorination 
Wells where evidence of reductive dechlorination of TCE has occurred exhibit the 

following characteristics: 

• DO concentration less than 1 mg/L; 

• ORP less than -100 mV; 

• Carbon dioxide concentration greater than 100 mg/L; 

• Sulfate concentration less than 50 mg/L; 

• TOC concentration equal to or greater than approximately 20 mg/L; 

• Measurable concentrations of VFAs equal to or greater than 50 mg/L; 

• Ferrous iron concentration greater than 2 mg/L; 

• Methane concentration greater than 1 mg/L; and 

• Total biomass concentration greater than approximately 50 pmoles PLFA/mL. 

These conditions have not been uniformly induced across the treatment area, but have 

been limited mostly to the immediate injection area.  Geophysical data collected by the 

USGS suggests that vegetable oil NAPL is distributed only within the injection area, and 

that groundwater impacted by the injected vegetable oil is distributed as far downgradient 

as PES-MW-2.  In order to stimulate reductive dechlorination, sufficient organic 



substrate is required to create anaerobic reducing conditions while stimulating microbial 

growth of dechlorinating microorganisms.  Therefore, the lack of reductive 

dechlorination at ACP is primarily a function of inadequate substrate distribution. 

The potential for future biologically mediated reductive dechlorination and mass 

reduction will be a function of substrate distribution.  It was assumed that dissolution of 

the vegetable oil would create a reaction zone extending tens of feet downgradient from 

the injection zone.  The more-limited extent of the reaction zone is likely related to the 

presence of a low hydraulic gradient and cyclical reversals of groundwater flow. 

Significant TCE concentration reductions were observed at several locations within 

and upgradient from the pilot test area.  However, the rolls of the various reduction 

mechanisms (e.g., the upgraded extraction system, abiotic degradation related to iron in 

the soil as well as added iron, and biotic degradation related to the injected vegetable oil) 

are not well understood.  The observed TCE concentration reductions are likely due to a 

combination of all of the various mechanisms operating on this site.   

5.2 RECOMMENDATIONS 
The recommendations section of this report is divided into two subsections.  The first 

subsection presents recommendations for continued monitoring of the pilot test area, and 

the second subsection addresses an expanded pilot scale application of enhanced 

anaerobic bioremediation at ACP. 

5.2.1 Recommendations for Additional Monitoring at the Pilot Test Site 
The continued presence of measurable vegetable LNAPL within the injection area 

indicates that there is significant vegetable oil remaining in this area.  Thus, the vegetable 

oil injected during the pilot test will act as a source of organic carbon for some time.  It is 

expected that, even after the vegetable oil is depleted, the microbial biomass that has 

developed within the injection area will provide a secondary source of organic carbon as 

it breaks down.  Therefore, the beneficial effects of the pilot test can be expected to 

continue for several years.  Thus, Parsons recommends continuation of groundwater 

monitoring within the pilot test area to determine long-term effects of the injected 

vegetable oil on water quality and the hydraulic properties of the aquifer matrix; and to 



monitor changes in geochemistry, microbial population, and CAH concentrations as the 

oil becomes depleted. 

In addition, the extraction system upgrades that were completed and placed on line 

during the summer of 2001 appear to have had some positive impact to contaminant 

concentrations within the park.  Unfortunately it is impossible to conclusively separate 

the effects of the newly upgraded extraction system from the effects of the vegetable oil 

pilot with the dataset currently available.  Parsons recommends that future monitoring of 

the pilot test system be expanded to select locations outside of the pilot test area so that 

the impacts of the upgraded extraction system and the injected vegetable oil can be 

separated.   

During the course of the pilot test there were significant TCE concentration reductions 

observed at some well locations indicating that the pilot test was at least partially 

successful.  However, there is considerable ambiguity regarding the mechanism(s) 

responsible for the observed TCE concentration reductions.  It is likely that the TCE 

concentration reductions are a result of a combination of abiotic degradation mechanisms 

related to naturally occurring iron present in the soil column as well iron added during the 

injection and biotic mechanisms related to the injected vegetable oil.  It is important to 

determine what mechanisms are active at Anoka County Park and within the pilot test 

system prior to evaluating the propriety of an expanded scale application.  Therefore 

Parsons recommends that the current pilot test be monitored for at least an additional 18 

to 24 months to investigate this issue further. 

Finally, it has been determined by other parties (primarily the USGS) that there may 

me a significant component of vertical flow within Anoka county park that may be 

influencing groundwater and contaminant mass migration rates and directions.  In 

addition, it has become apparent through the continuing efforts of the USGS that 

groundwater flow within the pilot test area may be in a more southerly direction instead 

of southwest.  As a result, there may be a portion of the pilot test area that is not being 

monitored sufficiently.  Thus, Parsons recommends that approximately 4 additional well 

clusters be installed in a line extending from the injection area due south.  Each of the 

proposed monitoring well clusters should consist of two monitoring wells with differing 



screen intervals (shallow and intermediate).  Parsons further recommends that the 

proposed well clusters be added to the extended monitoring program to determine the 

effects of the pilot test due south of the injection area. 

Parsons recommends that the current pilot test system be monitored for a minimum of 

an additional 18 to 24 months (3 to 4 sampling events) in order to further investigate the 

data gaps described above. 

Specific recommends for continued monitoring of the current pilot test system include: 

• Installation of 4 additional well clusters in a line extending from the injection area 

to the river in a southerly direction.  Each well cluster should consist of a shallow 

well and an intermediate well. 

• Collection of slug test data, groundwater elevation data, and vegetable oil LNAPL 

thickness data within and immediately downgradient of the injection area on a 

semi-annual basis; and 

• Collection of groundwater samples for field and laboratory analysis data on a 

semi-annual basis from wells within and outside of the pilot test area.  Analytical 

parameters should include: purging stabilization parameters (DO, temperature, 

ORP, specific conductance, and pH), VOCs, carbon isotope fractionation, and 

other geochemical parameters (sulfate, TOC, VFAs, methane, ethane, ethene, 

ferrous iron, nitrate, carbon dioxide, and chloride). 

Analysis for the above-listed parameters will allow continued monitoring of 

groundwater and aquifer matrix conditions, substrate and organic carbon distribution, 

geochemical changes, and changes in contaminant concentration and molar fraction over 

time in order to evaluate the data gaps presented above as well as to determine the long 

term effects of the injected vegetable oil.   

5.2.2 Recommendations for an expanded Scale Application at Anoka County 
Park. 

The pilot-scale vegetable oil injection was partially successful in that reductive 

dechlorination of TCE was enhanced and complete dechlorination of TCE was observed 

in limited areas.  However, due to the uncertainties related to site specific hydraulics, 

effects of the extraction system, the roll of abiotic degradation, and long term effects of 



the vegetable oil injection pilot Parsons does not recommend proceeding with an 

expanded scale application at this time.  Instead Parsons recommends that the current 

system be monitored for at least an additional 18 to 24 months and that the 

appropriateness of an expanded pilot test be evaluated at that time. 
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Minnesota Department of Health Comments 
   Supplemental comments have not been received to 

date. 
None.  

Environmental Protection Agency Comments 
1. Section 

2.3 
2-4 The response appears to be adequate. No response necessary. 

2. Section 
2.3 

2-4 The response appears to be partially adequate.  While 
the response indicates that the hydrogeology 
discussion in the final report will be revised to 
reference the most recent AMR, the response does not 
indicate whether the statement identified in the 
comment will be modified.  Specifically, it is 
recommended that the final report include a more 
complete description of the site hydrogeology and 
acknowledge that the shallow and intermediate zones 
are hydraulically connected in some areas. 

The referenced statement will be revised to conform to 
the current understanding of the site conceptual model as 
presented in the most recent AMR.  The final report will 
include a more complete description of site stratigraphy 
and hydrogeology, including any new data collected.  
However, the Navy does not believe that it is necessary or 
an efficient use of funds to reproduce the hydrogeologic 
discussion from the AMR in the final vegetable oil pilot 
test report.   

3 Section 
2.3.1 

2-7 The response appears to be adequate. No response necessary. 
 

4 Section 
2.3.2 

2-9 The response appears to be adequate. No response necessary. 

5 Section 
2.4 

2-11/2-12 The response appears to be partially adequate.  While 
the response indicates that Section 2.4 will be revised 
to reference the most recent AMR, it does not indicate 
how the text cited by the comment will be revised.  It 
should be revised to reflect the current understanding 
of site hydrology indicated by the site AMR and other 
documents such as the USGS study of site hydrology. 
In addition , the request that the report should assess 

  The referenced statement cannot be revised at this time 
as the site conceptual model may change between now 
and when the report is finalized.  The referenced 
statement will be revised to conform to the understanding 
of the site conceptual model as presented in the most 
current AMR when the report is finalized..  
The assessment of groundwater flow within the pilot test 
area will continue to be addressed through the collection 
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whether the pilot study area is actually an area of 
hydraulic stagnation based on the estimates of 
groundwater velocities identified in the Draft Report 
does not appear to be adequately addressed.  The 
response did not directly indicate if the pilot study 
area is an area of stagnation.  However, the response 
did indicate that “the poor organic carbon distribution 
is directly related to the low groundwater flow 
velocity and heterogeneous conditions within the 
upper portion of the pilot test area.”  The groundwater 
flow velocities reported in Table 4.2 of the Draft 
Report indicate average flow velocities in the area of 
the injection wells before injection of between 522 
and 630 ft/yr.  Average pre-injection flow velocities in 
the area downgradient of the injection wells were 
reported to be between 1,228 and 6,754 ft/yr.  These 
groundwater flow velocities do not appear to indicate 
an area of hydraulic stagnation, and it is not clear how 
average groundwater flow velocities could account for 
the poor distribution of organic carbon noted in the 
response to comment. 

of additional groundwater elevation data during future 
process monitoring events and the installation of 
additional monitoring wells as stated in the revised 
Section 5 (attached to the final response to comments 
matrix).   
The groundwater flow velocity data presented in Table 
4.2 of the draft report is divided into three areas related to 
the horizontal gradients observed during the baseline 
sampling event (as stated in Section 4.1.1 of the draft 
report).  The area termed the “upgradient portion of the 
plot test area” extends from the background wells (PES-
BG-1, PES-BG-2, and PES-BG-3) to monitoring well 
PES-MW-3, and is characterized by a relatively flat 
groundwater potentiometric surface (Figure 4.1 of the 
draft report).  The pre-injection groundwater flow 
velocity for this area is approximately 438 ft/year 
(Section 4.1.2 and Table 4.2 of the draft report).  This 
calculated groundwater flow rate is representative of the 
entire upgradient portion of the pilot test area, not the 
injection area.  The groundwater flow rate upgradient 
from PES-MW-2 could not be calculated because the 
groundwater potentiometric surface in this area is 
extremely flat.  Measured differences in groundwater 
elevation between wells in this area are within the range 
of potential measurement errors (i.e., < 0.01 ft), and in 
some cases attempts to interpret groundwater flow 
directions using these measurements result in the 
depiction of unlikely (and potentially erroneous) 
groundwater flow reversals (e.g., between PES-BG-2 and 
PES-BG-3).  Thus, it is difficult to determine the 
groundwater flow rate within the injection area prior to 
injection.  However, it is apparent that the groundwater 
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flow rate in this area is very low as it is directly 
proportional to the hydraulic gradient as determined by 
Darcy’s Law.  The observed flat groundwater 
potentiometric surface and proportionally slow 
groundwater flow rate in the injection area persisted 
throughout the pilot test (with the notable exception of 
December 2002).  Therefore, the injection area does 
appear to be a “stagnation zone” (i.e., a zone of 
substantially reduced groundwater flow velocity), and 
this characteristic may have impacted the distribution of 
organic carbon. 

6 Section 
2.5 

NA The response does not appear to be adequate.  While 
acknowledging that “the impact of the extraction 
system on contaminant concentrations in the vicinity 
of the pilot test area ... is important when considering 
the overall effectiveness of the pilot test,” the response 
concludes by stating that “the impact of the extraction 
system prior to the system upgrade is not germane to 
this evaluation.”  This conclusion appears to be based 
on the fact that the extraction well test placed on line 
approximately 6 months before vegetable oil was 
injected.  However, the impact of modifications to the 
extraction system on contaminant concentrations 
throughout the Anoka County Park and in the pilot 
study area are not immediate and require analysis of 
the long-term trends resulting from these 
modifications.  Moreover, during the period of the 
pilot test, the extraction system was not operated for 
extended periods due to equipment malfunctions.  
These periods of loss of contaminant capture may also 
have secondary impacts on groundwater quality in the 
pilot study area.  As requested in the original 

The response will be amended to state “Therefore the 
impact of the extraction system prior to the start of the 
vegetable oil pilot test is not germane to this evaluation.”  
The Navy agrees that the long-term impact of the 
extraction system is an important factor in determining 
the success of the pilot test.  Thus, the Navy has proposed 
that carbon isotope data be collected from a series of 
monitoring wells within and outside of the pilot test area 
to determine the impact of the extraction system (refer to 
the work plan addendum for a complete discussion of the 
proposed carbon isotope work).   
While an analysis of contaminant trends prior to and after 
the system upgrade would be interesting and would likely 
be beneficial from the standpoint of extraction system 
optimization, the Navy does not believe that an analysis 
of historic contaminant concentration trends is relevant to 
the evaluation of the success of the pilot test.  The Navy 
believes that contaminant concentration trends during the 
pilot test are much more relevant to the pilot test 
evaluation.  Therefore, the Navy will conduct an analysis 
of contaminant concentration trends within and outside of 
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comment, the Pilot Study Report should include a 
detailed analysis of contaminant trends in the core 
areas of the plume in ACP prior to and during the pilot 
test and should provide a more complete analysis of 
the impact of these trends on the interpretation of pilot 
test results. 

the pilot test area starting in December 2001 and 
continuing through the end of the pilot test.   

7 Section 
4.1   

NA The response appears to be adequate.  The response 
indicates that a discussion of the boring data collected 
during the system installation will be included in the 
final report.  However, a presentation and analysis of 
these data is not currently provided.  These data may 
be useful for better explaining the limited success of 
the pilot test at this point in the pilot test and may help 
to define a program of continued monitoring and 
investigation.  Such an analysis may be helpful in 
developing the expanded monitoring program 
currently recommended in the revised Section 5, 
Conclusions and Recommendations. 

A portion of the stratigraphic data collected during the 
system installation is presented in the work plan 
addendum in the form of a site conceptual cross section.  
It is proposed that additional stratigraphic data be 
collected during the installation of three new monitoring 
well clusters.  The newly collected data and the 
previously collected data will be presented in a technical 
memorandum which will be prepared following the next 
process monitoring event.   

8 Section 
4.3 

4-24 The response appears to be adequate. No response necessary. 

9 Section 
4.4.1 

4-29 The response appears to be partially adequate.  The 
response has acknowledged the uncertainties 
regarding the impact of the injection of vegetable oil 
on contaminant concentrations in upgradient areas 
represented by groundwater quality from MS-46S.  
However, the response indicates that it is not 
appropriate to include the groundwater quality data 
from MS-46S in the evaluation of contaminant trends 
in groundwater entering the pilot test area.  The 
geochemical impacts observed at MS-46S were 
minimal and provide little justification for assuming 

The Navy does not agree that the observed geochemical 
impacts to GWMS-46S can be considered to be 
“minimal”.  The Navy considers order of magnitude 
increases in TOC and methane concentrations and large 
changes in ORP conditions indicative of organic carbon 
impact (-82 mV decreased to -276 mV) to be significant.  
Thus, the Navy does not consider the inclusion of MS-
46S in the upgradient (e.g., un-impacted) data set to be 
appropriate.  The addition of PES-BG-2 to the 
groundwater sampling protocol is proposed in the work 
plan addendum.  PES-BG-2 is located approximately 15 
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the pilot test has had a long-term and significant 
impact on groundwater quality in the area of MS-46S.  
There is little other data available to determine the 
quality of groundwater entering the pilot test study.  If 
Parsons does not feel it is appropriate to use the data 
from MS-46S for the evaluation of upgradient 
groundwater quality, an additional upgradient well 
should be installed as part of the pilot scale test 
recommended in the revised Section 5, Conclusions 
and Recommendations. 

feet upgradient of MS-46S and is therefore less likely to 
have been impacted by the injected vegoil and thus likely 
represents background conditions.  The Navy does not 
believe that the installation of a new background 
monitoring point is necessary at this time. 

10 Section 
4.4.1 

4-36 to 4-
38 

The response appears to be adequate.  However, it 
may be valuable to provide total molar concentration 
plots at this point in time rather than waiting until 
generation of the final report.  These plots may be 
helpful for evaluating some of the outstanding issues 
and for addressing these issues adequately in the 
extended monitoring program now being planned. 

Concur, the total molar concentration plots will be 
provided during the meeting scheduled for October 6th.   

11 Section 
4.4.3 

4-41 The response appears to be adequate. No response necessary. 

12 Section 
4.8 

4-80 The response appears to be adequate. No response necessary. 

13 Section 
4.8 

4-80 The response appears to be adequate. No response necessary. 

14 Section 
4.8 

NA The response appears to be partially adequate.  While 
the response acknowledges the potential deficiency in 
the downgradient monitoring well network and agrees 
to the installation of additional wells, the response 
does not agree to discuss the additional processes, 
abiotic as well as biotic, that may be acting to reduce 
concentrations of TCE daughter products 

The Navy agrees that both abiotic and biotic processes 
are important factors that must be considered during the 
evaluation of the pilot test, as stated in the draft report 
and the previous version of the comment response matrix.  
The Navy proposes to analyze groundwater samples from 
selected monitoring wells within and outside of the pilot 
test area for a number of parameters that are designed to 
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downgradient from the pilot test area.  Based on 
discussions held during the April 14, 2004 meeting 
these additional processes may be instrumental in 
reducing concentrations daughter products and should 
be fully discussed in the final report. 

help clarify the relative importance of abiotic and biotic 
degradation as well as the role of the extraction system.  
Proposed sampling locations and analytes are presented 
in the work plan addendum.  The discussion of additional 
processes requested in the comment will be facilitated by 
this additional groundwater sampling and analysis. 

15 Section 
4.8 

4-82 The response appears to be adequate. No response necessary. 

16 Section 
4.10 

4-87 The response appears to be adequate. No response necessary. 

17 Section 
5.1 

NA The response appears to be adequate. No response necessary.  

18 Section 
5.2 

NA The response appears to be adequate. No response necessary. 

New
-1 

Revise
d 

Section 
5 

NA In Section 5.1.6, when discussing the limited extent of 
the reaction zone observed during the test, the revised 
Section 5 indicates that “the more-limited extent of the 
reaction zone is likely related to the presence of a low 
hydraulic gradient and cyclical reversals in 
groundwater flow.”  However, as indicated in Specific 
Comment No. 5, groundwater flow velocities 
observed in the area downgradient of the injection 
wells are substantial and do not appear to offer a 
significant impediment to the transport of organic 
carbon.  Moreover, the presence of TCE degradation 
products in downgradient wells in the absence of high 
organic carbon concentrations appear to suggest 
sufficient hydraulic gradients to induce adequate 
groundwater flow for the distribution of organic 
carbon.  The revised Section 5 should more fully 

Refer to the response to comment 5 for discussion 
regarding groundwater flow rates within the injection 
area.  The substantial groundwater flow velocities 
presented in the draft report are not representative of the 
injection area.   
The Navy agrees that the analytical data collected from 
the downgradient monitoring wells indicates that some 
organic carbon is reaching these locations.  However, as 
stated in the draft report (Section 4.5.1), significant 
organic carbon loading is limited to PES-MW-1, PES-
MW-6, PES-MW-7, and to a lesser extent PES-MW-9 
(i.e., significant organic carbon loading is limited to the 
immediate vicinity of the injection area).  Lower 
concentrations of TOC were also sporadically detected in 
most of the other monitoring wells during the course of 
the pilot test (primarily during the December 2002 event).  
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discuss the impact of observed groundwater flow 
velocities on the anticipated distribution of organic 
carbon. 

Thus, a limited mass of organic carbon was being  
transported away from the injection area.  However, the 
mass of organic carbon being delivered to most of the 
monitoring wells is insufficient to deplete concentrations 
of completing electron acceptors and stimulate reductive 
dechlorination, as evidenced by the stable concentrations 
of sulfate and high concentrations of TCE remaining in 
most of the downgradient wells.   
The Navy will continue to investigate groundwater flow 
and the distribution of organic carbon through the 
installation of new well clusters and the performance of 
two additional rounds of process monitoring. 

New
-2 

Revise
d 

Section 
5 

NA The revised Section 5.2.1 recommends that “future 
monitoring of the pilot test system be expanded to 
select locations outside of the pilot test area so that the 
impacts of the upgraded extraction system and the 
injected vegetable oil can be separated.”  However, 
the proposed expansion of the monitoring network and 
proposed additional monitoring do not appear to 
include any activities designed to achieve this 
objective.  The installation of an additional well(s) 
may be necessary to resolve the impact of upgradient 
contaminant concentration trends on the pilot test 
results. 

The recommendations in Section 5.2.1 are general 
recommendations for future site activities.  Specific 
project tasks designed to fulfill the recommendations 
presented in Section 5 are discussed in detail in the work 
plan addendum.  The Navy believes that performance of 
these specific tasks will be sufficient to achieve the 
objective stated in the comment. 

New
-3 

Revise
d 

Section 
5 

NA The revised Section 5.2.1 indicates that “it is 
important to determine what mechanisms are active at 
Anoka County Park and within the pilot test area prior 
to evaluating the propriety of an expanded scale 
application.”   The revised Section 5.2.1, therefore, 
further recommends that “the current pilot test be 
monitored for at least an additional 18 to 24 months to 

The recommendations in Section 5.2.1 are general 
recommendations for future site activities.  Specific 
project tasks designed to fulfill the objectives and  
recommendations presented in Section 5 are discussed in 
detail in the work plan addendum.  The work plan 
addendum text discusses how the proposed activities will 
facilitate achieving the objective of determining the 
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investigate this issue further.”  However, based on the 
activities outlined and the discussion provided in 
revised Section 5, it is not clear how the activities 
proposed for the extended monitoring period will 
achieve the objective of determining the mechanisms 
that are active in Anoka County Park and within the 
pilot test.  The revised Section 5 should clearly discuss 
how these objectives will be achieved during the 
proposed period of extended monitoring. 

mechanisms that are active in Anoka County Park and 
within the pilot test area. 

New
-4 

Revise
d 

Section 
5 

NA The revised Section 5.2.1 recommends the continued 
collection of groundwater elevation data on a semi-
annual basis.  Given the uncertainties regarding flow 
conditions and directions with in the pilot test area, a 
semi-annual frequency does not appear adequate to 
resolve these uncertainties.  More frequent collection 
of groundwater elevation data should be considered. 

Disagree, the groundwater flow conditions (e.g., direction 
and rate) within the pilot test area have been relatively 
consistent from event to event.  The only changes noted 
were related to the elevation of the water table over time 
(e.g.,  the water table is higher in all wells during 
particular rounds).  Thus, the Navy does not believe that 
it is necessary to continue to monitor the system quarterly 
since the groundwater flow direction and rate appeared to 
be relatively stable throughout all four of the seasons.   

Minnesota Pollution Control Agency Comments 
NA NA NA The MPCA staff hereby approves the MPCA 

Responses to Comments as modified pursuant to 
Attachment I of this letter.   
Attachment 1 applies to items 23, 29, and 55 only.  
Therefore, all other items were removed from this 
response to comment matrix.  The reader is referred to 
the original comment response matrix for the 
remaining items. 

No response necessary. 

23 
and 
bull

Section 
2.3.1 

2-7 The MPCA staff requests that the Navy ensure that the 
tasks related to the Annual Monitoring Report be 
tasked out to the appropriate contractor for 

Concur, The Navy has proposed that additional well 
clusters be installed within the pilot test area in order to 
evaluate the vertical gradients in this area.  The vertical 



RESPONSE TO COMMENTS ON THE RESPONSE TO COMMENTS ON 
 THE DRAFT REPORT FOR A FIELD APPLICATION TO ENHANCE IN-SITU BIOREMEDIATION OF CHLORINATED 

SOLVENTS VIA VEGETABLE OIL INJECTION AT NAVAL INDUSTRIAL ORDNANCE PLANT FRIDLEY, MINNESOTA 

 (Continued) 

S:\es\remed\1-NIROP\report\draft\comments\final response to comments\Revised NIROP Vegoil RTC.doc -9- 

Item Section Page Comments Responses 
et 5 
of 
item 
29 

completion, e.g., that a contractor be tasked to 
determine how vertical gradients impact the flow 
regime in the pilot test area and how ground water 
travels vertically through the silt layer identified in the 
United States Geological Survey report. 

gradient data collected from the newly installed well 
clusters during the Fall of 2004 will be evaluated and 
presented in a technical memorandum to be prepared 
after the completion of this sampling event.  Additional 
vertical gradient data will be collected approximately 6 
months later and will be evaluated and presented in either 
a technical memorandum or the final results report. 

55 Section 
5.2 

5-5 The MPCA staff requests that the Navy change the 
last sentence in the “Responses” column to read, 
“After the design data has been collected, the Navy 
will propose the design of Phase II to the NIROP 
Partnering Technical Subcommittee for the Technical 
Subcommittee’s evaluation.  The Technical 
Subcommittee will make a recommendation to the 
Partnering Team for discussion and approval before 
the expanded pilot test commences.”  

Concur, the change will be made as requested. 
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TECHNICAL MEMORANDUM 

May 2006 

To: Dan Owens and Cliff Casey, NFESC; Venky Venkatesh, CH2M Hill 
Constructors, Inc. 

From: Dan Griffiths and Bruce Henry, Parsons 

Subject: Preliminary Results for the Anoka County Park Organic Substrate Addition 
Pilot Test, Fridley, Minnesota 

 

This technical memorandum presents a summary of data collected during extended 
monitoring activities conducted at the vegetable oil injection pilot test during the Spring 
and fall of 2005, as well as relevant historic pilot test data.  This technical memorandum 
has been prepared for the Naval Facilities Engineering Command (NAVFAC), Southern 
Division, and CH2M Hill Constructors (CCI) by the Parsons Corporation (Parsons). 

INTRODUCTION 

During the reporting phase of this project it was determined that this pilot test was a 
success in that each of the data quality objectives (DQOs) were met and contaminant 
mass reduction was enhanced in the vicinity of the vegetable oil injection area.  However, 
it was also determined that vegetable-oil-derived organic carbon was not effectively 
distributed within the pilot test area and that complete reductive dechlorination was only 
induced in a relatively small area (Parsons, 2004).   

The activities associated with the extended monitoring program, presented in the work 
plan addendum technical memorandum dated January 6th 2005 and presented in this 
technical memorandum, were designed to improve the characterization of the pilot test 
area and to address the data gaps identified in the final work plan addendum (Parsons, 
2005). 

EXTENDED MONITORING ACTIVITIES 

Extended process monitoring activities at the vegetable oil pilot test site were 
conducted in accordance with the final work plan addendum (January 6th 2005), the Final 
Work Plan (Parsons, 2001a), final Quality Assurance Project Plan (QAPP), (Parsons, 
2001b), and guidance provided by the United States Environmental Protection Agency 
(USEPA (1998)). 

The extended process monitoring activities were conducted in three phases.  The first 
phase consisted of a membrane interface probe (MIP) survey within the pilot test area to 
investigate the stratigraphy and vertical distribution of volatile organic compound (VOC) 
mass from the ground surface to a total depth of approximately 60 to 70 feet below 
ground surface (bgs).  The second phase used the data generated during the MIP survey 
to place eight new monitoring wells and ten soil borings within approximately 100 feet of 
the injection area.  The third phase began after the new monitoring well clusters are 
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installed and consisted of a groundwater sampling event at the newly installed wells, 
existing pilot test wells, and selected existing monitoring wells located outside of the 
pilot test area.  A second groundwater sampling event was conducted approximately 7 
months after the first event, in November 2005.  The data collected during the field 
activities associated with the extending monitoring of the vegetable oil pilot test area are 
presented in the following subsections. 

MEMBRANE INTERFACE PROBE SURVEY 

An MIP survey was conducted within the pilot test area in order to improve the 
characterization of the stratigraphy and distribution of VOCs in the subsurface.  During 
the MIP survey it was determined that an area of relatively high VOC concentrations is 
present in the proximity of the pilot test area, and that this area of high chlorinated VOC 
concentrations extends further than expected to the south and west.  Therefore, all of the 
contingency MIP borings and one additional MIP boring were installed for a total of 38 
MIP points (Figure 1).  In addition, it was discovered that the direct push equipment 
employed during the MIP survey was capable of drilling deeper than expected.  Thus, 
select MIP borings were advanced to a maximum depth of 70 feet below ground surface 
(bgs) instead of the proposed maximum depth of 50-60 feet.  This data indicates that the 
direct push drilling technology is a viable drilling method at Anoka County Park to 
depths of at least 70 feet. 

During the course of the MIP survey, discrete groundwater samples were collected 
from the background MIP location and sixteen MIP locations drilled within or in close 
proximity to the injection area.  A total of 45 discrete groundwater samples were 
collected from select vertical intervals corresponding to high and low chlorinated VOC 
concentrations and areas where high flame ionization detector (FID) readings were 
observed.  The discrete groundwater samples were collected at each location using direct 
push discrete sampling equipment.  Each sample was collected directly from the aquifer 
formation through the sampling point without purging a significant quantity of 
groundwater.  These samples were analyzed for VOCs via USEPA Method 8260B, total 
organic carbon (TOC) via USEPA method SW9060, and methane, ethane, and ethene via 
Microseeps Internal standard operating procedure (SOP) AM-20GAX in order to 
qualitatively validate the MIP results.  The data set generated from the analysis of these 
samples was used in conjunction with data generated during the MIP program and the 
soil sampling program to determine the extent of the area directly impacted by vegetable 
oil and to investigate the distribution of CAH reductive dechlorination products within 
the injection area.  The completed MIP borings are summarized in Table 1.  The MIP 
profiles generated during this program are attached to this technical memorandum as 
Appendix A.   

SOIL BORING INSTALLATIONS 

A total of ten soil borings were installed as part of the extended monitoring activities 
related to the vegetable oil pilot test.  Seven soil borings (PES-SB-1 through PES-SB-7) 
were advanced in the immediate vicinity of the three injection wells.  These soil borings 
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were used to collect stratigraphic, geochemical, mineralogical, and microbial data in the 
vicinity of each injection well and to determine the extent of the injection area.  Three 
additional soil borings (PES-SB-8 through PES-SB-10) were installed immediately 
downgradient of the injection area in order to investigate anomalies in the geophysical 
data set generated by the United States Geological Survey (USGS).  The completed soil 
boring installation activities are summarized in Table 2 and are presented in detail in the 
following subsections.  Boring logs prepared during drilling are presented in Appendix 
A. 

MONITORING WELL INSTALLATIONS 

A total of eight new monitoring wells were installed using hollow stem auger (HSA) 
drilling techniques during the extended monitoring program.  One of the proposed 
monitoring wells (PES-MW-13A) is located approximately 55 feet upgradient of MS-46S 
and approximately 65 feet upgradient of the injection area (Figure 2).  The data collected 
from this location is representative of soil and groundwater that have not been impacted 
by the injected vegetable oil and iron tracers.  The remaining seven monitoring wells 
were installed south and downgradient from the injection area as shown on Figure 2.  
Proposed monitoring well clusters PES-MW-10, PES-MW-12, PES-MW-14 consist of 
two wells installed at two vertical intervals within the shallow drift aquifer (Figure 2), 
while monitoring wells PES-MW-11A and PES-MW-13A consist of single wells 
installed slightly below the bottom of the silt/clay unit (Figure 2).  The new monitoring 
wells, with the exception of PES-MW-13A, were installed to investigate potential 
vegetable oil impacts in a more southerly direction from the injection area and to 
investigate the potential for vertical groundwater flow.  The installation details associated 
with the new monitoring wells are summarized in Table 2.   

Each monitoring well installed during the extended monitoring program was 
constructed of 2-inch inside diameter (ID) schedule 40 polyvinyl chloride (PVC) casing 
and 0.020-inch slot screen.  Each monitoring well was installed with approximately 10 
feet of factory slotted screen which was flush threaded to the appropriate length of solid 
casing.  A filter pack consisting of clean size 10-20 silica sand was installed from the 
bottom of each borehole to approximately 2 feet above the top of the screen interval.  A 
2-foot thick pure bentonite seal was installed above the sand pack, and a concrete-
bentonite sanitary seal was installed from the top of the bentonite seal to ground surface.  
The installation details associated with the new monitoring wells are summarized in 
Table 2. 

During drilling and well installation activities, soil samples were collected from the 
screen interval of each proposed monitoring well and shipped to an offsite laboratory for 
analysis.  The boring logs compiled during the extended monitoring program are included 
as Appendix B.  Select boring logs have been complied and presented in three 
dimensions on a fence diagram presented as Figure 3.  Groundwater elevation data 
collected during the November 2005 sampling event is presented on Figure 4.   
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MEMBRANE INTERFACE PROBE SURVEY RESULTS 

The MIP rig employed at Anoka County Park was provided and operated through a 
subcontract by KB Labs Incorporated.  KB Labs’ MIP rig was equipped with 
approximately 70 feet of direct push rod with a heating block on the bottom.  As the MIP 
rod was advanced, a heating block at the tip of the probe heated the soil and groundwater 
in the immediate vicinity of the probe tip.  As the heating block heated the soil and 
groundwater, the resultant “soil gas” was drawn through a membrane and into an inert 
gas loop where it was drawn through a series of detectors at ground surface.  The 
detectors included an electron capture detector (ECD) to detect total chlorinated VOCs, a 
photoionization detector (PID) to detect total VOCs, and an FID to detect methane and 
less volatile organic compounds that are not detected by the PID.  In addition, a dipole 
array was installed in the MIP probe which collected electrical conductivity data from the 
soil matrix.  Using this suite of detectors, a complete vertical profile of relative soil grain 
size, total chlorinated and non-chlorinated VOC concentrations, and methane 
concentrations was generated for each MIP location.  The MIP locations are depicted on 
Figure 2.   

During the course of the MIP survey it was discovered that the soil conductivity logs 
that were being produced by the dipole array did not match up to soil boring logs 
collected during the installation of the pilot test system in 2001.  After the new soil 
borings and monitoring wells were installed the soil conductivity profiles were compared 
to the newly generated boring logs and the historic logs.  The newly generated boring 
logs matched the historic logs relatively well.  However, the soil conductivity logs did 
not match the new or historic boring logs.  Therefore, we conclude that the soil 
conductivity logs collected during the MIP survey do not represent stratigraphic 
conditions at the site and will not be used for any purpose.   

The data collected during the MIP survey indicates that the concentration of total 
VOCs present beneath the pilot test area is insufficient to cause a deflection on the PID 
instrument associated with the MIP system.  There were no PID detections in any of the 
profiles collected with the exceptions of MIP-31 and MIP-36.  Therefore, the MIP 
discussion with regard to VOC concentrations will be based on data collected with the 
ECD.  The MIP profiles are attached to this technical memorandum as Appendix A.   

ELECTRON CAPTURE DETECTOR DATA  

The ECD data collected during the MIP survey is summarized on Table 3, is depicted 
on Figure 5, and is presented in detail in Appendix A.  The complete data set collected by 
KB labs was also provided under a separate cover (KB Labs, 2005).  Review of the 
horizontal distribution of ECD response indicates that elevated concentrations of 
chlorinated VOCs are present throughout the pilot test area.  Elevated concentrations of 
chlorinated ethenes were detected at all MIP locations, indicating that the VOC “hot 
spot” was not bounded in any direction during the MIP survey. 
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Review of the vertical distribution of ECD response indicates that at most MIP 
locations installed upgradient of PES-MW-10A/B, elevated concentrations of chlorinated 
solvents were present below approximately 28 to 30 feet bgs and above 40 to 42 feet bgs.  
The exceptions to this observation include MIP points MIP-3, MIP-6, MIP-10, MIP-11, 
and MIP-14.  Downgradient of PES-MW-10A/B the ECD data collected at the majority 
of the MIP points indicate that elevated concentrations of chlorinated VOCs are present 
below a depth of approximately 35 feet bgs and do not extend below approximately 50 
feet bgs.  In some cases elevated concentrations of chlorinated VOCs extended below the 
bottom of the total advancement depth of the point.  Therefore, the vertical distribution of 
elevated chlorinated VOC concentrations is not completely defined at these locations.   

Immediately after the completion of the MIP survey, discrete groundwater samples 
were collected from direct push borings installed immediately adjacent to a selection of 
MIP bore holes.  The discrete groundwater samples were collected in an effort to 
quantify the ECD and FID response data collected during the MIP survey.  The ECD 
response and associated discrete sampling data are summarized in Table 4.  Generally the 
ECD response for a given depth compares relatively well to the associated total 
chlorinated VOC concentration as reported by the discrete sampling results within each 
borehole, with the exception of results from MIP-5, MIP-8, and MIP-19.  However, the 
correlation of ECD response to discrete sampling data does not hold up between 
boreholes as indicated by the variability in the correlation factor data presented on Table 
4.  These observations indicate that the ECD response data appears to be a useful tool to 
qualitatively determine the vertical distribution of chlorinated solvents within a particular 
borehole.  However, the ECD data does not appear to be a very useful tool to determine 
the horizontal distribution of chlorinated VOC concentrations except in a very qualitative 
“presence-absence” way.  Therefore, the distribution of ECD response data with respect 
to the size of the detections will not be discussed, as this data does not appear to correlate 
to changes in chlorinated VOC concentrations.   

FLAME IONIZATION DETECTOR DATA 

The FID response data generated during the MIP survey (Table 4 and Appendix B) is 
representative of concentrations of methane and other less volatile organic compounds 
that are not detected by the PID or the ECD.  Thus, FID response can be considered to be 
indicative of the presence of organic material in the subsurface because the presence of 
methane can be inferred to result from the biodegradation of organic matter.  Organic 
material in the subsurface at the pilot site consists of a combination of naturally occurring 
organic material in the soil matrix as well as vegetable oil injected as part of the pilot 
test.  Therefore, the FID data collected during the MIP survey is representative of both 
naturally occurring as well as vegetable oil derived organic carbon.  However, vegetable 
oil was injected at relatively high concentration at this site so it was expected that the 
response to vegetable oil derived organic carbon would be much larger than the response 
to naturally derived organic carbon signature. 

Relatively low FID detections in the range of approximately 1E+05 to 6E+05 
microvolts (uV) were observed sporadically throughout the pilot test area at locations 
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that are unlikely to be impacted by vegetable oil derived organic carbon (i.e., cross 
gradient points MIP-18 and MIP-36, as well as downgradient points MIP-27, MIP-32, 
and MIP-37).  These observations indicate that the FID detector was detecting organic 
carbon that is likely to be naturally occurring, with a response of approximately 6E+05 
uV.  Within and downgradient from the injection area FID detections were much higher, 
ranging from approximately 1E+06 uV to 1E+07 uV, indicating that the vegetable oil 
derived organic carbon is responsible for an increase in FID response of approximately 
one to two orders of magnitude.   

Relatively high FID detections were observed in a large area which includes the 
injection area and extends southwest as far down gradient as MIP-26 (Figure 6).  This 
relatively large area corresponds roughly to the area of elevated TOC discussed in later 
sections (Figure 9).  The coincidence of the area of elevated FID readings and the area of 
elevated TOC concentrations indicates that the FID was likely detecting dissolved phase 
organic carbon, dissolved methane, as well as non-aqueous phase vegetable oil.  Thus, 
the area of elevated FID detections represents an area that is impacted by vegetable oil 
derived organic carbon, both directly and indirectly. 

The vertical distribution of FID detections at all locations is highly heterogeneous.  
Within the un-impacted locations this heterogeneity indicates that naturally occurring 
organic carbon is present only within particular vertical intervals.  For example, at MIP-
36 (Appendix A) elevated FID readings are limited to two very narrow vertical intervals 
located at 28 feet and 30 feet bgs.  Review of the boring log from PES-BG-2, located 
approximately 8 feet away, indicates that these vertical intervals consist of silty sand 
which is slightly finer than the fine to medium sand present above and below this vertical 
interval.  This fine grained unit likely contains higher concentrations of naturally 
occurring organic carbon than the surrounding sands, which would result in a higher FID 
reading.  Large ECD peaks are also present in the MIP-36 profile at the same depth 
intervals indicating that the fine grained unit contains elevated concentrations chlorinated 
VOCs as well as TOC.  The heterogeneous distribution of FID peaks in borings within 
the injection area indicates that the injected vegetable oil also has a heterogeneous 
vertical distribution. 

SOIL SAMPLING RESULTS 

Continuous soil samples were collected from the soil borings and monitoring well 
borings from the ground surface to the bottom of each borehole.  Boring logs were 
prepared by an experienced field geologist at each boring location.  The boring logs 
compiled during the extended monitoring program are included as Appendix B.   

A total of 36 soil samples were collected during drilling activities and analyzed for 
VOCs via USEPA method 8260B.  Soil samples were collected from soil borings PES-
SB-1, PES-SB-2, and PES-SB-3 to characterize the soil conditions in the immediate 
vicinity of the injection wells.  At each soil boring location, subsurface soils impacted by 
vegetable oil were typically stained dark brown or black and smelled of degrading 
vegetable oil.  At soil boring PES-SB-1 and PES-SB-3, the soil was heavily impacted by 
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vegetable oil from a depth of approximately 33 feet bgs to 39 feet bgs and from 39 feet to 
48 feet bgs, respectively.  These impact intervals correspond to the closest injection well 
screen intervals (PES-INJ-01 and PES-INJ-03, respectively).  At soil boring PES-SB-2, 
which was installed immediately adjacent to PES-INJ-02, vegetable oil impacts extended 
from just below the top of the PES-INJ-02 injection interval at 40 feet to 6 feet below the 
bottom of the PES-INJ-02 injection interval at 50 feet.  At all locations vegetable oil 
impacts were more pronounced in coarser, more transmissive units, indicating that the 
injection fluids migrated predominantly through the more permeable sand units.   

Soil borings PES-SB-4 and PES-SB-5, were drilled upgradient of PES-INJ-2 to define 
the upgradient edge of the injection area, while PES-SB-6, and PES-SB-7 were drilled 
down gradient of PES-INJ-2 to define the down gradient edge of the injection area.  
Evidence of vegetable oil impact was not observed in PES-SB-4 and PES-SB-5, 
indicating that the injected vegetable oil did not travel more than approximately 8 to 10 
feet upgradient during or after injection.  This conclusion is contradicted somewhat by 
the high FID detections at MIP-02 (installed approximately 25 feet upgradient of PES-
SB-5).  On the downgradient side of the injection area vegetable oil impacts were 
observed at PES-SB-6, PES-SB-7, PES-SB-8, and PES-SB-9 indicating that vegetable oil 
or high concentrations of vegetable oil derived organic carbon migrated as far down 
gradient as approximately 23 feet.  Impacts were observed in these wells primarily as soil 
intervals with mild to moderate degrading vegetable oil odor.  Impacts were observed at 
these downgradient locations as deep as approximately 55 feet bgs (PES-SB-9).  Two 
intervals containing “weak to mild odor” were observed during drilling at PES-MW-10B 
at 50 feet bgs and 53 feet bgs.  These observations may indicate that these depth intervals 
were impacted by vegetable oil or high concentrations of vegetable oil derived organic 
carbon.  These observations indicate that during and potentially shortly after injection the 
vegetable oil or high concentrations of vegetable oil derived organic carbon continued to 
spread laterally along the coarser more transmissive units as far down gradient as 
approximately 23 to 25 feet.  This data does not indicate that the injected vegetable oil 
spread vertically (upward or downward) to a significant extent.   

The boring logs compiled during the drilling activities were combined with the 
historic boring logs and used to develop a fence diagram which depicts the stratigraphic 
data collected during drilling in three dimensions (Figure 3).  Review of the boring log 
data and the fence diagram indicates that the stratigraphy beneath the pilot test site is 
relatively consistent on a large scale.  The soil beneath the pilot test area consists 
predominantly of fine to medium sand and silty sand which extends from approximately 
5 feet bgs to below the maximum drilling depth of 70 feet bgs.  At approximately 30 feet 
bgs there is a fine grained of unit of variable thickness which consists predominantly of 
silt and clay.  This fine grained unit ranges in thickness from less than one foot to a 
maximum of approximately 6 feet and is continuous throughout the pilot test area.  There 
are also a number of smaller, less continuous, fine grained units present beneath the pilot 
test area.  In particular, there appears to be a relatively large, thin silt/clay unit present at 
a depth of approximately 60 feet beneath and downgradient from the injection area.  It is 
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likely that these fine grained units impact and therefore to some extent control 
groundwater flow characteristics locally within the pilot test area. 

TOTAL ORGANIC CARBON ANALYSES IN SOIL 

During drilling operations soil samples were collected from soil borings drilled within 
the injection area and from outside the injection area in order to determine the spatial 
extent of soils impacted by vegetable oil and to compare the TOC content of impacted 
soils and un-impacted soils.  The soil TOC results are summarized in Table 5.  Soil TOC 
concentrations measured at the background boring PES-MW-13A ranged from 
approximately 330 mg/kg to approximately 830 mg/kg, indicating that there is naturally 
occurring organic carbon present within the soil matrix.  This concentration range 
compares well with soil TOC data collected prior to the injection of the vegetable oil in 
2001, indicating that PES-MW-13A has not been impacted by vegetable oil derived 
organic carbon.   

TOC concentrations in soil collected within the injection area ranged from 
approximately 300 mg/kg to a maximum of 6,200 mg/kg.  The high concentrations of 
TOC detected in the injection area were detected in vertical intervals that were visibly 
impacted by vegetable oil, indicating that significant vegetable oil derived organic carbon 
remains within the injection area to drive biological processes, including reductive 
dechlorination.  TOC concentrations within the injection area vary widely between 
boreholes and even vertically within individual boreholes.  This vertical and horizontal 
variation indicates that vegetable oil derived TOC is distributed heterogeneously within 
the injection area.   

At locations PES-SB-7 and PES-MW-12B soil samples were collected from silty clay 
or clay units and analyzed for TOC (as well as a number of other parameters discussed in 
later sections).  The silty clay unit sampled at PES-SB-7 was located at a depth of 
approximately 32 to 34 feet bgs, while the cohesive clay unit sampled at PES-MW-12B 
was located at 62 to 63 feet bgs.  The clay units at both locations and depths contained 
high concentrations of TOC (2,900 mg/kg at PES-SB-7 and 5,900 mg/kg at PES-MW-
12B).  There is no evidence of vegetable oil impact between 32 and 34 feet bgs at PES-
MW-7 and PES-MW-12B is located several hundred feet downgradient of the injection 
area and is thus unlikely to be impacted by vegetable oil.  Thus, the high concentration of 
TOC present in the silt units at PES-SB-7 and PES-MW-12B likely to be naturally 
occurring.  Groundwater samples were collected in close proximity to these sampling 
intervals (MIP-14 at 36 ft bgs for PES-SB-7 and MW-12B) and analyzed for TOC as well 
as a number of other parameters.  TOC concentrations in groundwater at these locations 
were relatively low, below 8 mg/L in both cases, indicating that the high concentration of 
naturally occurring TOC present in the soil matrix is insoluble and thus not bioavailable 
to drive biological processes (including reductive dechlorination).  This data indicates 
that these fine grained units are capable of absorbing significant amounts of contaminant 
mass and may serve as secondary sources of contaminant mass over time.   
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PLFA AND MICROBIAL POPULATION CHARACTERIZATION ANALYSES 
IN SOIL 

Biomass is represented by the total amount of phospholipid fatty acids (PLFA) present 
and provides a quantitative measure of the viable microbial biomass present.  Elevated 
concentrations of biomass are an indicator of enhanced microbial activity and are an 
indirect indicator of changes in food supply (organic carbon) or changes in environmental 
conditions.  The microbial population can also be identified through targeted gene 
detection analysis in order to determine if the microbial population present in a particular 
location is capable of dechlorinating chlorinated solvent mass and to what extent.  A 
series of soil samples were collected from the injection area, upgradient of the injection 
area, and downgradient from the injection area in order to compare the microbial 
populations (both total population and which microbes are present) in each area.  These 
samples were analyzed for total microbial biomass (PLFA) as well as targeted gene 
detection to determine the presence or absence of 4 phylogenic groups (Eubacteria, 
methanogens, sulfate and iron reducing bacteria, and methanotrophs); four bacterial 
genera that are known to be capable of dechlorinating chlorinated solvents 
(Dehalococcoides (DHC), Desulfuromonas (DSM), Dehalobacter (DHB), and 
Desulfitobacterium (DSB) and one additional genera that is known to dechlorinate 
tetrachloroethene (PCE) and trichloroethene (TCE) to cis-1,2-dichloroethene (DCE) 
(Geobacter (GEO)).  In addition, two functional genes which identify particular species 
of DHC were identified and quantified.  The BAV1 vinyl chloride reductase (BVC) 
functional gene is indicative of the species BAV1 which was isolated and identified by 
Frank Löffler’s group at the Georgia Institute of Technology (He et. al., 2003) as a 
species of DHC that is capable of completely dechlorinating TCE to ethene.  The second 
functional gene, also isolated and identified by Frank Löffler’s group (He et. al., 2003), is 
TCE R-dase (TCER) which has been shown to be indicative of a DHC species that is 
capable of dechlorinating TCE completely.  A third strain of methanotrophic bacteria was 
also identified and quantified through the analysis for soluble methane monooxygenase 
(sMMO).  sMMO is an enzyme that is produced by methanotrophic bacteria when TCE is 
being broken down to non-toxic organic hypoxides through a destructive process called 
cometabolic oxidation (He et. al., 2003).   

A total of 14 samples were collected and analyzed for targeted gene detection and 
PLFA, while an additional 9 samples were collected and analyzed for PLFA only.  The 
PLFA and targeted gene detection analysis results are presented in Table 6.  11 of the 23 
samples collected were impacted by vegetable oil or high concentrations of vegetable oil 
derived organic carbon as evidenced by visual and olfactory observations reported during 
drilling operations (Appendix B).  The total biomass measured in the impacted samples 
was approximately two orders of magnitude higher than the total biomass measured in 
the un-impacted samples.  The observed increase in microbial biomass is a result of an 
increase in microbial food supply supplied by the injected vegetable oil.  The increased 
biomass is paralleled by increases in all of the identified phylogenic groups.  Each 
phylogenic group increased by approximately one to four orders of magnitude with the 
largest increases observed in the sulfate/iron reducers and methanotrophs.  This data 
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indicates that the injected substrate was successful in promoting anaerobic microbial 
population development within and downgradient from the injection area.   

DHC and DHB were positively identified in nearly all samples analyzed including 
both vegetable oil impacted and non-impacted samples.  The population of DHC in the 
impacted samples was approximately one order of magnitude higher than the population 
measured in the non-impacted samples while DHB populations in the impacted samples 
were approximately two to three orders of magnitude higher than background.  DSM was 
positively identified in only one sample (PES-SB-6).  DSB was positively identified in 
approximately half of the samples analyzed and does not appear to be affected by the 
presence or absence of vegetable oil.  GEO was also detected at concentrations near the 
method detection limit in the impacted samples but not in the un-impacted samples.  This 
data indicates that several microbial strains that are known to be capable of 
dechlorinating VOC mass are present naturally in site soils and that the injected 
vegetable oil has been effective at increasing the populations of DHC, DHB, and to a 
lesser extent GEO.  Thus, the microbial population within the pilot test area is capable of 
completely dechlorinating chlorinated VOC mass. 

During the functional gene portion of the targeted gene detection analysis BVC was 
detected at low concentrations in nearly all of the impacted samples and in approximately 
one half of the un-impacted samples.  TCER was also detected at low concentrations in 
three of the impacted samples and in only one of the un-impacted samples.  sMMO was 
also detected in all but one of the impacted samples and in four of seven of the un-
impacted samples.  Moderate to high concentrations of sMMO (with respect to the un-
impacted samples) were detected at locations PES-SB-1, PES-SB-7, and PES-MW-10B, 
indicating that it is possible that chlorinated solvent mass is being destroyed by 
methanotrophic bacteria through cometabolic oxidation at these locations.   

During the April 2005 sampling event groundwater samples were collected from a 
selection of monitoring wells and submitted to Microbial Insights Inc. for targeted gene 
detection analysis.  The results of the targeted gene detection in groundwater analyses are 
summarized in Table 6 for easy comparison to the soil results.  Comparison of targeted 
gene detection results in water and soil from similar locations (e.g., PES-SB-2 to PES-
INJ-2, PES-SB-7 to PES-MW-1, PES-MW-10B soil to PES-MW-10A water, PES-SB-4 
to MS-46S, and PES-MW-10B soil to PES-MW-10B water) provides an insight into the 
relative representativeness of groundwater samples.  Soil samples are considered to be 
most representative of the true microbial population present because the bulk of the 
microbial population grows on the soil matrix.  Groundwater samples are generally 
considered to provide a good approximation of the microbial population and are 
generally preferred over soil samples due to the ease and low cost associated with 
groundwater sampling in comparison to soil sampling.  However, review of Table 6 
indicates that on this site groundwater samples are biased low and do not represent the 
microbial population present in the subsurface.   
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VOLATILE ORGANIC COMPOUND ANALYSES IN SOIL 

A total of 36 soil samples were collected during drilling activities and analyzed for 
VOCs via US EPA method 8260B (Table 5).  TCE, cis-1,2-DCE, trans-1,2-DCE, and 
acetone were the only VOCs that were detected at concentrations above the method 
detection limit.  VOC concentrations varied widely across the site, both vertically and 
horizontally.  TCE concentrations ranged from non detect to 7,700 µg/kg (PES-SB-2) 
while cis-1,2-DCE and trans-1,2-DCE concentrations ranged from non detect to 2,100 
µg/kg and 91 µg/kg, respectively.  Samples that were impacted by vegetable oil, as 
indicated by visual and olfactory inspection, contained substantial concentrations of cis-
1,2-DCE, and in some cases trans-1,2-DCE, indicating that at least partial dechlorination 
is occurring.   

VOC samples were collected from several intervals at locations PES-SB-1, PES-SB-4, 
PES-SB-7, PES-MW-10B, PES-MW-11A, PES-MW-13A, and PES-MW-14B.  At each 
location soil samples were collected from fine grained units, typically silty sands or 
clays, and coarser units, typically fine to medium sands, in an effort to determine which 
units contained higher VOC concentrations.  At all locations sampled the finer grained, 
lower permeability units contained higher concentrations of VOCs than the coarser 
grained units.  For example, at PES-SB-7 a clay unit located at 32 to 34 feet bgs 
contained 2,100 µg/kg of TCE while a sand unit immediately below (34 to 36 feet bgs) 
contained only 50J µg/kg.  This phenomena is repeated at PES-MW-10B where a silt unit 
at 36 to 42 feet bgs contains 1,600 µg/kg of TCE while a sand unit at 49 feet bgs contains 
no detectable concentrations of TCE.  This data indicates that the VOC concentrations 
are higher in the  fine grained silt/clay units and that these soils may contain as much, or 
more, contaminant mass than the more transmissive sand units.  Thus, the fine grained 
units will likely serve as secondary sources of contaminant mass for some time. 

The removal of TCE mass from the silty clay units beneath the NIROP site will be an 
extremely slow process because removal rate will be limited by the rate of diffusion, 
which is typically several orders of magnitude slower than advective-dispersive 
processes.  Thus, the application of a remedial option in the more permeable unit(s) will 
not accelerate site cleanup time significantly because the time to achieve MCLs on this 
site is dependant on the rate at which contaminant mass diffuses out of the fine grained 
units, not on the rate at which the remedial option of choice destroys contaminant mass.   

AQUEOUS AND MINERAL INTRINSIC BIOREMEDIATION ASSESSMENT 
ANALYSES IN SOIL 

Aqueous and Mineral Intrinsic Bioremediation Assessment (AMIBA) analyses consist 
of analyses for chromium extractable sulfides, acid extractable sulfides, weak acid 
extractable iron, strong acid extractable iron, weak and strong acid extractable 
manganese, and total oxidized iron (Kennedy et al., 2000).  This suite of analyses, in 
addition to bioavailable ferric iron and bioavailable manganese, is designed to assess the 
potential for a reductive dechlorination pathway known as biogeochemical reductive 
dechlorination (BiRD) and to assess the potential for abiotic degradation through 
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mineralization.  The BiRD process is termed “biogeochemical” because microbial 
processes are used to facilitate geochemical conditions that cause the precipitation of 
mineral ferrous iron monosulfide (FeS) in the aquifer matrix.  The primary microbial 
processes that are necessary to produce FeS are iron reduction and sulfate reduction.  In a 
normal aquifer system, both of these processes occur in the presence of sufficient organic 
carbon, ferric iron, and sulfate.  These processes are occurring within the pilot test area 
due to the presence of vegetable-oil-derived organic carbon.   

A total of 11 samples were collected for AMIBA analysis.  6 of the 11 samples 
collected were impacted by vegetable oil or high concentrations of vegetable oil derived 
organic carbon as evidenced by visual and olfactory inspection.  Comparison of the 
impacted and non-impacted sample sets indicates that bioavailable iron, bioavailable 
manganese, and chromium extractable sulfide have been depleted slightly in the impacted 
samples.  This data indicates that the impacted soil matrix has been depleted of 
bioavailable metals and sulfide, and therefore the capacity for abiotic degradation has 
been reduced slightly.  However, the observed reduction in these species is relatively 
small in relation to the total mass present in the un-impacted samples.  Therefore, the 
impacted soils’ capacity to support abiotic degradation may remain relatively unchanged.   

Review and comparison of all of the bioavailable iron and the strong acid extractable 
iron data is interesting and provides some insights into the relationship between the total 
mass of iron present in the soil (represented by strong acid extractable iron), and how 
much of that iron mass is accessible to the microbial community for use.  In most of the 
samples collected strong acid extractable iron concentrations are one to nine times higher 
than the respective bioavailable iron concentration.  This relationship is likely related to 
that fact that iron mineral dissolution is related to the surface area accessible to the 
microbial population and the microbial population present within a particular sample.  It 
is also important to understand that the mass of bioavailable iron is rate dependant in that 
iron will continue to be stripped over time.  Thus, as the time scale of the bioavailable 
iron analysis is extended, more of the total iron present in the soil matrix will become 
bioavailable.  The time scale for the current bioavailable iron data set was 30 days.  If the 
analysis time scale were extended for a much longer period of time most or all of the total 
iron present in the soil could become bioavailable.  Therefore, the limiting factor on this 
site may be sulfide because the total sulfide mass in the soil matrix (as represented by 
chromium extractable sulfide) has been depleted by approximately 56% in the first 30 
months following injection.   

GROUNDWATER SAMPLING RESULTS 

SITE HYDROLOGY 

During the groundwater sampling event in November 2005 a round of groundwater 
elevation measurements was collected within the pilot test area as well as a number of 
monitoring wells installed outside of the pilot test area.  The data collected during this 
round (Table 8) was used to develop a groundwater potentiometric surface map which is 
depicted on Figure 4.  The groundwater mound in the park, historically known as the 
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“stagnation zone”, is clearly evident in the 2005 potentiometric surface map and 
continues to control groundwater flow in the pilot test area.   

Groundwater elevation data collected at the newly installed monitoring wells (PES-
MW-10A, PES-MW-11A, PES-MW-12A, PES-MW-13A, and PES-MW-14A) have 
resulted in the improvement of the definition of the groundwater potentiometric surface 
within the pilot test area.  Groundwater flow is interpreted to be more southerly in and 
immediately downgradient from the injection area than previous interpretations.  This 
more southerly flow appears to continue to monitoring wells PES-MW-9 and PES-MW-
11A where groundwater flow appears to turn to a more westerly heading. 

The reinterpretation of the groundwater potentiometric surface did impact interpreted 
groundwater flow direction.  However, the slope of the groundwater potentiometric 
surface map remained similar to past interpretations.  In 2005 (April and November) the 
groundwater surface was relatively flat in the upgradient portion of the pilot test area 
(upgradient of monitoring well PES-MW-3) and in the downgradient portion of the pilot 
test area (downgradient of PES-MW-4.  The groundwater surface between well PES-
MW-3 and well PES-MW-4 slopes strongly to the south-southwest.  This stair-step 
pattern in the groundwater surface is likely a result of the discontinuous silt unit that has 
been detected in the area during drilling operations (Figure 3).   

Historically, vegetable oil thickness measurements have also been collected during 
each process monitoring round.  Since injection measurable vegetable oil thicknesses 
have been detected routinely at PES-INJ-02 and PES-INJ-03 and sporadically at PES-
INJ-01.  During more recent sampling events the vegetable oil thickness measured in 
PES-INJ-3 has been greater than that measured in PES-INJ-1 and PES-INJ-2.  During the 
2005 sampling events separate phase vegetable oil was not detected at PES-INJ-01 and 
PES-INJ-02, while vegetable oil was detected at PES-INJ-03 (the thickness of the 
vegetable oil could not be determined during the November round).  The observed 
decrease in measurable vegetable oil at PES-INJ-03 and the absence of measurable 
vegetable oil at PES-INJ-01 and PES-INJ-02 indicates that the vegetable oil is being 
gradually consumed.    

Table 9 presents the results of pre- and post-injection aquifer testing and estimates of 
groundwater seepage velocity.  The geometric mean for hydraulic conductivity values 
measured for PES-MW1 and the injection wells in the upgradient portion of the study 
area (upgradient of PES-MW-8 and PES-MW-9) was 177 feet per day (ft/day) (0.062 
centimeters per second [cm/sec]).  Hydraulic conductivity measurements conducted in 
wells PES-MW-3, PES-MW-8, and PES-MW-9 indicate that a zone of low hydraulic 
conductivity, relative to the injection area and the area around the contingency wells, is 
present in the vicinity of these well locations.  The geometric mean for hydraulic 
conductivity values measured at PES-MW-3, PES-MW-8, and PES-MW-9 was 29.6 
ft/day (0.010 cm/sec).  The only location tested downgradient from this zone of lower 
conductivity prior to injection was PES-CW1.  The hydraulic conductivity calculated for 
PES-CW-1 was approximately 196 ft/day (0.069 cm/sec).  Mean groundwater flow 
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velocities, calculated from data collected prior to injection, ranged from approximately 
438 feet per year (ft/yr) to 2,545 ft/yr.  

Comparison of the pre-injection aquifer testing data with the post-injection aquifer 
testing data (Table 9) indicates that values of hydraulic conductivity calculated  
immediately after injection for the injection wells was approximately an order of 
magnitude lower than pre-injection values of hydraulic conductivity for these same wells.  
This decrease in hydraulic conductivity was likely due to the presence of vegetable oil 
within the aquifer matrix that effectively lowers the relative permeability of the aquifer 
matrix. 

Values of hydraulic conductivity calculated from data collected 1 year after injection 
are similar to those calculated from the pre-injection testing round. This indicates that the 
decrease in hydraulic conductivity observed immediately after injection was transient, 
and that the hydraulic conductivity of the aquifer matrix in the vicinity of the injection 
wells (PES-MW-1) has returned to baseline conditions.  This may be due to a lowering of 
residual oil saturation due to degradation and/or migration and dispersion of the 
vegetable oil. 

A second post-injection round of slug testing was conducted during the April 2003 
process monitoring event.  Slug test data collected in April 2003 indicate that the 
hydraulic conductivity within the injection wells is very low relative to the baseline 
sampling event.  This decrease in hydraulic conductivity within the injection wells is due 
to the presence of vegetable oil within the well casings and within the aquifer matrix 
surrounding the wells.  The low hydraulic conductivities measured within the injection 
wells is also likely due to microbial growth (biofouling) within and around the injection 
wells.  Immediately downgradient from the injection area (PES-MW-1, PES-MW-6, and 
PES-MW-7) hydraulic conductivities measured in April 2003 are similar to those 
measured during the baseline event (Table 9).  These data indicates that the decrease in 
hydraulic conductivity is limited to the area immediately surrounding the injection wells. 

Six of the new monitoring wells were installed in two well clusters (PES-MW-10A/B, 
PES-MW-12A/B, and PES-MW-14A/B) in order to determine if vertical groundwater 
flow is a significant factor within the pilot test area.  The vertical hydraulic gradient was 
calculated at each monitoring well cluster by dividing the difference in head by the 
vertical interval between the wells within each cluster.  The vertical hydraulic gradient at 
monitoring well clusters PES-MW-10 and PES-MW-14 were both weak (approximately 
0.004 ft/ft) and upward indicating that there may be a small component of upward flow in 
the vicinity of these well clusters.  The vertical gradient at cluster PES-MW-12 was very 
small (0.002 ft/ft) and in the downward direction.   

VOLATILE ORGANIC COMPOUND ANALYSES IN GROUNDWATER 

Groundwater VOC data is the primary line of evidence in determining the success of 
the vegetable oil pilot test.  During the first extended monitoring program process 
monitoring round all of the original pilot test monitoring wells, the eight newly installed 
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monitoring wells, and seven monitoring wells outside of the pilot test area were sampled 
for VOCs.  Table 10 presents the latest round of VOC data as well as historic data for the 
previously sampled monitoring wells. 

Review of the entire VOC data set indicates that TCE remains the most commonly 
detected contaminant across the site and that TCE is typically present at greater 
concentration than any other contaminant compound within each monitoring well.  TCE 
concentrations have been decreasing at all of the wells (except for the newly installed 
wells) since 2002.  cis-1,2-DCE, trans-1,2-DCE, 1,1-DCE, and 1,1-DCA have also been 
detected routinely during the last 36 months at much lower concentrations than TCE.  
VC, acetone, and 2-butanone have also been detected sporadically both historically and 
during the most recent sampling event in November 2005. 

TCE concentrations detected during the baseline sampling event, conducted prior to 
vegetable oil injection, are depicted on Figure 7.  Review of groundwater analytical data 
(summarized in Table 10) from the baseline sampling event in November 2001 indicates 
that four contaminants were detected at concentrations above associated method 
detection limits: PCE, TCE, cis-1,2-DCE, and trans-1,2-DCE.  PCE was detected at only 
one location (GWMS-47S) at a low concentration of 0.92 micrograms per liter (ug/L).  
TCE was detected at elevated concentrations at all wells within the pilot test area, except 
GWMS-27S, with a maximum concentration of 20,000 ug/L detected at location MS-46S 
(see Figure 1 for well locations).  TCE concentrations were generally highest (>1,000 
μg/L in most cases) in the upgradient portions of the pilot test area, east of PES-MW-4.  
TCE concentrations detected in the downgradient portions of the pilot test area were 
significantly lower, generally below 300 μg/L, with the exception of PES-CW-1 (630 
ug/L).  cis-1,2-DCE, a breakdown product of TCE, was detected at most locations at 
concentrations significantly less than TCE.  This data suggests that limited degradation of 
TCE to cis-1,2-DCE occurred naturally at the site prior to vegetable oil injection. 

Review of groundwater analytical data (Table 10) collected after vegetable oil 
injection indicates that TCE concentrations detected in groundwater have been variable 
over time, but generally have declined at the three injection wells (PES-INJ-1, PES-INJ-
2, and PES-INJ-3) and at all of the pilot test wells with the exception of GMW-27S.  At 
the majority of these wells TCE concentrations increased initially, typically peaking 
during the May or August 2002 sampling rounds, then decreased through November 
2005.  TCE concentrations detected during the most recent sampling event in November 
of 2005 are depicted on Figure 8.  Comparison of the pre-injection plume map presented 
in Figure 7 to the most recent plume map presented in Figure 8 indicates that TCE 
concentrations have decreased substantially since injection, with the largest decreases 
observed in and downgradient from the injection area.   

2-butanone and acetone have been detected sporadically at elevated concentrations 
during all of the process monitoring events in several wells including PES-INJ-1, PES-
INJ-2, PES-INJ-3, PES-MW-6, PES-MW-7, PES-MW-8, and PES-MW-9.  
Concentrations of both analytes were relatively low during the first round of process 
monitoring with a maximum concentration of 490 µg/L for 2-butanone and 240 µg/L for 
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acetone.  During later process monitoring rounds concentrations of 2-butanone and 
acetone were highly variable and in some cases relatively high.  However, 2-butanone 
and acetone have never been detected at concentrations approaching the MPCA Health 
Risk Limits of 4,000 µg/L for 2-butanone and 700 µg/L for acetone outside of the 
injection area and monitoring wells PES-MW-7 and PES-MW-9.   

VC has not been detected at concentrations above the method detection limit in any of 
the contingency wells (PES-CW1, PES-CW2, PES-CW3, GWMS-47S), or the new 
downgradient monitoring well cluster PES-MW-12A/B, during the course of the pilot 
test.   

GEOCHEMICAL ANALYSES IN GROUNDWATER 

Biodegradation of organic carbon, whether natural or anthropogenic, brings about 
measurable changes in the chemistry of groundwater in the affected area.  Concentrations 
of compounds used as electron acceptors (e.g., dissolved oxygen [DO], nitrate, sulfate, 
and carbon dioxide) are depleted, and byproducts of electron acceptor reduction (e.g., 
carbon dioxide, ferrous iron, sulfide, reduced manganese, and methane) are elevated.  By 
measuring these changes, it is possible to evaluate what biological processes are 
occurring at a particular site.  The geochemical data collected during the course of the 
pilot test is presented in Table 11.   

During the Spring 2005 sampling event TOC concentrations sufficient to support 
reductive dechlorination (>20 milligrams per liter (mg/L) (USEPA, 1998)) were detected 
at the injection wells and at monitoring wells PES-MW-4, PES-MW-7, PES-MW-10A, 
and PES-MW-14A.  The TOC data set collected from the monitoring wells during the 
Spring 2005 sampling round was combined with the TOC data set collected during the 
discrete sampling program (also in the Spring of 2005) and used to develop a TOC 
contour map (Figure 9).  The TOC data depicted on Figure 9 indicates that there is a 
relatively large area of elevated TOC present to the south and southwest of the injection 
area.  Within the relatively large area impacted by elevated (>10 mg/L) TOC 
concentrations is a smaller core of highly elevated TOC concentrations (>50 mg/L) 
which extends as far down gradient as PES-MW-4 and PES-MW-14A.  TOC 
concentrations within this area are present at concentrations sufficient to drive reductive 
dechlorination (USEPA, 1998).  The TOC mass depicted on Figure 9 is most likely 
related to and derived from the vegetable oil injected as part of this pilot test.  
Comparison of the TOC plume map depicted in Figure 9 with the TCE plume map 
depicted in Figure 8 indicates that the area of high TOC concentration in Figure 9 
roughly corresponds to the area of low TCE concentrations (<50 µg/L) in Figure 8. 

Between the April 2005 and November 2005 sampling events TOC concentrations 
decreased at most locations sampled and the horizontal extent of TOC concentrations 
exceeding 10 mg/L decreased significantly (Figure 10).  The reductions in TOC 
concentrations observed downgradient of the injection area are not likely to be a result of 
or indicative of organic carbon depletion in the injection area because TOC 
concentrations in the injection area increased at PES-INJ-03 during the same time period.  
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It is more likely that the observed reductions in TOC concentrations downgradient of the 
injection area are related to seasonal fluctuations in groundwater flow and TOC transport 
rates. 

At monitoring locations where TOC concentrations are elevated (the injection wells, 
PES-MW-7, PES-MW-10A, and PES-MW-14A) geochemical conditions are moderately 
to strongly reducing as indicated by the presence of elevated concentrations ferrous iron, 
reduced manganese, sulfide, and methane.  The presence of these reduced species 
indicates that iron reduction, manganese reduction, sulfate reduction and methanogenesis 
are occurring at, or in close proximity to, these locations.  These reducing conditions are 
conducive to anaerobic biological processes including anaerobic reductive 
dechlorination.  

Ethane and ethene concentrations present in wells known to be un-impacted by 
vegetable oil (MS-27S, MS-47S, PES-CW-1, PES-CW-2, PES-CW-3) range up to 
approximately 35 nanograms per liter (ng/L) and 50 ng/L, respectively.  During the 
Spring 2005 sampling event ethane concentrations at least twice the concentration 
measured in non-impacted wells (70 ng/L) were detected in the injection wells and in 
monitoring wells MS-45S, MS-46S, PES-MW-1, PES-MW-7, PES-MW-10A, PES-MW-
11A, PES-MW-12B, PES-MW-14A, and PES-MW-14B.  During the same sampling 
event ethene concentrations at least twice the concentration measured in un-impacted 
wells (100 ng/L) were detected in the injection wells and in monitoring wells PES-MW-
1, PES-MW-6, PES-MW-10A, PES-MW-12B, PES-MW-14A, and PES-MW-14B.  This 
data indicates that complete reductive dechlorination may be occurring at these locations 
or immediately upgradient of these locations (in the case of PES-MW-1 and PES-MW-6).  
Methane, ethene, and ethane samples were not collected during the November 2005 
sampling event. 

GROUNDWATER SAMPLING RESULTS FROM MS-53PC 

Monitoring well MS-53PC was redeveloped and one groundwater sample collected as 
recommended in the August 2003 Report (CCI, 2003).  In April of 2005, the TOC 
concentration in MS-53 PC was 110 mg/L and the total VFA concentration was 792 
mg/L (Table 12).  Background concentrations of TOC as measured during the baseline 
event were below 5 mg/L and VFA concentrations measured at wells upgradient of the 
injection system are below 4 mg/L.  Therefore, the high concentrations of TOC and 
VFAs measured at MS-53PC indicate that this well was impacted with vegetable oil 
during injection.  However, TCE was the only VOC detected in MS-53PC in April 2005 
and it was detected at a concentration of 0.83J µg/L, which is lower than the TCE 
concentration detected during the June 2003 sampling event.  The concentration of TCE 
detected in MS-53-PC during the June 2003 sampling event was 2.1 and 1.19 µg/L in the 
screened interval.  This suggests that, although monitoring well MS-53PC was impacted 
during the vegetable oil injection, the TCE concentration at this well did not increase.  
No further action is recommended for monitoring well MS-53PC. 
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SUMMARY 

During the Spring 2005 field program a total of 38 MIP points were installed with 48 
discrete groundwater samples collected to confirm or further investigate the data 
collected during the MIP program.  After the MIP program was complete 8 new wells 
and 10 new soil borings were installed to investigate the soil conditions within and 
downgradient from the injection area to improve the definition of groundwater flow 
conditions in the pilot test area and to investigate geochemical and VOC conditions in the 
area south of the injection wells.  Following the completion of the drilling program a full 
round of groundwater sampling was conducted.  

During the course of the MIP program it was found that direct push drilling is well 
suited for drilling activities at Anoka County Park.  The direct push rig deployed in 
support of this project was capable of reaching depths of up to approximately 75 feet 
below ground surface and was limited by the supply of drilling rod and not by the 
capabilities of the rig.  It is also likely small diameter monitoring wells could be installed 
in addition to the MIP work, soil sampling, and discrete groundwater sampling conducted 
during this project.  Small diameter monitoring wells could be installed in lieu of 
standard monitoring wells during future drilling programs at a fraction of the cost due to 
cost savings related to decreased mobilization and drilling costs, decreased investigation 
derived waste production, and decreased well material costs. 

Groundwater elevation data collected during the 2005 program from the existing pilot 
test wells, the newly installed pilot test wells, and a selection of wells installed outside of 
the pilot test area indicates that groundwater flow near the injection area is more 
southerly than previously interpreted.  As a result, the effects of the injected vegetable oil 
are migrating with groundwater flow in a more south-southwest direction.  This newly 
interpreted groundwater flow regime is supported by the TOC plume maps presented on 
Figures 9 and 10 and the November 2005 plume map presented on Figure 8.  The 
groundwater elevation data collected in 2005 from the newly installed monitoring well 
clusters also indicates that there is the potential for upward vertical groundwater flow at 
wells PES-MW-10 and PES-MW-14, and downward groundwater flow at PES-MW-12.   

The ECD data collected during the MIP survey indicates that chlorinated VOC mass is 
present in the subsurface between approximately 28 feet and 42 feet bgs in the upgradient 
portion of the pilot test area (upgradient of PES-MW-10) and between approximately 35 
feet and 50 feet bgs downgradient of PES-MW-10.  This distribution was confirmed by 
discrete groundwater sampling conducted immediately after the completion of the MIP 
program.  The VOC in soil data collected during the drilling program further indicates 
that VOC concentrations in the finer grained, less transmissive units are significantly 
higher than VOC concentrations present in the coarser grained, more transmissive units.  
This data indicates that significant contaminant mass is present in the fine grained silt-
clay units.  Thus, any remedial strategies implemented in this area that are designed 
primarily to remove/destroy contaminant mass should be targeted to the finer grained 
units present between approximately 30 feet and 50 feet bgs where the majority of the 
contaminant mass resides.  In addition, groundwater flow and contaminant migration 
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within the fine grained units are likely to be controlled by diffusion based mechanics as 
apposed to the more permeable units where advective flow mechanics likely control 
contaminant migration.  As a result, the success of any remedial option chosen for 
application within this area will be dependant upon the rate at which contaminant mass 
diffuses out of the fine grained units.   

The TOC in soil data and observations collected during the drilling program indicate 
that the injected vegetable oil was distributed heterogeneously both vertically and 
horizontally within the injection area.  TOC concentrations in soil detected within the 
injection area ranged from approximately 2,000 to 6,000 mg/kg, indicating that 
significant vegetable oil derived organic carbon mass remains in the system to drive 
biological degradation processes.  TOC data collected in groundwater during the discrete 
sampling program and during the groundwater sampling program indicates that a 
relatively large area of elevated TOC concentrations was present around the injection 
area and extended approximately 80 feet to the south-southwest during the April 2005 
sampling event.  TOC concentrations in this area were high enough to support reductive 
dechlorination (>20 mg/L (USEPA, 1998)).  During the November 2005 sampling event 
this area of elevated TOC was smaller than in April 2005, possibly as a result of seasonal 
fluctuations in groundwater flow and TOC transport.  Geochemical conditions within this 
area of elevated TOC (the injection wells, PES-MW-1, PES-MW-4, PES-MW-7, PES-
MW-10A, and PES-MW-14A) are indicative of anaerobic geochemical conditions 
capable of supporting reductive dechlorination.  The TOC data collected in April 2005 
also indicates that monitoring well MS-53PC was inadvertently impacted by vegetable 
oil during injection activities in 2001. 

Targeted gene detection analysis of soil samples collected during the 2005 program 
indicates that DHC and DHB were positively identified in nearly all samples analyzed 
including both vegetable oil impacted and un-impacted samples.  The population of DHC 
in the impacted samples was approximately one order of magnitude higher than the 
population measured in the non-impacted samples, while DHB populations in the 
impacted samples were approximately two to three orders of magnitude higher than 
background.  Dechlorinating bacteria DSB, DSM, and GEO were also positively 
identified at lower concentrations.  Thus, the microbial population within the pilot test 
area is capable of completely dechlorinating chlorinated VOC mass.  In addition, 
moderate to high concentrations of sMMO (with respect to the un-impacted samples) 
were detected at locations PES-SB-1, PES-SB-7, and PES-MW-10B, indicating that it is 
possible that chlorinated solvent mass is being destroyed by methanotrophic bacteria 
through cometabolic oxidation at these locations.  This data indicates that several 
microbial strains that are known to be capable of dechlorinating chlorinated VOC mass 
are present naturally in site soils, that the injected vegetable oil has been effective at 
increasing the populations of DHC, DHB, and to a lesser extent GEO.  The injected 
vegetable oil has also been successful in promoting contaminant mass destruction 
through cometabolic oxidation.  Samples of groundwater were also collected for targeted 
gene detection analysis.  Comparison of the targeted gene detection data collected in soil 
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and in groundwater indicates that the analysis of groundwater from this site does not 
adequately represent the microbial population in the subsurface.   

A total of 11 samples were collected for AMIBA analysis during the 2005 drilling 
program.  Comparison of the impacted and un-impacted sample sets indicates that 
bioavailable iron, bioavailable manganese, and chromium extractable sulfide have been 
depleted slightly in the impacted samples.  This data indicates that the impacted soil 
matrix has been depleted of bioavailable metals and sulfide and therefore the capacity for 
abiotic degradation has been reduced slightly.  However, the observed reduction in these 
species is relatively small in relation to the total mass present in the un-impacted 
samples.  Therefore, the impacted soils’ capacity to support abiotic degradation remains 
relatively unchanged.   

Groundwater VOC data collected during the 2005 sampling rounds indicate that VOC 
concentrations continued to decrease both within and outside of the pilot test area.  
Comparison of the pre-injection TCE plume map presented on Figure 7 and the 
November 2005 TCE plume map presented on Figure 8 indicates that TCE 
concentrations decreased most dramatically within and down gradient from the pilot test 
area.  Review of the VOC data presented in Table 10 and geochemistry data presented in 
Table 11 indicates that at locations were adequate TOC is present partial, potentially 
complete, reductive dechlorination is occurring.  Elevated ethane and ethene 
concentrations at these locations further indicates that complete reductive dechlorination 
may be occurring.  These observations indicate that the vegetable oil pilot has been 
successful in enhancing VOC mass destruction beneath Anoka County Park. 

Data collected during the most recent round of field activities indicates that significant 
contaminant mass is present as sorbed mass located in the fine grained silt/clay units 
beneath the park.  As a result of the presence of this sorbed contaminant mass, the 
remedial time frame and effectiveness associated with any remedy designed to remove 
contaminant mass from the subsurface (including organic substrate addition) will be 
dependant upon the rate at which the contaminant mass diffuses out of the silt/clay units 
and into the more transmissive sand units where it can be removed or destroyed.  
Theoretically the rate at which contaminant mass diffuses out of the finer grained units 
could be maximized by removing the contaminant mass from the more transmissive units 
and thereby increasing the steepness of the contaminant concentration gradient from the 
less permeable unit to the more permeable unit.  However, the time frame necessary for 
contaminant mass to diffuse out of the fine grained units is likely to be on the order of 
hundreds of years.  Therefore, it is unlikely that any remedial technology will be 
successful in significantly accelerating the time it will take to reach remedial goals at the 
site because contaminant mass will continue to diffuse out of the fine grained units for 
some time to come.   

Since the remedial time frame for groundwater contamination at Anoka County Park 
appears to be fixed by the diffusion rate from the fine grained units it is likely that the 
attainment of the remedial goal to remove or destroy all contaminant mass from the 
subsurface will be technically unattainable within a reasonable period of time.  However, 
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the remedial goal to protect potential contaminant receptors by limiting contaminant 
mass loading to those receptors remains as a potentially attainable remedial goal at the 
site.   The success of the vegetable oil pilot test indicates that the substrate addition 
technology is a viable technology to meet this remedial goal.  The data collected during 
the course of this pilot test has shown that the injected vegetable oil has been effective at 
immobilizing contaminant mass through the partitioning of contaminant mass into the 
immobile vegetable oil (Parsons, 2004) as well as enhancing the destruction of 
contaminant mass through biologically supported degradation processes.  The ability of 
vegetable oil to immobilize contaminant mass has the potential to reduce contaminant 
loading in the short term while the ability of organic substrate addition to promote 
biologically mediated contaminant mass destruction will reduce contaminant mass 
loading in the long term.   

Parsons suggests that the Navy continue to perform limited groundwater monitoring in 
the pilot test area in order to track the future progress of the pilot test and to define the 
life cycle of the injected substrate.  Future sampling events could be combined with the 
base wide sampling events in order to decrease the monitoring costs and to produce site 
wide sampling rounds that are internally comparable.  The sampling locations and 
analytical parameters could be scaled back to only those locations and parameters 
important for tracking the progress of the pilot test (Table 13).  It is recommended that 
the following sampling be retained and repeated approximately annually in order to 
continue to track the effectiveness of the system and to track the depletion of the 
vegetable oil derived organic carbon: 

TABLE 13 
RECOMMENDATIONS FOR FUTURE ANNUAL SAMPLING 

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY 
ANOKA COUNTY PARK 
FRIDLEY, MINNESOTA 

Well Identification Well Stabilization 
Parameters a/

VOCs (8260B) TOC (SW9060) 

PES-INJ-03 X X X 
PES-MW-4 X X X 
PES-MW-5 X X X 
PES-MW-7 X X X 
PES-MW-9 X X X 

PES-MW-10A X X X 
PES-MW-11A X X X 
PES-MW-12A X X X 
PES-MW-13A X X  
PES-MW-14A X X X 

PES-CW-2 X X  
PES-CW-3 X X  

MS-46S X X  
MS-47S X X  

a/ Well stabilization parameters include dissolved oxygen, temperature, pH, oxidation reduction 
potential, and turbidity.   
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In addition it is recommended that a slightly expanded sampling program be 
implemented during the site wide sampling round immediately prior to a five year ROD 
review in order to prepare a more complete representation of “current” site conditions.  
Parsons recommends that PES-MW-1 and PES-MW-6 be added to the pre-ROD review 
sampling protocol in order to assess groundwater conditions immediately downgradient 
from the injection area.  Parsons also recommends that the B interval wells be added at 
well clusters PES-MW-10, PES-MW-12, and PES-MW-14 in order to assess water 
quality downgradient from and slightly below the injection area.   

 
TABLE 14 

RECOMMENDATIONS FOR SAMPLING PRIOR TO A 5-YEAR ROD 
REVIEW 

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY 
ANOKA COUNTY PARK 
FRIDLEY, MINNESOTA 

Well Identification Well Stabilization 
Parameters a/

VOCs (8260B) TOC (SW9060) 

PES-MW-1 X X X 
PES-MW-6 X X X 

PES-MW-10B X X X 
PES-MW-12B X X X 
PES-MW-14B X X X 
Note: Sampling recommendations presented in this table are in addition to the sampling 
recommendations presented in Table 13. 
a/ Well stabilization parameters include dissolved oxygen, temperature, pH, oxidation reduction 

potential, and turbidity.   

During the coming months the NIROP team will be required to make a series of 
decisions regarding the future of remedial activities at Anoka County Park.  These 
decisions will be made based upon the results of the vegetable oil pilot test, research 
being conducted by the USGS with regard to the hydraulic system, and the impact of the 
extraction system currently operating on site.  The vegetable oil pilot test has been 
successful in enhancing the destruction of chlorinated solvent mass in the subsurface and 
has thus been successful in reducing the overall toxicity of the groundwater plume.  
Vegetable oil has also been shown to be effective at stripping contaminant mass from the 
soil matrix through its surfactant properties and immobilizing contaminant mass through 
its preferential partitioning properties (Parsons, 2004).  Therefore, Parsons recommends 
that organic substrate addition in general and vegetable oil injection specifically be 
considered as a future remedial option at this site.   

In 1990 the record of decision (ROD) for groundwater at the NIROP facility was 
signed.  The ROD specified that contaminated groundwater located offsite and 
downgradient of the NIROP facility in Anoka County Park would be allowed to dissipate 
naturally (TTNUS, 2005).  During the 1998 5-year ROD review it was determined that 
VOC concentrations in Anoka County Park were not decreasing as rapidly as expected 
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and it was recommended that the Navy determine what could be done to reduce residual 
groundwater contamination in Anoka County Park (TTNUS, 2005).  As a result of this 
recommendation the Navy embarked on this organic substrate addition pilot test program.  
In addition, the Navy started a groundwater extraction system expansion program in 
order to more fully capture the VOC plume emanating from the NIROP facility.  Over the 
last several years of groundwater monitoring in Anoka County Park VOC concentrations 
at wells installed within and outside of the pilot testing area have been decreasing 
(TTNUS, 2006).  The VOC concentration decreases observed outside of the pilot test 
area are likely a result of more complete capture afforded by the expanded extraction 
system and natural attenuation mechanisms active in the Park (TTNUS, 2006).  Since 
VOC concentrations in Anoka County Park have been decreasing over the last several 
years, Parsons suggests that the Navy continue to monitor VOC concentrations at wells 
installed in the Park to determine if the VOC concentration reductions are sustainable.  If 
VOC concentrations continue to decrease in the Park then the tenants of the ROD should 
be fulfilled and active remediation in the Park may be unnecessary to be protective of 
identified potential contaminant receptors.  In the event that VOC concentrations in the 
Park increase significantly over a significant period of time the NIROP partnering team 
could re-consider the need for more active remediation measures.    

In the event that a more active approach becomes warranted, Parsons suggests that 
future active remedial activities at Anoka County Park be designed to reduce the 
potential impact to receptors and therefore reduce the environmental risk and impact 
associated with the contaminant mass remaining in the subsurface instead of attempting 
to remove or destroy all of the remaining contaminant mass.  To this end Parsons 
suggests that the NIROP team limit future remedial activities at the site to defined 
contaminant hot spots or source areas instead of attempting to treat large areas (for 
example attempting to treat an area within a particular interpreted VOC concentration 
contour).  The control or elimination of contaminant mass present as hot spots will allow 
the environmental risk associated with the site to be reduced most significantly and most 
efficiently in terms of cost and in terms of impact to activities and access to the site. 
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TABLES 

 



Well/Boring Total Ground Elevation Survey Survey
Well/Borehole Diameter Depth Surface Elevation Top of Casing Northing Easting
Identification (Inches) (feet bgs)a/ (feet amsl)b/ (feet amsl) (State Plane) (State Plane)

MIP-1 1 60 NMc/ NM 1,077,426.77 2,810,933.36
MIP-2 1 60 NM NM 1,077,392.94 2,810,924.37
MIP-3 1 60 NM NM 1,077,386.69 2,810,892.06
MIP-4 1 55 NM NM 1,077,389.93 2,810,890.64
MIP-5 1 60 NM NM 1,077,393.87 2,810,889.35
MIP-6 1 60 NM NM 1,077,385.27 2,810,882.59
MIP-7 1 74 NM NM 1,077,387.07 2,810,908.80
MIP-8 1 60 NM NM 1,077,382.04 2,810,914.14
MIP-9 1 61 NM NM 1,077,378.44 2,810,910.70

MIP-10 1 60 NM NM 1,077,374.97 2,810,906.82
MIP-11 1 60 NM NM 1,077,393.04 2,810,910.18
MIP-12 1 60 NM NM 1,077,378.63 2,810,925.62
MIP-13 1 70 NM NM 1,077,367.15 2,810,898.56
MIP-14 1 62 NM NM 1,077,364.96 2,810,894.05
MIP-15 1 60 NM NM 1,077,354.34 2,810,904.24
MIP-16 1 60 NM NM 1,077,348.53 2,810,893.98
MIP-17 1 60 NM NM 1,077,351.98 2,810,908.44
MIP-18 1 60 NM NM 1,077,378.73 2,810,935.81
MIP-19 1 60 NM NM 1,077,340.37 2,810,897.87
MIP-20 1 60 NM NM 1,077,322.76 2,810,900.43
MIP-21 1 70 NM NM 1,077,314.20 2,810,903.44
MIP-22 1 60 NM NM 1,077,215.88 2,810,882.20
MIP-23 1 70 NM NM 1,077,347.80 2,810,907.97
MIP-24 1 60 NM NM 1,077,343.98 2,810,907.95
MIP-25 1 60 NM NM 1,077,323.60 2,810,884.91
MIP-26 1 60 NM NM 1,077,308.01 2,810,878.27
MIP-27 1 60 NM NM 1,077,292.13 2,810,865.27
MIP-28 1 60 NM NM 1,077,383.47 2,810,925.54
MIP-29 1 60 NM NM 1,077,258.88 2,810,896.58
MIP-30 1 60 NM NM 1,077,281.18 2,810,903.57
MIP-31 1 67 NM NM 1,077,311.17 2,810,911.70
MIP-32 1 62 NM NM 1,077,305.95 2,810,929.81
MIP-33 1 60 NM NM 1,077,345.89 2,810,925.22
MIP-34 1 60 NM NM 1,077,354.24 2,810,924.29
MIP-35 1 66 NM NM 1,077,213.64 2,810,866.11
MIP-36 1 60 NM NM 1,077,377.46 2,810,925.30
MIP-37 1 67 NM NM 1,077,271.25 2,810,921.46
MIP-38 1 61 NM NM 1,077,308.49 2,810,952.02

a/  feet bgs indicates depth in feet below ground surface.
b/  feet amsl indicates elevation in feet above mean sea level.
c/  NM indicates elevation not measured.

FRIDLEY, MINNESOTA

TABLE 1
SUMMARY OF MEMBRANE INTERFACE PROBE POINT INSTALLATIONS

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

 022/S:\ES\WP\PROJECTS\739484\58.xls/Table 1 MIP installs  



Well/Boring Screened Ground Elevation Survey Survey
Well/Borehole Completion Diameter Interval/TD Surface Elevation Top of Casing Northing Easting
Identification Date (Inches) (feet bgs)a/ (feet amsl)b/ (feet amsl) (State Plane) (State Plane)

Newly Installed Monitoring Wells
PES-MW-10A 4/1/2005 2/8 45.0 - 55.0 NMd/ 832.17 1,077,342.33 2,810,904.47
PES-MW-10B 3/31/2005 2/8 65.0 - 75.0 NM 832.11 1,077,345.35 2,810,906.36
PES-MW-11A 3/29/2005 2/8 45.0 - 55.0 NM 832.28 1,077,320.34 2,810,900.39
PES-MW-12A 4/5/2005 2/8 35.0 - 45.0 NM 833.89 1,077,205.43 2,810,881.86
PES-MW-12B 4/5/2005 2/8 55.0 - 65.0 NM 833.80 1,077,208.68 2,810,882.56
PES-MW-13A 3/28/2005 2/8 35.0 - 45.0 NM 832.15 1,077,420.00 2,810,927.99
PES-MW-14A 4/4/2005 2/8 45.0 - 55.0 NM 831.74 1,077,291.98 2,810,872.98
PES-MW-14B 4/4/2005 2/8 65.0 - 75.0 NM 831.84 1,077,295.69 2,810,871.97

Newly Installed Soil Borings
PES-SB-1 8/29/2000 NAc//8 60 NM NA 1,077,385.69 2,810,895.57
PES-SB-2 8/29/2000 NA/8 60 NM NA 1,077,373.21 2,810,905.91
PES-SB-3 9/7/2000 NA/8 60 NM NA 1,077,359.27 2,810,907.97
PES-SB-4 9/7/2000 NA/8 60 NM NA 1,077,379.96 2,810,914.05
PES-SB-5 9/9/2000 NA/8 60 NM NA 1,077,376.71 2,810,909.98
PES-SB-6 9/7/2000 NA/8 60 NM NA 1,077,368.49 2,810,898.43
PES-SB-7 9/7/2000 NA/8 60 NM NA 1,077,365.37 2,810,894.23
PES-SB-8 9/9/2000 NA/8 60 NM NA 1,077,357.14 2,810,883.76
PES-SB-9 9/9/2000 NA/8 60 NM NA 1,077,357.62 2,810,895.39

PES-SB-10 9/9/2000 NA/8 60 NM NA 1,077,353.26 2,810,903.79
a/  feet bgs indicates depth in feet below ground surface.
b/  feet amsl indicates elevation in feet above mean sea level.
c/  NA indicates data not available.
d/  NM indicates elevation not measured.

FRIDLEY, MINNESOTA

TABLE 2
SUMMARY OF MONITORING WELL AND SOIL BORING CONSTRUCTION

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

 022/S:\ES\WP\PROJECTS\739484\58.xls/Table 2 MW+SB installs



Depth Range Peak depth(s) ECD peak hit FID range FID peak depth FID peak
(ft bgs)a/ (ft bgs) (uV)b/ (ft bgs) (ft bgs) (uV)

MIP-01 30.5-49.0 32.0-36.0 3.50E+05 NAc/ NA NDd/

MIP-02 27.0-47.0 33.5 1.20E+06 26.7-28.5 26.5 1.80E+06
36.0 2.50E+05 27.0 2.20E+06

MIP-03 29.5-59.5 39.0 3.90E+05 30.5-32.5 31.0 8.00E+06
42.0 3.00E+05
45.0 3.20E+05
51.0 2.80E+05

MIP-04 38.0-53.0 32.5 4.00E+05 NA NA ND
35.0 3.50E+05
37.5 5.20E+05

MIP-05 28.5-49.0 30.0 1.80E+06 30.0-32.0 30.0 4.80E+05
32.5 8.00E+05

MIP-06 34.5-TD (60) e/ 37.0 3.00E+05 31.0-34.0 32.0 1.50E+06
48.0 3.90E+05 33.0 9.00E+05
54.0 3.00E+05

MIP-07 27.5-46.0 27.5 8.00E+05 27.5 27.5 1.80E+05
31.0 7.00E+05

MIP-08 28.5-TD (60) 37.0 1.00E+06 31.0 31.0 4.00E+05
39.0 1.00E+06
41.0 9.00E+05

MIP-09 28.5-50.0 31.0 1.00E+06 NA NA ND
36.0 8.00E+05

MIP-10 36.0-52.0 41.0 2.00E+05 32.0 32.0 5.50E+05
43.0 2.00E+05
50.0 1.50E+05

MIP-11 28.5-TD (60) 44.0 7.00E+05 NA NA ND
51.5 1.00E+06
56.5 6.00E+05
59.0 6.00E+05

MIP-12 27.0-40.0 27.0 1.00E+06 NA NA ND
35.0 3.50E+06

MIP-13 31.0-51.0 33.0 1.70E+06 31.0-50.5 47.5 6.00E+06
51.0 5.50E+06

MIP-14 29.5-TD (62) 36.0 5.00E+05 32.0-54.0 32.0 6.00E+05
49.0 4.00E+05 38.0 6.00E+05
58.0 5.00E+05 49.0 2.80E+06

54.0 8.00E+05
MIP-15 30.5-42.0 36.0 1.60E+06 54.0-57.0 54.0 5.00E+06

56.0 3.00E+06
MIP-16 30.5-42.0 34.0 1.50E+06 34.0-56.0 34.0 5.00E+05

36.0 2.30E+06 53.0 2.00E+06
56.0 3.00E+05

MIP-17 30.0-52.5 32.5 8.00E+05 NA NA ND
39.0 7.00E+05
42.0 6.00E+05

MIP-18 26.5-48.0 29.0 7.00E+05 28.0 28.0 1.50E+05
33.5 4.00E+05
37.0 4.00E+05

MIP-23 30.0-48.0 35.5 2.50E+06 NA NA ND
40.0 2.00E+06

MIP-28 28.0-TD (60) 35.0 6.00E+05 53.0-54.0 53.5 1.00E+05
42.0 5.50E+05

MIP-33 28.0-46.0 28.0 1.50E+06 NA NA ND
35.5 7.50E+05
41.0 5.00E+05

TABLE 3
SUMMARY OF MIP SURVEY DATA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

MIP Points Upgradient of MPES-MW-10A/B

FRIDLEY, MINNESOTA

Location



TABLE 3
SUMMARY OF MIP SURVEY DATA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
FRIDLEY, MINNESOTA

MIP-34 27.0-43.5 28.5 1.30E+06 NA NA ND
33.0 7.50E+05

MIP-36 27.5-33.0 28.5 8.00E+06 27.5-30.0 28.0 6.00E+05
30.5 5.50E+06 30.0 6.00E+05
32.0 2.00E+06

MIP-19 31.0-TD (60) 34.0 6.00E+05 38.0-54.0 42.5 4.00E+06
38.0 9.50E+05 44.5 7.00E+06
44.5 8.00E+05 49.0 2.00E+06
48.0 9.00E+05 53.0 4.50E+06
55.0 4.00E+05
58.0 8.00E+05

MIP-20 31.0-58.0 34.0 4.50E+05 55.5-57.0 56.0 7.50E+06
42.0 7.50E+05 57.0 3.00E+06
58.0 3.50E+05

MIP-21 31.5-52.5 35.0 6.00E+05 47.5-58.0 55.0 8.50E+06
40.0 1.00E+06 56.0 1.10E+07
42.5 1.80E+06 57.5 5.00E+06
47.0 1.00E+06

MIP-22 33.0-TD (60) 41.0 3.00E+05 NA NA ND
47.0 3.00E+05
59.0 6.00E+05

MIP-24 31.0-48.0 34.0 1.20E+06 47.5-55 48.0 8.00E+05
36.0 1.70E+06 52.5 2.10E+06
39.0 1.20E+06 53.5 1.60E+06

55.0 9.00E+05
MIP-25 31.0-TD (60) 34.0 3.20E+05 39.0-52.0 40.0 2.00E+05

39.0 3.80E+05 44.0 1.55E+05
48.0 2.50E+05 49.0 2.00E+05
56.0 2.00E+05 52.0 3.00E+05

MIP-26 31.0-51.0 35.0 5.80E+05 54.5-55.5 55.0 8.00E+06
MIP-27 31.0-54.0 35.0 4.00E+05 35.0-41.0 38.5 1.50E+06

37.0 4.20E+05 50.0-57.5 57.0 2.10E+05
46.0 3.00E+05

MIP-29 44.0-59.0 49.0 7.00E+05 NA NA ND
55.0 5.50E+05

MIP-30 35, 38.0-58.0 35.0 5.00E+05 42.0-45.0 44.0 7.00E+05
47.0 3.20E+06

MIP-31 33.0-57.0 43.0 4.50E+06 NA NA ND
45.0 4.00E+06
48.0 2.00E+06

MIP-32 31.5-56.0 40.0 5.00E+06 35.0, 40.0, 46.5 35.0 1.90E+05
47.0 4.00E+06 40.0 2.00E+05

46.5 1.80E+05
MIP-35 43-TD (66) 43.0 2.00E+05 NA NA ND

50.0 2.80E+05
57.0 3.20E+05
63.0 4.50E+05
66.0 3.50E+05

MIP-37 38.0-62.5 47.0 6.00E+05 39.5-46.5 44.0 4.50E+05
51.0 5.00E+05

MIP-38 40.0-TD (61) 41.0 3.00E+05 NA NA ND
43.0 3.70E+05
45.0 9.00E+05
48.0 7.50E+05
53.0 5.00E+05

a/  ft bgs - feet below ground surface d/ ND = not detected
b/ uV = microvolts e/ TD = total depth
c/ NA = not applicable

MIP Points Down Gradient of MPES-MW-10A/B



Sample
Location Date (ft bgs) (uV) (unitless) (µg/L) (uV) (mg/L)

MIP-01 14-Mar-05 30.0 3.00E+05 149 2,007 0.45 U 1,900 49 51 0.52 J ND 4.6 NA NA NA
50.0 3.00E+05 1279 235 0.45 U 220 6.6 3.2 0.18 U ND 3.9 NA NA NA

MIP-03 14-Mar-05 31.0 1.56E+05 233 671 0.90 U 38 610 12 3.4 8.00E+06 420 NA NA NA
39.0 3.42E+05 291 1,174 2.2 U 940 170 44 0.9 U ND 14 NA NA NA
43.0 2.93E+05 439 667 1.1 U 630 13 14 0.45 U ND 4.8 NA NA NA

MIP-04 14-Mar-05 38.0 4.00E+05 277 1,444 2.2 U 1300 65 59 0.90 U ND 4.4 NA NA NA
14-Mar-05 43.0 3.20E+05 389 822 0.45 U 790 13 14 0.18 U ND 4.7 NA NA NA
15-Mar-05 50.0 2.00E+05 434 460 0.90 U 430 16 6.2 0.36 U ND 10 26 2.9 3.0

MIP-05 15-Mar-05 30.0 1.00E+06 1679 596 0.45 U 520 40 31 0.18 U 4.00E+05 1.7 2.7 0.36 0.55
40.0 3.61E+05 396 912 0.90 U 860 19 25 0.36 U ND 1.7 9.3 0.85 0.75

MIP-08 17-Mar-05 31.0 3.00E+05 187 1,607 9 U 1,400 58 68 3.6 U 4.00E+05 3.2 20 12 9.4
35.0 4.50E+05 263 1,710 9 U 1,500 60 69 3.6 U ND 3.1 13 6.0 5.8
41.0 8.00E+05 783 1,022 4.5 U 920 32 29 1.8 U ND 1.7 9.4 4.9 4.6
48.0 5.50E+05 1202 458 4.5 U 400 9.6 7.4 1.8 U ND 1.9 15 7.0 7.8

MIP-09 17-Mar-05 31.0 1.00E+06 596 1,678 2.2 U 1,500 79 81 0.9 U ND 2.9 13 2.2 1.9
36.0 8.00E+05 421 1,899 4.5 U 1,700 74 84 1.8 U ND 2.3 13 5.0 3.7
45.0 2.50E+05 526 476 2.2 U 440 9.9 7.6 0.9 U ND 2.7 8.2 0.55 0.89

MIP-10 17-Mar-05 32.0 ND None 310 1.1 U 280 10 9.8 0.45 U 5.00E+05 2.4 83 0.24 0.36
43.0 2.50E+05 341 733 2.2 U 680 17 18 0.9 U ND 3.1 15 1.6 1.6
48.0 ND None 425 0.90 U 400 9.6 7.4 0.36 U ND 150 14000 1.4 0.53

MIP-13 16-Mar-05 33.5 2.00E+06 2494 802 0.45 U 170 590 41 0.51 J ND 3.0 4900 9.4 7.6
43.0 2.50E+05 310 807 0.45 U 160 630 14 2.2 ND 37 11000 0.90 0.49
47.5 2.00E+05 801 250 0.45 U 4.5 240 3.8 0.96 J 6.00E+06 130 20000 2.7 1.5

MIP-14 16-Mar-05 36.0 4.50E+05 300 1,499 0.45 U 120 1,300 66 6.5 ND 7.2 14000 15 11
42.0 1.00E+05 145 688 2.2 U 630 25 15 0.9 U ND 1.8 4300 0.56 0.47
46.0 3.50E+05 1076 325 1.1 U 300 10 4.7 0.45 U ND 2.0 70 15 16
49.0 4.00E+05 1607 249 0.45 U 180 62 2.4 0.18 U 2.50E+06 3.2 660 4.6 4.9

MIP-15 17-Mar-05 36.0 1.50E+06 579 2,589 11 U 2,300 99 89 4.5 U ND 3.2 53 0.41 0.52
42.0 2.50E+05 370 675 2.2 U 630 15 12 0.9 U ND 3.1 1900 5.1 4.4
54.0 ND None 158 0.45 U 19 130 1.7 3.1 J 5.00E+06 170 30000 4.9 8.5

MIP-16 15-Mar-05 36.0 2.00E+06 1887 1,060 0.45 U 850 150 54 0.4 J ND 2.2 3100 13 8.3
45.0 ND None 323 0.45 U 280 33 4.9 0.20 J 2.50E+05 2.3 7000 13 14
53.0 ND None 135 0.45 U 71 57 2.3 0.18 U 2.00E+06 4.6 1700 3 3.5

MIP-17 15-Mar-05 39.0 7.50E+05 386 1,941 0.45 U 1,800 66 67 0.53 J ND 1.7 15 13 5.2
42.0 6.00E+05 915 656 0.45 U 620 14 12 0.90 U ND 2.3 560 12 12
46.0 3.50E+05 897 390 0.45 U 370 8.6 6.5 0.18 U ND 2.4 230 3.7 3.9
50.0 ND None 227 0.45 U 200 19 3.6 0.18 U ND 3.8 7.5 1.1 1.0

MIP-19 15-Mar-05 38.0 9.50E+05 766 1,240 0.45 U 250 930 50 2.4 7.00E+05 5.8 18000 21 15
42.0 2.00E+05 322 621 0.45 U 17 580 18 0.59 J 2.00E+06 4.3 20000 3.6 2.8
47.0 5.00E+05 2670 187 0.45 U 8.4 170 4.0 0.97 J ND 16 28000 6 7.3
52.0 2.00E+05 733 273 0.45 U 23 240 4.8 0.93 J 4.00E+06 5.6 17000 14 18

MIP-21 15-Mar-05 43.0 1.80E+06 935 1,926 4.50 U 1,500 330 55 1.8 U ND 1.9 1900 72 37
56.0 ND None 151 0.77 J 130 14 1.7 0.18 U 1.00E+07 3.9 30 7.2 7.8

MIP-23 15-Mar-05 36.0 2.50E+06 1427 1,752 0.45 U 1,400 240 85 1.8 U ND 0.8 5000 24 6.7
MIP-24 16-Mar-05 36.5 1.00E+06 516 1,939 0.45 U 1,800 62 69 0.97 J ND 1.7 110 7.8 5.6

53.0 ND None 179 0.45 U 12 160 1.8 1.4 2.00E+06 230 19000 0.14 0.05
MIP-31 16-Mar-05 43.0 4.00E+06 3460 1,156 0.45 U 1,100 24 26 0.23 J ND 2.6 39 1.3 1.4
MIP-32 16-Mar-05 40.0 1.00E+06 873 1,145 0.45 U 1,100 20 17 1.8 U 2.00E+05 18 39 48 47
a/ PCE = tetrachloroethene; TCE = trichloroethene; DCE = dichloroethene; TCA = trichloroethane; DCA = dichloroethane. 
b/ µg/L = micrograms per liter.
c/ U = Analyte was not detected at a concentration above the method detection limit.
d/ J = Analyte was detected at a concentration above the method detection limit and below the reporting limit

Sampling 
Depth

ECD 
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Total Cl 
VOCs

(µg/L)b/
PCEa/
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(µg/L)
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1,2-DCEa/

(µg/L)
1,2-DCEa/

Vinyl
Chloride
(µg/L)(µg/L)
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TOC 
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TABLE 4
SUMMARY OF MIP AND DISCRETE GROUNDWATER SAMPLING DATA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
FRIDLEY, MINNESOTA

FID 
Response Methane

(µg/L)
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Sample Total Organic cis- trans- Vinyl Carbon
Sample Sample Depth Carbon TCEb/ 1,2-DCEb/ 1,2-DCE Chloride 1,2-DCAb/ Tetrachloride Acetone 2-Butanone Bromomethane

Location Date (feet bgs)a/ Stratigraphy (mg/kg)d/ (μg/kg)c/ (μg/kg) (μg/kg) (μg/kg) (μg/kg) (μg/kg) (μg/kg) (μg/kg) (μg/kg)
PES-SB-1 16-Mar-05 32 - 35 Cohesive silt, mild odor, staining 410 220 100 17 U 17 U 24 U 19 U 67 U 84 U 29 U

16-Mar-05 35 - 36 Cohesive Silt, mild odor, staining 830 510 490 17 U 17 U 24 U 19 U 67 U 84 U 29 U
16-Mar-05 37 - 38 Sandy Silt, mild odor, staining 330 80 2,100 83 17 U 24 U 19 U 69 U 87 U 29 U

PES-SB-2 15-Mar-05 37 - 38 Sandy silt, strong odor, heavy staining 6,200 7,700 850 56 Je/ 17 U 23 U 20 U 69 U 87 U 19 U
PES-SB-3 14-Mar-05 42 Non-plastic silt with fine sand, moderate odor,  staining 1,700 2,400 610 75 17 U 24 U 19 U 67 U 84 U 19 U
PES-SB-4 24-Mar-05 30 Sandy silt, no odor, no staining 480 J 1,000 22 U 19 J 16 U 24 U 19 U 65 U 81 U 28 U

24-Mar-05 31 Sandy Silt, no odor, no staining 3,700 710 23 U 17 U 17 U 24 U 19 U 66 U 83 U 28 U
24-Mar-05 42 - 44 Fine sand, no odor, no staining 160 J 110 24 U 17 U 17 U 23 U 20 U 69 U 87 U 29 U

PES-SB-5 7-Apr-05 42 - 44 Fine - medium sand, no odor, no staining 230 J 77 24 U 17 U 17 U 25 U 20 U 130 J 87 U 29 U
PES-SB-6 7-Apr-05 36 - 38 Fine sand, strong odor 550 23 U 43 J 17 U 17 U 24 U 19 U 66 U 84 U 28 U
PES-SB-7 23-Mar-05 32 - 34 Tight clay with medium sand 2,800 2,100 57 J 91 18 U 26 U 20 U 71 U 90 U 30 U

7-Apr-05 34 - 36 Cohesive Sandy Silt, no odor 340 J 50 J 210 18 U 18 U 26 U 20 U 70 U 88 U 30 U
3-Mar-05 46 - 48 Find sand, strong odor 300 J 24 U 24 U 18 U 18 U 25 U 20 U 70 U 88 U 30 U

PES-SB-8 17-Mar-05 46 Silt, no odor, some staining 280 NA NA NA NA NA NA NA NA NA
17-Mar-05 48 - 50 Fine Sand and Silt, mild odor 230 J 81 24 U 17 U 17 U 25 U 19 U 68 U 85 U 19 U
17-Mar-05 51 Fine Sand and Silt, no odor 280 J NA NA NA NA NA NA NA NA NA
17-Mar-05 56 Fine - coarse sand, no odor 330 J NA NA NA NA NA NA NA NA NA

PES-SB-9 7-Apr-05 34 - 36 Fine sand with silt, mild-strong odor 350 J 85 150 17 U 17 U 25 U 19 U 67 U 85 U 29 U
21-Mar-05 46 Fine - medium sand with silt, mild odor, weak staining 1,200 NA NA NA NA NA NA NA NA NA
21-Mar-05 51 Silty sand, mild odor 210 J NA NA NA NA NA NA NA NA NA
21-Mar-05 56 Fine - coarse silty sand, mild odor 350 J NA NA NA NA NA NA NA NA NA

PES-SB-10 22-Mar-05 51 Fine sand, no odor 290 J NA NA NA NA NA NA NA NA NA
22-Mar-05 56 Fine - medium sand, no odor 240 J NA NA NA NA NA NA NA NA NA

PES-MW-10B 31-Mar-05 36 - 38 sandy silt, no odor 610 1,600 22 U 25 J 16 U 23 U 18 U 64 U 81 U 27 U
31-Mar-05 40 - 42 sandy silt, no odor 1,000 1,600 23 U 24 J 16 U 24 U 19 U 65 U 82 U 28 U
31-Mar-05 49 - 50 fine sand, no odor 370 J 24 U 24 U 17 U 17 U 25 U 20 U 69 U 87 U 29 U
31-Mar-05 70 - 71 Fine - medium sand, no odor 220 J 24 U 24 U 17 U 17 U 25 U 20 U 68 U 85 U 29 U

PES-MW-11A 29-Mar-05 42 - 44 Sandy silt, no odor 470 J 1,800 22 U 26 J 16 U 23 U 18 U 64 U 81 U 27 U
29-Mar-05 48 - 50 fine sand, no odor 310 J 100 24 U 17 U 17 U 25 U 20 U 69 U 87 U 30 U

PES-MW-12B 5-Apr-05 62 - 63 Cohesive tight clay. no odor. 5,900 190 25 U 18 U 18 U 26 U 20 U 140 J 89 U 30 U
PES-MW-13A 28-Mar-05 26 f/ Sandy silt, no odor 610 200 22 U 16 U 16 U 23 U 18 U 64 U 80 U 27 U

28-Mar-05 27 sandy silt, no odor 460 J 89 22 U 17 U 16 U 23 U 18 U 64 U 81 U 27 U
28-Mar-05 42 Fine sand, no odor 330 J 59 23 U 17 U 17 U 24 U 19 U 66 U 84 U 28 U

PES-MW-14B 4-Apr-05 40 - 42 Sandy silt, no odor 580 220 130 16 U 16 U 23 U 18 U 63 U 79 U 27 U
4-Apr-05 42 Sandy silt, no odor 510 200 250 22 J 16 U 23 U 18 U 64 U 81 U 27 U
4-Apr-05 68 - 70 Fine sand, no odor 370 J 23 U 23 U 17 U 17 U 24 U 19 U 360 84 U 28 U

a/  feet bgs = feet below ground surface.
b/ TCE = trichloroethene; DCE = dichloroethene; DCA = dichloroethane. 
c/ μg/kg = micrograms per kilogram.
d/ mg/kg = milligrams per kilogram.
e/ J indicates that the analyte was detected at a concentration above the method detection limit but below the reporting limit resulting in an estimated value.

TABLE 5

FRIDLEY, MINNESOTA
ANOKA COUNTY PARK

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
SUMMARY OF SOIL ANALYTICAL DATA
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Sample Evidence of Total Organic
Sample Sample Depth Stratigraphic Organic Carbon Carbon DSM c/ DHB c/ DSB c/ Geobacter BVC c/ TCER c/ sMMO c/ Eubacteria Methanogens

Location Date (feet bgs)a/ Classification Impact (mg/kg)b/ (cells/gram) d/ (cells/gram) (cells/gram) (cells/gram) (cells/gram) (cells/gram) (cells/gram) (cells/gram) (cells/gram) (cells/gram) (cells/gram) (cells/gram) (cells/gram)

PES-SB-1 16-Mar-05 32-35 Silt Mild Odor 410 2.00E+04 <1.75E+03 e/ 1.64E+07 5.32E+08 7.77E+03 4.33E+01 J <8.76E+02 3.76E+05 4.73E+08 3.11E+07 7.92E+06 2.13E+09 1.21E+08
PES-SB-2 15-Mar-05 37-38 F-M Sand Strong Odor 6,200 9.76E+04 <1.70E+03 2.73E+07 <1.70E+03 6.70E+02 2.47E+03 3.01E+02 J 7.36E+02 2.26E+09 1.09E+04 1.48E+06 4.98E+09 1.29E+07
PES-SB-3 14-Mar-05 42 Silty Fine Sand Moderate Odor, Staining 1,700 1.20E+03 <1.82E+03 4.47E+07 <1.82E+03 <1.37E+03 2.19E+01 J 2.40E+02 J 1.23E+03 J 1.62E+09 6.61E+06 3.50E+07 7.95E+09 1.09E+08
PES-SB-6 23-Mar-05 36-38 Fine Sand Strong Odor 550 1.25E+04 1.24E+03 J f/ 2.94E+07 8.30E+07 1.40E+03 1.19E+02 J 4.40E+03 1.08E+01 J 8.36E+08 4.31E+05 6.08E+05 2.95E+09 1.58E+08
PES-SB-7 23-Mar-05 46-48 Fine Sand Strong Odor 300 J 6.48E+04 <1.59E+03 9.08E+07 3.25E+06 1.44E+02 J 4.94E+02 J <7.96E+02 1.55E+07 2.84E+09 5.21E+06 7.96E+05 3.77E+10 1.93E+08
PES-SB-9 21-Mar-05 46 Silty Fine Sand Moderate Odor, Staining 1,200 NA NA NA NA NA NA NA NA NA NA NA NA 4.83E+08
PES-SB-9 21-Mar-05 51 Silty Fine Sand Mild Odor 210 J NA NA NA NA NA NA NA NA NA NA NA NA 4.21E+07
PES-SB-9 21-Mar-05 56 F-C Sand Mild Odor 350 J NA NA NA NA NA NA NA NA NA NA NA NA 1.02E+07
PES-SB-10 22-Mar-05 46 Fine Sand Strong Odor NA NA NA NA NA NA NA NA NA NA NA NA NA 2.60E+08
PES-MW-10B 31-Mar-05 49-50 Fine Sand Mild Odor 370 J <9.98E+02 <2.00E+03 1.78E+03 J 5.58E+06 7.11E+02 <9.98E+02 <9.98E+02 2.40E+08 1.13E+09 6.04E+08 3.99E+06 3.25E+08 2.45E+08
PES-SB-3 14-Mar-05 32 Sandy Silt Very Mild Odor NA 2.45E+04 <1.69E+03 6.41E+04 <1.69E+03 1.26E+03 2.11E+02 J <8.43E+02 <1.69E+03 6.67E+06 <1.69E+03 <1.29E+03 1.39E+05 4.52E+05

PES-SB-4 24-Mar-05 42-44 Fine Sand None 160 J <4.0E+02 <7.99E+02 4.99E+04 1.24E+05 <6.00E+02 <4.00E+02 <4.00E+02 <7.99E+02 7.43E+07 4.05E+04 <6.00E+02 3.46E+05 1.98E+06
PES-SB-5 25-Mar-05 42-44 F-m Sand None 230 J 4.17E+03 <1.54E+03 1.04E+05 <1.54E+03 <1.15E+03 1.55E+01 J <7.69E+02 <1.54E+03 5.81E+07 <1.54E+03 <1.15E+03 3.42E+05 5.30E+05
PES-SB-8 17-Mar-05 46 Silty Fine Sand None 280 NA NA NA NA NA NA NA NA NA NA NA NA 2.37E+05
PES-SB-8 17-Mar-05 51 Fine Sand and Silt None 280 J NA NA NA NA NA NA NA NA NA NA NA NA 6.26E+05
PES-SB-8 17-Mar-05 56 F-C Sand None 330 J NA NA NA NA NA NA NA NA NA NA NA NA 2.11E+05
PES-SB-10 22-Mar-05 51 Fine sand None 290 J NA NA NA NA NA NA NA NA NA NA NA NA 1.49E+08
PES-SB-10 22-Mar-05 56 F-M Sand None 240 J NA NA NA NA NA NA NA NA NA NA NA NA 7.98E+06
PES-MW-10B 31-Mar-05 70-71 F-M Sand None 220 J 1.38E+03 <1.97E+03 1.06E+05 5.14E+06 <1.48E+03 <9.84E+02 <9.84E+02 6.61E+05 3.14E+08 6.89E+05 <1.48E+03 1.03E+07 1.53E+06
PES-MW-11A 29-Mar-05 48-50 Fine Sand None 310 J 1.38E+03 <8.71E+02 6.83E+05 4.03E+06 4.88E+00 J <4.36E+02 5.46E+02 1.44E+01 J 4.60E+08 6.74E+05 <6.53E+02 3.66E+07 7.50E+05
PES-MW-12B 5-Apr-05 62-63 Tight Clay None 5,900 6.24E+07 <1.83E+03 5.90E+04 4.27E+05 <1.38E+03 <9.17E+02 <9.17E+02 9.34E+02 2.43E+08 9.08E+04 1.94E+02 J 3.38E+05 6.11E+05
PES-MW-14B 4-Apr-05 68-70 Fine Sand None 370 J 2.04E+06 <1.90E+03 1.97E+04 1.41E+07 <1.43E+03 6.57E+02 J <9.51E+02 1.03E+04 3.55E+08 4.62E+06 <1.43E+03 6.27E+06 7.54E+05
PES-MW-13A 28-Mar-05 42 Fine Sand None 330 J 5.54E+04 <1.46E+03 1.84E+05 <1.46E+03 <1.09E+03 3.99E+01 J <7.28E+02 <1.46E+03 3.54E+05 <1.46E+03 <1.09E+03 3.85E+05 1.26E+05

PES-INJ-02 19-Apr-05 40.0 - 50.0 NA NA 2,400 <2.5E-01 <5.0E-01 9.82E+02 3.69E+04 <3.75E-01 <2.50E-01 <2.50E-01 1.65E+02 2.54E+05 3.87E+03 <3.75E-01 6.58E+03 7.14E+06
PES-MW-10A 15-Apr-05 45.0 - 55.0 NA NA 190 <2.5E-01 <5.0E-01 2.87E+04 1.68E+05 5.85E+00 <2.50E-01 <2.50E-01 <5.0E-01 7.46E+07 2.23E+05 1.22E+04 1.36E+06 3.18E+06
PES-MW-14A 12-Apr-05 55.0 - 65.0 NA NA 50 NA NA NA NA NA NA NA NA NA NA NA NA 3.33E+05

18S 18-Apr-05 27.8 - 37.8 NA NA 3.8 <2.5E-01 <5.0E-01 1.34E+04 1.20E+05 <3.75E-01 <2.50E-01 <2.50E-01 <5.0E-01 3.34E+06 3.09E+03 1.09E+02 5.76E+05 2.47E+04
26S 15-Apr-05 30.0 - 40.0 NA NA 2.2 <2.5E-01 <5.0E-01 4.13E+02 6.23E+03 <3.75E-01 <2.50E-01 <2.50E-01 <5.0E-01 1.16E+05 2.42E+03 <3.75E-01 2.61E+03 1.28E+04
GWMS-46S 18-Apr-05 24.0 - 34.0 NA NA 3.7 <2.5E-01 <5.0E-01 1.52E+03 1.85E+04 3.86E-02 J <2.50E-01 <2.50E-01 <5.0E-01 2.75E+06 4.75E+03 3.29E+01 4.18E+04 3.64E+03
PES-MW-1 15-Apr-05 35.0 - 45.0 NA NA 3.0 <2.5E-01 <5.0E-01 3.11E+04 2.24E+05 8.61E-01 <2.50E-01 <2.50E-01 1.52E+04 1.05E+08 1.34E+05 3.19E+04 1.03E+06 1.13E+05
PES-MW-6 15-Apr-05 35.0 - 45.0 NA NA 2.6 3.23E+00 <5.0E-01 3.16E+04 1.81E+05 8.61E-01 <2.50E-01 <2.50E-01 <5.0E-01 9.03E+07 1.02E+05 1.14E+04 1.16E+06 6.93E+04
PES-MW-7 15-Apr-05 40.0 - 50.0 NA NA 29 4.79E+00 1.84E+00 1.87E+04 2.09E+05 2.68E+00 <2.50E-01 <2.50E-01 <5.0E-01 9.77E+05 2.21E+05 1.85E+03 7.27E+05 4.03E+05
PES-MW-9 13-Apr-05 30.0 - 40.0 NA NA 3.6 4.19E+00 <5.0E-01 1.49E+03 9.34E+04 <3.75E-01 <2.50E-01 <2.50E-01 <5.0E-01 6.34E+07 7.08E+03 3.46E+01 1.78E+04 2.06E+04
PES-MW-10B 14-Apr-05 65.0 - 75.0 NA NA 3.3 8.95E-01 <5.0E-01 4.31E+02 9.99E+02 <3.75E-01 <2.50E-01 <2.50E-01 <5.0E-01 2.55E+05 6.60E+03 <3.75E-01 2.33E+04 2.88E+04
PES-MW-12A 12-Apr-05 35.0 - 45.0 NA NA 6.0 NA NA NA NA NA NA NA NA NA NA NA NA 1.12E+05
a/  feet bgs = feet below ground surface.
b/ mg/kg = micrograms per kilogram.
c/ DHC = Dehalococcoides; DSM = Desulfuromonas; DHB = Dehalobacter; DSB = Desulfitobacterium; BVC = BAV-1 VC R-Dase; TCER = TCE R-Dase; sMMO = Soluble Methane Monooxygenase
d/ cell/gram = live microbial cells per gram of soil
e/ <1.75E+03 indicates that the analyte was not detected above the indicated method detection limit
f/ J indicates that the analyte was detected at a concentration above the method detection limit but below the reporting limit resulting in an estimated value

Total 
Biomass

Phylogenic GroupsDHC Functional GenesDechlorinating Bacteria

DHC c/
Sulfate+Iron 

Reducers Methanotrophs

FRIDLEY, MINNESOTA

TABLE 6
SUMMARY OF PLFA AND TARGETED GENE DETECTION DATA IN SOIL AND GROUNDWATER

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

Groundwater Samples Impacted by Vegetable Oil 

Groundwater Samples Un-Impacted by Vegetable Oil

Soil Samples Impacted by Vegetable Oil 

Soil Samples Un-Impacted by Vegetable Oil



Sample Evidence of Total Organic
Sample Sample Depth Stratigraphic Organic Carbon Carbon BAFe3+ b/ WAEFe b/ SAEFe b/ O-Fetotal b/ BAMn b/ WAEMn b/ SAEMn b/ AVS b/ CES b/

Location Date (feet bgs)a/ Classification Impact (mg/kg)d/ (mg/kg)c/ (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

PES-SB-1 16-Mar-05 35 Silt Mild Odor 410 423 550 540 <5.9 15.6 <100 <200 1,600 6300
PES-SB-2 15-Mar-05 38 F-M Sand Strong Odor 6,200 1,430 250 4,400 100 41.5 <100 <200 1,300 2,200
PES-SB-3 14-Mar-05 42 Silty Fine Sand Strong Odor, staining 1,700 1,040 150 5,800 <5.8 4.5 <100 <200 <1200 1,500
PES-SB-3 14-Mar-05 60 Silty Fine Sand Mild Odor NA <6.0 150 1,960 <6.0 1,890 <100 <200 1,200 1,900
PES-SB-9 21-Mar-05 36 Silty Fine Sand Moderate Odor 350 J 929 600 6,500 <5.8 1.6 <100 <200 <1200 1400
PES-SB-10 22-Mar-05 46 Fine Sand Strong Odor NA 1,540 1,100 7,000 7.4 12.1 <100 <200 <1200 3200

1,072 g/ 467 4,367 11.6 15 g/ <100 <200 983 2,750

PES-SB-1 16-Mar-05 56 Silty Fine Sand None NA 1,100 150 7,900 282 114 <100 <200 2,200 11,000
PES-SB-2 15-Mar-05 60 Fine Sand None NA 990 150 4,700 <6.0 12.0 <100 <200 1,300 1,800
PES-SB-4 24-Mar-05 44 Fine Sand None 160 J 544 200 5,000 <6.0 20.3 <100 <200 <1200 4,100
PES-SB-4 24-Mar-05 54 Fine Sand None NA 1,020 150 1,800 <6.1 29.7 <100 7,000 <1200 14,000
PES-SB-8 17-Mar-05 50 Silty Fine Sand None 230 J 2,920 300 2,700 656 96.2 <100 <200 <1200 <1200

1,315 190 4,420 124 54 <100 <200 g/ 1,060 6300
a/  feet bgs = feet below ground surface.
b/ BAFe3+ = bioavailable ferric iron; WAEFe3+ = weak acid extractable ferric iron; SAEFe3+ = strong acid extractable ferric iron; WAEFe2+ = weak acid extractable ferrous iron; 
   SAEFe2+ = strong acid extractable ferrous iron; O-Fetotal = total oxidized iron; BAMn = bioavailable manganese; WAEMn = weak acid manganese; SAEMn = strong acid extractable manganese;
   AVS = acid volatile sulfide; CES = chromium extractable sulfide.
c/ mg/kg = micrograms per kilogram.
d/ <25 indicates that the analyte was not detected above the indicated method detection limit.
f/ J indicates that the analyte was detected at a concentration above the method detection limit but below the reporting limit resulting in an estimated value.
g/ One value that is significantly different from the population was discluded from this calculation.

Average Concentrations

Average Concentrations

TABLE 7
SUMMARY OF AQUEOUS AND MINERALOGICAL INTRINSIC BIOREMEDIATION ASSESSMENT RESULTS

Samples Un-Impacted by Vegetable Oil

Samples Impacted by Vegetable Oil 

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
FRIDLEY, MINNESOTA



TABLE 8
SUMMARY OF GROUNDWATER ELEVATION DATA

Elevation Depth to Depth to Groundwater
Well/Borehole Datum Water Oil Elevationc/

Identification Date (Feet amsl)a/ (Feet btoc)b/ (Feet btoc) (Feet amsl)
MONITORING WELLS
18-S 11-Apr-05 833.86 25.53 N.E. e/ 808.33

4-Nov-05 27.88 N.E. 805.98
26-S 11-Apr-05 834.06 25.98 N.E. 808.08

4-Nov-05 28.30 N.E. 805.76
GWMS-27S 11-Apr-05 832.74 27.35 N.E. 805.39

4-Nov-05 29.72 N.E. 803.02
GWMS-45S 11-Apr-05 832.13 24.10 N.E. 808.03

4-Nov-05 26.37 N.E. 805.76
GWMS-46S 11-Apr-05 831.67 24.41 N.E. 807.26

4-Nov-05 26.14 N.E. 805.53
GWMS-47S 11-Apr-05 834.83 30.47 N.E. 804.36

4-Nov-05 32.62 N.E. 802.21
GWMS-49S 11-Apr-05 834.16 N.M. d/ N.E. N.M.

4-Nov-05 32.61 N.E. 801.55
MWW-13 11-Apr-05 833.33 28.53 N.E. 804.80

4-Nov-05 30.31 N.E. 803.02
PES-MW-1 11-Apr-05 832.49 24.66 N.E. 807.83

4-Nov-05 26.92 N.E. 805.57
PES-MW-2 11-Apr-05 832.41 24.66 N.E. 807.75

4-Nov-05 26.93 N.E. 805.48
PES-MW-3 11-Apr-05 832.80 25.72 N.E. 807.08

4-Nov-05 N.M. N.E. N.M.
PES-MW-4 11-Apr-05 832.57 27.91 N.E. 804.66

4-Nov-05 N.M. N.E. N.M.
PES-MW-5 11-Apr-05 832.60 27.94 N.E. 804.66

4-Nov-05 30.01 N.E. 802.59
PES-MW-6 11-Apr-05 832.41 24.63 N.E. 807.78

4-Nov-05 26.90 N.E. 805.51
PES-MW-7 11-Apr-05 832.58 24.81 N.E. 807.77

4-Nov-05 27.07 N.E. 805.51
PES-MW-8 11-Apr-05 832.64 25.00 N.E. 807.64

4-Nov-05 27.26 N.E. 805.38
PES-MW-9 11-Apr-05 832.85 25.18 N.E. 807.67

4-Nov-05 27.48 N.E. 805.37
PES-MW-10A 11-Apr-05 832.17 24.47 N.E. 807.70

4-Nov-05 26.74 N.E. 805.43
PES-MW-10B 11-Apr-05 832.11 24.33 N.E. 807.78

4-Nov-05 26.62 N.E. 805.49
PES-MW-11A 11-Apr-05 832.28 24.04 N.E. 808.24

4-Nov-05 26.93 N.E. 805.35
PES-MW-12A 11-Apr-05 833.89 29.53 N.E. 804.36

31.71 N.E. 802.18
PES-MW-12B 11-Apr-05 833.80 29.48 N.E. 804.32

N.M. N.E. N.M.

FRIDLEY, MINNESOTA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK
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TABLE 8
SUMMARY OF GROUNDWATER ELEVATION DATA

Elevation Depth to Depth to Groundwater
Well/Borehole Datum Water Oil Elevationc/

Identification Date (Feet amsl)a/ (Feet btoc)b/ (Feet btoc) (Feet amsl)

FRIDLEY, MINNESOTA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

PES-MW-13A 11-Apr-05 832.15 24.17 N.E. 807.98
4-Nov-05 26.46 N.E. 805.69

PES-MW-14A 11-Apr-05 831.74 24.25 N.E. 807.49
4-Nov-05 26.53 N.E. 805.21

PES-MW-14B 11-Apr-05 831.84 24.28 N.E. 807.56
4-Nov-05 26.56 N.E. 805.28

PES-CW-1 11-Apr-05 832.01 27.17 N.E. 804.84
4-Nov-05 29.36 N.E. 802.65

PES-CW-2 11-Apr-05 833.02 28.25 N.E. 804.77
4-Nov-05 30.55 N.E. 802.47

PES-CW-3 11-Apr-05 835.47 30.89 N.E. 804.58
4-Nov-05 33.09 N.E. 802.38

PES-BG-1 11-Apr-05 832.75 24.87 N.E. 807.88
4-Nov-05 27.12 N.E. 805.63

PES-BG-2 11-Apr-05 832.73 24.91 N.E. 807.82
4-Nov-05 27.18 N.E. 805.55

PES-BG-3 11-Apr-05 832.56 24.72 N.E. 807.84
4-Nov-05 26.95 N.E. 805.61

INJECTION WELLS
PES-INJ-1 11-Apr-05 832.42 24.64 N.E. 807.78

4-Nov-05 26.84 N.E. 805.58
PES-INJ-2 11-Apr-05 832.87 25.14 N.E. 807.73

4-Nov-05 27.38 N.E. 805.49
PES-INJ-3 11-Apr-05 832.71 25.28 25.04 807.65
   a/  Feet amsl indicates elevation in feet above mean sea level.
   b/  Feet btoc indicates depth in feet below top of casing.
   c/  Water elevations corrected for presence of oil using a specific gravity of 0.92.
   d/  N.M. = not measured.    e/  N.E. = not encountered.
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Casing Static Maximum
Rising or Screened Inside Water Hydraulic Conductivity Estimated Hydraulic Groundwater

Monitoring Test Falling Interval Diameter Level (K) Effective Gradient Velocity
Well Date Test (ft bgs)a/ (inches) (feet btoc) (ft/day)b/ (cm/sec)c/ (gpd/ft2)d/ Porosity (ft/ft)e/ (ft/yr)f/

PES-INJ-1 12/7/01 Both 35-45 3.0 28.37 210 7.43E-02 1,574 0.25 0.002 522
PES-INJ-2 12/7/01 Both 30-40 3.0 28.84 221 7.79E-02 1,651 0.25 0.002 548
PES-INJ-3 12/7/01 Both 40-50 3.0 28.73 254 8.96E-02 1,898 0.25 0.002 630
PES-MW-1 12/7/01 Both 35-45 2.0 28.55 177 6.23E-02 1,321 0.25 0.002 438

214 7.54E-02 1,597 0.25 0.00 530

PES-MW-3 12/6/01 Both 35-45 2.0 29.66 23 8.15E-03 173 0.25 0.059 1,988
PES-MW-4 12/6/01 Both 30-40 2.0 31.20 14 5.03E-03 107 0.25 0.059 1,228
PES-MW-8 12/7/01 Both 30-40 2.0 28.70 78 2.77E-02 587 0.25 0.059 6,754

30 1.04E-02 221 0.25 0.059 2,545
PES-CW-1 12/6/01 Both 30-40 2.0 31.38 196 6.92E-02 1,467 0.25 0.002 572

PES-INJ-1 12/14/02 Both 35-45 3.0 28.73 11 3.87E-03 82 0.25 0.002 27
PES-INJ-2 12/14/02 Rise 30-40 3.0 28.82 7.9 2.79E-03 59 0.25 0.002 20
PES-INJ-3 12/14/02 Both 40-50 3.0 28.73 13 4.59E-03 97 0.25 0.002 32

10 3.67E-03 78 0.25 0.002 26

PES-MW-1 12/16/02 Rise 35-45 2.0 26.67 83 2.93E-02 622 0.25 0.041 4,974
PES-MW-6 12/16/02 Rise 35-45 2.0 26.60 70 2.46E-02 522 0.25 0.041 4,179
PES-MW-7 12/16/02 Rise 35-45 2.0 26.79 110 3.87E-02 820 0.25 0.041 6,560

86 3.04E-02 643 0.25 0.04 5,147

PES-INJ-1 4/5/03 Both 35-45 3.0 27.73 1.0 3.39E-04 7.2 0.25 0.002 2.4
PES-INJ-2 4/4/03 Both 40-50 3.0 28.23 8.4 2.96E-03 63 0.25 0.002 21

2.8 1.00E-03 21 0.25 0.00 7.0

PES-MW-1 4/4/03 Both 35-45 2.0 27.77 124 4.36E-02 925 0.25 0.041 7,399
PES-MW-6 4/4/03 Both 35-45 2.0 27.71 68 2.40E-02 509 0.25 0.041 4,071
PES-MW-7 12/16/02 Both 35-45 2.0 26.79 85 2.99E-02 633 0.25 0.041 5,069

86 3.04E-02 644 0.25 0.041 5,156

PES-INJ-1 8/28/03 Both 35-45 3.0 27.73 0.3 9.00E-05 1.9 0.25 0.002 0.6
PES-INJ-2 8/27/03 Both 40-50 3.0 28.23 2.7 9.60E-04 20 0.25 0.002 6.8
GEOMETRIC MEAN FOR POST-INJECTION TESTS 0.8 2.94E-04 6.2 0.25 0.00 2.1

PES-MW-1 8/27/03 Both 35-45 2.0 27.77 94 3.31E-02 702 0.25 0.020 2,741
PES-MW-6 8/27/03 Both 35-45 2.0 27.71 94 3.32E-02 704 0.25 0.023 3,159
PES-MW-7 8/27/03 Both 35-45 2.0 26.79 66 2.34E-02 496 0.25 0.012 1,161
GEOMETRIC MEAN FOR POST-INJECTION TESTS 81 2.87E-02 607 0.25 0.018 2,094
a/ ft bgs = feet below ground surface. f/ ft/yr = feet per year.
b/ ft/day = feet per day. g/ Pre-injection mean calculations are for wells upgradient of PES-MW8 and PES-MW9.
c/ cm/sec = centimeters per second. h/ Pre-injection mean calculations are for wells PES-MW3, PES-MW8, and PES-MW9.
d/ gpd/ft2 = gallons per day per square foot. i/ Pre-injection calculations are for well PES-CW1.
e/ ft/ft = foot per foot.

FRIDLEY, MINNESOTA

TABLE 9
PRE- AND POST-INJECTION HYDRAULIC CONDUCTIVITIES AND AVERAGE GROUNDWATER VELOCITIES

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

GEOMETRIC MEAN

GEOMETRIC MEAN

Pre-Injection Slug Tests Down Gradient From the Injection Area

GEOMETRIC MEAN

Pre-Injection Slug Tests in the Injection Area

December 2002 Post-Injection Slug Tests in the Injection Area

December 2002 Post-Injection Slug Tests Down Gradient From the Injection Area

August 2003 Post-Injection Slug Tests Down Gradient From the Injection Area

August 2003 Post-Injection Slug Tests in the Injection Area

GEOMETRIC MEAN

GEOMETRIC MEAN

GEOMETRIC MEAN 

April 2003 Post-Injection Slug Tests in the Injection Area

April 2003 Post-Injection Slug Tests Down Gradient From the Injection Area
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Sample
Location Date

MONITORING WELLS
18-S 18-Apr-05 0.45 U 400 96 27 0.87 J 0.37 J 0.90 U 0.89 J 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 39 0.41 U 0.67 U
MS-26S 15-Apr-05 0.63 J 230 48 2.7 0.61 J 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U
GWMS-27S 12-Nov-01 0.39 Uc/ 0.44 U 0.99 U 0.38 U 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 3.3 12 0.42 U

11-Feb-02 0.39 U 0.76 Jd/ 2.4 0.38 U 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
21-May-02 0.39 U 89 12 0.97 0.47 U 0.17 U 0.53 U 1.2 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
26-Aug-02 0.39 U 170 50 5.1 0.62 J 0.17 U 0.53 U 0.62 J 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
9-Dec-02 0.25 U 54 33 0.99 J 0.58 J 0.30 U 0.23 U 0.94 J 0.34 U 0.29 U 0.19 U 0.32 U 0.86 U 2.0 U 0.20 U 0.22 U
7-Apr-03 0.24 U 140 J 10 1.5 0.22 U 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U

18-Aug-03 0.30 J 290 45 6.4 0.22 U 0.17 U 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 23 0.11 U 0.11 U
MS-36S 22-Apr-05 0.45 U 21 270 51 0.57 U 1.7 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U
MS-44S 18-Apr-05 0.45 U 77 19 2.3 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 4.0 J 0.41 U 0.67 U
GWMS-45S 18-Apr-05 0.45 U 180 550 62 2.3 0.28 J 0.90 U 1.5 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 5.7 0.41 U 0.67 U
GWMS-46S 19-Nov-01 78 U 20,000 200 U 200 94 U 34 U 110 U 94 U 0.52 U 0.54 U 0.47 U 0.42 U 210 U 330 U 88 U 84 U

18-Feb-02 39 U 14,000 120 140 47 U 17 U 53 U 47 U 52 U 54 U 47 U 42 U 100 U 160 U 44 U 42 U
22-May-02 1.9 U 5,600 55 61 4.6 0.85 U 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U
28-Aug-02 0.78 U 4,900 29 29 2.5 0.92 J 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.8 U 2.1 U 5.0 J 0.88 U 0.84 U
11-Dec-02 1.2 U 7,200 65 73 6.4 1.5 U 1.2 U 1.0 U 1.7 U 1.4 U 0.95 U 1.6 U 4.3 U 10 U 1.0 U 1.1 U
9-Apr-03 0.24 U 2,600 24 32 2.6 0.6 J 0.23 U 1.0 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

20-Aug-03 0.24 U 4,500 57 85 3.5 1.3 J 0.23 U 1.8 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
18-Apr-05 0.45 U 1,700 55 51 1.7 0.45 J 0.90 U 1.8 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U
17-Nov-05 0.45 U 1,300 35 36 2.0 0.43 J 0.90 U 1.7 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

GWMS-47S 14-Nov-01 0.92 44 22 1.1 0.47 U 0.17 U 0.53 U 0.89 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
12-Feb-02 1.1 J 180 9.9 2.1 0.94 U 0.34 U 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
21-May-02 0.60 220 9.3 3.3 0.50 0.17 U 0.53 U 1.1 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
26-Aug-02 0.39 U 120 6.6 3.3 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
10-Dec-02 0.64 J 62 U 25 1.4 0.26 U 0.30 U 0.23 U 0.20 U 0.34 U 0.29 U 0.19 U 0.32 U 0.86 U 2.0 U 0.20 U 0.22 U
8-Apr-03 1.5 66 U 20 1.4 U 0.22 U 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

19-Aug-03 1.1 57 14 1.2 0.22 U 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
11-Apr-05 0.87 J 42 4.1 0.89 U 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

MS-53PC 11-Apr-05 0.45 U 0.83 J 0.83 U 0.19 U 0.75 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.7 U 0.41 U 0.67 U
PES-MW-1 16-Nov-01 3.9 U 1,100 14 15 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.40 U 4.7 U 4.2 U 10 U 16 U 4.4 U 4.2 U

15-Feb-02 7.8 U 1,100 20 U 20 J 9.4 U 3.4 U 11 U 9.4 U 10 U 11 U 9.4 U 8.4 U 21 U 33 U 8.8 U 8.4 U
22-May-02 0.78 U 3,200 450 75 4.5 0.34 U 1.1 U 1.6 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
28-Aug-02 0.39 U 2,600 630 39 3.8 1.3 J 0.53 U 1.5 0.52 U 0.54 U 0.47 U 0.42 U 12 U 8.2 U 0.44 U 0.42 U
12-Dec-02 0.50 U 1,700 230 26 2.5 0.6 U 0.46 U 1.4 J 0.68 U 0.58 U 0.38 U 0.64 U 1.7 U 1.0 U 0.40 U 4.1
10-Apr-03 0.24 U 1,300 370 30 2.0 0.17 U 0.23 U 1.2 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U
21-Aug-03 0.24 U 1,200 1100 79 3.2 1.4 J 0.23 U 2.3 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
15-Apr-05 0.45 U 380 210 16 0.99 J 0.18 U 0.90 U 1.0 0.36 U 0.49 U 0.37 U 0.56 U 4.30 U 2.5 J 0.41 U 0.67 U

PES-MW-2 15-Nov-01 7.8 U 2,100 22 27 9.4 U 3.4 U 11 U 9.4 U 10 U 11 U 9.4 U 8.4 U 21 U 33 U 8.8 U 8.4 U
14-Feb-02 20 U 3,600 50 U 68 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 52 U 82 U 22 U 21 U
22-May-02 0.78 U 2,200 62 39 3.1 0.59 1.1 U 1.7 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 9.3 0.88 U 0.84 U
28-Aug-02 0.78 U 3,200 21 26 2.0 J 0.34 U 1.1 U 1.3 J 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
11-Dec-02 0.50 U 2,600 24 32 3.0 0.60 U 0.5 U 1.4 J 0.68 U 0.58 U 0.38 U 0.64 U 1.7 U 4.0 U 0.40 U 0.44 U
9-Apr-03 0.24 U 2,900 46 55 2.7 0.53 J 0.23 U 1.6 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

20-Aug-03 0.24 U 2,000 27 57 2.2 0.39 J 0.23 U 2.0 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
14-Apr-05 0.45 U 930 45 18 1.5 0.18 U 0.90 U 0.93 J 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-MW-3 14-Nov-01 20 U 5,000 73 110 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 52 U 82 U 22 U 21 U
13-Feb-02 20 U 6,100 120 170 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 52 U 82 U 22 U 21 U
21-May-02 1.9 U 6,200 220 160 5.3 0.85 U 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U
27-Aug-02 1.9 U 5,900 390 95 4.7 J 2.2 J 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U
10-Dec-02 1.2 U 5,000 260 120 5.7 1.5 U 1.2 U 1.0 U 1.7 U 1.4 U 0.95 U 1.6 U 4.3 U 10 U 1.0 U 1.1 U
8-Apr-03 0.24 U 3,800 300 130 3.7 1.1 J 0.2 U 2.3 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

20-Aug-03 0.24 U 2,400 320 110 3.0 0.90 J 0.23 U 2.8 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
14-Apr-05 0.45 U 830 170 51 1.8 0.34 J 0.90 U 1.4 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-MW-4 14-Nov-01 7.8 U 3,300 83 120 9.4 U 3.4 U 11 U 9.4 U 10 U 11 U 9.4 U 8.4 U 21 U 33 U 8.8 U 8.4 U
12-Feb-02 7.8 U 3,300 88 110 9.4 U 3.4 U 11 U 9.4 U 10 U 11 U 9.4 U 8.4 U 21 U 33 U 8.8 U 8.4 U
21-May-02 0.78 U 4,200 140 190 4.1 0.34 U 1.1 U 3.5 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
27-Aug-02 0.78 U 3,100 56 67 2.2 0.34 U 1.1 U 1.7 J 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
10-Dec-02 0.50 U 2,100 72 82 2.6 0.60 U 0.46 U 1.9 J 0.68 U 0.58 U 0.38 U 0.64 U 1.7 U 4.0 U 0.40 U 0.44 U
8-Apr-03 0.24 U 2,300 80 100 2.1 0.17 U 0.23 U 0.17 U 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

19-Aug-03 0.73 J 2,600 130 160 2.8 0.86 J 0.23 U 3.2 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
12-Apr-05 0.45 U 820 200 86 1.5 0.33 J 0.90 U 2.2 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 180 0.41 U 0.67 U
14-Nov-05 0.45 U 1,000 140 76 1.9 0.18 U 0.90 U 2.0 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

Toluene
(µg/L)

TABLE 10
SUMMARY OF VOLATILE ORGANIC COMPOUNDS DETECTED IN GROUNDWATER

FRIDLEY, MINNESOTA
ANOKA COUNTY PARK

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

Bromodichloro
-methane

(µg/L) (µg/L)
2-Butanone

(µg/L)
Acetone
(µg/L)

Benzene
(µg/L)

Chloroform
(µg/L)

Carbon
Tetrachloride

(µg/L)
1,1-DCAa/

(µg/L)
1,2-DCAa/

(µg/L)(µg/L)
1,2-DCEa/

Vinyl
Chloride
(µg/L)(µg/L)

1,1-DCEa/

(µg/L)b/
TCEa/

(µg/L)

1,1,1-
TCAa/PCEa/

transcis-
1,2-DCEa/

(µg/L)
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Sample
Location Date

Toluene
(µg/L)

TABLE 10
SUMMARY OF VOLATILE ORGANIC COMPOUNDS DETECTED IN GROUNDWATER

FRIDLEY, MINNESOTA
ANOKA COUNTY PARK

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

Bromodichloro
-methane

(µg/L) (µg/L)
2-Butanone

(µg/L)
Acetone
(µg/L)

Benzene
(µg/L)

Chloroform
(µg/L)

Carbon
Tetrachloride

(µg/L)
1,1-DCAa/

(µg/L)
1,2-DCAa/

(µg/L)(µg/L)
1,2-DCEa/

Vinyl
Chloride
(µg/L)(µg/L)

1,1-DCEa/

(µg/L)b/
TCEa/

(µg/L)

1,1,1-
TCAa/PCEa/

transcis-
1,2-DCEa/

(µg/L)
PES-MW-5 14-Nov-01 0.39 U 75 29 1.8 0.47 U 0.17 U 0.53 U 0.76 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U

12-Feb-02 0.39 U 77 32 2.1 0.47 U 0.17 U 0.53 U 0.74 J 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
21-May-02 0.39 U 82 34 1.8 0.47 U 0.17 U 0.53 U 0.67 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
27-Aug-02 0.39 U 1,000 21 21 1.0 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
10-Dec-02 0.25 U 120 U 94 4.4 0.26 U 0.3 U 0.23 U 2.8 0.34 U 0.29 U 0.19 U 0.32 U 0.86 U 2.0 U 0.20 U 0.22 U
8-Apr-03 0.24 U 780 53 17 0.22 U 0.17 U 0.23 U 0.97 J 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

19-Aug-03 0.28 J 880 28 30 1.7 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
12-Apr-05 0.45 U 38 8.7 0.92 J 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 9.1 0.41 U 0.73 J

PES-MW-6 15-Nov-01 20 U 6,200 88 140 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 52 U 82 U 22 U 21 U
15-Feb-02 20 U 5,800 100 150 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 52 U 82 U 22 U 4.2 U
23-May-02 1.9 U 5,100 84 130 3.2 1.7 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U
28-Aug-02 1.9 U 6,600 87 83 3.2 J 1.4 J 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 17 J 2.2 U 2.1 U
12-Dec-02 0.50 U 3,800 240 71 3.9 0.60 U 0.46 U 1.6 J 0.68 U 0.58 U 0.38 U 0.64 U 1.7 U 4.0 U 0.4 U 0.44 U
10-Apr-03 0.24 U 3,000 180 100 2.7 0.77 J 0.23 U 2.5 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.1 U 0.11 U
21-Aug-03 0.24 U 2,000 97 61 2.8 0.59 J 0.23 U 2.1 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
15-Apr-05 0.45 U 700 170 27 1.7 0.27 J 0.90 U 0.87 J 0.36 U 0.49 U 0.37 U 0.91 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-MW-7 16-Nov-01 0.78 U 300 5.2 0.78 U 0.94 U 0.34 U 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
14-Feb-02 1.9 U 540 7.9 7.4 2.3 U 0.85 U 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 74 8.2 U 2.2 U 2.1 U
22-May-02 0.39 U 980 14 18 2.2 0.36 0.53 U 1.6 0.52 U 0.54 U 0.47 U 0.42 U 130 340 0.44 U 0.42 U
28-Aug-02 0.48 J 1,300 65 11 2.1 0.42 J 0.53 U 0.98 J 0.52 U 0.54 U 0.47 U 0.42 U 66 55 0.44 U 0.42 U
12-Dec-02 0.25 U 350 J 180 8.3 2.0 0.53 U 0.23 U 1.0 0.34 U 0.29 U 0.19 U 0.32 U 320 2.0 U 0.20 U 4.5
10-Apr-03 0.24 U 12 U 270 5.5 0.99 J 0.69 J 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.32 U 1,800 65 0.11 U 0.11 U
21-Aug-03 0.24 U 2.1 410 7.2 0.22 U 0.90 J 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.11 U 89 14 0.11 U 0.11 U
15-Apr-05 0.45 U 4.1 130 4.7 0.57 U 0.29 J 0.90 U 0.89 J 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 4.9 J 0.41 U 0.67 U
17-Nov-05 0.45 U 1.0 150 2.7 0.57 U 0.80 J 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.88 J

PES-MW-8 15-Nov-01 20 U 6,700 160 220 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 10 U 82 U 22 U 21 U
14-Feb-02 20 U 4,700 150 200 23 U 8.5 U 26 U 23 U 26 U 27 U 23 U 21 U 10 U 82 U 22 U 21 U
22-May-02 1.9 U 5,400 180 210 4.8 2.2 2.6 U 4.0 2.6 U 2.7 U 23 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U
27-Aug-02 1.9 U 5,700 130 130 4.0 J 1.8 J 2.6 U 3.8 J 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 19 J 2.2 U 2.1 U
12-Dec-02 1.2 U 5,500 70 73 1.3 U 1.5 U 1.2 U 1.0 U 1.7 U 1.4 U 0.95 U 1.6 U 4.3 U 10 U 1.0 U 1.1 U
9-Apr-03 0.2 U 3,000 120 130 3.0 0.81 J 0.23 U 2.8 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

21-Aug-03 0.32 J 2,200 76 96 3.3 0.17 U 0.23 U 1.9 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
14-Apr-05 0.45 U 1,100 90 57 1.6 0.34 J 0.90 U 1.5 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-MW-9 15-Nov-01 3.9 U 1,400 15 20 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 52 U 16 U 4.4 U 0.42 U
13-Feb-02 3.9 U 1,300 17 20 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 52 U 16 U 4.4 U 4.2 U
22-May-02 0.78 U 410 1,800 63 8.2 1.2 1.1 U 1.5 1.0 U 1.1 U 0.94 U 0.84 U 91 150 0.88 U 0.84 U
27-Aug-02 1.9 U 120 3,000 67 9.6 12 2.6 U 2.3 U 2.6 U 2.7 U 2.30 U 2.1 U 290 180 2.2 U 2.1 U
11-Dec-02 0.50 U 20 U 1,500 33 6.8 5.7 0.46 U 0.4 U 0.68 U 0.58 U 0.38 U 0.64 U 180 68 0.4 U 0.44 U
9-Apr-03 0.24 U 2,300 180 42 2.7 0.17 U 0.23 U 1.3 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

20-Aug-03 0.24 U 2,200 370 110 3.2 0.71 J 0.23 U 2.8 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
13-Apr-05 2.2 U 490 270 30 1.0 0.90 U 4.5 U 0.77 J 1.8 U 2.40 U 1.8 U 2.8 U 22 U 12 U 2.0 U 3.4 U
16-Nov-05 0.45 U 28 500 18 3.2 0.18 U 0.90 U 1.0 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-CW-1 13-Nov-01 1.9 U 630 12 7.5 2.3 U 0.85 U 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U
11-Feb-02 0.78 U 170 9.5 2.4 0.94 U 0.34 U 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
20-May-02 0.39 U 170 8.2 2.3 0.47 U 0.17 U 0.53 U 0.86 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
26-Aug-02 0.89 J 61 39 3.8 0.47 U 0.17 U 0.53 U 0.65 J 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
9-Dec-02 0.53 J 250 J 9.6 2.9 0.67 J 0.30 U 0.23 U 0.99 J 0.34 U 0.29 U 0.19 U 0.32 U 0.86 U 2.0 U 0.20 U 0.22 U
7-Apr-03 1.5 54 9.6 0.93 J 0.22 U 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

18-Aug-03 2.0 67 8.9 0.97 J 0.22 U 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
PES-CW-2 13-Nov-01 1.9 U 290 7.3 1.9 U 2.3 U 0.85 U 2.6 U 2.3 U 2.3 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U

11-Feb-02 0.78 U 350 9.0 4.8 0.94 U 0.34 U 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
20-May-02 0.39 U 210 7.0 2.1 0.71 0.17 U 0.53 U 1.4 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
26-Aug-02 0.39 U 200 14 3.7 0.47 J 0.17 U 0.53 U 0.73 J 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
9-Dec-02 0.25 U 230 J 6.4 1.5 0.26 U 0.30 U 0.23 U 1.0 U 0.34 U 0.29 U 0.19 U 0.32 U 0.86 U 2.0 U 0.20 U 0.22 U
7-Apr-03 0.75 J 100 11 1.1 0.22 U 0.17 U 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.75 J

19-Aug-03 1.3 87 14 1.5 0.22 U 0.17 U 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
11-Apr-05 0.45 U 110 4.9 0.89 U 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 12 0.41 U 0.67 U
14-Nov-05 0.66 J 63 6.4 0.89 U 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U
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Sample
Location Date

Toluene
(µg/L)

TABLE 10
SUMMARY OF VOLATILE ORGANIC COMPOUNDS DETECTED IN GROUNDWATER

FRIDLEY, MINNESOTA
ANOKA COUNTY PARK

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

Bromodichloro
-methane

(µg/L) (µg/L)
2-Butanone

(µg/L)
Acetone
(µg/L)

Benzene
(µg/L)

Chloroform
(µg/L)

Carbon
Tetrachloride

(µg/L)
1,1-DCAa/

(µg/L)
1,2-DCAa/

(µg/L)(µg/L)
1,2-DCEa/

Vinyl
Chloride
(µg/L)(µg/L)

1,1-DCEa/

(µg/L)b/
TCEa/

(µg/L)

1,1,1-
TCAa/PCEa/

transcis-
1,2-DCEa/

(µg/L)
PES-CW-3 13-Nov-01 0.78 U 240 5.7 0.76 U 0.94 U 0.34 U 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U

12-Feb-02 0.78 U 330 6.5 2.3 0.94 U 0.34 U 1.1 U 0.94 U 1.0 U 1.1 U 0.94 U 0.84 U 2.1 U 3.3 U 0.88 U 0.84 U
20-May-02 0.39 U 200 7.0 1.3 0.77 0.17 U 0.53 U 1.4 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
26-Aug-02 0.39 U 230 5.8 2.9 0.47 U 0.17 U 0.53 U 0.88 J 0.52 U 0.54 U 0.47 U 0.42 U 1.0 U 1.6 U 0.44 U 0.42 U
10-Dec-02 0.25 U 220 J 6.0 0.98 J 0.58 J 0.30 U 0.23 U 1.0 0.34 U 0.29 U 0.19 U 0.32 U 0.86 U 2.0 U 0.20 U 0.22 U
8-Apr-03 0.24 U 190 U 4.7 U 0.25 U 0.22 U 0.17 U 0.23 U 0.72 J 0.17 U 0.25 U 0.19 U 0.32 U 0.86 U 2.0 U 0.11 U 0.11 U

19-Aug-03 0.24 U 160 8.6 1.2 0.22 U 0.17 U 0.23 U 0.76 J 0.17 U 0.25 U 0.19 U 0.11 U 0.86 U 2.0 U 0.11 U 0.11 U
11-Apr-05 0.45 U 120 4.5 0.89 U 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U
14-Nov-05 0.45 U 140 6.0 1.1 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-MW-10A 15-Apr-05 0.45 U 6.8 180 4.8 0.57 U 0.67 J 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 870 66 0.41 U 0.67 U
16-Nov-05 0.45 U 1.2 81 1.4 0.57 U 0.56 J 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 250 9.7 0.41 U 0.67 U

PES-MW-10B 14-Apr-05 3.5 48 3.7 0.89 U 0.57 U 0.18 U 0.90 U 0.83 J 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.4 J 0.41 U 0.67 U
15-Nov-05 3.9 49 4.1 0.89 U 0.57 U 0.18 U 0.90 U 0.77 J 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-MW-11A 13-Apr-05 0.45 U 100 110 6.5 0.57 U 0.18 U 0.90 U 1.1 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 3.7 J 0.41 U 0.67 U
15-Nov-05 0.45 U 48 28 0.89 U 0.57 U 0.18 U 0.90 U 1.1 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

PES-MW-12A 12-Apr-05 0.45 U 80 20 3.0 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 1.3 0.56 U 11 24 0.41 U 0.79 J
15-Nov-05 0.90 U 350 13 5.0 1.1 U 0.36 U 1.8 U 1.5 U 0.72 U 0.98 U 0.74 U 1.1 U 8.6 U 4.6 U 0.82 U 1.3 U

PES-MW-12B 20-Apr-05 1.1 U 330 22 8.7 1.4 U 0.45 U 2.2 U 1.9 U 1.9 U 1.2 U 0.92 U 1.4 U 11 U 5.8 U 1.0 U 1.7 U
15-Nov-05 0.90 U 290 12 6.3 1.1 U 0.36 U 1.8 U 1.5 U 0.72 U 0.98 U 0.74 U 1.1 U 8.6 U 4.6 U 0.82 U 1.3 U

PES-MW-13A 22-Apr-05 0.45 U 380 8.1 6.2 0.57 U 0.18 U 0.90 U 1.2 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U
16-Nov-05 1.1 U 230 5.8 5.0 1.4 U 0.45 U 2.2 U 1.9 U 1.9 U 1.2 U 0.92 U 1.4 U 11 U 5.8 U 1.0 U 1.7 U

PES-MW-14A 12-Apr-05 0.45 U 87 490 25 1.0 0.85 J 0.90 U 0.81 J 0.36 U 0.49 U 1.8 0.56 U 4.3 U 190 0.41 U 0.74 J
15-Nov-05 2.2 U 87 510 12 2.8 U 1.3 J 4.5 U 3.8 U 1.8 U 2.4 U 1.8 U 2.8 U 22 U 12 U 2.0 U 3.4 U

PES-MW-14B 20-Apr-05 0.45 U 110 1.3 5.6 0.57 U 0.18 U 0.90 U 1.4 0.36 U 0.49 U 0.38 J 0.56 U 4.3 U 3.1 J 0.41 U 0.67 U
16-Nov-05 0.45 U 110 5.5 1.2 0.57 U 0.18 U 0.90 U 1.4 0.36 U 0.49 U 0.37 U 0.56 U 4.3 U 2.3 U 0.41 U 0.67 U

INJECTION WELLS
PES-INJ-1 19-Nov-01 3.9 U 1,400 16 20 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 10 U 16 U 4.4 U 4.2 U

18-Feb-02 3.9 U 70 15 3.8 U 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 340 16 U 4.4 U 4.2 U
23-May-02 0.39 U 47 13 2.7 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 420 360 0.44 U 1.1
29-Aug-02 0.39 U 29 9.6 2.3 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 370 270 0.44 U 0.42 U
13-Dec-02 0.25 U 37 J 19 2.6 0.64 0.83 0.23 U 0.20 U 0.34 U 0.29 U 0.19 U 0.32 U 360 130 0.20 U 0.7 U
10-Apr-03 0.24 U 66 16 2.0 0.22 U 0.63 J 0.23 U 0.22 U 0.17 U 0.25 U 0.19 U 0.32 U 320 66 0.11 U 0.11 U
22-Aug-03 0.24 U 20 17 1.8 0.22 U 0.7 J 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.11 U 450 170 0.11 U 0.9 J
19-Apr-05 1.80 U 10 11 3.6 U 2.30 U 0.72 U 3.60 U 3.0 U 1.40 U 2.00 U 1.50 U 2.20 U 1,900 640 1.60 U 2.7 U

PES-INJ-2 19-Nov-01 1.90 U 630 8.6 7.9 2.3 U 0.85 U 2.6 U 2.3 U 2.6 U 2.7 U 2.3 U 2.1 U 5.2 U 8.2 U 2.2 U 2.1 U
15-Feb-02 3.9 U 45 9.90 U 3.8 U 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 390 16 U 4.4 U 4.2 U

Veg. Oil 12-Feb-02 1,100 U 6,200 680 U 850 U 800 U 1,000 U 480 U 620 U 800 U 610 U 670 U 660 U 940 U 650 U 590 U 2,000 J
23-May-02 0.39 U 25 3.8 2.9 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 670 150 0.44 U 0.45
29-Aug-02 0.39 U 16 3.4 2.4 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 590 160 0.44 U 0.42 U
13-Dec-02 0.25 U 18 J 3.4 2.7 0.34 U 0.30 U 0.23 U 0.20 U 0.34 U 0.34 U 0.19 U 0.32 U 1,200 320 0.20 U 9.4
11-Apr-03 0.24 U 16 3.1 2.2 0.22 U 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.32 U 870 92 0.11 U 3.8
22-Aug-03 0.24 U 13 3.0 2.1 0.22 U 0.17 U 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.11 U 1,100 170 0.11 U 2.4
19-Apr-05 0.45 U 14 2.9 1.9 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 820 150 0.41 U 1.1

PES-INJ-3 16-Nov-01 3.9 U 760 9.9 U 9.1 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 10 U 16 U 4.4 U 4.2 U
18-Feb-02 3.9 U 29 9.9 U 3.8 U 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 490 240 4.4 U 4.2 U

Veg. Oil 12-Feb-02 1,100 U 7,800 680 U 850 U 800 U 1,000 U 480 U 620 U 720 U 610 U 670 U 660 U 940 U 650 U 590 U 770 U
23-May-02 0.39 U 21 3.7 0.39 U 0.47 U 0.17 U 0.53 U 0.47 U 0.52 U 0.54 U 0.47 U 0.42 U 770 610 0.44 U 0.42 U
29-Aug-02 3.90 U 10 9.9 U 3.8 U 4.7 U 1.7 U 5.3 U 4.7 U 5.2 U 5.4 U 4.7 U 4.2 U 440 710 4.4 U 4.2 U

Veg. Oil 29-Aug-02 570 U 4,900 550 U 560 U 620 U 940 U 520 U 530 U 610 U 610 U 540 U 470 U 3,300 2,800 470 U 640 U
13-Dec-02 0.25 U 12 J 3.8 2.8 0.26 U 0.30 U 0.23 U 0.20 U 0.34 U 0.29 U 0.19 U 0.32 U 560 680 0.20 U 0.22 U

Veg. Oil 9-Dec-02 1,100 U 3,500 680 U 850 U 800 U 1,000 U 480 U 620 U 720 U 610 U 670 U 660 U 4,000 1,600 J 590 U 4,800
11-Apr-03 0.24 U 9.8 3.1 2.2 0.22 U 0.17 U 0.23 U 0.20 U 0.17 U 0.25 U 0.19 U 0.32 U 900 400 0.11 U 0.11 U
22-Aug-03 0.24 U 10 3.5 2.4 0.22 U 0.17 U 0.23 U 0.2 U 0.17 U 0.25 U 0.19 U 0.11 U 1,200 470 0.11 U 0.11 U
19-Apr-05 0.45 U 8.7 3.3 1.9 0.57 U 0.18 U 0.90 U 0.75 U 0.36 U 0.49 U 0.37 U 0.56 U 960 480 0.41 U 0.67 U
17-Nov-05 9.0 U 15.0 J 17 U 18 U 11 U 3.6 U 18 U 15 U 7.2 U 9.8 U 7.4 U 11 U 1,500 2,600 8.2 U 24

PES-INJ-2A-OIL 11-Dec-02 1,000 U 920 U 670 U 840 U 790 U 1,000 U 470 U 610 U 710 U 600 U 650 U 650 U 880 U 640 U 580 U 750 U
PES-INJ-2-OIL 11-Dec-02 1,000 U 950 U 670 U 840 U 790 U 1,000 U 470 U 610 U 710 U 600 U 650 U 650 U 900 U 640 U 580 U 750 U

a/ PCE = tetrachloroethene; TCE = trichloroethene; DCE = dichloroethene; TCA = trichloroethane; DCA = dichloroethane. 
b/ µg/L = micrograms per liter.
c/ U = Analyte was not detected at a concentration above the method detection limit.
d/ J = Analyte was detected at a concentration above the method detection limit and below the reporting limit.

PRE-INJECTION OIL SAMPLES
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 Dissolved Dissolved Ferrous Total Carbon Redox Specific
Sample Sample TOC b/ Oxygen Hydrogen Nitrate Nitrite Iron Manganese Sulfate Sulfide Ammonia Alkalinity Dioxide Chloride Potential pH Temperature Conductivity
Location Date (mg/L) c/

(mg/L) (nM)d/
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mV)e/ (SU)f/ (oC) g/ (µs/cm) h/

MONITORING WELLS
18-S 4/18/2005 NMj/ NM NM 3.8 Rl/ NM NM NM 1.44 2.0 180 0.01 NM NM 35 NM -87 7.49 11.9 1,238
MS-26S 4/15/2005 NM NM NM 2.2 R NM NM NM 0.19 0.9 160 0.06 NM NM 25 NM -96 7.52 12.8 1,309
MS-27S 12-Nov-01 46 Ji/ 1.6 U 1.4 U 3.7 0.34 Naj/ <0.2k/ <0.2 0.05 0.1 19 <0.01 0.12 119 1.25 20 -123 9.81 12.5 1,136

11-Feb-02 36 1.6 U 1.4 U 1.4 0.02 Na <0.13 <0.077 0.22 <0.6 43 0.02 0.06 163 18 75 -371 8.06 11.4 575
21-May-02 2.0 U 1.6 U 1.4 U <1.7 0.33 3.3 <0.13 <0.077 0.90 <0.6 170 0.02 0.02 340 35 55 -315 7.00 10.8 1,068
26-Aug-02 2.7 J 1.6 U 1.4 U 9.9 0.06 2.2 <0.13 <0.077 0.83 <0.6 170 <0.01 0.01 425 60 70 -85 6.36 12.8 1,052
9-Dec-02 4.3 0.064 0.036 16 0.26 3.0 <0.057 <0.018 0.73 <0.6 170 <0.01 0.05 357 45 60 60 7.17 9.8 645
7-Apr-03 2.6 0.022 0.023 2.8 0.23 5.2 <0.058 <0.018 0.82 <0.6 150 0.03 0.01 272 30 60 -77 7.24 10.4 1,011

18-Aug-03 4.5 0.033 0.056 1.2 J 1.34 2.4 <0.058 <0.018 0.86 1.1 140 0.01 0.02 340 55 75 -47 NM 15.4 142
MS-36S 22-Apr-05 NM NM NM 3.4 R NM NM NM 0.05 0.1 60 0.51 NM NM 15 NM -184 8.18 15.1 1,538
MS-44S 18-Apr-05 NM NM NM 0.4 R NM NM NM 0.17 2.2 170 <0.01 NM NM 25 NM -50 7.07 11.5 1,380
GWMS-45S 18-Apr-05 20 0.095 0.071 7.0 R NM NM NM 1.08 1.4 160 0.06 NM NM 25 NM -94 7.59 11.2 1,130
GWMS-46S 19-Nov-01 2.0 U 1.6 U 1.4 U 1.8 0.57 Na <0.2 <0.2 2.2 1.9 210 0.01 0.07 391 50 15 -82 7.04 10.1 1,134

18-Feb-02 2.0 U 1.6 U 1.4 U 3.6 0.96 Na <0.13 <0.077 1.9 1.0 340 0.01 0.09 85 10 25 -276 6.95 10.7 1,048
22-May-02 2.0 U 1.6 U 1.4 U 2.3 <0.01 1.1 <0.13 <0.077 1.4 1.4 180 <0.01 0.08 323 30 55 -276 7.30 13.1 1,132
28-Aug-02 6.0 1.6 U 1.4 U 10 <0.01 2.0 <0.13 <0.077 1.2 1.3 170 0.01 0.06 340 40 50 -229 7.13 12.9 1,045
11-Dec-02 2.0 U 0.014 0.069 18 0.12 1.2 <0.057 <0.018 1.7 1.1 210 <0.01 0.09 357 35 40 R 7.37 10.0 564
9-Apr-03 4.2 0.007 0.030 1.0 J 1.52 1.6 <0.058 <0.018 1.7 1.8 190 0.01 0.09 323 35 45 -58 7.31 10.6 1,137

20-Aug-03 18 0.010 0.046 <1.0 3.9 1.8 <0.058 <0.018 2.4 1.9 190 0.01 0.07 306 35 45 -95 7.18 16.3 1,094
18-Apr-05 30 0.071 0.080 3.7 R NM NM NM 1.1 2.0 210 <0.01 NM NM 25 NM -115 7.45 12.0 1,132
17-Nov-05 NM NM NM 3.7J NM NM NM NM NM NM NM NM NM NM NM NM NA 7.40 9.3 979

GWMS-47S 14-Nov-01 2.0 U 1.6 U 1.4 U 1.7 1.7 Na 1.3 <0.2 <0.01 1.8 70 0.13 <0.01 459 134 50 115 6.82 12.9 1,102
12-Feb-02 2.0 U 1.6 U 1.4 U 1.6 8.8 Na <0.13 <0.077 <0.01 <0.6 160 <0.01 <0.01 442 50 65 -14 7.21 10.7 1,092
21-May-02 2.0 U 1.6 U 1.4 U <1.1 6.1 2.6 0.59 <0.077 0.01 <0.6 140 <0.01 0.01 340 35 50 -31 7.10 12.0 1,078
26-Aug-02 2.0 U 1.6 U 1.4 U 11 3.7 3.0 0.45 <0.077 0.04 <0.6 100 0.03 0.03 340 45 55 149 6.94 13.9 1,054
10-Dec-02 2.0 U 0.007 0.013 38 2.4 3.1 2.5 <0.018 <0.01 <0.6 111 <0.01 <0.01 476 65 95 265 7.09 10.4 818
8-Apr-03 0.32 0.005 U 0.010 1.1 1.0 1.8 1.1 <0.018 0.02 <0.6 170 <0.01 0.02 442 40 75 112 7.02 9.9 1,283

19-Aug-03 0.46 0.006 U 0.001 U 1 J 2.3 3.2 1.1 <0.018 0.00 0.6 100 <0.01 <0.01 408 65 95 208 6.88 20.9 1,227
11-Apr-05 NM NM NM 3.8 R NM NM NM 0.04 <0.6 170 0.01 NM NM 65 NM 16 7.11 11.6 1,405

MS-53PC 11-Apr-05 NM NM NM 110 NA NM NM NM NM NM NM NM NM NM NM NM NA NA NA NA
PES-MW-1 16-Nov-01 2.0 U 1.6 U 1.4 U 1.0 1.3 Na <0.2 <0.2 0.02 0.6 100 <0.01 0.03 255 15 55 -50 8.29 11.0 873

15-Feb-02 2.0 U 1.6 U 1.4 U 30 1.1 Na <0.13 <0.077 0.91 1.2 290 0.18 0.04 408 40 50 -324 7.25 10.5 1,032
22-May-02 2.9 1.6 U 1.4 U 3 <0.01 2.3 <0.13 <0.077 0.37 0.6 200 0.02 0.05 374 40 45 -245 7.40 11.9 1,217
28-Aug-02 170 1.6 U 1.4 U 14 <0.01 2.1 <0.13 <0.077 1.3 1.1 140 0.18 0.06 357 50 55 -299 7.06 12.8 1,084
12-Dec-02 380 0.014 0.079 12 R 3.9 <0.057 <0.018 1.2 0.6 200 0.16 0.05 425 45 45 R 7.42 10.6 R
10-Apr-03 2,000 0.002 J 0.050 < 1.0 1.23 1.7 <0.058 <0.018 3.0 1.6 180 <0.01 0.07 374 45 50 -241 7.30 11.7 1,154
21-Aug-03 0.16 0.004 J 0.013 1.4 J 0.49 1.5 <0.058 <0.018 2.4 1.9 160 0.52 0.05 374 45 50 -164 7.28 14.3 1,098
15-Apr-05 4,600 0.095 0.120 3.0 R NM NM NM 3.1 7.6 220 0.09 NM NM 35 NM -132 7.23 11.6 1,158

PES-MW-2 15-Nov-01 2.0 U 1.6 U 1.4 U 1.7 0.39 Na 0.2 <0.2 0.17 <0.6 190 <0.01 0.09 1,700 50 60 -185 11.66 11.5 1,181
14-Feb-02 2.0 U 1.6 U 1.4 U 3.2 0.74 Na <0.13 <0.077 0.04 <0.6 340 <0.01 0.05 340 25 50 -188 7.82 10.3 1,005
22-May-02 2.0 U 1.6 U 1.4 U 2.5 0.07 1.8 <0.13 <0.077 0.03 <0.6 230 0.02 0.06 323 30 45 -160 7.40 13.8 1,139
28-Aug-02 2.5 J 1.6 U 1.4 U 12 0.19 2.9 <0.13 <0.077 0.11 1.2 220 0.08 0.06 340 45 45 -176 6.98 12.7 1,091
11-Dec-02 150 0.008 0.054 6.5 0.03 1.4 <0.057 <0.018 0.02 0.6 200 0.01 0.07 374 30 40 R 7.45 10.3 589
9-Apr-03 1,700 0.001 U 0.025 < 1.0 1.60 1.3 <0.058 <0.018 0.04 1.5 230 0.01 0.07 347 30 45 -26 7.37 10.8 1,180

20-Aug-03 0.3 0.007 0.023 1.0 J 0.48 1.8 <0.058 <0.018 0.02 1.5 210 <0.01 0.03 340 30 55 -1 7.27 15.6 1,095
14-Apr-05 11 0.022 0.070 1.9 R NM NM NM 0.03 1.1 200 0.01 NM NM 35 NM -57 7.29 11.5 1,071

PES-MW-3 14-Nov-01 2.0 U 1.6 U 1.4 U 1.6 0.35 Na <0.2 <0.2 0.48 0.9 150 <0.01 0.02 340 40 45 -76 7.05 12.1 1,078
13-Feb-02 2.0 U 1.6 U 1.4 U 0.2 0.46 Na <0.13 <0.077 1.3 1.4 200 <0.01 0.05 391 40 45 -288 7.09 10.3 1,092
21-May-02 2.0 U 1.6 U 1.4 U 2.9 0.12 1.4 <0.13 <0.077 1.8 0.8 200 0.03 0.06 391 45 55 -311 7.30 12.8 1,151
27-Aug-02 4.4 1.6 U 1.4 U 13 <0.01 2.0 <0.13 <0.077 2.1 1.5 150 0.04 0.08 374 65 55 -136 6.81 12.5 1,106
10-Dec-02 210 0.020 0.081 24 R 1.5 <0.057 <0.018 2.1 0.8 220 0.14 0.09 425 35 50 -60 7.35 10.6 727
8-Apr-03 1,700 0.005 U 0.007 2.0 J 4.91 1.9 <0.058 <0.018 2.7 0.8 190 0.04 0.09 408 35 55 -100 7.29 10.8 1,178

20-Aug-03 1.3 0.012 0.026 2.6 J 1.2 3.4 <0.058 <0.018 2.0 1.9 200 0.12 0.04 357 50 55 -93 7.07 17.8 1,134
14-Apr-05 88 0.038 0.065 1.6 R NM NM NM 2.4 1.4 180 0.02 NM NM 40 NM -86 7.09 11.4 1,106

TABLE 11
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PES-MW-4 14-Nov-01 2.0 U 1.6 U 1.4 U Na 1.3 Na <0.2 <0.2 <0.01 0.9 230 <0.01 0.02 374 55 70 -48 7.12 12.1 1,115
12-Feb-02 2.0 U 1.6 U 1.4 U 1.3 3.0 Na <0.13 <0.077 0.11 0.7 120 <0.01 0.03 408 35 65 -133 7.38 9.0 1,045
21-May-02 2.0 U 1.6 U 1.4 U 2.0 1.2 2.9 0.18 <0.077 0.13 <0.6 180 <0.01 0.03 357 40 65 -129 7.10 13.1 1,123
27-Aug-02 2.0 U 1.3 U 1.4 U 10 0.12 3.8 <0.13 <0.077 0.04 <0.6 200 0.08 0.05 340 60 70 6 6.62 12.2 1,083
10-Dec-02 2.0 U 0.018 0.068 15 R 1.6 0.56 <0.018 0.31 <0.6 180 <0.01 0.07 408 35 65 20 7.30 10.7 740
8-Apr-03 0.42 0.008 0.025 1.7 J 3.16 1.6 <0.058 <0.018 0.39 0.6 190 <0.01 0.05 340 30 60 4 7.28 10.6 1,133

19-Aug-03 2.6 0.019 0.082 1.2 J 0.87 1.4 <0.058 <0.018 0.26 1.9 90 0.01 0.11 340 35 60 -47 7.07 20.5 1,087
12-Apr-05 5.8 0.056 0.085 51 R NM NM NM 0.46 1.4 180 0.20 NM NM 50 NM 15 7.20 10.2 941
14-Nov-05 NM NM NM 4.1J NM NM NM NM NM NM NM NM NM NM NM NM 47 7.10 10.3 1,028

PES-MW-5 14-Nov-01 2.0 U 1.6 U 1.4 U 1.6 1.4 Na 0.58 <0.2 0.02 <0.6 120 <0.01 <0.01 422 85 105 104 6.80 11.7 1,279
12-Feb-02 2.0 U 1.6 U 1.4 U 1.7 3.8 Na <0.13 <0.077 0.04 <0.6 90 0.02 0.01 561 70 120 -64 7.04 10.1 1,241
21-May-02 2.0 U 1.6 U 1.4 U 1.8 0.7 2.3 0.28 <0.077 0.01 <0.6 130 <0.01 <0.01 459 70 100 -65 6.90 13.1 1,266
27-Aug-02 2.0 U 1.6 U 1.4 U 12 5.5 2.1 0.26 <0.077 <0.01 <0.6 120 <0.01 <0.01 202 50 80 197 6.17 11.9 1,011
10-Dec-02 2.0 U 0.008 0.009 23 2.5 1.4 <0.057 <0.018 0.02 <0.6 111 <0.01 0.02 442 60 95 240 7.08 10.5 828
8-Apr-03 0.04 0.005 U 0.009 < 1.0 3.3 1.9 0.87 < 0.018 0.06 <0.6 150 <0.01 <0.01 408 60 105 131 7.08 10.6 1,367

19-Aug-03 0.1 0.015 0.026 <1.0 1.4 2.2 <0.058 <0.018 0.02 0.7 180 <0.01 0.01 306 40 85 218 7.10 21.9 1,081
12-Apr-05 4.5 0.050 0.062 6.9 R NM NM NM 0.02 <0.6 170 0.01 NM NM 35 NM 13 6.99 9.4 1,403

PES-MW-6 15-Nov-01 2.0 U 1.6 U 1.4 U 1.4 0.22 Na <0.2 <0.2 0.01 <0.6 160 0.20 0.04 306 40 55 -158 7.79 11.5 1,030
15-Feb-02 2.0 U 1.6 U 1.4 U 12 0.35 Na <0.13 <0.077 0.47 1.1 290 1.2 0.04 408 50 55 -408 7.29 11.0 1,107
23-May-02 2.0 U 1.6 U 1.4 U <0.83 0.03 1.9 <0.13 <0.077 0.28 <0.6 190 1.8 0.07 391 30 45 -160 7.30 11.1 1,256
28-Aug-02 3.8 1.6 U 1.4 U 7 <0.01 2.6 <0.13 <0.077 0.52 1.0 170 0.80 0.07 357 70 55 -296 7.09 12.7 1,109
12-Dec-02 70 0.019 0.082 16 0.90 3.5 <0.057 <0.018 0.55 <0.6 220 0.59 0.08 391 35 50 R 7.31 10.5 R
10-Apr-03 12 0.012 0.051 <1.0 0.88 2.9 <0.058 <0.018 0.51 1.1 180 0.61 0.09 340 25 50 -292 7.30 11.0 1,163
21-Aug-03 8.0 0.010 0.066 1.7 J 3.6 1.9 <0.058 <0.018 0.56 2.2 200 0.31 0.06 306 40 60 -98 7.19 14.3 1,075
15-Apr-05 210 0.051 0.110 2.6 R NM NM NM 0.38 1.5 200 0.02 NM NM 30 NM -89 7.37 12.3 1,104

PES-MW-7 16-Nov-01 2.0 U 1.6 U 1.4 U 1.4 2.3 Na <0.2 <0.2 <0.01 <0.6 110 <0.01 0.03 238 50 60 -26 8.96 11.6 854
14-Feb-02 2.0 U 1.6 U 1.4 U 26,000 0.50 Na <0.13 <0.077 1.9 3.0 160 0.51 0.04 765 85 55 -314 6.93 10.9 1,552
22-May-02 3.4 1.6 U 1.4 U 150 0.01 5.8 <0.65 2.2 7.8 18 80 0.35 0.23 663 200 60 -188 6.70 12.3 1,531
28-Aug-02 7,400 1.6 U 1.4 U 150 0.06 3.2 <0.13 1.0 3.9 9.8 60 1.5 2.5 561 180 60 -395 6.58 12.5 1,351
12-Dec-02 18,000 0.005 U 0.95 200 0.78 4.3 <0.057 0.69 6.3 29 100 0.36 0.70 629 190 60 R 6.74 10.6 R
10-Apr-03 9,800 0.170 0.076 210 R 3.1 <0.058 <0.018 3.2 28 <7.0 0.25 0.50 629 200 60 -173 6.60 11.9 1,523
21-Aug-03 8,500 0.006 U 0.001 U 53 0.29 2.5 <0.058 <0.018 4.7 33 <7.0 2.50 1.15 544 165 60 -161 6.71 13.0 1,285
15-Apr-05 16,000 0.100 0.092 29 R NM NM NM 5.2 33 140 0.07 NM NM 70 NM -110 6.80 11.4 1,123
17-Nov-05 NM NM NM 110 NM NM NM NM NM NM NM NM NM NM NM NM -43 6.88 9.9 1,827

PES-MW-8 15-Nov-01 2.0 U 1.6 U 1.4 U 2.4 0.43 Na <0.2 <0.2 0.70 0.9 110 <0.01 0.04 408 55 65 -54 7.02 11.6 1,120
14-Feb-02 2.0 U 1.6 U 1.4 U 6.8 0.55 Na <0.13 <0.077 1.3 0.8 310 <0.01 0.05 442 40 50 -200 7.29 9.8 1,129
22-May-02 2.0 U 1.6 U 1.4 U 1.9 0.07 1.2 <0.13 <0.077 1.1 0.7 220 <0.01 <0.01 408 40 60 -85 7.20 12.1 1,318
28-Aug-02 2.6 J 1.6 U 1.4 U 14 <0.01 2.1 <0.13 <0.077 1.2 1.3 220 0.01 0.04 374 75 60 -69 6.83 12.7 1,160
12-Dec-02 35 0.016 0.062 4.6 0.12 1.2 <0.057 <0.018 1.2 1.0 180 0.05 0.06 357 35 50 -80 7.15 10.2 R
9-Apr-03 3.7 0.002 J 0.011 <1.0 2.55 1.7 <0.058 <0.018 1.2 1.4 160 <0.01 0.04 374 30 55 -128 7.25 11.2 1,201

21-Aug-03 12 0.015 0.066 3.7 0.29 1.6 <0.058 <0.018 1.1 2.3 150 0.01 0.04 306 50 70 -82 7.08 13.3 1,087
14-Apr-05 11 0.035 0.049 1.7 R NM NM NM 1.0 1.5 180 0.03 NM NM 50 NM -87 7.22 11.9 1,097

PES-MW-9 15-Nov-01 2.0 U 1.6 U 1.4 U 1.4 1.1 Na <0.2 <0.2 0.40 1.1 140 0.01 0.03 391 45 60 -123 7.09 10.9 1,051
13-Feb-02 2.0 U 1.6 U 1.4 U 1.8 0.79 Na <0.13 <0.077 0.55 0.9 220 0.01 0.05 340 25 50 -183 7.30 10.7 1,018
22-May-02 2.0 U 1.6 U 1.4 U 58 0.15 1.5 <0.65 <0.39 4.7 2.1 30 0.04 <0.01 510 80 50 -460 7.10 11.2 1,346
27-Aug-02 28 5.4 J 13 180 <0.01 8.2 <0.13 0.66 3.3 8.5 7.0 0.22 0.60 646 250 80 -180 6.58 12.5 1,445
11-Dec-02 3,200 0.012 0.210 240 0.15 3.3 <0.057 0.37 NA 13 <7.0 0.06 1.1 646 600 60 R 7.03 10.4 1,650
9-Apr-03 5,500 0.001 U 0.035 2.6 1.88 1.8 <0.058 <0.018 4.1 10 110 0.12 0.68 347 65 45 -192 7.52 11.1 1,182

21-Aug-03 5,000 0.006 U 0.001 U 1.5 J 0.42 1.9 <0.058 <0.018 4.7 2.7 135 0.10 0.25 340 55 60 -180 7.30 15.9 1,141
16-Apr-05 300 0.012 0.030 3.6 R NM NM NM 2.5 1.6 190 0.02 NM NM 35 NM -93 7.41 10.7 991
16-Nov-05 NM NM NM 2.8J NM NM NM NM NM NM NM NM NM NM NM NM -207 6.27 10.5 1,023

PES-CW-1 13-Nov-01 2.0 U 1.6 U 1.4 U 1.0 0.25 Na <0.2 <0.2 0.04 0.6 80 <0.01 <0.01 333 60 60 -25 7.08 11.9 1,064
11-Feb-02 2.0 U 1.6 U 1.4 U 1.3 0.92 Na 0.49 <0.077 0.05 <0.6 130 <0.01 0.03 387 116 65 -195 7.23 11.3 1,079
20-May-02 2.0 U 1.6 U 1.4 U <1.3 2.3 2.3 0.20 <0.077 0.01 <0.6 160 <0.01 0.01 347 60 65 -28 7.04 11.2 1,079
26-Aug-02 2.0 U 1.6 U 1.4 U 11 1.8 3.3 0.19 <0.077 0.04 <0.6 110 <0.01 0.04 408 70 110 45 6.47 13.1 1,258
9-Dec-02 2.6 J 0.017 0.014 1.6 0.25 2.5 <0.057 <0.018 0.03 <0.6 120 <0.01 0.04 391 35 60 120 7.27 10.4 770
7-Apr-03 0.23 0.005 U 0.013 < 1.0 0.65 3.1 0.73 <0.018 <0.01 <0.6 140 <0.01 0.02 408 50 125 72 6.89 10.4 1,354

18-Aug-03 0.16 0.004 J 0.013 1.6 J 0.71 1.5 0.65 <0.018 0.03 2.0 160 <0.01 0.02 357 70 130 103 7.00 15.7 215
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PES-CW-2 13-Nov-01 2.0 U 1.6 U 1.4 U 0.97 0.28 Na <0.2 <0.2 0.30 1.1 50 <0.01 0.05 323 74 65 -32 7.05 12.0 1,064
11-Feb-02 2.0 U 1.6 U 1.4 U 0.97 2.3 Na <0.13 <0.077 <0.01 <0.6 190 <0.01 0.01 340 45 55 -78 7.21 10.6 1,011
20-May-02 2.0 U 1.6 U 1.4 U <1.0 1.1 2.9 <0.13 <0.077 0.06 <0.6 140 <0.01 0.06 357 45 60 -44 7.10 11.9 1,020
26-Aug-02 2.0 U 1.6 U 1.4 U 12 1.1 3.3 0.15 <0.077 0.02 <0.6 130 0.01 <0.01 357 55 80 82 6.59 13.2 1,134
9-Dec-02 4.0 0.017 0.006 5.4 0.33 1.8 <0.057 <0.018 0.01 <0.6 170 <0.01 0.09 357 30 55 210 7.35 10.6 819
7-Apr-03 0.12 0.005 U 0.011 < 1.0 0.85 3.8 0.84 <0.018 <0.01 0.6 140 <0.01 0.02 425 45 100 128 6.94 10.6 1,292

19-Aug-03 0.3 0.007 0.023 1.7 J 1.79 1.8 1.10 <0.018 0.02 0.4 120 <0.01 0.01 391 50 125 87 6.50 15.8 140
11-Apr-05 NM NM NM 3.6 R NM NM NM 0.03 0.3 160 <0.01 NM NM 60 NM -3 7.14 11.9 1,164
14-Nov-05 NM NM NM 30 NM NM NM NM NM NM NM NM NM NM NM NM -9 7.22 11.2 1,273

PES-CW-3 13-Nov-01 2.0 U 1.6 U 1.4 U 0.75 0.60 Na <0.2 <0.2 0.02 1.0 110 <0.01 0.04 357 70 63 32 7.07 12.8 1,014
12-Feb-02 2.0 U 1.6 U 1.4 U 2.1 1.0 Na <0.13 <0.077 <0.01 <0.6 150 <0.01 0.03 323 25 50 71 7.03 10.4 988
20-May-02 2.0 U 1.6 U 1.4 U <1.6 1.5 2.6 <0.13 <0.077 0.04 <0.6 130 <0.01 0.03 340 40 60 -60 7.10 14.0 920
26-Aug-02 2.8 1.6 U 1.4 U 11 1.3 6.7 <0.13 <0.077 0.04 <0.6 150 0.01 0.08 238 35 50 81 6.74 13.4 962
10-Dec-02 2.0 U 0.016 0.013 14 0.20 2.6 <0.057 <0.018 0.02 <0.6 140 <0.01 0.05 306 30 55 200 7.02 10.2 458
7-Apr-03 1.2 0.007 0.011 < 1.0 0.80 3.0 <0.058 <0.018 0.03 <0.6 180 <0.01 0.01 289 30 55 103 7.29 7.4 1,056

19-Aug-03 1.3 0.012 0.026 <1.0 0.98 3.4 0.360 <0.018 0.01 1.0 140 <0.01 <0.01 340 50 80 215 6.92 20.0 1,142
11-Apr-05 NM NM NM 3.7 R NM NM NM 0.03 0.4 170 <0.01 NM NM 45 NM 29 7.50 11.5 1,153
14-Nov-05 NM NM NM 3.5J NM NM NM NM NM NM NM NM NM NM NM NM 38 7.11 10.7 1,029

PES-MW-10A 15-Apr-05 21,000 0.360 0.110 190 R NM NM NM 5.1 17 87 0.10 NM NM 120 NM -111 6.61 11.4 1,365
16-Nov-05 NM NM NM 51 NM NM NM NM NM NM NM NM NM NM NM NM -202 5.54 10.0 1,037

PES-MW-10B 14-Apr-05 4.5 0.034 0.045 3.3 R NM NM NM 0.04 0.8 180 0.04 NM NM 40 NM -52 7.15 13.0 1,064
15-Nov-05 NM NM NM <5.0 NM NM NM NM NM NM NM NM NM NM NM NM 19 7.32 10.5 901

PES-MW-11A 13-Apr-05 3,900 0.090 0.066 8.9 R NM NM NM 3.1 2.4 150 0.01 NM NM 35 NM -21 6.91 10.8 1,047
15-Nov-05 NM NM NM 3.6J NM NM NM NM NM NM NM NM NM NM NM NM 4 7.40 10.6 807

PES-MW-12A 12-Apr-05 2.1 0.042 0.080 6.0 R NM NM NM 0.08 <0.6 150 0.03 NM NM 35 NM 60 7.31 11.7 1,291
15-Nov-05 NM NM NM 2.9J NM NM NM NM NM NM NM NM NM NM NM NM 32 7.26 10.5 1,270

PES-MW-12B 20-Apr-05 7.8 0.140 0.180 5.5 R NM NM NM 0.03 1.6 150 0.01 NM NM 25 NM 18 7.08 10.6 1,348
15-Nov-05 NM NM NM 3.5J NM NM NM NM NM NM NM NM NM NM NM NM -6 7.39 10.7 827

PES-MW-13A 22-Apr-05 4.8 0.032 0.042 5.1 R NM NM NM 0.19 1.3 190 0.01 NM NM 25 NM -34 7.57 13.5 1,102
16-Nov-05 NM NM NM 3.0J NM NM NM NM NM NM NM NM NM NM NM NM 210 6.00 10.3 942

PES-MW-14A 12-Apr-05 6,900 0.150 0.180 50 R NM NM NM 3.19 2.3 130 0.12 NM NM 65 NM -44 6.88 12.0 901
15-Nov-05 NM NM NM 7.1 NM NM NM NM NM NM NM NM NM NM NM NM -12 7.05 10.3 1,044

PES-MW-14B 20-Apr-05 7.7 0.120 0.140 4.2J R NM NM NM 0.01 0.7 220 0.01 NM NM 20 NM 57 7.28 12.1 1,082
16-Nov-05 NM NM NM 2.8J NM NM NM NM NM NM NM NM NM NM NM NM 195 6.03 10.7 984

INJECTION WELLS
PES-INJ-1 19-Nov-01 2.0 U 1.6 U 1.4 U 1.1 0.14 Na <0.2 <0.2 0.01 0.6 140 <0.01 0.03 323 25 55 -1 7.62 10.7 1,015

18-Feb-02 200 U 160 U 140 U 11,000 0.15 Na 19 <13 NA NA NA 36 6.3 8,500 8,500 85 -325 5.67 10.9 4,660
23-May-02 140 U 280 U 250 U 2,500 0.10 4.4 0.9 9.7 280 3.3 <7.0 1.0 0.6 21,250 5,500 2,500 -89 5.50 11.3 1,702
29-Aug-02 190 70 41 2,900 <0.01 16 <2.6 21 17 6.6 <7.0 0.11 0.1 2,975 2,500 125 -98 5.23 12.0 4,520
13-Dec-02 630 35 24 2,600 R 5.2 <2.5 7.9 13 6.9 <7.0 0.14 1.3 4,675 2,800 125 -40 5.25 8.2 R
10-Apr-03 73 3.1 7.6 2,300 1.58 4.4 <0.58 13 3.9 16 <7.0 0.04 0.7 4,250 2,500 250 -91 5.24 12.6 3,310
22-Aug-03 660 21 25 2,100 0.65 32 <0.58 9.8 J 4.8 9.3 <7.0 0.03 0.5 2,040 2,000 100 -33 5.21 12.1 2,950
19-Apr-05 14,000 6.3 4.6 2,500 R NM NM NM 3.6 14 <7.0 6.9 NM NM 2,500 NM 0 R 5.60 11.6 3,081

PES-INJ-2 19-Nov-01 2.0 U 1.6 U 1.4 U 0.8 <0.01 Na <0.2 <0.2 0.01 <0.6 130 <0.01 0.04 289 25 55 74 7.77 10.5 971
15-Feb-02 50 U 40 U 35 U 9,500 0.01 Na 34 110 NA NA NA 9 7.0 8,500 3,000 2,500 -323 5.44 10.6 4,200
23-May-02 28 U 56 U 50 U 4,100 0.05 93 2.7 19 2.6 14 <7.0 1.9 3.1 29,750 7,500 2,500 -93 5.10 12.3 1,872
29-Aug-02 13 5 2.8 4,130 <0.01 4.9 <2.6 28 NA 17 23 2.9 0.72 2,550 2,250 100 -55 5.10 12.4 4,870
13-Dec-02 11 0.34 1.4 4,400 R 12 20 13 NA 5.4 61 0.8 0.68 4,250 2,900 100 -30 5.10 10.5 R
11-Apr-03 99 0.35 1.4 2,300 0.63 39 <0.58 11 J NA 78 <7.0 0.8 0.40 5,100 2,750 100 -33 5.09 11.1 3,160
22-Aug-03 1,500 1.1 4.5 2,000 1.05 300 <0.58 6.7 J 2.4 69 <7.0 0.3 0.56 1,700 1,300 150 1 5.11 12.8 2,650
19-Apr-05 5,800 1.1 3.8 2,400 R NM NM NM 1.6 50 5 12 NM NM 3,500 NM 5 R 5.35 11.0 2,434
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 Dissolved Dissolved Ferrous Total Carbon Redox Specific
Sample Sample TOC b/ Oxygen Hydrogen Nitrate Nitrite Iron Manganese Sulfate Sulfide Ammonia Alkalinity Dioxide Chloride Potential pH Temperature Conductivity
Location Date (mg/L) c/

(mg/L) (nM)d/
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mV)e/ (SU)f/ (oC) g/ (µs/cm) h/

TABLE 11
SUMMARY OF GROUNDWATER GEOCHEMICAL DATA

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY

FRIDLEY, MINNESOTA

Ethane
(µg/L) 

ANOKA COUNTY PARK

Ethene
(µg/L)

Methane
(µg/L)a/

PES-INJ-3 16-Nov-01 2.0 U 1.6 U 1.4 U 1.0 0.92 Na <0.2 <0.2 0.01 0.6 110 <0.01 0.06 255 10 60 -79 8.47 12.1 881
18-Feb-02 200 U 160 U 140 U 6,900 0.67 Na 15 <7.7 NA NA NA 23 3.3 11,900 4,500 60 -317 5.65 10.8 6,310
23-May-02 140 U 280 U 250 U 4,100 0.12 30 1.9 23 NA NA 66 1.8 2.2 25,500 7,500 2,500 -76 5.30 12.9 1,843
29-Aug-02 7.5 5.6 J 1.4 U 3,650 <0.01 15 <2.6 32 5.6 31 <7.0 1.6 1.5 2,975 2,875 100 -98 5.23 12.0 4,520
13-Dec-02 3.3 0.630 1.2 4,900 0.47 57 <2.5 13 NA 30 <7.0 2.8 2.0 5,525 3,875 100 -35 5.26 10.3 R
11-Apr-03 58 0.35 1.4 4,600 0.04 39 <0.58 17 J NA 20 <7.0 4.6 2.7 5,950 5,000 100 -88 5.14 11.3 4,010
22-Aug-03 290 1.4 3.7 2,600 2.34 150 <0.58 15 J 5.7 22 <7.0 0.2 0.7 2,380 2,100 100 -54 5.19 15.0 3,710
19-Apr-05 2,800 3.6 3.4 4,700 R NM NM NM 4.5 74 <7.0 14 NM NM 2,000 NM 9 R 5.33 11.6 3,328
17-Nov-05 NM NM NM 13,000 NM NM NM NM NM NM NM NM NM NM NM NM 3 5.86 10.5 5,081

a/  µg/L = micrograms per liter. g/  oC = degrees Centigrade.
b/   TOC = total organic carbon. h/  µs/cm = microsiemens per centimeter.
c/  mg/L = milligrams per liter. i/   J indicates that the analyte was detected at a concentration above the method detection limit but below the reporting limit resulting in an estimated value.

d/  nM = nano-Mol j/  NM = Not measured. 
e/  mV = millivolts. k/  <20 indicates that the analyte was not detected above the referenced method detection limit.
f/  SU = pH standard units. l/ R = This data point is of suspect quality or was collected in the incorrect units (as percent saturation instead of mg/L). Therefore it is rejected and was not considered during data interpretation.
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Total Bacterial Starvation Total Volatile
Sample Sample Organic Carbon  Biomass  Ratio  Fatty Acids Pyruvic Lactic Formic Acetic Proprionic Butyric
Location Date (mg/L)a/ (pmol/mL)b/ (unitless) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

18S 4/18/2005 3.8 NM 0.00 < 4 < 4 < 1 < 1 < 1 < 1 < 1
26-S 4/15/2005 2.2 NM 0.09 NM NM NM NM NM NM NM
GWMS-27S 220 21-May-02 <1.7 c/ NM d/ NM < 4 b/ < 80 < 1 < 1 < 1 < 1 < 1

26-Aug-02 9.9 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
9-Dec-02 16 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
7-Apr-03 2.8 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1

18-Aug-03 1.2 J NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
GWMS-46S e/ -22 22-May-02 2.3 NM NM 5.6 < 40 < 1 4.0 1.6 < 1 < 1

28-Aug-02 10 NM NM 6.2 < 4 0.8 J f/ 1.9 2.6 0.9 J < 1
11-Dec-02 18 13.4 0.56 < 4 < 4 < 1 < 1 < 1 < 1 < 1
8-Apr-03 1.0 J 3 0.12 < 4 < 4 < 1 < 1 < 1 < 1 < 1

20-Aug-03 1.0 UJ 11 0.32 < 4 < 4 < 1 < 1 < 1 < 1 < 1
18-Apr-05 4 NM 1.22 < 4 < 4 < 1 < 1 < 1 < 1 < 1

GWMS-47S 224 21-May-02 <1.1 NM NM < 4 < 80 < 1 < 1 < 1 < 1 < 1
26-Aug-02 11 NM NM 3.8 < 4 < 1 1.8 2.0 < 1 < 1
10-Dec-02 38 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
8-Apr-03 1.1 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1

19-Aug-03 1.0 J NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-1 16 22-May-02 3.0 NM NM 6.5 < 40 < 1 3.7 1.8 0.97 < 1

28-Aug-02 14 NM NM 10.4 < 4 < 1 1.7 6.8 1.9 < 1
12-Dec-02 12 31.3 1.13 < 4 < 4 < 1 < 1 < 1 < 1 < 1
10-Apr-03 <1.0 54 0.07 3.0 < 4 1.0 < 1 1.0 1.0 < 1
21-Aug-03 1.4 J 14 0.25 < 4 < 4 < 1 < 1 < 1 < 1 < 1
15-Apr-05 3 NM 0.26 < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-MW-2 28 22-May-02 2.5 NM NM 8.0 < 40 < 1 3.9 1.9 2.2 < 1
28-Aug-02 12 NM NM 3.6 < 4 < 1 1.7 1.9 < 1 < 1
9-Dec-02 6.5 0.2 1.54 < 4 < 4 < 1 < 1 < 1 < 1 < 1
9-Apr-03 <1.0 7 0.11 < 4 < 4 < 1 < 1 < 1 < 1 < 1

20-Aug-03 1 J 19 0.07 < 4 < 4 < 1 < 1 < 1 < 1 < 1
14-Apr-05 1.9 NM 0.16 < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-MW-3 48 21-May-02 2.9 NM NM 8.1 < 40 < 1 4.0 2.4 1.7 < 1
27-Aug-02 13 NM NM 6.7 < 4 < 1 1.7 3.8 1.2 < 1
10-Dec-02 24 0.0 0.00 < 4 < 4 < 1 < 1 < 1 < 1 < 1
8-Apr-03 2.0 J 194 0.92 3.6 < 4 < 1 < 1 1.9 1.7 < 1

20-Aug-03 2.6 J 44 0.27 < 4 < 4 < 1 < 1 < 1 < 1 < 1
14-Apr-05 2 NM 0.76 < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-MW-4 76 21-May-02 2.0 NM NM 1.5 < 80 < 1 1.5 < 1 < 1 < 1
27-Aug-02 10 NM NM 3.7 < 4 < 1 1.8 1.9 < 1 < 1
10-Dec-02 15 1.0 0.09 < 4 < 4 < 1 < 1 < 1 < 1 < 1
8-Apr-03 1.7 J 6.0 0.36 2.0 < 4 < 1 < 1 1.0 1.0 < 1

19-Aug-03 1.2 J 119 0.62 < 4 < 4 < 1 < 1 < 1 < 1 < 1
12-Apr-05 51 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1

FRIDLEY, MINNESOTA

TABLE 12
BIOMASS AND VOLATILE FATTY ACIDS IN GROUNDWATER

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

MONITORING WELLS

Metabolic Acids
Distance 

Downgradient 
From Injection 

Wells (feet)
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Total Bacterial Starvation Total Volatile
Sample Sample Organic Carbon  Biomass  Ratio  Fatty Acids Pyruvic Lactic Formic Acetic Proprionic Butyric
Location Date (mg/L)a/ (pmol/mL)b/ (unitless) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

FRIDLEY, MINNESOTA

TABLE 12
BIOMASS AND VOLATILE FATTY ACIDS IN GROUNDWATER

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

Metabolic Acids
Distance 

Downgradient 
From Injection 

Wells (feet)
PES-MW-5 142 21-May-02 1.8 NM NM 1.4 < 80 < 0 1.4 < 1 < 1 < 1

27-Aug-02 12 NM NM 4.3 < 4 < 0.9 1.8 2.5 < 1 < 1
10-Dec-02 23 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
8-Apr-03 <1.0 NM NM 2.0 < 4 < 1 < 1 1.0 1.0 < 1

19-Aug-03 <1.0 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-6 16 23-May-02 <0.83 NM NM 19.1 < 40 < 1 4.1 12.3 2.7 < 1

28-Aug-02 7 NM NM 6.3 < 4 < 1 2.1 4.2 < 1 < 1
12-Dec-02 16 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
10-Apr-03 <1.0 57 0.07 8.0 4.0 1.0 < 1 1.0 1.0 1.0
21-Aug-03 1.7 J 18 0.02 < 4 < 4 < 1 < 1 < 1 < 1 < 1
15-Apr-05 3 NM 0.07 < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-MW-7 16 22-May-02 150 NM NM 347 < 20 < 1 3.9 133 182 28
28-Aug-02 150 NM NM 212 < 4 < 1 1.9 57.8 122 30
12-Dec-02 200 NM NM 149 < 4 < 1 < 1 28.3 98 23
10-Apr-03 210 87 0.50 202.2 < 4 < 1 < 1 43.4 153.5 5.3
21-Aug-03 53 558 0.21 < 4 < 4 < 1 < 1 < 1 < 1 < 1
15-Apr-05 29 NM 0.10 < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-MW-8 40 22-May-02 1.9 NM NM 5.6 < 40 < 1 4.0 1.6 < 1 < 1
28-Aug-02 14 NM NM 3.9 < 4 < 1 1.9 2.0 < 1 < 1
12-Dec-02 4.6 NM NM < 1 < 4 < 1 < 1 < 1 < 1 < 1
9-Apr-03 <1.0 62 2.35 8.0 4.0 1.0 < 1 1.0 1.0 1.0

21-Aug-03 3.7 29 1.45 < 4 < 4 < 1 < 1 < 1 < 1 < 1
14-Apr-05 1.7 NM 0.67 < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-MW-9 36 22-May-02 58 J NM NM 140 < 40 < 1 4.2 53.8 82.4 < 1
27-Aug-02 180 NM NM 308 < 4 < 0.5 1.9 199 99.1 7.6
11-Dec-02 240 NM NM 295 < 4 < 1 0.6 J 229 47.5 18.1
9-Apr-03 2.6 45 0.42 4.0 < 4 1.0 < 1 1.0 1.0 1.0

20-Aug-03 1.5 J 121 0.19 < 4 < 4 < 1 < 1 < 1 < 1 < 1
16-Apr-05 4 NM 0.58 < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-MW-10A 16 15-Apr-05 190 NM 0.20 50.5 < 4 < 1 < 1 26.8 11.6 12.1
PES-MW-10B 13 14-Apr-05 3 NM 0.07 < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-11A 38 13-Apr-05 9 NM 0.17 < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-12A 155 12-Apr-05 6 NM 0.08 < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-12B 155 20-Apr-05 6 NM 0.00 < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-13A NA 20-Apr-05 5 NM 0.08 < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-14A 75 12-Apr-05 50 NM 0.37 < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-MW-14B 75 20-Apr-05 4.2J NM 0.05 < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-CW-1 220 20-May-02 <1.3 NM NM <1 < 80 < 1 < 1 < 1 < 1 < 1

26-Aug-02 11 NM NM 3.4 < 4 < 1 1.6 1.8 < 1 < 1
9-Dec-02 1.5 NM NM < 1 < 4 < 1 < 1 < 1 < 1 < 1
7-Apr-03 <1.0 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1

18-Aug-03 1.6 J NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
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Total Bacterial Starvation Total Volatile
Sample Sample Organic Carbon  Biomass  Ratio  Fatty Acids Pyruvic Lactic Formic Acetic Proprionic Butyric
Location Date (mg/L)a/ (pmol/mL)b/ (unitless) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

FRIDLEY, MINNESOTA

TABLE 12
BIOMASS AND VOLATILE FATTY ACIDS IN GROUNDWATER

NAVAL INDUSTRIAL RESERVE ORDNANCE PLANT FRIDLEY
ANOKA COUNTY PARK

Metabolic Acids
Distance 

Downgradient 
From Injection 

Wells (feet)
PES-CW-2 212 20-May-02 <1.0 NM NM <1 < 80 < 1 < 1 < 1 < 1 < 1

26-Aug-02 12 NM NM 3.4 < 4 < 1 1.7 1.7 < 1 < 1
9-Dec-02 5.4 NM NM < 1 < 4 < 1 < 1 < 1 < 1 < 1
7-Apr-03 <1.0 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1

19-Aug-03 1.7 J NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1
PES-CW-3 220 20-May-02 <1.6 NM NM <1 < 80 < 1 < 1 < 1 < 1 < 1

26-Aug-02 11 NM NM 4.0 < 4 0.4 J 1.8 1.8 < 1 < 1
10-Dec-02 14 NM NM < 1 < 4 < 1 < 1 < 1 < 1 < 1
8-Jul-03 <1.0 NM NM 3.0 < 4 < 1 < 1 1.0 1.0 1.0 J

19-Aug-03 <1.0 NM NM < 4 < 4 < 1 < 1 < 1 < 1 < 1

PES-INJ-1 NA d/ 23-May-02 2,500 NM NM 3,279 < 80 1.2 4.9 1,500 843 930
29-Aug-02 2,900 NM NM 2,910 < 4 1.2 3.0 1,468 458 980
13-Dec-02 2,600 NM NM 2,509 < 4 < 1 3.8 1,294 255 956
10-Apr-03 2,300 3.0 2.47 2,321 < 4 < 1 1.5 1,276 179 865
22-Aug-03 2,100 4.0 1.73 1,973 < 4 < 1 < 1 963 311 699
19-Apr-05 2,500 NM NM 1,954 < 4 < 1 < 1 1,222 167 565

PES-INJ-2 NA 23-May-02 4,100 NM NM 5,777 < 80 < 20 32.7 1,471 2,835 1,438
29-Aug-02 4,130 NM NM 4,371 333 < 20 < 20 1,059 1,753 1,226
13-Dec-02 4,400 7,698 0.05 3,176 177 < 10 < 10 917 1,047 1,035
11-Apr-03 2,300 98 0.18 2,139 40 10 10 905 466 708
22-Aug-03 2,000 350 0.00 1,879 < 4 < 1 < 1 893 379 607
19-Apr-05 2,400 NM 0.25 1,334 < 4 < 1 < 1 794 174 366

PES-INJ-3 NA 23-May-02 4,100 NM NM 5,410 < 80 < 20 33.4 1,303 2,355 1,719
29-Aug-02 3,650 NM NM 2,965 < 80 < 20 < 20 889 806 1,270
13-Dec-02 4,900 NM NM 3,202 < 4 < 10 < 10 1,265 652 1,285
11-Apr-03 4,600 27 0.00 2,668 < 4 < 1 2.2 1,039 255 1,372
22-Aug-03 3,600 59 0.79 2,787 243 < 1 20 963 231 1,330
19-Apr-05 4,700 NM NM 1,822 < 4 2.3 84 646 127 963

MS-53PC NA 11-Apr-05 110 NM NM 792 < 4 1.0 106 469 210 6
a/  mg/L = milligrams per liter. d/ NM = not measured.
b/ pmol/mL = picomoles per milliliter. e/ This well is located upgradient of the injection area.
c/ "<" indicates that anayte was below the limit of quantitation. f/ J indicates that the analyte was detectedat a concentration greater than the method detection limit 

   and less than the reporting limit.  Thus, the concentration is estimated.

INJECTION WELLS

OTHER WELLS
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APPENDIX B 
 

BORING LOGS 



             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Glen Holmen
Note: Borehole Diameter: 8-1/4 inch

Sampler Type: Stainless Split Spoon

Event Information

Logged by: CAD - EMR, Inc. Boring #: 10B
Boring Depth: 75 feet MW #: MW-10B
GW Encountered 29 feet Surface Elevation:
Static GW Level: Start time/date: 0727  3/31/05
Location: End time/date: 1145  3/31/05

 10YR 2/2 (very dark brown) organic horizon
0 ML 10YR 2/2 (very dark brown) moist cohesive silt and clay.
 0-2 1.5' Decomposed organic material present. No odor.

 ML 10YR 4/2 (dark grayish brown) moist cohesive sandy silt.
1 No odor.
 2.3
 
2  
 2-4 1.2'
 SW- 10YR 4/3 (brown) moist, loose well-graded fine to
3 SM medium sand with silt, very minor silt component.
 2.3 No odor.
 SW- 10YR 4/3 (brown) moist grading to dry, loose
4 SM well-graded sand with silt with mottling. 
 4-6 1.5' Very minor silt component. No odor.
 
5 SW 10YR 5/3 (brown) dry, loose well-graded fine to 
 2.3 medium sand. No odor.
 
6
 6-8 1.2'
 SW 10YR 5/3 (brown) dry, loose well-graded fine to
7 medium sand with bedded layers of coarse sand.
 2.3 No odor.

8
 8-10 1.5'

9
 4.7
 SP 10YR 6/2 (light brownish gray) dry, loose poorly-graded

10 fine sand. No odor.
 10-12 1.2'

11 SW 10YR 5/3 (brown) dry, loose well-graded fine to 
 4.7 coarse sand with rocks up to 1.5 inch diameter. No odor.
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 Boring Number: 10B       Project : NIROP Pilot-Scale 2005       Project #: 5427

SW 10YR 4/3 (brown) dry, loose well-graded fine to
12 coarse sand with gravel and rocks up to 2-inch
 12-14 1.2' diameter. No odor.
 
13
 2.3
 
14 SW 10YR 5/3 (brown) dry, loose well-graded fine to 
 14-16 1.8 medium sand with bedded bands of coarse sand. 
 Mottled between 15 and 17 feet bgs. No odor.
15
 2.3
 
16
 16-18 1.5
 SP 10YR 5/3 (brown) dry, loose poorly-graded fine
17 sand with bedded layers of coarse sand. No odor.
 4.7
 SW 10YR 5/2 (grayish brown) dry, loose well-graded
18 fine to coarse sand with gravel. No odor.
 18-20 1.5
 
19
 2.3
 SW 10YR 5/3 (brown) dry, loose well-graded fine to 
20 coarse sand with occasional pebbles. No odor.
 20-22 1.5
 
21  
 2.3
 
22
 22-24 1.8 SW 10YR 4/2 (dark grayish brown) moist, loose well-
 graded fine to coarse sand with gravel. No odor.
23
 2.3

24
24-26 1.5 Same as above

 
25
 2.3
 SW 10YR 4/2 (dark grayish brown) moist, loose well-
26 graded fine to coarse sand with gravel. Limited 
 26-28 0.5 recovery due to rock lodged in sampler. No odor.
 
27
 2.3
 SW 10YR 3/2 (very dark grayish brown) moist grading
28 28-29 1.0 to wet (at 29 feet bgs), loose well-graded medium
 to coarse sand with gravel. No odor.
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 Boring Number: 10B       Project : NIROP Pilot-Scale 2005       Project #: 5427

water SW Same as above.
29 29-30 1.0 Wet at 29 feet below ground surface
 2.3
 GW 10YR 4/3 (brown) wet, loose well-graded gravel
30 with coarse sand and silt component. Rocks up
 30-32 1.0 to 3-inches in diameter present. No odor.
 
31
 2.3
 
32 Same as above
 32-34 0.5
 
33
 2.3 SM 10YR 4/3 (brown) wet, cohesive silty sand. 
 Mottled bands to 36 feet bgs. No odor.
34
 34-36 1.0
 
35
 4.7
 SM 10YR 4/3 (brown) wet, cohesive silty sand with
36 occasional pebbles. No odor/sheen. Limited 
 36-38 0.1 recovery.
 
37
 7.1
 -- No recovery 38-40 foot interval.
38  
 38-40 0.0
 
39
 --
 SM 10YR 4/3 (brown) wet, cohesive silty sand with
40 occasional pebbles. No odor. Limited recovery.
 40-42 0.1

41
2.3

 SW 10YR 4/2 (dark grayish brown) wet, loose
42 well-graded fine and medium sand. No odor.
 42-44 1.8
 
43
 2.3
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
44 graded fine sand. No odor
 44-46 1.0
 SW 10YR 4/2 (dark grayish brown) wet, loose
45 well-graded fine to medium sand. No odor.
 2.3
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 Boring Number: 10B       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
46 graded fine sand. Angular rocks up to 2-inches
 46-48 1.0 in diameter present. No odor.
 
47
 2.3
 Same as above
48
 48-50 2.0
 SP 10YR 3/1 (very dark gray) wet, loose poorly-graded
49 fine sand. Mild odor. Sampled 48-50 interval as 
 2.3 "most impacted."
 
50
 50-52 1.5 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
 graded fine sand. No odor.
51
 0.0
 SP 10YR 3/1 (very dark gray) wet, loose poorly-graded
52 fine sand. Mild odor.
 52-54 1.0
 
53
 4.7
 
54
 54-56 1.5
 
55  SP 10YR 4/3 (brown) wet, mildly cohesive very fine
 2.3 sand. No odor. No observed silt component.
 
56
 56-58 1.0
 
57
 2.3

SW 10YR 4/2 (dark grayish brown) wet, loose well-
58 graded fine and medium sand. No odor.

58-60 1.0
 
59
 2.3
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine
60 sand. No odor. 
 60-62 1.0
 
61
 4.7
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine
62 62-63 1.8 sand. No odor.
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 Boring Number: 10B       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 4/3 (brown) wet, loose poorly-graded fine
63 63-64 1.8 sand. No odor. 
 4.7
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
64 graded fine sand. No odor.
 64-66 1.0
 
65
 4.7
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine 
66 sand. No odor.
 66-68 1.0
 
67
 4.7
 Same as above
68
 68-70 1.5
 
69
 4.7
 SW 10YR 4/3 (brown) wet, loose well-graded fine and 
70 medium sand. No odor. 
 70-72 2.0 Sampled 70-71 interval
 
71

4.7
 
72  
 72-74 1.8
 SP 10YR 4/3 (brown) wet, mildly cohesive well-graded
73 very fine sand. No silt component. No odor.
 4.7
 
74
 74-76 1.0 End of boring at 75 feet below ground surface.

75

 
76
 76-78
 
77
 
 
78
 78-80
 
79
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             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Glen Holmen
Note: Borehole Diameter: 8-1/4 inch

Sampler Type: Stainless Split Spoon

Event Information

Logged by: CAD - EMR, Inc. Boring #: 11A
Boring Depth: 57 feet MW #: PES-MW-11A
GW Encountered 29 feet Surface Elevation:
Static GW Level: Start time/date: 0725  3/29/05
Location: End time/date: 0950 3/29/05

 -- No recovery 0 to 4 feet bgs due to augering through frost.
0
 0-2 0

 
1
 --
 
2  
 2-4 0
 
3
 --
 SP 10YR 5/3 (brown) dry, loose poorly-graded fine
4 sand. No odor.
 4-6 1.5
 
5 SW 10YR 5/4 (yellowish brown) dry, loose well-graded
 2.4 fine to medium sand with mottling at 5.75 feet bgs.
 
6
 6-8 1.0
 
7 SW 10YR 5/3 (brown) dry, loose well-graded fine to
 4.9 coarse sand with occasional pebbles. No odor

SP 10YR 6/3 (pale brown) dry, loose poorly-graded
8 fine sand with bands of lamination. No odor
 8-10 1.5

SW 10YR 6/6 (brownish yellow) dry, loose well-graded
9 mottled fine and medium sand with occasional pebbles. 
 4.7 No odor. 
 

10 SP 10YR 6/2 (light brownish gray) dry, loose poorly-graded
 10-12 1.0 fine sand. No odor.

11 SW 10YR 5/2 (grayish brown) dry, loose well-graded
 4.9 fine to coarse sand with gravel. No odor.
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 Boring Number: 11A       Project : NIROP Pilot-Scale 2005       Project #: 5427

SW 10YR 5/2 (grayish brown) dry, loose well-graded
12 fine to coarse sand with gravel. No odor.
 12-14 1.5 SP 10YR 6/3 (pale brown) dry, loose poorly-graded
 fine sand. No odor.
13 SW 10YR 5/3 (brown) dry, loose well-graded fine to 
 4.9 coarse sand. No odor. 
 
14
 14-16 1.5
 Same as above
15
 4.9 SP 10YR 5/3 (brown) dry, loose poorly-graded fine
 sand. No odor.
16 SP 10YR 6/4 (light yellowish brown) dry, loose poorly-
 16-18 1.0 graded mottled fine sand. No odor.
 
17 SP 10YR 6/2 (light brownish gray) dry, loose poorly-
 4.9 graded fine sand. No odor.
 
18
 18-20 1.5 SW 10YR 6/2 (light brownish gray) dry, loose well-
 graded fine to coarse sand. No odor.
19 SP 10YR 6/2 (light brownish gray) dry, loose poorly-
 4.9 graded fine sand with bedded coarse sand. 
 No odor.
20 SP 10YR 5/3 (brown) dry, loose poorly-graded fine
 20-22 1.5 sand with occasional angular pebbles. No odor.
 SW 10YR 5/3 (brown) dry grading to moist, loose well-
21  graded fine to coarse sand with gravel. No odor.
 4.9
 
22
 22-24 1.5 Same as above
 
23 SP 10YR 5/2 (grayish brown) moist, loose poorly-
 4.9 graded fine sand. No odor. 

SW 10YR 5/3 (brown) moist, loose well-graded fine to
24 medium sand. No odor.

24-26 1.2
 SW 10YR 4/3 (brown) moist, loose well-graded fine to
25 coarse sand with occasional pebbles. No odor.
 4.9
 SP 10YR 5/2 (grayish brown) moist, loose poorly-
26 graded fine sand. No odor.
 26-28 1.5
 
27
 4.9
 GW 10YR 4/2 (dark grayish brown) moist grading to
28 28-29 0.5 wet (at 29 feet bgs) well-graded rounded and
 angular gravel with fine to coarse sand. No odor.
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 Boring Number: 11A       Project : NIROP Pilot-Scale 2005       Project #: 5427

water GW 10YR 4/2 (dark grayish brown) moist grading to
29 29-30 0.5 wet (at 29 feet bgs) well-graded rounded and
 4.9 angular gravel with fine to coarse sand. No odor.
 GW 10YR 4/2 (dark grayish brown) wet, loose well-
30 graded rounded and angular gravel with fine to
 30-32 1.2 coarse sand with rocks up to 2 inches in diameter.
 No odor.
31
 4.9
 
32
 32-34 0.8
 
33 Same as above
 4.9
 
34
 34-36 1.2 SM 10YR 3/3 (dark brown) wet, cohesive silty sand
 with <5% coarse sand component. No odor.
35 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
 7.4 graded fine sand. No odor. 
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
36 graded fine sand. No odor. Limited recovery.
 36-38 0.5
 
37
 9.8
 -- No recovery 38-40 feet bgs.
38  
 38-40 0.0
 
39
 --
 SW 10YR 4/2 (dark grayish brown) wet, loose well-
40 graded fine to medium sand. No odor. 
 40-42 0.5

SW 10YR 4/2 (dark grayish brown) wet, cohesive
41 well-graded fine to medium sand with silt. No odor.

4.9
 
42 SM 10YR 4/2 (dark grayish brown) wet, cohesive
 42-44 1.2 silty sand with occasional pebbles and fine sand
 component. No odor. Sampled at 42'-44' interval.
43
 7.4
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
44 graded fine sand. No odor.
 44-46 --
 SW 10YR 3/3 (dark brown) wet, loose well-graded fine
45 to coarse sand. No odor.
 9.8
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 Boring Number: 11A       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
46 graded fine sand with mottled bands of 10YR 5/6
 46-48 1.8 (yellowish brown) fine sand. No odor.
 
47
 7.4
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
48 graded fine sand. No odor. Sample collected
 48-50 1.8 at 48'-50' interval FD-2
 
49
 7.4
 SP 10YR 4/3 (brown) wet, mildly cohesive very fine
50 sand. No silt component. No odor.
 50-52 1.0
 
51
 4.9
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine
52 sand. No odor.
 52-54 1.0
 
53
 2.4
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
54 graded fine sand. No odor.
 54-56 0.5
 
55  
 4.9
 SP 10YR 3/1 (very dark gray) wet, loose poorly-graded
56 fine sand. No odor.
 56-58 4.9
 End of boring at 57 feet below ground surface
57
 

58
58-60

 
59
 
 
60
 60-62
 
61
 
 
62 62-63
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 Boring Number: 11A       Project : NIROP Pilot-Scale 2005       Project #: 5427

63 63-64
 
 
64
 64-66
 
65
 
 
66
 66-68
 
67
 
 
68
 68-70
 
69
 
 
70
 70-72
 
71

 
72  
 72-74
 
73
 
 
74
 74-76

75

 
76
 76-78
 
77
 
 
78
 78-80
 
79
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             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Glen Holmen
Note: Borehole Diameter: 8-1/4 inch

Sampler Type: Stainless Split Spoon

Event Information

Logged by: CAD - EMR, Inc. Boring #: 12B
Boring Depth: 65 feet MW #: MW-12B
GW Encountered 29 feet Surface Elevation:
Static GW Level: Start time/date: 0736  4/5/05
Location: End time/date: 1045  4/5/05

 SP- 10YR 3/3 (dark brown) cohesive, moist grading to frozen
0 SC poorly-graded fine sand with clay and organic material.
 0-2 1.5 No odor.

 SP 10YR 6/4 (light yellowish brown) frozen due to frost layer
1 loose poorly-graded fine sand. No odor.
 0.0
 SP GLEY 5/10G (greenish gray) frozen, loose poorly-graded
2  fine sand. No odor.
 2-4 1.5
 
3
 1.3 CL 10YR 6/1 (gray) mottled to 10YR 6/8
 (brownish yellow) moist, cohesive lean clay with
4 sand and occasional pebbles. No odor.
 4-6 1.8
 
5 SP 10YR 4/2 (dark grayish brown) moist, loose poorly-
 0.0 graded fine sand. No odor.
 
6
 6-8 1.5
 SW 10YR 4/4 (dark yellowish brown) moist, loose well-
7 graded fine to coarse sand with gravel. No odor.
 0.0

8 SW 10YR 4/4 (dark yellowish brown) moist, loose well-
 8-10 1.5 graded fine to medium sand mottled to 10YR 5/6

(yellowish brown). No odor.
9
 1.3
 SW 10YR 5/3 (brown) dry, loose well-graded fine to coarse

10 sand with gravel. No odor. 
 10-12 1.5

11
 0.0
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 Boring Number: 12B       Project : NIROP Pilot-Scale 2005       Project #: 5427

SW 10YR 5/3 (brown) dry, loose well-graded fine to 
12 coarse sand. No odor.
 12-14 1.5
 
13
 0.0
 
14
 14-16 1.5
 SW Same as above.
15
 0.0
 -- No recovery 16 to 18 feet below ground surface.
16
 16-18 0
 
17
 --
 SW 10YR 5/3 (brown) dry, loose well-graded fine to
18 coarse sand with occasional pebbles. No odor.
 18-20 1.8
 
19
 1.3
 Same as above
20
 20-22 1.8
 
21  
 1.3
 SW 10YR 5/3 (brown) dry, loose well-graded fine to 
22 coarse sand with gravel and rocks up to 2 inches
 22-24 1.5 in diameter. No odor.
 
23
 0.0

SP 10YR 5/3 (brown) dry, loose poorly-graded fine
24 sand with bedded bands of coarse sand. No odor.

24-26 1.2
 
25
 1.3
 -- No recovery 26 to 28 feet below ground surface.
26
 26-28 0.0
 
27
 --
 SW 10YR 5/3 (brown) moist grading to wet, loose well-
28 28-29 1.8' graded fine to medium sand. No odor or sheen.
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 Boring Number: 12B       Project : NIROP Pilot-Scale 2005       Project #: 5427

water SW 10YR 5/3 (brown) wet at 29 feet bgs, loose well-
29 29-30 1.8 graded fine to medium sand. No odor or sheen.
 0.0
 
30 SW 10YR 5/2 (grayish brown) wet, loose well-graded
 30-32 1.8 fine to coarse sand. No odor.
 
31
 0.0
 SW 10YR 5/3 (brown) wet, loose well-graded fine to
32 coarse sand. No odor.
 32-34 1.8
 
33
 0.0
 SW 10YR 5/3 (brown) wet, loose well-graded fine to 
34 coarse sand. No odor.
 34-36 1.8
 
35
 0.0
 SW 10YR 4/2 (dark grayish brown) wet, loose well-
36 graded fine to coarse sand. No odor
 36-38 1.8
 
37
 1.3
 Same as above
38  
 38-40 1.8
 SW 10YR 4/2 (dark grayish brown) wet, loose well-
39 graded fine to coarse sand w/ gravel and rounded
 1.3 rocks up to 2.5 inches diameter. No odor.
 SW 10YR 4/2 (dark grayish brown) wet, loose well-
40 graded fine to coarse sand. No odor.
 40-42 1.5

41
0.0

 
42
 42-44 1.8 Same as above.
 SW 10YR 4/2 (dark grayish brown) wet, loose well-
43 graded fine to coarse sand with rounded gravel.
 0.0 No odor.
 
44
 44-46 1.5
 Same as above.
45
 0.0
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 Boring Number: 12B       Project : NIROP Pilot-Scale 2005       Project #: 5427

SW 10YR 4/1 (dark gray) wet, loose well-graded fine to
46 coarse sand. No odor.
 46-48 1.0
 
47
 1.3
 SW 10YR 4/1 (dark gray) wet, loose well-graded fine to
48 coarse sand. No odor.
 48-50 1.0
 
49
 1.3
 Same as above
50
 50-52 1.5
 SP 10YR 5/1 (gray) wet, loose poorly-graded fine sand
51 No odor
 0.0
 
52
 52-54 1.8
 Same as above
53
 0.0
 SP 10YR 5/1 (gray) wet, loose poorly-graded fine sand
54 No odor.
 54-56 1.5
 GW 10YR 5/1 (gray) wet, loose well-graded rounded
55  gravel with coarse to fine sand. No odor.
 0.0
 -- No recovery 56 to 58 feet below ground surface
56
 56-58 0.0
 
57
 --

SW 10YR 4/1 (dark gray) wet, loose well-graded fine to
58 coarse sand. No odor

58-60 1.5
 
59 GW 10YR 4/1 (dark gray) wet, loose well-graded
 0.0 rounded gravel with coarse sand and rocks up to
 2 inches in diameter. No odor.
60 SW 10YR 4/1 (dark gray) wet, loose well-graded
 60-62 1.0 fine to coarse sand. No odor.
 
61
 0.0
 SW 10YR 4/1 (dark gray) wet, loose well-graded fine
62 62-63 1.0 to coarse sand with gravel and rocks up to 3 inch
 0.0 in diameter. No odor.
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 Boring Number: 12B       Project : NIROP Pilot-Scale 2005       Project #: 5427

CL 10YR 4/2 (dark grayish brown) wet, friable tight
63 63-64 1.0 lean clay with silt and occasional pebbles. No odor
 0.0 Sampled 62-63 interval for "screened interval"
 sample. 
64
 64-66 1.0 1.3 End of boring at 65 feet below ground surface
 
65
 
 
66
 66-68
 
67
 
 
68
 68-70
 
69
 
 
70
 70-72
 
71

 
72  
 72-74
 
73
 
 
74
 74-76

75

 
76
 76-78
 
77
 
 
78
 78-80
 
79
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             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Glen Holmen
Note: Borehole Diameter: 8-1/4 inch

Sampler Type: Stainless Split Spoon

Event Information

Logged by: CAD - EMR, Inc. Boring #: 14B
Boring Depth: 75 feet MW #: MW-14B
GW Encountered 29 feet Surface Elevation:
Static GW Level: Start time/date: 1005  4/1/05
Location: End time/date: 1018  4/4/05

 SP 10YR 3/2 (very dark grayish brown) moist, cohesive well-
0 graded fine sand with organic material and silt. No odor.
 0-2 2.0

 
1
 2.5
 Same as above
2  
 2-4 1.8
 SP- 10YR 4/4 (dark yellowish brown) moist, cohesive
3 SM poorly-graded fine sand with silt. No odor.
 2.5
 
4
 4-6 1.5 SP 10YR 5/4 (yellowish brown) moist, loose poorly-
 graded fine sand. No odor. 
5
 2.5
 SW 10YR 5/3 (brown) dry, loose well-graded fine to
6 coarse sand. No odor.
 6-8 1.5
 
7 SW 10YR 5/3 (brown) dry, loose well-graded fine to
 2.5 medium sand. No odor.

8 SW 10YR 5/3 (brown) dry, loose well-graded fine to 
 8-10 1.0 coarse sand. No odor.

9
 2.5
 SW 10YR 5/3 (brown) dry, loose well-graded fine to coarse 

10 sand with rocks up to 2 inches diameter. No odor.
 10-12 1.2

11
 2.5
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 Boring Number: 14B       Project : NIROP Pilot-Scale 2005       Project #: 5427

SW 10YR 5/3 (brown) dry, loose well-graded fine to
12 medium sand. No odor.
 12-14 0.5
 
13
 2.5
 SW 10YR 5/3 (brown) dry, loose well-graded fine to
14 medium sand with mottling to 10YR 5/8 (yellowish
 14-16 1.5 brown) and bedded layers of coarse sand.
 
15
 2.5
 Same as above
16
 16-18 1.5
 SP 10YR 6/3 (pale brown) dry, loose poorly-graded
17 fine sand. No odor.
 2.5
 
18
 18-20 1.5
 
19 Same as above
 2.5
 SW 10YR 4/2 (dark grayish brown) dry, loose well-
20 graded fine to coarse sand. No odor.
 20-22 1.5
 
21  
 0.0
 
22
 22-24 1.5
 SP 10YR 6/2 (light brownish gray) dry, loose poorly-
23 graded fine sand. No odor.
 5.1

SW 10YR 5/3 (brown) dry, loose well-graded fine to
24 coarse sand with gravel. No odor.

24-26 1.5
 
25
 2.5
 SW 10YR 4/3 (brown) moist, loose well-graded fine
26 to medium sand. No odor
 26-28 1.2
 
27
 2.5
 SW 10YR 4/3 (brown) moist grading to wet at 29 feet
28 28-29 1.5 bgs, loose well-graded fine to coarse sand.
 5.1 No odor.
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 Boring Number: 14B       Project : NIROP Pilot-Scale 2005       Project #: 5427

water SW 10YR 4/3 (brown) wet, loose well-graded fine to
29 29-30 1.5 coarse sand. No odor.
 5.1
 SP 10YR 5/3 (brown) wet, loose poorly-graded fine
30 sand. No odor.
 30-32 1.5
 SW 10YR 5/3 (brown) wet, loose well-graded fine to
31 coarse sand with gravel. No odor
 5.0
 
32
 32-34 1.8
 SM 10YR 4/3 (brown) wet, cohesive silty sand with
33 occasional pebbles. No odor.
 7.5
 SW 10YR 4/3 (brown) wet, loose well-graded fine to 
34 coarse sand with gravel and very minor silt
 34-36 1.5 component. No odor.
 
35
 7.5
 SW 10YR 3/2 (very dark grayish brown) wet, loose
36 well-graded fine to coarse sand. Very minor silt
 36-38 1.0 component. No odor.
 
37
 5.0
 SW 10YR 3/2 (very dark grayish brown) wet, loose
38  well-graded fine to medium sand. Dark band of
 38-40 1.5 sand 10YR 3/1 (very dark gray) observed at
 39 feet bgs. Mild odor in this dark band.
39 ML 10YR 4/3 (brown) 3-inch think layer of cohesive
 5.0 silt with sand. No odor
 ML 10YR 4/3 (brown) wet, cohesive silt with sand with
40 occasional pebbles. No odor. 
 40-42 1.0 Sampled at 40'-42' interval as foot above bottom of

silt layer. 
41

5.0
 ML 10YR 4/3 (brown) wet, cohesive silt with sand with
42 occasional pebbles. No odor.
 42-44 1.0 Sampled 42'.
 
43
 5.0
 SW 10YR 3/3 (dark brown) wet, loose well-graded fine
44 to coarse sand with gravel. No odor.
 44-46 1.0
 
45
 5.0
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 Boring Number: 14B       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 3/2 (very dark grayish brown) wet, loose
46 poorly-graded fine sand. Dark band of 10YR 2/2
 46-48 1.5 (very dark brown) fine sand with mild odor at
 47.5 feet bgs. Otherwise no odor in recovered soil
47
 7.5
 SP 10YR 4/2 (drark grayish brown) wet, loose poorly-
48 graded very fine sand. No odor.
 48-50 1.0
 
49
 7.5
 
50
 50-52 1.0
 SP 10YR 3/2 (very dark grayish brown) wet, loose
51 poorly-graded fine sand. No odor.
 5.0
 
52
 52-54 1.0
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
53 graded very fine sand. No odor.
 5.0
 
54
 54-56 1.0
 Same as above
55  
 5.0
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
56 graded fine sand. No odor.
 56-58 1.0
 
57
 5.0

Same as above
58

58-60 1.5
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
59 graded very fine sand. No odor.
 5.0
 
60
 60-62 --
 
61
 5.0
 SW 10YR 3/3 (dark brown) wet, loose well-graded fine
62 62-63 1.2 to medium sand. No odor or staining.
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 Boring Number: 14B       Project : NIROP Pilot-Scale 2005       Project #: 5427

SW 10YR 3/3 (dark brown) wet, loose well-graded fine
63 63-64 1.2 to medium sand. No odor or staining.
 5.0
 No recovery from 64 to 66 feet bgs.
64
 64-66 0.0
 
65
 --
 SW 10YR 4/3 (brown) wet, loose well-graded fine to 
66 medium sand. No odor.
 66-68 2.0
 
67
 5.0
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine
68 sand. No odor.
 68-70 1.0
 
69
 5.0
 
70
 70-72 1.5 SP 10YR 4/3 (brown) wet, loose poorly-graded fine
 sand. No odor. Sampled 70-72 interval as center
71 of well screen.

2.5
 SW 10YR 4/3 (brown) wet, loose well-graded fine and
72  medium sand. No odor.
 72-74 1.0
 
73
 5.0
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine
74 sand. No odor.
 74-76 1.0

End of boring at 75 feet below ground surface
75

 
76
 76-78
 
77
 
 
78
 78-80
 
79
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             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Glen Holmen
Note: Borehole Diameter: 8-1/4 inch

Sampler Type: Stainless Split Spoon

Event Information

Logged by: CAD - EMR, Inc. Boring #: 13A
Boring Depth: 45 feet MW #: MW-13A
GW Encountered 30 feet Surface Elevation:
Static GW Level: Start time/date: 1053  3/28/05
Location: End time/date: 1310  3/28/05

 No recovery from 0 to 4 feet below ground surface due
0 to augering through frost.
 0-2 --

 
1
 --
 
2  
 2-4 --
 
3
 --
 SP 10YR 4/6 (dark yellowish brown) moist, loose
4 poorly-graded fine sand. No odor.
 4-6 1.5
 SP 10YR 4/3 (brown) moist, loose poorly-graded fine
5 sand. No odor.
 2.5
 
6
 6-8 1.8 SW 10YR 3/1 (very dark gray) dry, loose well-graded
 fine to medium sand with roots and decomposing
7 organic material. This band 1-inch thick. No odor.
 5.1 SW 10YR 5/3 (brown) dry, loose well-graded fine to

coarse sand. No odor.
8 SP 10YR 5/2 (grayish brown) dry, loose poorly-graded
 8-10 1.5 fine sand. No odor.

SW 10YR 4/3 (brown) dry, loose well-graded fine to
9 coarse sand mottled to 10YR 5/8 (yellowish brown). 
 5.1 No odor.
 

10 SP 10YR 5/3 (brown) dry, loose poorly-graded fine
 10-12 1.2 mottled sand. No odor.

11
 2.5
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 Boring Number: 13A       Project : NIROP Pilot-Scale 2005       Project #: 5427

SW 10YR 4/3 (brown) moist, loose well-graded medium
12 to coarse sand with gravel. No odor.
 12-14 1.5
 SW 10YR 5/3 (brown) moist grading to dry, loose well-
13 graded fine to medium sand. No odor.
 5.1
 SP 10YR 5/3 (brown) wet, loose poorly-graded fine
14 sand. No odor.
 14-16 1.8
 SW 10YR 5/3 (brown) wet, loose well-graded fine to
15 coarse sand with gravel. No odor.
 5.1
 SW 10YR 5/3 (brown) moist, loose well-graded fine to
16 coarse sand with occasional pebbles. No odor.
 16-18 1.5
 
17
 2.5
 SW 10YR 5/3 (brown) moist, loose well-graded fine to
18 coarse sand with gravel. No odor.
 18-20 1.0
 
19
 10.2
 SW 10YR 4/3 (brown) moist, loose well-graded fine to
20 coarse sand with gravel. No odor.
 20-22 1.0
 
21  
 2.5
 GW 10YR 3/3 (dark brown) moist, loose well-graded
22 gravel with fine to coarse sand. No odor.
 22-24 1.5
 
23
 2.5

SW 10YR 3/3 (dark brown) moist, well-graded fine to
24 coarse sand bedded with GLEY 2.5/5B

24-26 1.5 (bluish black) coarse and medium sand. No odor.
 SM 10YR 3/3 (dark brown) wet, cohesive silty sand
25 with occasional pebbles.
 2.5
 SM 10YR 3/3 moist, cohesive silty sand with
26 occasional pebbles. No odor. Sampled at 26' bgs.
 26-28 1.0
 Sampled at 27' bgs
27
 2.5 Same as above
 SP 10YR 3/4 (dark yellowish brown) wet, loose poorly-
28 28-29 1.5 graded fine sand. No odor.
 2.5
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 Boring Number: 13A       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 3/4 (dark yellowish brown) moist grading to
29 29-30 1.5 wet, poorly-graded fine sand. No odor.
 2.5
 water SW 10YR 4/2 (dark grayish brown) wet, loose well-
30 graded fine and medium sand with occasional
 30-32 1.5 pebbles. No odor. Wet at 30 feet bgs.
 
31
 5.1
 Same as above
32
 32-34 1.0
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
33 graded fine sand. No odor.
 15.3
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
34 graded fine sand. 1-inch thick band of 10YR 4/1
 34-36 1.8 (dark gray) fine sand at 35.5 feet bgs. No odor.
 
35
 10.2
 SP 10YR 3/3 (dark brown) wet, loose poorly-graded
36 fine sand with laminated bands from 37 to 38 feet
 36-38 1.5 below ground surface. No odor.
 
37
 5.1
 
38  
 38-40 1.5
 SW 10YR 4/2 (dark grayish brown) wet, loose well-
39 graded fine to coarse sand. No odor.
 5.1
 
40 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
 40-42 1.0 graded fine sand. No odor.

41
2.5

 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
42 graded fine sand. No odor. Sampled at 42 feet bgs.
 42-44 2.0
 
43
 5.1
 SW 10YR 4/2 (dark grayish brown) wet, loose well-
44 graded fine and medium sand. No odor.
 44-46 1.0 5.1
 End of boring at 45 feet below ground surface
45
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 Boring Number: 13A       Project : NIROP Pilot-Scale 2005       Project #: 5427

46
 46-48
 
47
 
 
48
 48-50
 
49
 
 
50
 50-52
 
51
 
 
52
 52-54
 
53
 
 
54
 54-56
 
55  
 
 
56
 56-58
 
57
 

58
58-60

 
59
 
 
60
 60-62
 
61
 
 
62 62-63
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 Boring Number: 13A       Project : NIROP Pilot-Scale 2005       Project #: 5427

63 63-64
 
 
64
 64-66
 
65
 
 
66
 66-68
 
67
 
 
68
 68-70
 
69
 
 
70
 70-72
 
71

 
72  
 72-74
 
73
 
 
74
 74-76

75

 
76
 76-78
 
77
 
 
78
 78-80
 
79
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             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Glen Holmen
Note: Borehole Diameter: 8-1/4 inch

Sampler Type: Stainless Split Spoon

Event Information

Logged by: DJW - EMR, Inc. Boring #: SB-1
Boring Depth: 60 feet MW #:
GW Encountered 34 feet Surface Elevation:
Static GW Level: Start time/date: March 16, 2005
Location: End time/date: March 16, 2005

 No recovery 0'-4' below ground surface due to augering
0 through frost layer. 
 0-2 0.0

 
1
 
 
2  
 2-4 0.0
 
3
 
 SP 10YR 4/6 (dark yellowish brown) dry, loose poorly-
4 graded medium sand. No odor or stain.
 4-6 1.6
 SP 10YR 4/4 (dark yellowish brown) dry, loose poorly-
5 graded medium sand. No odor or stain.
 4.2
 
6
 6-8 1.6
 Same as above
7
 4.2

8
 8-10 1.8

Same as above
9
 4.2
 SP 10YR 5/4 (yellowish brown) dry, loose poorly-graded

10 medium sand. No odor or stain.
 10-12 1.8

11
 8.5
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 Boring Number: SB-1       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 7/3 (very pale brown) dry, loose poorly-
12 graded fine sand. No odor or stain.
 12-14 1.8
 
13
 6.3
 SP 10YR 7/3 (very pale brown) dry, loose poorly-
14 graded fine sand. 2-inch diameter cobble recovered
 14-16 1.0 in sampler. No odor or stain.
 
15
 6.3
 
16
 16-18 1.8 Same as above
 
17
 8.5
 SW 10YR 6/3 (pale brown) dry, loose well-graded fine
18 to medium sand. No odor or stain.
 18-20 1.8
 
19
 8.5
 SW 10YR 6/3 (pale brown) dry, loose well-graded fine
20 to medium sand. 4-inch thick layer of well-graded
 20-22 1.8 coarse to medium sand between 21.6' and 22' bgs.
 No odor or stain.
21  
 6.3
 SW Same. Alternates between 22-23 (SW fine to med 
22 sand) and 23-24 (med to coarse sand). Dry, 
 22-24 1.5 no odor, no stain.
 
23
 6.3

SW Same. Medium to coarse well-graded sand with
24 some small cobbles and pebbles. No odor/stain.

24-26 ND
 
25
 4.2
 SP 10YR 4/4 (dark yellowish brown) loose coarse to
26 very coarse poorly-graded sand with pebbles. 
 26-28 ND No odor/stain.
 
27
 6.3
 SM 10YR 4/2 (dark grayish brown) moist, loose poorly-
28 28-29 1.6 graded silty sand with occasional pebbles and
 rocks up to 2-inch diameter. No odor.
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 Boring Number: SB-1       Project : NIROP Pilot-Scale 2005       Project #: 5427

SM 10YR 4/2 (dark grayish brown) moist, loose poorly-
29 29-30 1.6 graded silty sand with occasional pebbles and
 19.1 rocks up to 2-inch diameter. No odor.
 ML 10YR 4/2 (dark grayish brown) moist, cohesive
30 blocky silt with sand and occasional pebbles and
 30-32 0.5 rocks up to 1-inch diameter. No odor.
 
31
 63.8
 ML 10YR 4/3 (brown) moist grading to wet at 34' bgs, 
32 cohesive silt with occasoinal pebbles and 10YR 3/1
 32-34 1.8 (very dark gray) bands of staining. Mild odor.
 Sample collected at 32'-35' below ground surface
33
 8.5 Wet at 34 feet below ground surface
 water ML 10YR 4/2 (dark grayish brown) wet, silt with
34 poorly-graded fine sand. Mild odor.
 34-36 1.8
 ML 10YR 4/1 (dark gray) wet silt with occasional 
35 pebbles. Mild odor. Sampled at 35'-36' bgs.
 10.6
 ML 10YR 2/1 (black) wet silt with poorly-graded fine
36 sand. Stained with mild odor.
 36-38 1.6
 
37
 51.0 Sample collected at 37'-38' bgs. 
 SP- 10YR 4/2 (dark grayish brown) wet, cohesive
38  SM poorly-graded fine sand with silt. Mild odor.
 38-40 2.0
 
39
 8.5
 ML 10YR 3/2 (very dark grayish brown) wet, cohesive
40 silt with poorly-graded fine sand. No odor.
 40-42 1.5

SM 10YR 4/2 (dark grayish brown) wet, cohesive
41 poorly-graded fine silty sand. No odor.

8.5
 SM 10YR 4/3 (brown) wet, cohesive poorly-graded
42 fine silty sand. No odor
 42-44 1.8
 
43
 8.5
 SM 10YR 4/3 (brown) wet, cohesive poorly-graded
44 fine silty sand. No odor. Same as above.
 44-46 1.6
 
45
 4.2
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 Boring Number: SB-1       Project : NIROP Pilot-Scale 2005       Project #: 5427

SM 10YR 4/3 (brown) wet, cohesive poorly-graded
46 fine silty sand. No odor. Same as above.
 46-48 1.5
 
47
 6.3
 SM 10YR 4/4 (dark yellowish brown) wet, cohesive
48 poorly-graded fine silty sand. No odor.
 48-50 2.0
 
49
 6.3
 SM 10YR 4/4 (dark yellowish brown) wet, cohesive
50 poorly-graded fine silty sand. No odor.
 50-52 2.0
 
51
 6.3
 SM 10YR 4/4 (dark yellowish brown) wet, cohesive
52 poorly-graded fine silty sand. No odor.
 52-54 1.8
 
53
 8.5
 SM 10YR 4/4 (dark yellowish brown) wet, cohesive
54 poorly-graded fine silty sand. No odor.
 54-56 1.8
 Sample collected at 54'-56' bgs.
55  
 8.5
 SM 10YR 4/4 (dark yellowish brown) wet, cohesive
56 poorly-graded fine silty sand. No odor.
 56-58 1.3
 SP- 10YR 4/4 (dark yellowish brown) wet, cohesive
57 SC poorly-graded fine sand with clay. No odor.
 10.6

SP- 10YR 4/4 (dark yellowish brown) wet, cohesive
58 SC poorly-graded fine sand with clay. No odor.

58-60 1.5
 
59
 8.5 End of boring at 60 feet below ground surface.
 
60
 60-62
 
61
 
 
62 62-63
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 Boring Number: SB-1       Project : NIROP Pilot-Scale 2005       Project #: 5427

63 63-64
 
 
64
 64-66
 
65
 
 
66
 66-68
 
67
 
 
68
 68-70
 
69
 
 
70
 70-72
 
71

 
72  
 72-74
 
73
 
 
74
 74-76

75

 
76
 76-78
 
77
 
 
78
 78-80
 
79
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             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Dave Lenzmeier
Note: Borehole Diameter: 8-1/4 inch
adjacent to Inj-2 Sampler Type: Stainless Split Spoon

Event Information

Logged by: DJW - EMR, Inc. Boring #: SB-2
Boring Depth: 60 feet MW #:
GW Encountered 28 feet Surface Elevation:
Static GW Level: Start time/date: 03-15-05
Location: 2' NE of INJ #2 End time/date: 03-15-05

 -- No sampling 0-4 feet bgs. Augered through frost.
0
 0-2 --

 
1
 --
 
2  
 2-4 --
 
3
 --
 SP 10YR 4/4 (dark yellowish brown) grading to
4 10YR 6/4 (light yellowish brown) homogeneous,
 4-6 2.0 loose poorly-graded coarse sand. No odor.
 Rootlets present. Color change occurs at 5 feet
5
 2.1
 SP Same as above. 10YR 6/4; dry; no odor.
6
 6-8 2.0
 
7
 2.1

SP Same as above. 10YR 6/4; dry; no odor.
8
 8-10 2.0

9
 2.1
 SP Same as above. 10YR 6/4; dry; no odor.

10
 10-12 2.0

SP 3.5-inch lens of cohesive, homogeneous poorly-
11 graded fine sand with clay; moist; no odor.
 0.0 SP Same as above. 10YR 6/4; dry; no odor.
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 Boring Number: SB-2       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 8/3 (very pale brown) loose, homogeneous
12 poorly-graded fine sand; dry; no odor.
 12-14 2.0
 
13
 2.1
 SW 10YR 5/6 (yellowish brown) loose, homogeneous,
14 well-graded coarse sand with gravel, moist,
 14-16 1.75 no fines, no odor (1.1 feet thick)
 SP 10YR 8/3 (very pale brown) loose, homogeneous, 
15 poorly-graded fine sand, moist.
 0.0
 
16 SP 6-inch lens of poorly-graded coarse sand. 10YR 5/6
 16-18 2.0 (yellowish brown), moist, no odor.
 SP 10YR 8/3 (very pale brown) loose, homogeneous, 
17 poorly-graded fine sand, moist.
 0.0
 SW 10YR 6/4 (light yellowish brown) loose, well-
18 graded medium sand grading to a coarse sand at
 18-20 2.0 19.8 feet bgs; dry; no odor, a two-inch diameter
 cobble in sampler.
19
 0.0 SP 10YR 6/3 (pale brown) loose, poorly-graded
 medium sand, dry, no odor.
20 (same as above); 3-inch clast of rock in top of
 20-22 1.2 sampler
 
21  
 0.0
 
22 SW 10YR 4/4 (dark yellowish brown) loose, well-
 22-24 1.5 graded coarse sand grading to very coarse; 
 no odor or oil, a 2-inch feldspathic cobble present.
23
 4.2

SP 10YR 5/6 (yellowish brown) loose, poorly-graded
24 medium sand, moist, no odor. Rock at 24 feet

24-26 0.25 prevented recovery.
 
25
 0.0
 Same as above; rock again hit at 26 feet preventing
26 recovery.
 26-28 0.25
 
27
 0.0
 Same as above; rock again hit at 28 feet preventing
28 28-29 0.25 water recovery. Very wet - spoon has water in it.
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 Boring Number: SB-2       Project : NIROP Pilot-Scale 2005       Project #: 5427

Same as above; rock again hit at 28 feet preventing
29 29-30 0.25 recovery. Very wet - spoon has water in it.
 0.0
 No recovery except 3 rock fragments measuring
30 2 to 3 inches in diameter.
 30-32 0.1
 
31
 0.0
 ML 10YR 5/4 (yellowish brown) homogeneous, claey 
32 silt, wet, dense, no vegetable oil, no odor.
 32-34 1.6
 
33
 0.0 SM 10YR 5/4 (yellowish brown) homogeneous silty 
 sand, fine and poorly-graded, wet, no odor or oil.
34
 34-36 1.5
 
35
 4.2
 ML 10YR 5/4 (yellowish brown) sandy silt, wet, high
36 silt content.
 36-38 1.8 ML 10YR 2/1 (black) sandy silt, sharp odor, color
 grades to 10YR 5/4 (yellowish brown) at 38 feet.
37 Color contact more sand than overlying silt.
 6.3
 SP 10YR 5/3 (brown) loose, homogeneous poorly-
38  graded fine to medium sand, moist to wet, faint
 38-40 1.75 odor, no oil or stain.
 Sample collected at 37'-38' bgs.
39
 10.6
 SP 10YR 6/3 (pale brown) loose, homogeneous 
40 poorly-graded fine sand, wet, no odor or stain.
 40-42 1.5

41
8.5

 SP Same as above. Faint odor.
42
 42-44 1.5
 
43
 8.5
 SP 10YR 6/3 (pale brown) loose, homogeneous 
44 poorly-graded fine sand, wet, increasing odor.
 44-46 1.6
 
45
 4.2
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 Boring Number: SB-2       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 4/3 (brown) loose, homogeneous poorly-
46 graded fine to medium sand, wet, some black
 46-48 2.0 discoloration/staining, moderate odor.
 
47
 2.1
 SP Same as above. Some light staining/discoloration
48 Some odor.
 48-50 2.0
 
49
 4.2
 SP Same as above, fine sand, light odor.
50
 50-52 1.7
 
51
 12.7 SP 10YR 3/1 (very dark gray) homogeneous, silky-
 fine sand, wet, staining black and light odor, 
52 grading to silt but is not blocky.
 52-54 2.0
 
53
 24.7
 SP 10YR 3/2 (very dark grayish brown) homogeneous
54 fine sand, poorly-graded, light odor, black staining
 54-56 2.0 loose, wet.
 
55  
 36.1
 SP 10YR 5/3 (brown) poorly-graded medium sand, 
56 loose, wet, no stain, light odor, graded to a fine
 56-58 -- sand by 58 feet bgs.
 
57
 46.8

SP Same as above. Poorly-graded fine sand, no stain,
58 no impact all fine sand, moist, no odor.

58-60 --
 
59
 61.7 Sample collected at 60 feet bgs.
 End of boring at 60 feet below ground surface.
60
 60-62
 
61
 
 
62 62-63
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 Boring Number: SB-2       Project : NIROP Pilot-Scale 2005       Project #: 5427

63 63-64
 
 
64
 64-66
 
65
 
 
66
 66-68
 
67
 
 
68
 68-70
 
69
 
 
70
 70-72
 
71

 
72  
 72-74
 
73
 
 
74
 74-76

75

 
76
 76-78
 
77
 
 
78
 78-80
 
79
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             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Glen Holmen
Note: Borehole Diameter: 8-1/4 inch

Sampler Type: Stainless Split Spoon

Event Information

Logged by: SJC - EMR, Inc. Boring #: SB-3
Boring Depth: 60 feet MW #:
GW Encountered approx 29 feet Surface Elevation:
Static GW Level: Start time/date: 1055  3/14/05
Location: End time/date: 1530  3/14/05

 No recovery 0 to 4 feet below ground surface due to frost.
0
 0-2 0.0

 
1
 --
 
2  
 2-4 0.0
 
3
 --
 NR
4 SW 10YR 4/3 (brown) loose, homogenous, dry, well-
 4-6 80% graded sand with silt. Occasional pebbles.
 SP 10YR 6/2 (light brownish gray) loose, homogenous
5 dry poorly-graded sand with occasional pebbles,
 sands are weakly bedded with slight changes to
 define layers, clast size ranges from medium to 
6 coarse only very minor amounts of silt.
 6-8 1.3
 Same as above.
7
 

SW 10YR 6/2 (light brownish gray) loose, bedded, dry,
8 well-graded sand, fine to medium grained, rare
 8-10 1.5 small pebbles.

SW Same as above only more coarse, contact with
9 above is sharp, diameter becoming greater with depth to
 coarse sand at 10 feet.
 SW- 10YR 6/2 (light brownish gray) loose, dry fine sand with

10 SM silt, laminated. Laminations are 1/2-inch wide and
 10-12 1.0 defined by darker horizons, well graded

11
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 Boring Number: SB-3       Project : NIROP Pilot-Scale 2005       Project #: 5427

10YR 6/2, same as last unit.
12
 12-14 2.0
 
13 SP 10YR 4/2 (dark grayish brown) loose, homogenous
 poorly-graded coarse sand with gravel. Mottled.
 Gravel clasts up to 1.5-inch diameter.
14 SW 10YR 5/4 (yellowish brown) loose, homogenous,
 14-16 1.6 well-graded coarse sand, one decomposed clase at
 14.5 feet, dry, medium to coarse grained.
15
 
 SP 10YR 6/6 (brownish yellow) loose, weakly bedded
16 poorly-graded medium to coarse sand with
 16-18 1.0 occasional pebbles, mottled orange to gray. Dry.
 SW 10YR 6/2 (light brownish gray) loose, weakly 
17 laminated, well-graded fine sand with minor silt, 
 occasional pebbles to 3/4-inch diameter.
 10YR 6/2 (light brownish gray) loose, graded fine
18 to coarse sand, coarsening with depth to coarse
 18-20 1.8 sand with clasts to 3/4-inch' dry.
 
19
 
 SP 10YR 6/2 (light brownish gray) loose, homogenous
20 medium to coarse sand with occasional clasts up
 20-22 1.6 to 1.5-inches diameter; dry, poorly-graded.
 
21  
 
 SP 10YR 5/2 (grayish brown) otherwise same as above
22 Driller said that it felt like they were pushing a rock
 22-24 0.4 with the sampler.
 
23
 

SP 10YR 5/4 (yellowish brown) loose, graded coarse
24 to medium poorly-graded sand, fining with depth

24-26 1.4 to 25.5 feet then corsening again, otherwise 
 homogenous.
25
 
 No recovery, possibly due to rock.
26
 26-28 0.0
 
27
 
 water 10YR 3/4 (dark yellowish brown) loose, fine gravel
28 28-29 0.2 (average clast approx. 1/4-inch) saturated, no veg.
 oil; limited recovery; water in sampler.
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 Boring Number: SB-3       Project : NIROP Pilot-Scale 2005       Project #: 5427

10YR 3/4 (dark yellowish brown) loose, fine gravel
29 29-30 0.2 (average clast approx. 1/4-inch) saturated, no veg.
 oil; limited recovery; water in sampler.
 No recovery - slough in sampler
30
 30-32 0.2 10YR 4/2 (dark grayish brown) firm, homogenous,
 non-elastic silt with minor fine sand. Occasional
31 clasts up to 3/4-inch diameter; slight vegetable oil
 odor in slough on top of silt; low plasticity, no/low
 dilatancy.
32
 32-34 1.0
 Same as above except no visible clasts. 
33 Samples collected from 30'-32' and 32'-34'. No PID
 at 32' sample material.
 10YR 4/2 (dark grayish brown) firm, homogenous, 
34 non-elastic silt with pebbles; wet; no dilatancy, 
 34-36 0.8 low plasticity.
 
35
 
 SP 10YR 4/3 (brown) loose, homogenous, poorly-
36 graded sand, fine to medium grained, saturated;
 36-38 1.8 minor amounts of pebbles, no veg oil odor. Minor
 silt content from 36'-37' with quick dilatancy.
37
 
 SP 10YR 4/2 (dark grayish brown) loose, homogenous
38  poorly-graded fine sand with silt, only rare pebbles
 38-40 1.4 mild "fish-like" odor at 39' bgs. Quick dilatancy.
 
39
 
 SP 10YR 4/2 (dark grayish brown) loose, homogenous
40 very poorly-graded fine sand with silt; very rare 
 40-42 1.4 pebbles; mild veg oil odor; black staining from

41.5' to 42' (magnatite?); saturated. Sampling this
41 interval as veg oil impacted - 42 feet bgs.

10YR 2/1 (black) soft, homogenous non-elastic silt
 with minor fine sand; saturated; black from 
42 magnatite?; moderate veg oil odor.
 42-44 1.2
 
43
 
 Same as above but black staining is lessening; 
44 odor still pronounced.
 44-46 1.0
 
45
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 Boring Number: SB-3       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 5/2 (grayish brown) loose, homogenous fine
46 sand with silt; very poorly-graded; some black
 46-48 1.8 staining; saturated; mild veg. Oil odor. Maybe
 slough.
47 10YR 2/1 (black) to 10YR 5/2 (grayish brown) soft
 homogenous non-elastic silt with fine sand; 
 moderate veg oil odor; 75% stained black; 
48 saturated; slightly clayey/cohesive at 47.74 feet.
 48-50 1.6 SP 10YR 4/6 (dark yellowish brown) loose,
 homogenous, very poorly-graded fine sand with 
49 minor silt; saturated, quick dilatancy. Mild veg oil
 odor.
 SP 10YR 3/2 (very dark grayish brown) loose, 
50 homogenous very poorly-graded fine sand with
 50-52 2.0 silt; saturated; quick dilatancy; mild veg oil odor.
 
51 10YR 4/3 (brown) same as above except color
 change is gradational.
 SP 10YR 3/2 (very dark grayish brown) loose, 
52 homogenous very poorly-graded fine sand with
 52-54 2.0 minor silt; saturated; quick dilatancy; mild veg oil
 odor.
53
 
 SP Same as above.
54
 54-56 1.6
 
55  
 
 SP Same as above.
56
 56-58 2.0
 ML 10YR 4/4 (dark yellowish brown) soft, homogenous
57 non-elastic silt; saturated; quick dilatancy, mild
 veg oil odor.

SP 10YR 3/2 (very dark grayish brown) loose, 
58 homogenous very poorly-graded fine sand with

58-60 minor silt; saturated; quick dilatancy; mild veg oil
 odor. 
59
 Sampled at 60 feet below ground surface.
 End of boring at 60 feet below ground surface.
60
 60-62
 
61
 
 
62 62-63
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 Boring Number: SB-3       Project : NIROP Pilot-Scale 2005       Project #: 5427

63 63-64
 
 
64
 64-66
 
65
 
 
66
 66-68
 
67
 
 
68
 68-70
 
69
 
 
70
 70-72
 
71

 
72  
 72-74
 
73
 
 
74
 74-76

75

 
76
 76-78
 
77
 
 
78
 78-80
 
79
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             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Glen Holmen
Note: bentonite grount encountered Borehole Diameter: 8-1/4 inch
No impacted soil encountered Sampler Type: Stainless Split Spoon

Event Information

Logged by: CAD - EMR, Inc. Boring #: SB-4
Boring Depth: 60 feet MW #:
GW Encountered 30 feet Surface Elevation:
Static GW Level: Start time/date: 0803  3/24/05
Location: End time/date: 1035  3/24/05

 No recovery 0'-4' below ground surface due to frost layer.
0
 0-2 0.0

 
1
 --
 
2  
 2-4 0.0
 
3
 --
 SW 10YR 6/3 (pale brown) dry, loose well-graded fine
4 and medium sand. No odor.
 4-6 1.5
 SW 10YR 4/3 (brown) dry, loose well-graded fine and
5 medium sand. No odor.
 2.4
 SW 10YR 5/3 (brown) dry, loose well-graded fine and
6 medium sand, no odor.
 6-8 1.2
 
7
 2.4

SW 10YR 5/3 (brown) dry, loose well-graded fine and
8 medium sand. No odor.
 8-10 1.0

9
 2.4
 SW Same as above

10
 10-12 1.5

SP 10YR 6/2 (light brownish gray) dry, loose poorly-
11 graded fine sand. No odor.
 2.4
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 Boring Number: SB-4       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 6/2 (light brownish gray) dry, loose poorly-
12 graded fine sand. No odor.
 12-14 1.5
 
13
 2.4 SW 10YR 4/1 (dark gray) moist, loose well-graded fine
 to coarse sand with gravel and rock up to 1.5-inch
14 diameter. No odor.
 14-16 1.8 SP 10YR 5/3 (brown) dry, loose poorly-graded fine
 sand. No odor.
15 SW 10YR 5/2 (grayish brown) dry, loose well-graded
 2.4 fine to coarse sand with occasional pebbled. No odor
 SW 10YR 5/3 (brown) dry, loose well-graded fine to coarse
16 sand. No odor.
 16-18 1.8 SW 10YR 5/3 (brown) dry, loose well-graded fine to coarse
 sand with occasional pebbles. No odor.
17 SW 10YR 5/3 (brown) dry, loose well-graded fine to coarse
 2.4 sand . No odor.
 SP 10YR 5/4 (yellowish brown) moist, loose poorly-
18 graded fine sand. No odor.
 18-20 1.5
 SW 10YR 5/2 (grayish brown) moist loose well-graded fine and
19 medium sand with occasional rounded pebbles and rock up
 2.4 to 1-inch diameter. No odor.
 
20
 20-22 1.5 SW 10YR 5/2 (grayish brown) moist, loose well-graded
 fine to coarse sand. No odor.
21  
 2.4
 
22
 22-24 0.8
 SW 10YR 4/2 (dark grayish brown) moist, loose well-
23 graded fine to coarse sand. No odor.
 2.4

No recovery 24'-26'
24

24-26 0.0
 
25
 --
 SW 10YR 3/3 (dark brown) moist, loose well-graded
26 medium to coarse sand with gravel and rock up to
 26-28 0.5 1-inch diameter. Limited recovery.
 
27
 2.4
 ML 10YR 4/4 (dark yellowish brown) moist grading to
28 28-29 0.5 wet cohesive silt with sand. No odor. Limited 
 recovery.
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 Boring Number: SB-4       Project : NIROP Pilot-Scale 2005       Project #: 5427

ML Same as above. Wet at 30 feet bgs.
29 29-30 0.5
 water 2.4
 ML 10YR 4/3 (brown) cohesive, wet silt with sand and
30 occasional pebbles. No odor
 30-32 1.0 Sample collected at 30 feet bgs.
 
31
 2.4 Sample collected at 31 feet bgs.
 SP 10YR 4/2 (dark grayish brown) mildly cohesive
32 wet poorly-graded fine sand. No odor.
 32-34 1.8
 
33
 2.4
 SW 10YR 3/3 (dark brown) wet, loose well-graded fine
34 and medium sand with occasional pebbles. Mostly
 34-36 ND fine sand components. No odor.
 
35
 2.4
 SP 10YR 4/2 (dark grayish brown) wet, mildly cohesive
36 poorly-graded fine sand; no odor; 1/4-inch thick band of
 36-38 1.8 bentonite grout observed in sampler at 36.5 feet bgs.
 otherwise homogenous fine sand and color throughout 
37 sampler.
 2.4
 SP 10YR 4/2 (dark grayish brown) wet, mildly cohesive
38  poorly-graded fine sand. No odor.
 38-40 1.0
 
39
 2.4
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine sand; no
40 odor; homogenous throughout recovery.
 40-42 1.8

41
2.4

 SP 10YR 4/3 (brown) wet, loose poorly-graded fine sand. 
42 No odor. Sample collected at 42'-44' bgs.
 42-44 1.5
 
43
 2.4
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-graded
44 fine sand; homogenous throughout recovery.
 44-46 1.8
 
45
 2.4
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 Boring Number: SB-4       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
46 graded fine sand; laminated bands of 10YR 4/1 
 46-48 1.5 (dark gray) between 47 and 48 feet bgs. No odor.
 
47
 2.4
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
48 graded fine sand; stained bands of 10YR 4/1
 48-50 1.5 (dark gray) at 49 feet bgs. No odor.
 
49
 2.4
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine
50 sand; no staining or lamination, no odor.
 50-52 1.8
 
51
 2.4
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine
52 sand; homogenous, no odor.
 52-54 1.8 Sample collected at 52'-54' bgs.
 
53
 2.4
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine
54 sand. No odor.
 54-56 1.5
 
55  
 2.4
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine
56 sand. No odor.
 56-58 1.3
 SW 10YR 4/3 (brown) wet, loose well-graded fine and 
57 medium sand. No odor.
 2.4

SW 10YR 4/2 (dark grayish brown) wet, loose well-
58 graded fine and medium sand; 2-inch thick band

58-60 1.8 or 10YR 5/8 (yellowish brown) mottled medium
 sand at 59 feet bgs. No odor.
59
 2.4
 End of boring at 60 feet bgs.
60
 60-62
 
61
 
 
62 62-63
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 Boring Number: SB-4       Project : NIROP Pilot-Scale 2005       Project #: 5427

63 63-64
 
 
64
 64-66
 
65
 
 
66
 66-68
 
67
 
 
68
 68-70
 
69
 
 
70
 70-72
 
71

 
72  
 72-74
 
73
 
 
74
 74-76

75

 
76
 76-78
 
77
 
 
78
 78-80
 
79
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             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Glen Holmen
Note: Borehole Diameter: 8-1/4 inch

Sampler Type: Stainless Split Spoon

Event Information

Logged by: CAD - EMR, Inc. Boring #: SB-5
Boring Depth: 60 feet MW #:
GW Encountered 29.5 feet Surface Elevation:
Static GW Level: Start time/date: 1245  3/24/05
Location: End time/date: 0910  3/25/05

 No recovery 0'-4' bgs due to augering through frost.
0
 0-2 0.0

 
1
 --
 
2  
 2-4 0.0
 
3
 --
 SW 10YR 4/6 (dark yellowish brown) moist, loose
4 well-graded fine to medium sand. No odor.
 4-6 1.5
 SW 10YR 4/3 (brown) moist, loose well-graded fine to
5 coarse sand. No odor.
 2.4
 
6
 6-8 1.2
 SW 10YR 6/2 (light brownish gray) dry, loose well-
7 graded fine to medium sand. No odor.
 

8 SP 10YR 5/3 (brown) dry, loose poorly-graded fine
 8-10 1.5 sand with occasional pebbles. No odor.

9
 
 SP 10YR 5/3 (brown) dry, loose poorly-graded fine sand.

10 No odor.
 10-12 1.8 SW 10YR 4/3 (brown) dry, loose bedded band 3-inch

thick of fine to coarse sand and gravel. No odor.
11 SP 10YR 5/3 (brown) dry, loose poorly-graded fine 
 sand. No odor.
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 Boring Number: SB-5       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 5/3 (brown) dry, loose poorly-graded fine
12 sand. No odor.
 12-14 1.8
 SW 10YR 5/2 (grayish brown) moist, loose well-graded
13 fine to coarse sand with gravel and rocks up to
 2.4 1.5-inch diameter. No odor.
 
14
 14-16 1.5 SP 10YR 5/3 (brown) moist, loose poorly-graded fine
 sand with occasional rounded pebbles. No odor.
15
 2.4
 
16 SW 10YR 5/8 (yellowish brown) moist, loose well-
 16-18 1.5 graded medium and coarse sand. No odor.
 
17
 2.4 SP 10YR 6/2 (light brownish gray) moist, loose poorly-
 graded fine sand with occasional pebbles. No
18 odor. Mottled at 18.2 feet bgs.
 18-20 1.8 SW 10YR 5/2 (grayish brown) moist, loose well-graded fine to
 coarse sand with occasional pebbles. No odor.
19 SP 10YR 5/2 (grayish brown) moist, loose poorly-
 2.4 graded fine sand with occasional pebbles. No odor.
 SW 10YR 5/2 (grayish brown) moist, loose well-graded
20 fine to coarse sand with occasional pebbles and 
 20-22 1.2 rock up to 1-inch diameter. Mottled bands from 
 20.5 to 21.0 feet bgs; laminated bands from 21.0
21  to 22.0 feet bgs. No odor.
 2.4
 SW 10YR 4/2 (dark grayish brown) moist, loose well-
22 graded fine to coarse sand with rock up to 1.5-
 22-24 1.5 inch diameter. No odor.
 
23
 2.4

SW 10YR 4/2 (dark grayish brown) moist, loose well-
24 graded fine to coarse sand with gravel and rocks

24-26 1.5 up to 2-inch diameter. No odor.
 
25
 2.4
 SW 10YR 4/2 (dark grayish brown) moist, loose well-
26 graded fine to coarse sand with gravel. No odor.
 26-28 1.5
 
27
 4.9
 ML 10YR 4/2 (dark grayish brown) moist grading to 
28 28-29 1.0 wet, cohesive silt with occasional pebbles. No
 odor.
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 Boring Number: SB-5       Project : NIROP Pilot-Scale 2005       Project #: 5427

Same as above
29 29-30 water Wet at 29.5 feet bgs.
 4.9
 ML 10YR 4/3 (brown) wet, cohesive silt with sand and 
30 occasional pebbles. No odor.
 30-32 1.5
 
31
 5.0
 SP 10YR 4/2 (dark grayish brown) wet, mildly
32 cohesive poorly-graded fine sand. No odor.
 32-34 1.0
 
33
 7.5
 SW 10YR 4/2 (dark grayish brown) wet, loose well-
34 graded fine and medium sand. No odor.
 34-36 1.2
 
35
 5.0
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
36 graded fine sand. No odor.
 36-38 1.2
 
37
 2.5
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
38  graded fine sand. No odor. Occasional pebbles in
 38-40 1.5 the 38'-39' interval.
 
39
 2.5
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
40 graded fine sand. No odor.
 40-42 1.0

41
2.5

 SW 10YR 4/2 (dark grayish brown) wet, loose well-
42 graded fine and medium sand. No odor.
 42-44 1.5 Sample collected at 42'-44' bgs.
 
43
 5.0 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
 graded sand. No odor.
44
 44-46 1.2
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine 
45 sand. No odor.
 5.0
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 Boring Number: SB-5       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
46 graded fine sand with bands of lamination 
 46-48 1.0 10YR 4/1 (dark gray) throughout recovered soil.
 No odor.
47
 2.5
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine 
48 sand with a single band of lamination 10YR 4/1 
 48-50 1.2 (dark gray) at 49.0 feet bgs. No odor.
 Sample collected at 48'-50' bgs.
49
 5.0
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine 
50 sand. No odor. No lamination observed.
 50-52 1.0
 
51
 2.5
 SP 10YR 4/4 (dark yellowish brown) wet, loose poorly-
52 graded fine sand. No odor.
 52-54 1.0
 
53
 5.0
 SP 10YR 4/3 (brown) wet, loose poorly-graded fine
54 sand. No odor.
 54-56 1.2
 
55  
 5.0
 SW 10YR 4/3 (brown) wet, loose well-graded fine to
56 medium sand. No odor.
 56-58 1.0
 
57
 5.0

SW 10YR 4/2 (dark grayish brown) wet, loose well-
58 graded fine to medium sand. No odor.

58-60 1.0
 
59
 7.5
 End of boring at 60 feet below ground surface
60
 60-62
 
61
 
 
62 62-63
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 Boring Number: SB-5       Project : NIROP Pilot-Scale 2005       Project #: 5427

63 63-64
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 64-66
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             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Glen Holmen
Note: Borehole Diameter: 8-1/4 inch

Sampler Type: Stainless Split Spoon

Event Information

Logged by: CAD - EMR, Inc. Boring #: SB-6
Boring Depth: 60 feet MW #:
GW Encountered 30 feet Surface Elevation:
Static GW Level: Start time/date: 1050  3/23/05
Location: End time/date: 1400  3/23/05

 No recovery 0'-4' bgs due to to augering through frost.
0
 0-2 --

 
1
 --
 
2  
 2-4 --
 
3
 --
 SW 10YR 5/6 (yellowish brown) moist, loose well-
4 graded fine and medium sand. No odor.
 4-6 1.5
 SW 10YR 5/4 (yellowish brown) moist, loose well-
5 graded fine and medium sand. No odor.
 2.4
 SW 10YR 5/3 (brown) moist grading to dry, loose
6 well-graded fine to coarse sand. No odor.
 6-8 1.5
 
7
 0.0 SP 10YR 5/2 (grayish brown) dry, loose poorly-graded

fine sand. No odor.
8
 8-10 1.0

SW 10YR 5/3 (brown) dry, loose well-graded fine and 
9 medium sand. No odor.
 2.4
 

10 SW 10YR 5/8 (yellowish brown) 3-inch mottled band of fine 
 10-12 1.8 to medium sand. No odor.

SP 10YR 6/2 (light brownish gray) dry, loose poorly-
11 graded fine sand. No odor.
 2.4
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 Boring Number: SB-6       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 5/3 (brown) dry, loose poorly-graded fine
12 sand. No odor.
 12-14 1.5 SW 10YR 5/2 (grayish brown) dry, loose well-graded
 fine to coarse sand with gravel. No odor.
13
 2.4
 
14 SW 10YR 5/2 (grayish brown) dry, loose well-graded
 14-16 1.8 fine to coarse sand. No odor.
 
15 SP 10YR 5/3 (brown) dry, loose poorly-graded fine sand, 
 0.0 1/4-inch thick band of 10YR 2/1 (black) stained soil at
 15.5 feet bgs. No odor.
16 SW 10YR 5/4 (yellowish brown) moist, loose well-
 16-18 1.0 graded fine to coarse sand. No odor.
 SW 10YR 5/3 (brown) moist, loose well-graded fine to
17 coarse sand with occasional pebbles. No odor.
 0.0
 SW 10YR 5/3 (brown) moist, loose well-graded fine to
18 coarse sand. No odor.
 18-20 1.2
 
19
 2.4
 
20
 20-22 1.5 SW 10Yr 5/3 (brown) moist, loose well-graded fine to coarse
 sand with occasional pebbles and rocks up to 1/2-inch dia.
21  SW 10YR 5/3 (brown) moist, loose well-graded fine to coarse
 0.0 sand with occasional pebbles.
 
22
 22-24 1.5
 SW 10YR 4/2 (dark grayish brown) moist, loose well-
23 graded fine to coarse sand with gravel with 
 0.0 rounded rocks up to 1-inch dia. No odor; laminated

bands throughout sample down to 26 feet bgs.
24

24-26 1.8
 SW 10YR 3/3 (dark brown) moist, loose well-graded fine to
25 coarse sand with gravel. Laminated bands of 10YR 3/1
 2.4 (very dark gray) coarse and fine sand. No odor
 No recovery 26'-28' bgs due to rock layer.
26
 26-28 0.0
 
27
 --
 GW 10YR 3/4 (dark yellowish brown) wet, loose well-
28 28-29 1.0 graded blocky gravel and rock with fine to coarse
 poorly graded sand. No odor.
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 Boring Number: SB-6       Project : NIROP Pilot-Scale 2005       Project #: 5427

water GW 10YR 3/4 (dark yellowish brown) wet, loose well-
29 29-30 1.0 graded blocky gravel and rock with fine to coarse
 0.0 poorly graded sand. No odor. Wet at 30' bgs
 No recovery 30'-32' bgs.
30
 30-32 0.0
 
31
 --
 GW 10YR 4/3 (brown) wet, cohesive well-graded gravel
32 with sand and silt. No odor.
 32-34 1.0
 
33
 4.9
 Same as above
34
 34-36 1.5
 SP 10YR 4/1 (dark gray) wet, loose poorly-graded fine
35 sand. Mild odor. 1.5-inch thick stained band of fine
 4.9 sand 10YR 3/1 (very dark gray) at 35.5 feet bgs.
 SP 10YR 2/1 (black) wet, loose poorly-graded fine
36 sand. Strong odor, no sheen.
 36-38 1.8 Sample collected at 36'-38' bgs.
 
37
 2.4
 SP 10YR 2/1 (black) wet, loose poorly-graded fine
38  sand. Strong odor.
 38-40 1.0
 
39
 4.9
 SW 10YR 4/1 (dark gray) wet, loose well-graded fine
40 and medium sand with very minor silt component.
 40-42 1.5 Moderate odor.

41
0.0

 SP 10YR 4/1 (dark gray) wet, loose poorly-graded fine
42 sand. Strong odor.
 42-44 1.8
 
43
 2.4
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
44 graded fine sand with minor silt component. 
 44-46 1.5 Moderate odor.
 
45
 2.4
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 Boring Number: SB-6       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 5/2 (grayish brown) wet, loose poorly-graded
46 fine sand with laminated bands of fine sand 
 46-48 1.5 10YR 3/1 (very dark gray). Strong odor. No sheen.
 
47
 2.4
 SP 10YR 4/2 (dark grayish brown) wet, mildly-cohesive
48 poorly-graded fine sand. Strong odor, no sheen.
 48-50 2.0 Homogenous throughout recovery.
 
49
 2.4
 
50
 50-52 1.5 SP 1/2-inch band of stained 10YR 2/1 (black) fine sand at 
 51.3 feet bgs.
51 SP 10YR 4/1 (dark gray) wet, mildly cohesive fine sand
 2.4 Moderate odor. 
 SP 10YR 3/2 (very dark grayish brown) wet, mildly
52 cohesive, poorly-graded fine sand. Mild odor.
 52-54 1.0
 
53
 2.4
 SW 10YR 3/2 (very dark grayish brown) wet, mildly
54 cohesive well-graded fine and medium sand with
 54-56 -- occasional pebbles. Laminated bands throughout
 sample core colored 10YR 2/1 (black). Mild odor.
55  
 4.9
 SW 10YR 4/2 (dark grayish brown) wet, loose well-
56 graded fine and medium sand. No odor.
 56-58 -- Sample collected at 56'-58' bgs.
 
57
 2.4

SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
58 graded fine sand. No odor.

58-60 --
 
59
 4.9
 End of boring at 60 feet below ground surface.
60
 60-62
 
61
 
 
62 62-63
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 Boring Number: SB-6       Project : NIROP Pilot-Scale 2005       Project #: 5427

63 63-64
 
 
64
 64-66
 
65
 
 
66
 66-68
 
67
 
 
68
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69
 
 
70
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72  
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 74-76
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             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Glen Holmen
Note: Borehole Diameter: 8-1/4 inch

Sampler Type: Stainless Split Spoon

Event Information

Logged by: CAD - EMR, Inc. Boring #: SB-7
Boring Depth: 60 feet MW #:
GW Encountered 30 feet Surface Elevation:
Static GW Level: Start time/date: 1500  3/22/05
Location: End time/date: 0928  3/23/05

 No recovery 0'-4' bgs due to augering through frost.
0
 0-2 --

 
1
 --
 
2  
 2-4 --
 
3
 --
 SW 10YR 5/3 (brown) dry, loose well-graded fine to
4 medium sand. No odor.
 4-6 1.5
 
5
 2.4
 SW 10YR 5/3 (brown) dry, loose well-graded fine to 
6 coarse sand. No odor.
 6-8 1.5
 SW 10YR 4/3 (brown) dry grading to moist, loose well-
7 graded fine to coarse sand. No odor.
 2.4

8
 8-10 1.8

SP 10YR 5/4 (yellowish brown) moist, loose poorly-
9 graded fine sand. No odor.
 2.4
 GW 10YR 5/4 (yellowish brown) moist, loose well-graded fine

10 to coarse gravel. No odor
 10-12 1.6 GW 10YR 6/6 (brownish yellow) well-graded gravel and rock

SP 10YR 5/3 (brown) moist, loose poorly-graded fine
11 sand. No odor.
 2.4
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 Boring Number: SB-7       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 5/3 (brown) moist, loose poorly-graded fine
12 sand. No odor.
 12-14 1.8
 
13 SW 10YR 3/2 (very dark grayish brown) moist, loose
 4.8 well-graded fine to coarse sand with gravel. No odor.
 SW 10YR 4/3 (brown) moist, loose well-graded fine to
14 coarse sand. No odor.
 14-16 1.5
 SP 10YR 5/3 (brown) moist, loose poorly-graded fine
15 sand. No odor.
 4.8
 SW 10YR 5/3 (brown) moist, loose well-graded fine to
16 coarse sand with occasional pebbles. No odor.
 16-18 1.5
 SP 10YR 6/2 (light browish gray) moist, loose poorly-
17 graded fine sand. No odor.
 2.4
 SW 10YR 5/3 (brown) moist, loose well-graded fine to 
18 coarse sand with occasional pebbles. Sand 
 18-20 1.6 consists of mostly fine sand. No odor.
 
19
 4.8
 SP Limited recovery due to rock in sampler
20 10YR 5/3 (brown) moist, loose poorly-graded fine
 20-22 0.3 sand with occasional pebbles. No odor.
 
21  
 4.8
 SW 10YR 5/3 (brown) moist, loose well-graded medium
22 to coarse sand with gravel. No odor.
 22-24 1.5
 SW 10YR 5/3 (brown) moist, loose well-graded fine to
23 coarse sand with occasional pebbles. No odor.
 4.8

SW 10YR 4/3 (brown) moist, loose well-graded medium
24 and coarse sand with angular gravel. Stained band

24-26 1.2 10YR 3/2 (very dark grayish brown) 2-inches thick
 at 25.5 feet bgs coarse sand and gravel.
25
 4.8
 SW 10YR 5/3 (brown) moist, loose well-graded medium and
26 coarse sand with gravel. No odor. Mottled at 26.25' bgs.
 26-28 1.8 SP 10YR 5/2 (grayish brown) moist, loose poorly-graded fine
 sand. No odor.
27 SW 10YR 5/3 (brown) moist, loose well-graded fine to coarse
 4.8 sand with gravel. Laminated bands at 27.5' bgs. No odor.
 SW 10YR 3/3 (dark brown) moist grading to wet at 30' bgs, 
28 28-29 0.1 loose well-graded fine to coarse sand with angular gravel.
 No odor.
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 Boring Number: SB-7       Project : NIROP Pilot-Scale 2005       Project #: 5427

SW 10YR 3/3 (dark brown) moist grading to wet at 30' bgs, 
29 29-30 0.1 loose well-graded fine to coarse sand with angular gravel.
 4.8 No odor.
 water CL 10YR 4/3 (brown) wet, cohesive tight lean clay
30 with silt and occasional pebbles. No odor.
 30-32 11.6
 CL 10YR 4/3 (brown) wet, cohesive tight lean clay
31 with medium to coarse sand and occasional pebble
 2.4 No odor. Very minor silt component.
 Sample collected at 32'-34' bgs.
32
 32-34 1.5
 
33
 2.4
 Same as above
34
 34-36 1.4 Sample collected at 34'-36 bgs.
 SP 10YR 3/3 (dark brown) wet, loose poorly-graded 
35 fine sand. No odor.
 4.9
 SM 10YR 4/2 (dark grayish brown) wet, cohesive silty
36 sand. No odor.
 36-38 1.6
 
37
 4.9
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
38  graded fine sand. No odor.
 38-40 1.5
 SW 10YR 4/2 (dark grayish brown) wet, loose well-
39 graded fine and medium sand. No odor.
 4.9
 SW 10YR 4/2 (dark grayish brown) wet, loose well-
40 graded fine to coarse sand bedded with layers of 
 40-42 1.6 fine sand. No odor.

SW 10YR 4/2 (dark grayish brown) wet, loose well-
41 graded fine to medium sand. No odor.

4.9
 
42
 42-44 1.8
 
43 SP 10YR 3/1 (very dark gray) wet, loose poorly-graded
 4.9 fine sand. Mild odor, progressively more stained
 with depth.
44
 44-46 1.6
 SP 10YR 3/1 (very dark gray) wet, loose poorly-graded
45 fine sand. Mild odor.
 2.4
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 Boring Number: SB-7       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 2/1 (black) wet, loose poorly-graded fine
46 sand. Strong odor, no sheen.
 46-48 1.8 Sample collected at 46'-48' bgs.
 FD-1 sampled at 46'-48' bgs.
47
 4.9
 SP 10YR 3/2 (very dark grayish brown) wet, cohesive
48 poorly-graded fine sand with very minor silt component.
 48-50 1.5 Mild odor. Stained with bands of 10YR 2/1 (black)
 fine sand.
49 SP 10YR 3/2 (very dark grayish brown) grading to 
 4.9 10YR 3/3 (dark brown) wet, loose poorly-graded
 fine sand. Moderate odor.
50
 50-52 1.8
 SP 10YR 4/4 (dark yellowish brown) wet, loose poorly-
51 graded fine sand. Mild to no odor.
 2.4
 SP 10YR 4/3 (brown) wet, loose poorly-graded sand. 
52 Mild odor. Limited sample recovery.
 52-54 0.5
 
53
 2.4
 SW 10YR 4/3 (brown) wet, loose well-graded fine and
54 medium sand. No odor, no staining.
 54-56 1.8
 
55  
 2.4
 SW 10YR 4/3 (brown) wet, loose well-graded fine and
56 medium sand. No odor.
 56-58 1.8
 
57 SP 10YR 4/3 (brown) wet, loose poorly-graded fine
 4.9 sand. No odor.

58
58-60 2.0

 SP 10YR 4/3 (brown) wet, loose poorly-graded fine
59 sand. No odor.
 4.9
 End of boring at 60 feet below ground surface.
60
 60-62
 
61
 
 
62 62-63
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 Boring Number: SB-7       Project : NIROP Pilot-Scale 2005       Project #: 5427

63 63-64
 
 
64
 64-66
 
65
 
 
66
 66-68
 
67
 
 
68
 68-70
 
69
 
 
70
 70-72
 
71

 
72  
 72-74
 
73
 
 
74
 74-76

75

 
76
 76-78
 
77
 
 
78
 78-80
 
79
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             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Glen Holmen
Note: Borehole Diameter: 8-1/4 inch

Sampler Type: Stainless Split Spoon

Event Information

Logged by: CAD - EMR, Inc. Boring #: SB-8
Boring Depth: 60 feet MW #:
GW Encountered 30 feet Surface Elevation:
Static GW Level: Start time/date: 1420  3/16/05
Location: End time/date: 1030  3/17/05

 No recovery 0'-4' due to augering through frost.
0
 0-2 0.0

 
1
 --
 
2  
 2-4 0.0
 
3
 --
 SW 10YR 4/4 (dark yellowish brown) dry, loose well-
4 graded fine to medium sand. No odor.
 4-6 1.7
 
5
 4.2
 SW 10YR 5/3 (brown) dry, loose well-graded fine to 
6 medium sand. No odor.
 6-8 1.5
 
7
 4.2

SW 10YR 5/3 (brown) dry, loose well-graded fine to 
8 medium sand. No odor.
 8-10 1.5

9
 2.1
 SW 10YR 5/3 (brown) dry, loose well-graded fine to 

10 medium sand. No odor.
 10-12 1.7

11
 2.1
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 Boring Number: SB-8       Project : NIROP Pilot-Scale 2005       Project #: 5427

SW 10YR 5/3 (brown) dry, loose well-graded fine to 
12 medium sand. No odor.
 12-14 1.5 10YR 6/4 (light yellowish brown) 6-inch thick rock layer
 SW 10YR 5/4 (yellowish brown) moist, loose well-
13 graded fine to coarse sand. No odor.
 4.2
 
14
 14-16 1.7
 SP 10YR 6/2 (light brownish gray) moist, loose poorly-
15 graded fine sand. No odor.
 2.1
 
16
 16-18 1.6
 
17
 4.2
 SP 10YR 6/2 (light brownish gray) moist, loose poorly-
18 graded fine sand. No odor.
 18-20 1.5
 
19
 4.2
 
20
 20-22 1.4
 SW 10YR 5/2 (grayish brown) moist, loose well-graded
21  fine to medium sand with pebbles and rock up to
 2.1 1/2-inch diameter. No odor.
 SW 10YR 6/2 (light brownish gray) moist, loose well-
22 graded fine to medium sand. Lamination visible
 22-24 1.5 at 23.5 feet bgs. No odor.
 
23
 4.2

SW 10YR 4/3 (brown) moist, loose well-graded fine to
24 coarse sand with gravel. Mild odor, no stains.

24-26 1.6
 
25
 4.2
 SW 10YR 4/3 (brown) moist, loose well-graded fine to
26 coarse sand with gravel. No odor. No staining.
 26-28 1.5
 
27
 4.2
 SM 10YR 3/1 (very dark gray) wet, loose poorly-graded
28 28-29 0.2 fine to coarse silty sand. No odor. Minimal recovery
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 Boring Number: SB-8       Project : NIROP Pilot-Scale 2005       Project #: 5427

SM 10YR 3/1 (very dark gray) wet, loose poorly-graded
29 29-30 0.2 water fine to coarse silty sand. No odor. Minimal recovery
 4.4
 SW- 10YR 4/3 (brown) wet, loose well-graded sand with
30 SM silt. No odor.
 30-32 0.1
 
31
 2.2
 SP 10YR 4/3 (brown) wet, cohesive poorly-graded fine
32 sand with silt. No odor.
 32-34 0.2
 
33
 2.2
 SW 10YR 3/1 (very dark gray) wet, cohesive well-
34 graded fine to coarse sand with clay and gravel.
 34-36 1.2 No odor.
 SP 10YR 3/1 (very dark gray) wet, cohesive poorly-
35 graded sand with silt. No odor.
 2.2
 
36
 36-38 0.3
 SP 10YR 3/1 (very dark gray) wet, cohesive poorly-
37 graded sand with silt. No odor.
 4.4
 
38  ML 10YR 4/1 (dark gray) wet, cohesive poorly-graded
 38-40 1.0 fine silt with sand. No odor.
 
39
 2.2
 ML 10YR 4/1 (dark gray) wet, cohesive poorly-graded
40 fine silt with sand. No odor.
 40-42 1.4

41
2.2

 ML 10YR 4/2 (dark grayish brown) wet, cohesive 
42 poorly-graded fine sandy silt. No odor.
 42-44 1.3
 
43
 4.4
 SP- 10YR 4/2 (dark grayish brown) wet, cohesive
44 SM poorly-graded fine sand with silt. No odor.
 44-46 0.2
 
45
 4.4 Sample collected at 46' bgs.
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 Boring Number: SB-8       Project : NIROP Pilot-Scale 2005       Project #: 5427

ML 10YR 4/2 (dark grayish brown) wet, cohesive silt
46 with fine poorly-graded sand. Some 10YR 3/1
 46-48 ND (very dark gray) staining at 46'-47' bgs. No odor.
 
47
 4.4
 SP- 10YR 3/2 (very dark grayish brown) wet, cohesive
48 SM poorly-graded fine sand with silt. Mild odor.
 48-50 ND Sampled "most impacted" at 48'-50' bgs.
 
49
 6.6
 SP- 10YR 4/2 (dark grayish brown) wet, cohesive 
50 SM poorly-graded fine sand with silt. No odor
 50-52 ND
 
51 Sample collected at 51' bgs.
 4.4
 SP- 10YR 3/2 (very dark grayish brown) wet, cohesive
52 SM poorly-graded fine sand with silt. No odor. Dark
 52-54 ND stained band of 10YR 3/1 at 53.5' bgs.
 
53
 4.4
 SP- 10YR 4/2 (dark grayish brown) wet, cohesive
54 SM poorly-graded fine sand with silt. No odor.
 54-56 ND
 
55  
 4.4
 SW 10YR 4/3 (brown) wet, cohesive well-graded fine
56 to coarse sand. No odor.
 56-58 ND Sample collected at 56' bgs.
 
57
 4.4

SW 10YR 4/3 (brown) wet, cohesive well-graded fine
58 to coarse sand. No odor.

58-60 ND
 
59
 4.4
 
60
 60-62
 
61
 
 
62 62-63
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 Boring Number: SB-8       Project : NIROP Pilot-Scale 2005       Project #: 5427

63 63-64
 
 
64
 64-66
 
65
 
 
66
 66-68
 
67
 
 
68
 68-70
 
69
 
 
70
 70-72
 
71

 
72  
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73
 
 
74
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79
 

Sa
m

pl
e 

R
ec

ov
er

y
Ev

ac
ua

tio
n 

R
at

e

PI
D

/F
ID

 
R

ea
di

ng
s

G
ro

un
d

w
at

er

D
ep

th
 (f

t)

G
C

 R
ea

di
ng

G
ra

ph
ic

 L
og

Soil Classification/
DescriptionU

SC
S 

Cl
as

si
fic

at
io

n

Sa
m

pl
e 

In
te

rv
al



             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Glen Holmen
Note: Borehole Diameter: 8-1/4 inch

Sampler Type: Stainless Split Spoon

Event Information

Logged by: CAD - EMR, Inc. Boring #: SB-9
Boring Depth: 60 feet MW #:
GW Encountered 28 feet Surface Elevation:
Static GW Level: Start time/date: 0910  3/21/05
Location: End time/date: 1220 3/21/05

 No recovery 0'-4' bgs due to augering through frost.
0
 0-2 0.0

 
1
 --
 
2  
 2-4 0.0
 
3
 --
 SW 10YR 4/4 (dark yellowish brown) dry, loose well-
4 graded fine to medium sand with occasional
 4-6 1.8 pebbles.
 SP 10YR 4/2 (dark grayish brown) dry, loose poorly-
5 graded fine sand. No odor. Bedded 10YR 4/3
 2.4 (brown) poorly-graded fine sand at 5.8' bgs.
 SP 10YR 5/2 (grayish brown) dry, loose poorly-graded
6 fine sand; homogenous throughout recovery. No
 6-8 1.2 odor.
 
7
 0.0

SP 10YR 5/2 (grayish brown) dry, loose poorly-graded
8 fine sand with bedded 1-inch thick bands of 
 8-10 1.4 10YR 5/6 (yellowish brown) poorly-graded fine

sand after 9' bgs. No odor.
9
 0.0
 SP 10YR 5/3 (brown) dry, loose poorly-graded medium sand.

10 No odor.
 10-12 1.4

11 SP 10YR 5/3 (brown) dry, loose poorly-graded medium sand
 2.4 with gravel. No odor.
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 Boring Number: SB-9       Project : NIROP Pilot-Scale 2005       Project #: 5427

SP 10YR 5/3 (brown) dry, loose poorly-graded fine
12 sand. No odor.
 12-14 1.5
 SW 10YR 4/2 (dark grayish brown) well-graded fine to
13 coarse sand with blocky gravel and rocks up to
 4.9 2-inch diameter. No odor.
 
14
 14-16 1.2
 SP 10YR 5/3 (brown) moist, loose poorly-graded fine
15 sand. No odor.
 2.4
 SP 10YR 5/2 (grayish brown) moist, loose poorly-
16 graded medium sand. No odor.
 16-18 1.4
 
17 SP 10YR 5/2 (grayish brown) moist loose poorly-
 2.4 graded fine sand bedded with 2"-4" thick bands of
 10YR 5/3 (brown) well-graded medium to coarse 
18 moist, loose sands at 18.5 feet bgs. No odor.
 18-20 1.5
 SW 10YR 5/3 (brown) moist, loose well-graded fine to
19 coarse sand with occasional pebbles. No odor.
 0.0
 SW 10YR 4/2 (dark grayish brown) moist, loose well-
20 graded fine to medium sand. No odor. Dark colored
 20-22 1.6 10YR 3/1 (very dark gray) 2-inch thick band of 
 coarse sand at 21' bgs.
21  SW 10YR 4/2 (dark grayish brown) moist, loose well-
 0.0 graded fine to coarse sand. No odor.
 
22 SW 10YR 5/3 (brown) moist, loose well-graded fine to
 22-24 1.8 coarse sand with occasional pebbles. No odor.
 
23
 2.4

SW 10YR 4/2 (dark grayish brown) moist, loose well-graded 
24 fine to coarse sand with angular gravel. No odor.

24-26 1.5 SP 10YR 5/2 (grayish brown) moist, loose band of fine sand
 3-inch thick at 25 feet bgs.
25 SW 10YR 4/2 (dark grayish brown) moist, loose well-graded 
 0.0 fine to coarse sand with angular gravel. No odor.
 SP 10YR 5/2 (grayish brown) moist, loose poorly-graded fine
26 sand. No odor. This horizon approx. 5-inch thick.
 26-28 1.4 SW 10YR 5/3 (brown) moist, loose well-graded fine to coarse
 sand with gravel. No odor.
27
 0.0
 water SW 10YR 4/4 (dark yellowish brown) wet, loose well-graded
28 28-29 0.2 fine to coarse sand. No odor or sheen.
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 Boring Number: SB-9       Project : NIROP Pilot-Scale 2005       Project #: 5427

SW 10YR 4/4 (dark yellowish brown) wet, loose well-graded
29 29-30 0.2 fine to coarse sand. No odor or sheen.
 0.0
 SW 10YR 4/4 (dark yellowish brown) wet, cohesive
30 well-graded medium to coarse sand with gravel
 30-32 0.3 and silt. No odor. Minimal recovery.
 
31
 0.0
 Same as above.
32
 32-34 0.4
 
33 CL 10YR 4/4 (dark yellowish brown) wet, cohesive 
 0.0 tight lean clay with fine sand. No odor.
 SP- 10YR 4/4 (dark yellowish brown) wet, cohesive 
34 SM poorly-graded fine sand with silt. Mild odor.
 34-36 1.0
 SP- 10YR 3/1 (very dark gray) wet, cohesive poorly-
35 SM graded fine sand with silt. Strong odor, no sheen.
 4.9 Sample collected at 34'-36' bgs
 SP- 10YR 3/2 (very dark grayish brown) wet, cohesive
36 SM poorly-graded fine sand with silt. Moderate odor.
 36-38 1.0
 
37 SP- 10YR 3/1 (very dark gray) wet, cohesive poorly-
 2.4 SM graded fine sand with silt. Moderate odor.
 SP- 10YR 3/2 (very dark grayish brown) wet, cohesive
38  SM poorly-graded fine sand with silt. Moderate odor.
 38-40 1.9
 
39
 0.0
 SW- 10YR 3/2 (very dark grayish brown) wet, cohesive
40 SM well-graded fine to medium sand. Mild odor. 
 40-42 0.3 Minimal recovery. Very minor silt component.

41
4.9

 SW- 10YR 3/1 (very dark gray) wet, cohesive well-
42 SM graded fine to medium sand. Mild odor.
 42-44 1.6 Very minor silt component.
 
43
 0.0
 SW- 10YR 3/2 (very dark grayish brown) wet, cohesive
44 SM well-graded fine to medium sand with minor silt
 44-46 0.4 component. Mild odor.
 
45
 0.0
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 Boring Number: SB-9       Project : NIROP Pilot-Scale 2005       Project #: 5427

SW- 10YR 4/2 (dark grayish brown) wet, cohesive well-
46 SM graded fine to medium sand with silt. Laminated 
 46-48 1.0 bands throughout recovery. Mild odor.
 Sample collected at 46' bgs.
47
 0.0
 SP- 10YR 4/2 (dark grayish brown) wet, cohesive
48 SM poorly-graded fine sand with silt. Mild odor.
 48-50 1.0 Occastional pebbles.
 SP- 10YR 3/2 (very dark grayish brown) wet, cohesive
49 SM poorly-graded fine sand with silt. Mild odor.
 4.9
 SP- 10YR 3/1 (very dark gray) wet, cohesive poorly-
50 SM graded fine sand with silt. Mild odor.
 50-52 1.4
 SP- 10YR 2/1 (black) wet, cohesive poorly-graded fine
51 SM sand with silt with laminated dark bands. Mild
 0.0 odor. Sample collected at 51' bgs.
 SP- 10YR 3/2 (very dark grayish brown) wet, cohesive
52 SM poorly-graded fine sand with silt and occasional
 52-54 1.6 rounded pebbles. Consistant color throughout
 recovery. Mild odor.
53
 4.9
 Same as above.
54
 54-56 ND
 SW- 10YR 4/2 (dark grayish brown) wet, cohesive well-
55  SM graded fine to medium sand with silt. No odor.
 4.9
 SW- 10YR 4/2 (dark grayish brown) wet, cohesive well-
56 SM graded fine to coarse sand with silt. Mild odor. 
 56-58 ND Sample collected at 56' bgs.
 SP- 10YR 4/3 (brown) wet, cohesive poorly-graded fine
57 SM sand with silt. No odor.
 4.9

-- No recovery from 58' to 60' bgs due to recovery
58 sliding out of sampler.

58-60 ND
 
59
 --
 End of boring at 60 feet below ground surface.
60
 60-62
 
61
 
 
62 62-63
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63 63-64
 
 
64
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65
 
 
66
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             VISUAL CLASSIFICATION OF SOILS
EMR Project Name: Drilling Information
NIROP Pilot-Scale 2005 Drilling Contractor: Bergerson-Caswell
EMR Project Number: Drilling Method: Hollow Stem Auger
5427 Drillers Name: Glen Holmen
Note: Borehole Diameter: 8-1/4 inch

Sampler Type: Stainless Split Spoon

Event Information

Logged by: CAD - EMR, Inc. Boring #: SB-10
Boring Depth: 60 feet MW #:
GW Encountered 29.5 feet Surface Elevation:
Static GW Level: Start time/date: 0936  3/22/05
Location: End time/date: 1204  3/22/05

 No recovery 0'-4' bgs due to augering through frost.
0
 0-2 0.0

 
1
 --
 
2  
 2-4 0.0
 
3
 --
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
4 graded medium sand. No odor.
 4-6 1.4
 SP 10YR 4/3 (brown) moist, loose poorly-graded
5 medium sand. No odor.
 0.0
 SP 10YR 5/3 (brown) moist, loose poorly-graded 
6 medium sand. No odor. Homogenous.
 6-8 1.8
 
7
 2.8

SW 10YR 5/2 (grayish brown) moist grading to dry,
8 loose, well-graded fine and medium sand. No odor.
 8-10 1.6

SW 10YR 5/3 (brown) dry, loose well-graded fine and
9 medium sand. No odor.
 2.4
 

10 GW 10YR 4/3 (brown) dry, loose well-graded gravel
 10-12 1.0 with fine and medium sand. No odor.

SP 10YR 5/3 (brown) dry, loose poorly-graded fine
11 sand. No odor.
 0.0
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SW 10YR 4/3 (brown) dry, loose well-graded medium
12 and coarse sand with gravel. No odor
 12-14 0.6
 
13
 4.8
 SW 10YR 5/2 (grayish brown) dry, loose well-graded
14 fine to coarse sand. No odor.
 14-16 1.4 SP 10YR 5/2 (grayish brown) dry, loose poorly-
 graded fine sand. No odor.
15 SW 10YR 5/2 (grayish brown) dry, loose well-graded
 4.8 medium and coarse sand. No odor.
 SW 10YR 5/3 (brown) dry, loose well-graded fine and
16 medium sand with occasional pebbles. No odor.
 16-18 1.8
 SP 10YR 5/2 (grayish brown) dry, loose poorly-graded
17 fine sand. No odor.
 2.4
 SP 10YR 5/3 (brown) dry, loose poorly-graded fine
18 sand with occasional pebbles. No odor.
 18-20 0.8
 
19 SW 10YR 5/3 (brown) dry, loose well-graded fine and medium
 2.4 sand with occasional pebbles. No odor.
 SW 10YR 5/2 (grayish brown) dry, loose well-graded
20 fine to coarse sand with occasional pebbles. No
 20-22 0.5 odor. Homogenous throughout sample recovery.
 
21  
 2.4
 SW 10YR 4/2 (dark grayish brown) dry, loose fine to
22 coarse well-graded sand with occasional pebbles.
 22-24 1.2 No odor. Homogenous throughout recovery.
 
23
 2.4

SP 10YR 4/2 (dark grayish brown) dry, loose poorly-
24 graded fine sand with occasional pebbles. No odor

24-26 1.6
 SW 10YR 4/2 (dark grayish brown) dry, loose well-
25 graded fine to coarse sand with gravel. Rocks up
 4.8 to 3/4-inch diameter. No odor.
 
26
 26-28 1.2
 SP 10YR 5/2 (grayish brown) moist, loose poorly-
27 graded fine sand. No odor.
 2.4
 SW 10YR 3/3 (very dark grayish brown) moist grading
28 28-29 to wet at 29.5' bgs, loose medium to coarse sand
 with gravel. Mild odor.

Sa
m

pl
e 

R
ec

ov
er

y
Ev

ac
ua

tio
n 

R
at

e

PI
D

/F
ID

 
R

ea
di

ng
s

G
ro

un
d

w
at

er

D
ep

th
 (f

t)

G
C

 R
ea

di
ng

G
ra

ph
ic

 L
og

Soil Classification/
DescriptionU

SC
S 

Cl
as

si
fic

at
io

n

Sa
m

pl
e 

In
te

rv
al



 
 Boring Number: SB-10       Project : NIROP Pilot-Scale 2005       Project #: 5427

SW 10YR 3/3 (very dark grayish brown) moist grading
29 29-30 water to wet at 29.5' bgs, loose medium to coarse sand
 2.4 with gravel. Mild odor.
 GW 10YR 4/3 (brown) wet, loose well-graded gravel
30 with coarse sand. No odor. Very minor silt 
 30-32 1.0 component.
 
31
 4.8
 SW- 10YR 3/3 (dark brown) wet, loose well-graded fine
32 SM to coarse sand with silt. No odor.
 32-34 0.4
 
33
 2.4
 ML 10YR 3/4 (dark yellowish brown) wet, cohesive
34 silt with fine sand. No odor.
 34-36 0.6
 SM 10YR 3/4 (dark yellowish brown) wet, cohesive
35 silty fine sand. No odor. Some staining to 10YR 3/2
 4.8 (very dark grayish brown) at 35.5' bgs.
 SM 10YR 3/2 (very dark grayish brown) wet, cohesive
36 silty fine sand with stained bands of 10YR 3/1 
 36-38 1.0 (very dark gray) throughout recovery.
 
37
 2.4
 SP- 10YR 4/2 (dark grayish brown) wet, mildly cohesive
38  SM fine sand with very minor silt component. No odor.
 38-40 1.9 Homogenous throughout sample recovery.
 
39
 2.4
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
40 graded fine sand. No odor. Homogenous
 40-42 1.2 throughout sample recovery.

41
2.4

 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
42 graded fine sand. No odor. Homogenous
 42-44 1.6 throughout sample recovery.
 
43
 2.4
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
44 graded fine sand. No odor. Homogenous
 44-46 1.8 throughout sample recovery.
 SP 10YR 2/1 (black) wet, loose poorly-graded fine
45 sand. Moderate odor, no sheen.
 2.4
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SP 10YR 2/1 (black) wet, loose poorly-graded fine
46 sand. Strong odor. No sheen. Homogenous 
 46-48 1.8 through sample recovery.
 Sample collected at 46' bgs.
47
 2.4
 SP 10YR 2/1 (black) wet, loose poorly-graded fine
48 sand. Moderate odor, no sheen. Same as above.
 48-50 1.6
 
49
 4.8
 Same as above.
50
 50-52 1.6
 SP 10YR 4/2 (dark grayish brown) wet, loose poorly-
51 graded fine sand. No odor.
 2.4 Sample collected at 51' bgs.
 SP 10YR 3/2 (very dark grayish brown) wet, loose 
52 poorly-graded fine sand. No odor.
 52-54 1.5
 SP 10YR 3/3 (dark brown) wet, loose poorly-graded
53 fine sand. No odor.
 2.4
 
54 SM 10YR 4/3 (brown) wet, cohesive poorly-graded
 54-56 1.8 fine silty sand. No odor.
 
55  
 2.4
 SW 10YR 4/3 (brown) wet, cohesive well-graded fine
56 to medium sand. No odor.
 56-58 ND Sample collected at 56' bgs.
 
57
 2.4

SW 10YR 4/3 (brown) wet, cohesive well-graded fine to
58 medium sand. Occasional pebbles. No odor.

58-60 ND
 SW 10YR 4/3 (brown) wet, cohesive well-graded fine
59 to medium sand. No odor.
 4.8
 End of boring at 60 feet below ground surface
60
 60-62
 
61
 
 
62 62-63
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63 63-64
 
 
64
 64-66
 
65
 
 
66
 66-68
 
67
 
 
68
 68-70
 
69
 
 
70
 70-72
 
71

 
72  
 72-74
 
73
 
 
74
 74-76

75

 
76
 76-78
 
77
 
 
78
 78-80
 
79
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Item Section Page Comments Responses 

General Response to Comments:   

Minnesota Pollution Control Agency Comments 

Note: MPCA states in their letter dated November 30th 2005 that it is unnecessary for the Navy to respond to comments provided in the subject letter. However, 
for completeness the comments provided by the MPCA are included in this response to comments document. 

1. General NA The technical memorandum contains conclusions and 
recommendations that the MPCA may or may not agree 
with. 

None necessary. 

2. General NA Revisions to the pilot test, including the new monitoring 
well network, have resulted in much more quantifiable and 
definitive assessments about the pilot study area and the 
magnitude of the impacts of vegetable oil injection. 

None necessary. 

3.  General NA The technical memorandum shows that the vegetable oil 
injection has resulted in the distribution of organic carbon 
within the impacted aquifer that has delivered a carbon 
source to a well-defined area of the aquifer down gradient of 
the injection area. 

None necessary. 

4. General NA Within the area of carbon distribution, there have been 
reductions in TCE levels that have been shown. in part, to 
be a result of reductive dechlorination due to the vegetable 
oil injection. 

None necessary. 

5. General NA The pilot test data quality objectives for the reduction of 
TCE levels continue to be met. 

None necessary. 

6. General NA The production of VC from vegetable oil injection has not 
been observed to be an issue in the pilot test area. 

None necessary. 

7. General NA After the pilot test report has been reviewed by the USEPA 
and MPCA, the NIROP partnering team will meet to 
discuss the conclusions and recommendations of the report 
and the potential applicability of the vegetable oil injection 
technology to the Anoka County Riverside Regional Park 

None necessary. 
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groundwater contamination problem. 

8. General NA Upon completion of the USGS capture evaluation report, 
the results of the capture evaluation as well as the results of 
the final pilot test will need to be taken into account when 
making remedy decisions for the parks groundwater 
contamination problem. 

None necessary. 

9. General NA Any discussion in the technical memorandum beyond the 
objectives of the pilot test as cited in the Quality Assurance 
Project Plan should be considered the subject of subsequent 
meetings by the NIROP partnering team. 

None necessary. 

10. General NA The NIROP contaminant plume in the park is currently 
exceeding MPCA surface water quality standards for this 
stretch of the Mississippi River.  Meeting the MPCA water 
quality standards for the site contaminants of concern in the 
park compliance wells prior to plume discharge to the 
Mississippi River remains a remediation goal for NIROP 
and the primary reason that the NIROP partnering team is 
evaluating the vegetable oil technology in the park.   

None necessary. 

11 General NA Eventually the NIROP partnering team needs to discuss the 
potential application of the vegetable oil injection 
technology (and other appropriate remedies) to source area 
beneath the main NIROP building. 

None necessary. 

United States Environmental Protection Agency Comments 

1 General Comment: Generally, the recommendations provided in the last section of the Tech Memo appear vague. The second paragraph on Page 21 
recommends “organic substrate addition in general and vegetable oil injection specifically be considered as a future remedial option at the site.” 
However, the Tech Memo goes on to identify permeable reactive barriers or injectable zero valent [sic] iron as possible remedial technologies. In 
addition, the Tech Memo indicates “it is unlikely that any remedial technology will be successful in significantly accelerating the time it will take to 
clean up the site.” These recommendations appear to be contradictory.  

The Final Vegetable Oil Pilot Test Report should include detailed discussions of specific recommendations. These recommendations should be 
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developed only after addressing the concerns identified in the following Specific Comments regarding the analysis of potential applicability of the 
vegetable oil injection technology at the NIROP site and the impact of the diffusion of contaminants out of the fine grained sediments identified on 
site.  

General Response: The conclusions section in the technical memorandum will be revised and clarified such that recommendations regarding the future 
use to organic substrate addition at Anoka County Park are clear and well supported by the data collected to date.   

Specific EPA Comments 

1 Site 
Hydrolo

gy   

13 The Tech Memo states that “hydraulic conductivity 
measurements conducted in wells PES-MW-3, PES-MW-8, 
and PES-MW-9 indicate that a zone of low hydraulic 
conductivity is present down gradient of the immediate 
injection area.” The geometric mean for the hydraulic 
conductivity values measured in these wells was reported 
to be 0.010 cm/sec. Such values of hydraulic conductivity 
represent relatively permeable materials. It does not appear 
appropriate to characterize the area surrounding these wells 
as “a zone of low hydraulic conductivity.” Although 
unclear, the discussion appears to suggest that this is an 
area of reduced hydraulic conductivity relative to other 
nearby areas. Revise this statement to provide a more 
detailed discussion of the areas being compared and the 
nature of the comparison. 

The site hydrogeology section of the tech memo compares 
calculated hydraulic conductivities from three areas over time.  
The three areas are the injection area, the area surrounding 
wells PES-MW-3, PES-MW-8, and PES-MW-9, and the area 
around the contingency wells. The geometric mean of  
hydraulic conductivities calculated in the injection area and in 
the area surrounding the contingency wells was approximately 
0.062 cm/sec and 0.069 cm/sec while the geometric mean of 
hydraulic conductivities in the area of PES-MW-3, PES-MW-
8, and PES-MW-9 was 0.010 cm/sec.  Thus, the calculated 
hydraulic conductivity in area surrounding wells PES-MW-3, 
PES-MW-8, and PES-MW-9 is low in relation to the injection 
area and the contingency well area as stated in the tech memo. 
 
The third sentence in the 5th paragraph of the hydrogeology 
section will be revised to read as follows: “Hydraulic 
conductivity measurements conducted in wells PES-MW-3, 
PES-MW-8, and PES-MW-9 indicate that a zone of low 
hydraulic conductivity, relative to the injection area and the 
area around the contingency wells, is present in the vicinity 
of these well locations.” 
 

2 VOCs 
in 

Ground

15 The Tech Memo utilizes the data presented in Tables 11A 
and 11B to support a conclusion that ‘TCE concentrations 
within the pilot test area decreased much more rapidly than 

Concur, the comparison of TCE reduction rates within the pilot 
test area to reduction rates observed outside of the pilot test 
area will be removed.   
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water TCE concentrations outside of the pilot test area as 
indicated by the average slope within the pilot test area.” 
However, Table 11A, which presents data outside of the 
pilot test area, includes data from monitoring wells located 
outside of the core area of the plume that likely do not 
represent the portions of the plume directly impacted by the 
recent upgrades in the groundwater extraction system (i.e., 
monitoring wells 17-S, 19-S, 27-S, 41-S, 43-S, and 44-S). 
If the data from the low concentration portions of the core 
areas of the plume (e.g., concentrations lower than 790 ugh 
TCE) are excluded from this assessment, the reductions in 
TCE concentrations outside the pilot test area appear 
similar to those within the pilot test area. In fact, the 
average percent reduction in TCE concentrations appears to 
be higher than in the pilot test area.  

The analysis of the data from within the pilot test area 
clearly indicates that injection of vegetable oil has resulted 
in significant reductions in chlorinated solvent 
concentrations in groundwater. Figure 8 clearly illustrates 
these decreases. Because of underlying background trends 
in contaminant concentrations, the comparison of 
reductions in contaminant concentrations within and 
outside of the pilot test area does not appear useful in 
demonstrating the effectiveness of the injection of 
vegetable oil in reducing contaminant concentrations in 
groundwater. It is recommended that analysis of data from 
within the pilot test area be used primarily for this purpose. 

3 Summa
ry 

18 The Tech Memo concludes that “any remedial strategies 
implemented in this (study) area should be targeted to the 
finer grained units present between approximately 30 and 
40 feet bgs where the majority of the contaminant mass 

The reviewer is correct. The referenced conclusion does 
assume that the referenced remedial option will be designed 
primarily to remove contaminant mass.  
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resides.” However, this conclusion presumes that the object 
of any remedial strategy is to remove maximum amounts of 
contaminants from the subsurface. However, as indicated in 
the recommendations presented in the Tech Memo, other 
remedial objectives have been evaluated, including the 
objective of reducing the potential impact to receptors and 
therefore reducing the environmental risk associated with 
contaminants remaining in the subsurface or migrating via 
groundwater from up gradient areas. These other remedial 
objectives may not necessarily target the removal of 
contaminant mass from the finer grained units. The Final 
Vegetable Oil Pilot Test Report should fully acknowledge 
these other potential remedial strategies. 

Concur,  The conclusions section will be revised to discuss 
different remedial goals (e.g., contaminant mass removal 
verses reduction of contaminant mass flux toward the river, 
etc.) and the viability of organic substrate addition to meet 
each goal based upon the results of the pilot test. 

4 Recom
mendati

ons 

21 The Tech Memo states that “vegetable oil has also been 
shown to be effective at stripping contaminant mass from 
the soil matrix through its surfactant properties and 
immobilizing contaminant mass through its preferential 
partitioning properties.” The Tech Memo does not appear 
to directly discuss these properties of vegetable oil or 
discuss how the data reported in the Tech Memo support 
such a conclusion. Consequently, the basis for this 
statement is not clear. In addition, it is not clear if this 
statement is intended to indicate that the injection of 
vegetable oil might provide a means of addressing the 
contaminant mass shown to be concentrated in the fine 
grained deposits in the study area. Any such statements 
included in the Final Vegetable Oil Pilot Test Report 
should be fully supported and their implications for the 
remediation of subsurface contaminant mass at the NIROP 
facility should be clarified. 

The basis for these conclusions are drawn from Section 4.4.3 
of the draft NIROP pilot test report (Parsons, 2004) and will be 
properly referenced in the technical memorandum.     

This discussion is presented in order to support the conclusion  
that vegetable oil injection may be an effective means to 
sequester and immobilize contaminant mass and therefore 
meet the remedial goal of reducing contaminant flux to 
receptors.  The conclusion that vegetable oil also effectively 
strips contaminant mass from the soil matrix could also 
indicate that vegetable oil injection might be an effective 
means of accelerating the removal of contaminant mass from 
the fine grained units.  However, the effectiveness of vegetable 
oil to strip contaminant mass from the fine grained units would 
be limited by the degree of contact between the impacted soils 
and the vegetable oil.  Thus, it would be very difficult to strip a 
significant amount of the contaminant mass that is sorbed to 
the fine grained units because it would be difficult to bring 
vegetable oil into direct contact with a significant percentage 
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of the fine grained sediments.    

5 Recom
mendati

ons 

22 The Tech Memo states that “the rate at which contaminant 
mass diffuses out of the finer grained units could be 
increased slightly by removing the contaminant mass from 
the more transmissive units and thereby increasing the 
steepness of the contaminant concentration gradient.” This 
statement is supported by citing the example of TCE 
concentrations measured in soil from the silt unit and 
underlying sand unit at Soil Boring SB-4. The significant 
differences in soil concentrations of TCE at this location 
are used to demonstrate that the soil data collected during 
the study “indicate that the contaminant concentration 
gradients from the finer grained units to the coarser grained 
units are already relatively steep.” Based on this analysis, 
the Tech Memo concludes that “it is unlikely that any 
remedial technology will be successful in significantly 
accelerating the time it will take to clear up the site because 
contaminant mass will continue to diffuse out of the fine 
grained units for some time to come.” 

However, it is important to note. that TCE diffuses out of 
the finer grained materials into the coarser grained 
materials according to the contaminant concentration 
gradient in groundwater and not in soils. As the data 
collected during this study have clearly indicated, the finer 
grained materials contain significantly greater amounts of 
organic carbon than coarser grained materials found on site. 
Since the degree of adsorption of TCE is largely controlled 
by the organic carbon content of subsurface materials, a 
much greater amount of TCE will adsorb onto the finer 
grained soils than the coarser grained soils for an 

The reviewer is correct that contaminant gradients are typically 
calculated using groundwater data. However, in this case 
groundwater data from the silt unit is not available.  Samples 
were collected using a groundwater profiler during the Spring 
2005 field event as part of the MIP survey activities. However, 
the soil stratigraphy data collected by the MIP system is not 
representative of soil conditions as reflected by boring logs 
collected during soil boring and well installation activities.  As 
a result the soil stratigraphy within each profiler sampling 
interval can not be accurately determined.   

The comparison of soil VOC data from the silt unit and the 
sand unit allows us to draw the qualitative conclusion that  
more contaminant mass is present in the silt unit than in the 
sand unit.   The reviewer is correct that comparison of soil data 
does not however allow us to draw conclusions regarding the 
VOC concentration gradient from the silt unit to the sand unit 
because soil data represents both dissolved phase contaminant 
mass (pore water) and sorbed contaminant mass.  The 
following statement: “However, the soil data collected during 
the Spring of 2005 indicates that the contaminant 
concentration gradient from the finer grained units to the 
coarser grained units is already relatively steep” will be 
removed from the conclusions section.   

Regardless, the observation that the contaminant mass 
diffusion rates out of the fine grained units could be improved 
slightly by removing contaminant mass from the coarse 
grained units (thus increasing the concentration gradient from 
the silt to the sand) is correct.  The observation: “However, it is 
unlikely that any remedial technology will be successful in 
significantly accelerating the time it will take to clean up the 
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equivalent dissolved concentration of TCE. Consequently, 
it is not clear that the differences in soil concentrations of 
TCE observed between fine and coarse grained materials 
actually indicate significant gradients in the dissolved TCE 
concentrations in groundwater between the fine and coarse 
grained materials. Thus, it is not clear that TCE 
concentration gradients between the fine and coarse grained 
materials could not be significantly improved through the 
application of vegetable oil injection in Anoka County 
Park.  

There appears to be little basis provided in the Tech Memo 
for the above cited statement regarding the potential for 
increasing the rate of diffusion out of the fine grained 
materials through the injection of vegetable oil. Greater 
analysis of the factors that control diffusion out of the fined 
grained deposits found on site is required before such a 
statement can be fully evaluated.  

site because contaminant mass will continue to diffuse out of 
the fine grained units for some time to come” is also correct 
as supported by the following calculations following Freeze 
and Cherry 1979 and using a modification of Ficks Law. 

Ficks Law States that a concentration at time T and position x 
can be calculated assuming linear diffusion using the 
following parameters: 

 C(x,t) is the concentration at point x 
 Co is the initial concentration 
 D* is the diffusion coefficient 
 x is the diffusion distance 

Through the following formula: 

C(x,t) =Co erfc{x/2*sqrt(D*t)} 

The calculation assumes that there is no advection, no 
dispersion, no retardation, no decay, and that diffusion is in 
one direction and so the calculation provides only an estimate 
of diffusion time. The calculation also assumes that the 
concentration at point x is zero so that the concentration 
gradient is maximized.  However, the results are useful in 
that they provide a semi-quantitative estimate of diffusion 
time.   

Assuming x = 1 foot, Co is 710 ppb (TCE concentration in 
the silt unit), D is 1e-4 cm2/sec (Evans, 1995) and C(x,t) is 5 
ppb (the TCE USEPA MCL) the diffusion time as iteratively 
calculated is approximately 400 to 700 years.  If one were to 
consider retardation as well than the diffusion time would be 
longer.  These calculations indicate that even in the case 
where the concentration gradient is maximized (i.e., 
contaminant mass is removed from the sand unit at point x as 
fast as it diffuses out of the silt unit) the time it will take to 
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diffuse out the contaminant mass in the silt unit is on the 
order of hundreds of years.  Thus, the application of a 
remedial option will not accelerate site cleanup time 
significantly (regardless of how effective the option is).   

The observation that the cleanup time for this site will be 
defined by diffusion based mechanics (i.e., the rate at which 
contaminant mass diffuses out of the silt units) leads to the 
conclusion that the primary remedial goal at this site should 
not be to simply remove/destroy contaminant mass but to 
protect receptors as stated in the conclusions section of the 
October 2005 technical memorandum.   

These calculations and discussion will be incorporated into 
the technical memorandum. 

6 Recom
mendati

ons 

22 As indicated above in Specific Comment No. 5, the Tech 
Memo indicates that soil sampling results have shown that 
the majority of the contaminant mass observed in soils is 
retained in the finer grained materials. The Tech Memo 
also appropriately indicates that this contaminant mass may 
provide an ongoing source of groundwater contamination. 
However, it is not clear that such slow diffusion of 
contaminants out of fine grained deposits into the relatively 
fast moving groundwater in the more permeable strata in 
the study area could result in the contaminant 
concentrations currently observed in groundwater in the 
study area. Preliminary analysis of contaminant 
concentrations in groundwater in coarse grained materials 
underlying highly contaminated finer grained sediments 
was provided during the October 5, 2005 Technical 
Meeting on the Tech Memo. This analysis appeared to 
indicate that the diffusion of contaminants out of the fine 

Concur, it is unlikely that back diffusion of contaminant mass 
from the fine grained units alone could account for VOC 
concentrations measured in the more permeable units.    

The diffusion rate calculations presented above will be 
incorporated into the technical memorandum.  Unfortunately 
analysis beyond the semi-quantative calculations presented 
above would require a significant effort involving an attempt 
to estimate the volume of silt and sand beneath the park, an 
estimate of contaminant mass in each unit, and an improved 
estimate of back diffusion rates and resultant mass released by 
back diffusion per unit time.  The compilation of all of these 
estimates would produce theoretical masses in the silt and sand 
units and the relative contributions of each.  This analysis is 
beyond Parsons current scope, budget, and schedule.    
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grained materials into the more permeable strata did not 
necessarily result in significantly elevated contaminated 
concentrations in groundwater. The Final Vegetable Oil 
Pilot Test Report should provide full analysis of the 
available data to help determine the relative impact of the 
diffusion of contaminants out of fine grained on the quality 
of groundwater migrating away from the study area. 
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Minnesota Pollution Control Agency Comments 

1. 5 NA It is MPCA staff’s understanding that the conclusions 
and recommendations of the Report will be the subject of a 
forthcoming NIROP partnering and/or technical 
subcommittee meeting and that at this meeting, the future 
direction of the application of this technology for the NIROP 
site will be determined.  The MPCA staff recommends that 
this meeting be scheduled as soon as possible. 

The Navy concurs with this recommendation and will 
schedule the referenced NIROP partnering meeting to discuss 
the future of this technology at the NIROP site.   

2. 5 NA The MPCA staff requests that the Navy explain how 
and when Mr. Hal Davis final United States Geological 
Survey capture evaluation report will be factored into the 
Report, including final conclusions and recommendations 
for the application of this technology at the NIROP site.   

Future analytical data collected from the vegetable oil pilot 
test monitoring well network as well as conclusions and 
recommendations for future work drawn from future data and 
from studies that have not been published yet (e.g., the Final 
Capture Report) will be presented in the Annual Monitoring 
Report. 

3.  5 NA The MPCA staff requests that the Navy identify any 
findings contained in the report entitled “2005 Annual 
Monitoring Report Naval Industrial Ordnance Plant Fridley, 
Minnesota” dated April 2006, that impact the conclusions 
and recommendations of the Report and identify how any 
such findings will be incorporated in the report. 

The 2005 AMR finding that TCE concentrations continued 
to decrease between September 2004 and November 2005 at 
the majority of wells installed in Anoka County Park will be 
referenced to support conclusions presented in the conclusion 
section of the technical memorandum and the revised 
conclusions section of the 2004 report. 

The finding that current extraction system “appears to be 
adequate to provide containment of most of the contamination 
migrating from the NIROP source areas, especially at shallow 
and intermediate depths” will be incorporated by reference to 
support conclusions presented in the conclusion section of the 
technical memorandum and the revised conclusions section of 
the 2004 report. 

4. Tech 
Memo 
VOCs 

11, 
paragraph 

2 

This paragraph discusses contaminant mass. The last 
sentence states that “…the fine grained silt/clay units 
contain more contaminant mass than the more transmissive 
sand units and will likely serve as secondary sources of 

The referenced statement in the text (“…the fine grained 
silt/clay units contain more contaminant mass than the more 
transmissive sand units and will likely serve as secondary 
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in Soil 
Section 

contaminant mass for some time” The MPCA staff requests 
that the Navy explain whether or not this contaminant mass 
accounts for the TCE mass transported in groundwater.  
Was the mass of TCE in the groundwater estimated in the 
calculation cited in this section? 

sources of contaminant mass for some time”) is partially 
inaccurate.  VOC concentrations are higher in the fine 
grained units than in the coarser grained units, indicating that 
the fine units may contain more VOC mass than the coarse 
units.  However, this is not necessarily the case because the 
total VOC mass in each unit is dependant on the VOC 
concentrations as well as the total volume of each unit.  If the 
volume of the fine grained  units is considerably smaller than 
the volume of the coarse grained units than the total VOC 
mass present in the fine grained unit may be smaller.  The 
text will be revised to clarify this distinction. 

It is currently unknown whether the VOC concentrations in 
the coarse grained units are present entirely as a result of back 
diffusion from the fine grained units.  The total volume of the 
fine and coarse grained units would have to be accurately 
known to make this determination with any confidence.  
However, it is the authors opinion that it is unlikely that all of 
the VOC mass present in the coarse grained unit (s) is solely 
due to back diffusion.  It seems more likely that the VOC mass 
present in the coarser grained units is sourced from back 
diffusion (from the fine grained units) and from contaminant 
mass being transported from upgradient areas.  

5. Tech 
Memo 
Site 

Hydro 
Section 

14, 
paragraph 

4. 

This paragraph discusses viscosity.  If the vegetable oil 
is completely hydrophobic, then it “lowers the relative 
permeability of the aquifer matrix” as stated.  However, if 
it decreases the viscosity of the interstitial groundwater, 
then it inherently lowers the hydraulic conductivity as the 
dynamic viscosity is proportional to the intrinsic 
permeability if the porous media.  The MPCA staff 
requests that the Navy identify whether or not the phase of 
the vegetable oil has been established in the aquifer matrix.   

Vegetable oil is completely hydrophobic and as a result 
does not form a water-oil-mixture.  Thus, the viscosity of the 
interstitial groundwater remains unchanged.  Instead the 
vegetable oil LNAPL decreases soil hydraulic conductivity by 
physically constricting or blocking soil pore throats with 
vegetable oil ganglia.  Vegetable oil will be present as LNAPL 
blobs and stringers, as a coating on soil particles, and sorbed 
on the subsurface soil matrix.  The phase of the vegetable oil 
present in the NIROP subsurface soils has not been directly 
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determined (through for example microscope analysis).   

6. Tech 
Memo. 
VOCs 

in 
ground
water 

section. 

16, 
paragraph 

4 

This paragraph states that “VC [vinyl chloride] has not 
(sic) [been] detected at concentrations above the MDL 
[method detection limit] in any of the contingency 
wells….or the new downgradient monitoring well cluster 
PES-MW-12A/B, during the course of the pilot test.” 

The concentration of TCE in PES-MW-12A increased 
from 80 to 350 micrograms per liter (µg/L) from April to 
November 2005.  Over the same time period, the 
concentration of TCE at PES-MW-12B went from 330 to 
290 µg/L.  The latter is essentially stable.  If TCE is not 
trending downward at these wells, the MPCA staff requests 
that the Navy explain how the Navy knows that the pilot 
remedy has effected groundwater at the new downgradient 
monitoring well cluster PES-MW-12A/B at all.  The 
MPCA staff requests that the Navy continue to monitor for 
declines in TCE concentration and vinyl chloride at this 
well cluster. 

The editorial comment (addition of the word “been”) will 
be incorporated.   

There is no evidence to indicate that either PES-MW-12A 
or PES-MW-12B have been directly impacted by the injected 
vegetable oil.  MW-12A and B are listed as unimpacted 
monitoring wells on Table 6 of the March 2006 technical 
memorandum and are shown as being unimpacted on Figures 9 
and 10 (depictions of elevated TOC in groundwater).  In 
addition, TOC in soil data collected from the screen interval of 
PES-MW-12B is used as an example of unimpacted, naturally 
occurring TOC in soil (Page 8, paragraph 4 of the March 2006 
technical memorandum).   

The Navy concurs with MPCA’s recommendation to 
continue to monitor monitoring well PES-MW-12A as this 
well is installed downgradient of the injection area and the well 
screen was installed in the same vertical interval than contains 
the injected vegetable oil.  The March 2006 technical 
memorandum recommended that this well location continue to 
be sampled as part of the long term monitoring program for the 
vegetable oil pilot project.   

The Navy disagrees with the recommendation to collect 
samples from PES-MW-12B annually because there is no 
evidence of vegoil impact at this well location or in the “B” 
installation depth at any of the newly installed well clusters.  A 
recommendation to collect a groundwater sample from PES-
MW-12B during the sampling round conducted immediately 
prior to a 5-year ROD review will be added per response to 
comment EPA-2.    

United States Environmental Protection Agency Comments 
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1 General Comment: (Responders note: The following text has been excerpted from the USEPA letter dated April 14th 2006) 

Several EPA comments on the previous Tech Memo (dated August 2005, revised October 2005) requested that changes be made in the Final 
Vegetable Oil Pilot Test Report.  The Navy has addressed those comments by revising the Tech Memo and Sections 5 and 6 of the Report for a Field 
Application to Enhanced In-Situ Bioremediation of Chlorinated Solvents via Vegetable Oil Injection at Naval Industrial Reserve Ordnance Plant, 
Fridley, Minnesota, dated March 2004 (Vegetable Oil Pilot Test Report).  The revisions appear to be appropriate.  However, the revisions made to 
Sections 5 and 6 of the Vegetable Oil Pilot Test Report create inconsistencies with the remainder of that document.  For example, the 
recommendations in the executive summary of the Vegetable Oil Pilot Test Report (including a recommendation for full-scale application of 
vegetable oil injection) are not consistent with the conclusions and recommendations in the revised version of Section 5. 

In addition, the Navy previously responded to two sets of comments generated by EPA and Minnesota Pollution Control Agency (MPCA) 
(responses received August 6, 2004 and October 4, 2004).  In these responses the Navy agreed to make numerous revisions in the Final Vegetable 
Oil Pilot Test Report.  While the Tech Memo addresses some of the comments, numerous other comments relating to other sections of the Vegetable 
Oil Pilot Test Report have not been addressed.  There is no comprehensive document that presents and evaluates the data collected during and since 
implementation of the pilot test.  It is recommended that a Final Vegetable Oil Test Report should be produced.  This Final Report should 
incorporate all previously agreed-upon revisions and all data and additional evaluations performed since the pilot test. 

General Response: The Navy feels that the combination of the draft 2004 report and the final technical memorandum adequately presents all of 
the data collected during the course of the pilot test and the conclusions and recommendations that were drawn from this data set.  Therefore, the 
Navy will revise the final technical memorandum, update section 5 of the draft report, and release both as the final deliverable for this project.  
Future monitoring results collected from the vegetable oil pilot test monitoring well network will be presented in the Annual Monitoring Report.   

Specific EPA Comments 

1 VOCs 
in soil 

11 A discussion of the diffusion of trichloroethene (TCE) 
out of low permeability units has been included in the 
March 2006 version of the Tech Memo.  An analytical 
solution to Fick’s Second Law of Diffusion is used to 
estimate the time required for TCE to diffuse out of low 
permeability deposits in Anoka County Park (ACP).  The 
analytical solution is derived based on imposing a constant 
concentration boundary condition at x equals zero and a 
zero concentration at infinity.  The initial condition 
assumes that no contaminant is initially present in the 

The Fick’s second law analysis was intended to provide a 
semi-quantitative estimate of the time required for the low-
permeability silts and clays to be "flushed" free of 
contaminants by diffusion.  Fick's second law is more 
accurately used to describe diffusion across a low-
permeability layer with a constant, high-concentration source 
on one side.  Parsons made the assumption that the rate of 
diffusion out of the low-permeability unit would be the same 
as the rate of diffusion into the unit.  Therefore, the starting 
boundary conditions for the calculation were zero 
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solution domain.  The analytical solution predicts the 
concentration profile throughout the solution domain in 
time in response to the diffusion of the contaminant from 
the constant source at x equals 0. 

It does not appear that this equation provides a useful 
analysis of the diffusion time out of the low permeability 
sediments in ACP.  The Tech Memo states that “the 
calculation assumes that the concentration at point x is 0 so 
that the concentration gradient is maximized.”  However, 
this solution does not allow the concentration at x equals 
one foot, where the high permeability sediments are 
postulated to begin, to remain at zero or at some arbitrarily 
low contaminant concentration reflecting the dilution of 
diffusing contaminant into the high permeability deposits.  
If the analytical solution is run to develop a concentration 
profile from x equals 0 to x equals two feet (well into the 
high permeability deposits) for a series of times, it can be 
seen that the concentration profile extends well into the 
high permeability deposits.  These computations will also 
show that the concentration gradient at the interface 
between the low and high permeability deposit (X = 1 ft.) 
steadily decreases with time.  Thus, concentration gradients 
are clearly not maximized.  Rather, this solution 
significantly underestimates the gradients at the interface 
between the low and high permeability deposits. 

The text indicates that using the analytical solution, the 
diffusion time is computed to be approximately 400 to 700 
years. It is not clear how these times have been obtained or 
what exactly is meant by the “diffusion time.”  However, 
computations using the analytical solution indicate that the 

concentration within the silty clay and 2,100 ug/L at the edge 
of the silty clay.  Parsons calculated the time for the 
concentration at a distance of one foot (into the silty clay) to 
reach the approximate boundary concentration (i.e. the 
present-day concentration in the silty-clay) and than reversed 
the results per our first assumption.  For several reasons, 
including those cited by both Parsons and EPA, we believe 
that this was a conservative approach. 

Parsons intent in including this discussion was to 
illustrate how slow diffusion based mechanics are.  Parsons 
agrees with the EPA that the audience of this technical 
memorandum understands this point.  Therefore, Parsons 
agrees with the EPA that this discussion is not necessary and 
will remove the Fick’s second law presentation as suggested.  
The following text will be substitute in its place: “The 
removal of TCE mass from the silty clay units beneath the 
NIROP site will be an extremely slow process because 
removal rate will be limited by the rate of diffusion, which is 
typically several orders of magnitude slower than advective-
dispersive processes.  Thus, the application of a remedial 
option in the more permeable unit(s) will not accelerate site 
cleanup time significantly because the time to achieve MCLs 
on this site is dependant on the rate at which contaminant 
mass diffuses out of the fine grained units, not on the rate at 
which the remedial option of choice destroys contaminant 
mass.” 
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ratio of the concentration at x equal 1 to the constant 
concentration at x equal zero (C/Co) reaches 0.86 in only 5 
years and reaches 0.90 in 10 years.  More importantly, if 
one examines the contaminant mass that has diffused out of 
the low permeability deposits as represented by the 
contaminant profile extending beyond x equals 1 foot, it is 
clear that in 10 years many times more contaminant mass 
has diffused from low permeability deposits than originally 
could have existed in these deposits if the entire thickness 
of the deposit was contaminated to a level equivalent to Co. 

Parsons should strongly consider removing this 
analysis from the Tech Memo.  It is not considered 
essential to the conclusions of the document.  It is 
acknowledged that the diffusion is a slow process and rapid 
removal of the contaminants from the low permeability 
deposits may not be a realistic remedial objective in ACP. 

2 Summa
ry 

22 This section recommends specific wells to include in 
future annual monitoring events.  The list appears to be 
appropriate.  However, it may be useful to have a more 
comprehensive set of water level and analytical data 
available for years when a five-year report is to be 
prepared.  It is recommended that additional wells 
associated with the vegetable oil pilot test be monitored for 
the purposes of five-year reviews. 

Concur, A second recommendations table (Table 14) will 
be added to present recommendations for additional sampling 
to be conducted prior to a 5-year CERCLA 121c review.   

3 Summa
ry 

23 Second to last sentence, last full paragraph, shouldn’t 
“than the tenants...” be changed to “then the tenants…”? 

Concur, correction will be made as requested. 

4 Append
ix C 

All The title above the response table indicates the 
comments were generated based on a review of the “Draft 
Report for a Field Application to Enhanced in-Situ 

Concur, correction will be made as requested. 
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Bioremediation of Chlorinated Solvents via Vegetable Oil 
Injection at Naval Industrial Reserve Ordnance Plant.”  In 
fact, the comments were generated based on review of the 
Technical Memorandum on Preliminary Results for the 
Anoka County Park Organic Substrate Addition Pilot Test 
at the Naval Industrial Reserve Ordnance Plant, Fridley, 
Minnesota dated August 2005 and revised October 2005.  
The title in Appendix C should be revised to identify and 
correct review document. 
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	Company Name: US Navy, Southern Division, Naval Facilities Engg Command
	Street: 2155 Eagle Dr.
	City: N. Charleston
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	Address: 1350 Bunker Lake Blvd.
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	Contractor: Rob Caho
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	Tel2: 763-479-3121
	Location: East River Road, Anoka County Park
	Address1: Fridley                                                      MN               55421
	Rule: (2) 4725.2050 - Injection of ~ 3,600 gal of food-grade soybean oil; ~ 300 lbs of food-grade lecithin; ~ 7,000 gal of native groundwater;
	1: The deeper wells are required for imaging the oil to delineate
	2: the distribution of oil.  The vegetable oil is used to enhance bioremediation.  The lecithin is added as an emulsifier.  Native groundwater
	3: is added to better emulsify the oil prior to injection.  The magnetite or ferrous iron particles are added to do the imaging study.
	G: Sampling and analyses of groundwater will be performed at 2, 5, 8, and 12 months as specified in Section 4.4 & 4.7 the Final Work Plan
	H: Refer to Section 4.3 of Final Work Plan, Rev. 1, Dated September 19, 2001.
	Rule1: (1) 4725.6650 - depth of 8 wells will be 70', which is > 50' allowed
	rule3:   and ~ 30 pounds of non-toxic magnetite of ferrous iron particles
	4: Product information and MSDS sheets for the vegetable oil, lecithin, magnetite, and ferrous iron are included for your review.
	G1: Rev.1, Dt Sep.19, 2001.  All the wells will be properly sealed in accordance with MDH requirements after the completion of the study.
	I: Refer to Figure 1-1 of the Final Work Plan for Map
	A: Refer to Work Plan Section 2.0 for details.
	B: Refer to Work Plan Section 2.0, Table 2.1 for details.
	C: Refer to Section 4.0 of the Work Plan
	First: Joel Sanders
	Rob Caho: 
	h1: 75 ft
	h2: 75 ft
	h3: 2 in.
	h4: PVC
	h5: Hollow stem auger
	h6: Approx. 30 ft bgs
	h7: Neat cement grout for backfill; bentonite for seal pack
	d1: 


