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This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government, nor any agency thereof, nor any of
their employees makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

This report is available to the public from the National Technical Information Service, U.S.
Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161; phone orders
accepted at (703) 487-4650.

EERC DISCLAIMER

LEGAL NOTICE This research report was prepared by the Energy & Environmental
Research Center (EERC), an agency of the University of North Dakota, as an account of work
sponsored by the U.S. Department of Energy (DOE). Because of the research nature of the
work performed, neither the EERC nor any of its employees makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed or represents that its
use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement or recommendation by the EERC.



JV TASK 59 — DEMONSTRATION OF ACCELERATED IN SITU CONTAMINANT
DEGRADATION BY VACUUM-ENHANCED NUTRIENT DISTRIBUTION

ABSTRACT

The Energy & Environmental Research Center (EERC) conducted remediation of
hydrocarbon-contaminated soils and groundwater at a former Mohler Oil site in Bismarck, North
Dakota. The remedial strategy was based on the application of two innovative concepts: 1)
design and deployment of the mobile extraction, treatment, and injection units to overcome site
limitations associated with urban settings in high-traffic areas and 2) vacuum-controlled nutrient
injection within and on the periphery of an induced hydraulic and pneumatic depression.

Combined contaminant recovery since the beginning of the project in June 2003 totals
over 13,600 Ib (~6,170 kg) of hydrocarbons, equivalent to 2176 gallons (8236 |) of product. In
situ delivery of 1504 Ib (682 kg) of ionic nitrate and 540 Ib (245 kg) of dissolved oxygen
translates into further reduction of about 489 Ib (222 kg) of benzene for the same period and
provides for long-term stimulation of the natural attenuation process. In addition to contaminant
recovered by extraction and reduced by in situ biodegradation, a total of 4136 Ib (1876 kg) of
oxygen was delivered to the saturated zone, resulting in further in situ reduction of an estimated
1324 b (600 kg) of dissolved-phase hydrocarbons. Based on the results of the EERC
demonstration, the North Dakota Department of Health approved site abandonment and
termination of the corrective action.
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JV TASK 59 - DEMONSTRATION OF ACCELERATED IN SITU CONTAMINANT
DEGRADATION BY VACUUM-ENHANCED NUTRIENT DISTRIBUTION

EXECUTIVE SUMMARY

At the request of the North Dakota Department of Health (NDDH) and the North Dakota
Petroleum Tank Release Compensation Fund (NDPTRCF), the Energy & Environmental
Research Center (EERC) conducted remediation of hydrocarbon-contaminated soils and
groundwater at a former Mohler Oil site in Bismarck, North Dakota. The remedial strategy was
based on the application of two innovative concepts: 1) design and deployment of the mobile
extraction, treatment, and injection units to overcome site limitations associated with urban
settings in high-traffic areas and 2) vacuum-controlled nutrient injection within and on the
periphery of an induced hydraulic and pneumatic depression.

Over 13,600 Ib (~6170 kg) of hydrocarbons, equivalent to 2176 gallons (8236 1) of
product, has been recovered from contaminated soils and groundwater since the beginning of
the project in June 2003. In situ delivery of 1504 Ib (682 kg) of ionic nitrate and 540 Ib (245 kg)
of dissolved oxygen translates into further reduction of about 489 Ib (222 kg) of benzene for the
same period and provides for long-term stimulation of the natural attenuation process. In
addition to contaminant recovered by extraction and reduced by in situ biodegradation, a total of
4136 Ib (1876 kg) of oxygen was delivered to the saturated zone. By providing necessary
electron acceptors, this volume translates into further in situ reduction of an estimated 1324 Ib
(600 kg) of dissolved-phase hydrocarbons.

Based on groundwater-sampling results documenting declining COC trends in the source

area, stagnant plume with rate-limited release of residual contaminants, and low environmental
risks, NDDH approved site abandonment and termination of corrective action.



JV TASK 59 - DEMONSTRATION OF ACCELERATED IN SITU CONTAMINANT
DEGRADATION BY VACUUM-ENHANCED NUTRIENT DISTRIBUTION

1.0 INTRODUCTION

At the request of the North Dakota Department of Health (NDDH) and the North Dakota
Petroleum Tank Release Compensation Fund (NDPTRCF), the Energy & Environmental
Research Center (EERC) conducted remediation of hydrocarbon-contaminated soils and
groundwater at a former Mohler Oil site in Bismarck, North Dakota.

The overall objective of the project activities was to design, implement, and operate a
vacuum-enhanced recovery/multiphase extraction (MPE) system combined with nutrient
injection to reduce contaminant concentration levels in soils and groundwater at the subject site
to levels that would allow for natural attenuation processes to complete in situ degradation of
residual contaminants.

Characteristics of the target zone, site urban location, and high traffic required the
application of highly flexible remediation technology capable of simultaneously removing
contaminants in both the vapor and liquid phases. MPE combined with nutrient injection using
specifically designed mobile exiraction and injection systems was recommended as the
technically most feasible option capable of achieving high contaminant removal rates while
controlling the contaminant migration off-site. The project was initiated in March 2003. The MPE
system operated between June and September 2003 and 2004. In addition to contaminants of
concern (COC) recovery, simultaneous nutrient injection and plume interception in the
permeable treatment barrier were conducted each spring/summer season from 2003 to 2006 to
accelerate the in situ biodegradation process.

This report presents a summary of results including a description of the technology
applied. More detailed information, original data sets, and primary documentation are compiled
in technical progress reports provided to the sponsors and regulatory agency on a quarterly
basis. The project was sponsored by NDPTRCF and the U.S. Department of Energy (DOE) and
supervised by NDDH.

2.0 EXPERIMENTAL

The remedial strategy at the subject site was based on application of two innovative
concepts: 1) design and deployment of the mobile extraction, treatment, and injection units to
overcome site limitations associated with urban setting in high traffic areas, and 2) vacuum-
controlled nutrient injection within and on the periphery of a vacuum-induced hydraulic and
pneumatic depression.

Definition of the contaminated target zone, contaminant properties, and the results of the
EERC pilot test indicated that remediation technology or a combination of technologies suitable
for the subject site must be capable of:

» Efficiently removing contaminants from both the vadose and saturated zones in tight
heterogeneous sediments with extremely low permeability.



e Creating a hydraulic impact that would allow for contaminant recovery from
inaccessible plume areas and reduce/control free product (FP) and contaminant
migration off-site.

« Being flexible enough to address water table fluctuation across the contaminant smear
zone.

¢ Providing for accelerated nutrient supply to stimulate biodegradation.

e Providing nutrient supply to the permeable treatment barrier intercepting the plume to
stimulate in situ contaminant degradation processes.

Additional objectives and requirements for this demonstration were:

+ A flexible design and operation of mobile extraction and injection systems to overcome
site limitations associated with an urban setting in high-traffic areas.

o Well field design that would not be disruptive to traffic and daily operation of facilities at
the site.

3.0 RESULTS AND DOCUMENTATION
3.1 Site Characteristics
3.1.1 Site Location and Contaminant Release History

The original source area at Mohler Oil Company, Inc. (J&D Service Station), currently Mr.
Muffler and Mr. Tire Services, 704 East Bowen Avenue, T138N R80W Section 4, Burleigh
County, Bismarck, North Dakota, is approximately 100 x 100 ft. The documented extent of the
contaminant plume is at approximately 400 x 300 ft and covers all corners of the intersection
between 7th Street and Bowen Avenue. The site layout including the inferred contaminant
plume is provided in Figure 1 and Appendix A.

A line leak of unknown volume discovered in April 1990 was reported to NDDH on March
18, 1992. Actions taken prior to initiation of the EERC corrective action included environmental
site assessment (ESA) Phases | and 1l conducted by Braun Intertec, Inc., in 1992, 1993, and
1995 [1-3] and groundwater monitoring and product absorbent installation by Water Supply,
Inc., in 2002 [4]. A pilot test and feasibility study for vacuum-enhanced nutrient injection were
conducted by the EERC in 2002 [5].
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3.1.2 Hydrogeology and Contaminant Transport

The geology of the impacted area is dominated by a heterogeneous complex of clays,
silts, and silty sands developed in the depositional environment on the margin of the alluvial
plain and upper terrace. The sediment profile consists of up to 12 feet of fill material in the
source (original contaminant release) area, underlain by 10-15-ft-thick till dominated by silty
clays interbedded with thin layers of sandy silts. Till is underlain by a layer of poorly sorted fine
to medium silty sand at a depth of about 25 ft. ’

The groundwater flow and downgradient contaminant migration is bound to discrete silty
and sandy layers interbedding mostly clayey silts and silty clays that dominate the geology of
the target area. The unconfined water table ranged from 13.28 to 22.51 ft below ground. The
relatively abrupt gradient change on the margin of the terrace and alluvial plain may provide for
partial groundwater confinement in the downgradient section of the impacted area. Water-table
fluctuation during the project was about 4.7 ft, with the highest levels recorded in June 2003 and
the lowest in November 2006. A summary of semiannual groundwater-monitoring data,
including a water-table map, is in Appendix B.

Reflecting on-site geology, the hydraulic parameters exhibit considerable horizontal and
vertical variability across the impacted area. In spite of low hydraulic conductivity for most of the
sediments, contamination was detected in MW-5 (over 200 ft downgradient from the source) as
early as 2 years after leak detection. Although previous undetected contaminant release cannot
be ruled out, deduced transport velocity of about 100 ft/year is higher than that derived from
results of hydraulic testing. Contamination as far as 300 ft from the source was confirmed in soil
samples. The layers of preferential flow that allow for transport of free- and dissolved-phase
contaminants off the site could have hydraulic conductivity several orders of magnitude higher
than ambient till. Groundwater table fluctuation is an additional factor contributing to
contaminant distribution, allowing for faster migration when the product-water interface is in
more permeable materials. This factor is even more pronounced under semiconfining conditions
or if the water level is as low as the sandy layer underlying the impacted area.

3.2 Remediation Systems
3.2.1 Extraction, Monitoring, and Injection Weli Fields

The extraction, injection, and monitoring well fields for full-scale contaminant extraction
and nutrient injection consist of four (4) extraction wells, 17 injection wells, and 14 monitoring
wells. Well fields were completed May 27 — June 1, 2003. Existing welis including wells
completed for the EERC pilot test [1] were integrated into the final extraction and monitoring well
field (Figure 1 and Appendix A). Based on hydraulic and pneumatic response during MPE and
hydraulic testing conducted in October 2002, the projected radius of influence for extraction
wells was 35-50 ft. Injection wells are located on the periphery or within the projected radius of
influence to allow for enhanced nutrient distribution in response to vacuum-induced depression.
Wells forming a permeable treatment zone in the southwest portion of the plume are spaced
approximately 20 ft apart to intercept groundwater flow and downgradient spreading of the
contaminant plume (Figure 1).

Extraction well boreholes were advanced by a 6-in.-i.d. (10-in.-o0.d.) hollow-stem (HS)
auger. Wells were completed with 4-in.-diameter flush-threaded PVC, Schedule 40, with a
0.020-in. slot screen and No. 30 red flint pack. Extraction wells were sealed and equipped with a
1-in. PVC suction tube extending 4-6 ft below the water table (at the time of operation).



Monitoring wells were advanced using 4-in.-i.d. by 8-in.-o.d. hollowstem auger and completed
as 2 in.-diameter flush-threaded PVC, Schedule 40 groundwater-monitoring wells. All extraction
monitoring wells were further equipped with pressure- and water-table-monitoring ports with a
%-in. drop tube extending to <1 ft from the bottom of the well.

Injection wells were advanced using the same drilling technology and completed with
2-in.-diameter flush-threaded PVC, Schedule 40, with a 10-15 ft of 0.020-in. slot screen. In the
absence of well-defined permeable preferential pathways in tight geology, this drilling and well
completion design was preferred to direct push injection points. Using the same gravel pack
material, this injection well construction provides about a 6.7 times (85%) larger contact area
per unit length and over 44 times (98%) larger storage volume above the water table (20 ft) than
a 1.5-in.-diameter direct push injection point.

Well completion data including geologic and survey logs are provided in the Technical
Progress Report for Apri-dune 2003 [6]. Following NDDH and EERC agreement on final
activities at the site from November 28, 2006, five monitoring wells, namely MW-2, MW-9, MW-
13, MW-14, and MW-15, were preserved for monitoring of site conditions and natural
attenuation parameters. The remaining extraction, injection, and monitoring wells including
piping and manifolds in the ground will be sealed in compliance with North Dakota
Administrative Code Article 33-18 and NDDH guidelines for well abandonment in April 2007.

3.2.2 Multiphase Extraction and Treatment System

In order to overcome site limitations associated with its urban location and high-traffic
areas, the EERC team in cooperation with Specialty Systems Integrators, Inc., designed and
constructed trailer-mounted extraction and injection systems powered by an auxiliary generator.

The mobile MPE system consists of a CoVac-300 4-stage, 15-hp, oil-free regenerative
blower with a maximum rating of 205 cfm and 24.5-in. Hg (135 ¢fm @ 24.5-in. Hg). Recovered
water and air pass through the 60-gal vapor—liquid separator (VLS) to the oil-water separator
(OWS) with a 60-gal product storage tank. Water from OWS overflows to a 60-gal equalization
tank, is charged in a Freije Series S treatment unit, and then pumped to a 5-stage air stripper
(AS). Water from the AS is filtered and treated by GAC (granular activated carbon) prior to
discharge. Offgas was treated in two vessels in series with 1000 Ib of vapor carbon each prior to
discharge to the atmosphere during the first month before representative offgas analyses
became available. A process and instrumentation diagram for the extraction system is provided
in Appendix C.

The extraction and treatment system is equipped with a NEMA 4 electric controller and a
programmable logic controller (PLC) allowing for system control and data acquisition. The entire
system is mounted on a 6- x 15-ft trailer platform. Basic operational parameters are
summarized in Table 1.

3.2.2.1 System Performance Monitoring and Sampling

The operation of the MPE and treatment system started on June 11, 2003. Operation of
the injection system started on June 18, 2003, after a sufficient hydraulic and pneumatic
depression was developed around the extraction well. Performance monitoring, effluent water,
and offgas sampling, including sampling of nutrient concentrations in the injected mixture were
conducted on a weekly basis. The relocation of remediation systems was performed after COC



trends in recovered groundwater and offgas exhibited asymptotic trends for a given extraction
field.

Table 1. Operational Parameters

Extraction Well VER-1 VER-2 VER-3 VER-4
Operated (2003) 6/10-8/5 10/15~11/1 8/5-9/3 9/4-10/15
Operated (2004) 7/14-8/31 6/1-7/8 - 9/14-10/7
Inlet Vacuum (in. Hg) 18.5-22.5 16-18 18.5-23 17-22
Wellhead Vacuum (in. H,O) 87.3-1049  165-170 NR' 141.3-144.2
Groundwater Flow (gpm) 0.4-2.2 0.9-2.4 0.1-0.6 3.1-3.6
Groundwater Recovered (gal) 167,356 101,837 118,417 111,626
Airflow (scfm) 37.4-48 32.7-39.1 24.2-41.3 21.1-42.9
Actual Time (day) 104 53 52 41
Runtime (h) 2420 807 915 542
Downtime (h) 90 463 324 441

' Not representative — wellhead dilution required.

3.2.2.2 System Water Quality

Samples of extracted water and treated effluent were analyzed for COC (benzene,
toluene, ethylbenzene, xylenes, phenols, and total petroleum hydrocarbons [TPH] as gasoline
range organics [GRO]), total iron and manganese, and suspended solids. Field measured
parameters included pH, electrical conductivity (EC), and temperature.

Values representing contaminant recovery confirmed declining trends in the source area
with a 95% GRO and BTEX decline in groundwater recovered between June 2003 and August
2004 (Figure 2). Contrary to the source area, relatively stable or even increasing COC
concentrations were documented downgradient from the source (Figure 3) in response to
vacuum-induced flow (and recovery) of residual contaminant in sediments underlying the
intersection of Bowen Avenue and 7th Street. A summary of extraction and treatment data is
provided in Appendix E-1; complete analytical documentation is in the respective technical
progress reports. A 100% water treatment system efficiency was achieved for BTEX removal.

3.2.2.3 Offgas Quality

Offgas quality from combined exhaust was monitored using charcoal tubes and real-time
monitoring of hydrocarbons, CO,, and O, using a photoionization detector (PID), a flame
ionization detector (FID), and a Summit hydrocarbon analyzer.

Offgas-sampling results using charcoal tube desorption and analyzed by gas
chromatography (GC)/FID are summarized in Appendix E-2. Volatile organic contaminants
(VOC) concentration trends from the 2003 extraction trial are provided in Figure 4. To overcome
fluctuating airflow velocities typical of MPE systems, offgas was collected in a 1-1 Tedlar bag at
a rate of approximately 0.3 I/min. Charcoal tube samples were subsequently collected directly
from the Tedlar bag using an SKC pump with flow regulated at 0.28 I/min. In addition, carbon
dioxide and oxygen trends in extracted vapors were monitored using the Summit analyzer. The
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Figure 3. COC trends in extracted groundwater — downgradient area (data from 2003).
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Figure 4. Hydrocarbon concentration trends in offgas — source area 2003.

mass balance for recovered VOCs and average emission loads was calculated based on results
of offgas analyses and average exhaust airflow corrected to standard conditions and reported to
NDDH on a quarterly basis.

Extremely high VOC concentrations peaked at 146,000 mg/m® (TPH) and 12,990 mg/m®
for BTEX during the first days of extraction and indicated the presence of considerable amounts
of residual FP trapped within the vadose and dewatered smear zone (Appendix E-2). VOCs in
offgas typically sharply declined within several weeks of operation of a new well field and were
below the NDDH required limit for VOCs of 16 Ib/hr.

3.2.2.4 Hydraulic and Pneumatic Response

Groundwater table monitoring at the extraction and monitoring wells was conducted on a
weekly basis during operation of remediation systems. In spite of tight site geology, pneumatic
and hydraulic response in the source area was confirmed at monitoring wells as far as 58 ft.
Hydraulic data indicate relatively slow response to induced gradient change, representative of
tight sediments.

3.2.3 Injection System

The injection system consists of a 375-gal equalization tank allowing for continuous or
batch injection feed. Water from the equalization tank is enriched with nutrients using an
automatic chemical/nutrient feed pump and oxygen from a generator using pressure swing
adsorption via molecular sieves to deliver oxygen into the water stream. Nutrient and oxygen-
enriched water passes through a high-pressure gas liquid contactor (GLC) prior to its diversion
into individual injection links. The entire system including its electronic process controllers is



mounted on an enclosed trailer. A process and instrumentation diagram for the injection system
is provided in Appendix C.

3.2.3.1 Injection System Performance Monitoring

Operation of the injection system in 2003 followed the relocation pattern of the MPE
system, starting in the source area after a sufficient hydraulic and pneumatic depression was
developed around extraction well VER-1. Formation capability to accept and conduct injected
water between injection and extraction wells exceeded original expectations based on hydraulic
testing. Nitrogen concentrations in injected water and groundwater extracted from well VER-1
indicate that nitrate breakthrough or recirculation of injected water occurred within the first days
of injection (Appendix D-3). After MPE recovery from the first location reached asymptotic
trends, the entire combined operation was relocated to the south (VER-3), southwestern (VER-
4), and northwestern (VER-2) corner of the plume (Figure 1). Injection system operation in
2004-2006 focused on nutrient delivery in the southwestern portion of the plume, creating a
permeable treatment barrier consisting of injection wells I-3, 4, 5, 6, 7, 8, 9, and 10 and VER-4.

City water enriched with oxygen (20-44 mg/l O,) and nitrogen in the form of a mixture of
liquid fertilizers UAN 28-0-0 (urea ammonium nitrate) and 10-34-0 (polyphosphate and ammonia
nitrogen) was injected into injection wells. The average nitrogen concentration in injected water
ranged from 20 to 38.8 mg/l (Appendix D-3). Background concentrations of nitrogen in
groundwater upgradient from the contaminant plume documented from unimpacted well MW-3
ranged between 62 and 78 mg/l during the project. Nitrogen concentrations in most wells within
the impacted area were below detection limits. Similarly, the results from injection wells forming
a permeable barrier sampled in October 2004, May 2005, and October 2006 (after four injection
seasons were completed) document fast nitrogen consumption, indicating both a severe deficit
of electron acceptors within the plume and active biodegradation.

Over 1.7 million gallons (6.7 m®) of O,-oversaturated and nutrient-enriched water was
injected between June 2003 and September 2006. A total of 1504 Ib (682 kg) of ionic nitrate
(338 Ib-153.4 kg nitrogen) and 540 Ib (245 kg) of oxygen was delivered to the contaminated
aquifer to stimulate in situ biodegradation processes. A summary of injected volumes is
provided in Table 2, mass balance estimates for primary electron acceptors (oxygen and nitrate)
are presented in Appendix D-3.

Table 2. Injection Mass Summary

Date Water Injected N 0O,
Season Start End (gal) (kg) (kg)
2003 06/16/03  11/03/03 554,985 28.9 92.9
2004 06/08/04  10/07/04 546,261 41.7 65.0
2005 06/22/05  09/13/05 382,850 53.1 450
2006 06/12/06  09/06/06 282,788 29.7 41.7
Total 1,766,884 153.4 244.6

3.3 Contaminant Recovery and Degradation Estimates

The contaminant mass removal estimates were determined using the volumes for
extracted groundwater and vapor and average VOC concentration obtained during two



consecutive sampling events. A total of 499,119 gallons (1,889 m®) of groundwater and
11 million ft* (~313,000 m®) of soil vapor was extracted from recovery wells during two extraction
seasons, resulting in removal of 13,630 Ib (6,183 kg) of hydrocarbons prior to stripping and an
additional 66.5 Ib (30 kg) from the treated groundwater. The average liquid flow rate was
approximately 2.1 gpm, ranging from 0.9 to 5.5 gpm, depending on performance of individual
wells (Table 1); the airflow rate ranged from 21.1 to 60.2 scfm. The mass of recovered
contaminant is equivalent to approximately 2176 gallons (8,236 1) of product, assuming a
specific gravity for gasoline of 0.75 g/cm®.

Total summary of contaminant recovery is in Table 3; data for mass removal calculations
are provided in Appendix D; cumulative recovery is presented in Figure 5.

Table 3. MPE System Contaminant Recovery

Phase 2004 2003

Vapor (Ib) 4325 9306

Liquid (Ib) 21 455

Total (Ib) 4346 9351.5 13,698
16.000 EERC JS29226.CDR
5000 TPH Vapor

MW TPH Water

Cumulative TPH, Ib
S
8

Run Time since Start-Up, hours

Figure 5. Total hydrocarbon removal.

Over 1.7 million gallons (6.7 m®) of O.-oversaturated and nutrient-enriched water was
injected, delivering 1504 Ib (682 kg) of ionic nitrate and 540 Ib (245 kg) of dissolved oxygen to
the contaminated aquifer. Based on simplified stochiometry for electron donors (petroleum
hydrocarbons) and electron acceptors, a reduction of 1 mg/l of dissolved oxygen consumed by
microbes results in biodegradation of 0.32 mg/l of benzene, and each 1 mg/l of ionic nitrate
contributes to biodegradation of 0.21 mg/l of benzene. Injected volumes for oxygen and nitrate
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translate into in situ reduction of 489 Ib (222 kg) of benzene and provide for long-term
stimulation of the natural attenuation process. A summary of injected volumes is provided in
Table 2, mass balance estimates for primary electron acceptors (oxygen and nitrate) are
presented in Appendix D-3.

In addition to contaminant recovered by extraction and reduced by in situ biodegradation
as a result of nutrient injection, a total of 4136 Ib (1876 kg) of oxygen was delivered to the
saturated zone during operation of the MPE system in 2003 and 2004, assuming 2% oxygen
transfer efficiency [7] and 11 million ft* (313 thousand m®) soil vapor exchanged/recovered. By
providing the necessary electron acceptor and using the same stoichiometry as for injection
estimates, this volume translates into further in situ reduction of 1324 Ib (600 kg) of
contaminant. Contaminant recovery/degradation breakdown is provided in Table 4. It is
apparent that MPE technology using air as the primary contaminant carrier by far exceeds COC
recovery and degradation efficiency of conventional pump-and-treat or in situ degradation based
only on nutrient injection.

Table 4. Contaminant Recovery/Degradation Breakdown Estimates

Total
COC Recovered/Degraded (Ib) (kg) (gal) (%)
Vapor Extraction 13631 6183 2178 87.9
Water Extraction 66.5 30 11 04
Nutrient Injection (NO;, Dissolved O,) 489 222 78 3.2
Degradation by Air Exchange/O, Delivery 1324 601 212 8.5
Total 15,111 7036 2478 100.0

3.4 Groundwater Quality Monitoring
3.4.1 Sampling Program

Monitoring and extraction wells were sampled for BTEX, GRO, and biodegradation
indicators on a semiannual basis to document overall remediation system impact on
groundwater quality compared to original site data collected in June 2003 (prior to system start-
up). The final sampling was conducted on November 10-11, 2006.

Groundwater samples were collected using disposable PVC bailers, preserved on-site,
and stored on ice prior to and during shipment. Samples for dissolved metals were filtered using
0.45-um Geotech disposable filters. Analyses were conducted by MVTL in Bismarck, North
Dakota, and New Ulm, Minnesota. Quality assurance/quality control samples included
duplicates, equipment blanks, field blanks, and trip blanks for each sampling event. Field-
monitored water quality parameters were measured in wells with an YSI-556 multiprobe.

3.4.2 Water Quality Trends

Consistently declining trends and 50% average COC reduction are documented from
wells in the source area, namely VER-1, MW-1, MW-2, and MW-9. FP thickness downgradient
from the source area was reduced in well MW-5 (sheen) but remains variable in wells MW-4
(1.8 ft) and VER-2 (1 ft, Civic Center corner) and in hydraulically isolated MW-6 (2.42 ft). COC
concentrations around VER-2 and VER-4 indicate that formation of a hydraulic depression
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around extraction wells in response to MPE accelerated the flow (and recovery) of residual
contaminant in sediments underlying the intersection of Bowen Avenue and 7th Street.
Observed COC trends for wells downgradient from the source area suggest that the majority of
contaminant is trapped within the smear zone underlying the noted intersection, and any
downgradient migration is limited by extremely low hydraulic conductivity and limited hydraulic
connectivity of potential preferential pathways in silty clays.

A contaminant isoconcentration map for BTEX indicating the geometry of the contaminant
plume as of October 9, 2006, is presented in Appendix F; a summary of groundwater analyses
is in Appendix G-1.

With respect to prevailing groundwater flow direction (Appendix B), location of the
abandoned landfill, and occurrence of contaminated soils discovered during construction of the
Civic Center, the origin of contamination in this area is likely not related only to the source area
and may suggest the presence of additional contaminant source(s).

Summary tables for biodegradation indicators are provided in Appendix G-2. Compared to
unimpacted wells (outside of the plume), and in spite of an increased nitrogen load in the
nutrient mixture injected, biodegradation indicators persistently exhibit trends typical for an
anaerobic contaminant plume with suppressed oxygen, nitrate, phosphorus, and sulfate
concentrations; elevated concentrations of organic carbon; and reduced forms of iron and
manganese. Analyses from monitoring wells presented in Appendix G-2 indicate that oxygen,
nitrogen (both in nitrate—nitrite and ammonia form), and sulfate, as primary (high energy)
electron acceptors during biodegradation, are effectively consumed within the plume area.
Nitrate levels remain above nondetect levels only in the background and a few injection wells
and appear to be quickly consumed by indigenous bacteria within the plume. Under prevailing
reducing conditions and excess carbon (contaminants) within the contaminant plume, the deficit
of electron acceptors and imbalance between C-N-P considerably reduce biodegradation
potential. Increased ammonia nitrogen (representing nitrate injected and reduced to ammonia N
under anaerobic conditions) is documented from wells MW-1, 2, and 9 in the source area and
well MW-4, MW-12, and I-8.

3.5 Technical and Economic Summary and Discussion

The remedial strategy was based on application of two innovative concepts: 1) design and
deployment of the mobile extraction, treatment, and injection units to overcome site limitations
associated with urban setting in high-traffic areas and 2) vacuum-controlled nutrient injection
within and on the periphery of an induced hydraulic and pneumatic depression.

High contaminant removal efficiency of dual-phase (multiphase) extraction technology is a
result of a combination of simultaneous extraction of water and vapor. It follows from
contaminant recovery/degradation breakdown estimates (Table 4) that vapor extraction
efficiency by far exceeds that for groundwater (in this case by a factor of 205) and, to a certain
extent, draws a comparison between soil vapor extraction and pump-and-treat systems.
Documented high contaminant recovery using vapor as a primary carrier could not, however, be
achieved without simultaneous dewatering of the targeted smear zone.

An additional advantage of dual-phase extraction is air exchange/oxygen delivery to the

contaminated zone during operation of the MPE system. Because quantification of in situ
oxygen partitioning between soil- and groundwater-bound contaminants and their subsequent
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reduction is extremely difficult, this means of degradation, albeit substantial, is often not
considered by the environmental industry in mass balance estimates.

Based on project cost and total contaminant recovery of 14,187 Ib per unit, the cost for
contaminant recovery was $48.9/lb ($107.70/kg). If in situ degradation resulting from oxygen
delivery is considered, the cost would be $44.70/lb ($98.60/kg) of contaminant
recovered/degraded. The relatively high cost per unit of contaminant recovered/degraded
reflects on the site location in a developed urban setting, the requirement for initial offgas
treatment and a robust monitoring program, as well as site abandonment activities being
integrated into the total project cost.

4.0 CONCLUSIONS

A total of 499,119 gallons (1889 m®) of groundwater and 11 million ft® (~313,000 m°) of
soil vapor were extracted from recovery wells during two extraction seasons, resulting in
removal of 13,630 Ib (6183 kg) of hydrocarbons prior to stripping and an additional 66.5 Ib
(30 kg) from the treated groundwater. The mass of recovered contaminant is equivalent to
2176 gallons (8236 I) of product recovered at the site since the beginning of the project in June
2003. ,

In situ delivery of 1504 Ib (682 kg) of ionic nitrate and 540 Ib (245 kg) of dissolved oxygen
conducted in 200320086, i.e., four injection seasons, translates into further reduction of about
489 Ib (222 kg) of benzene for the same period and provides for long-term stimulation of the
natural attenuation process.

In addition to contaminant recovered by extraction and reduced by in situ biodegradation
as a result of direct nutrient injection, a total of 4136 Ib (1876 kg) of oxygen was delivered to the
saturated zone during operation of the MPE system in 2003 and 2004. By providing the
necessary electron acceptor, this volume translates into further in situ reduction of an estimated
1324 Ib (600 kg) of dissolved-phase hydrocarbons.

Based on groundwater-sampling results documenting declining COC trends in the source
area, stagnant plume with rate-limited release of residual contaminant, and low environmental
risks, NDDH approved termination of corrective action and initiation of site abandonment. Wells
MW-2, 9, 13, 14, and 15 will be preserved for postclosure site monitoring.
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APPENDIX A

SITE PLAN AND EXTRACTION/INJECTION WELL
FIELDS
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GROUNDWATER TABLE MONITORING —
SUMMARY OF DATA



MW-11

_$_1623.65'

7
6;3{? 1626
D. (W
MW-5

e}
A
7
76;3 6‘%5\
S
7
6‘97_5 \
0-
\ng
1623, 7|
" ©
mMw-13, H14 VER-Z |
1624.2 |-2AG ‘

210
34 19

mw-12 2
-4 1624.15' VER-4

624

G

MW-14 -6 )
1624.3 -6

MW-10

‘4}1623480‘

e

19808 41/

\ A & B Pizza

Mr. Muffler

Bowen Avenue

ER-3
1824.62

nAVAL O

{PMWJ 5

1624.15'

i

NIVV=O

1624.70°

Denny's

Water Levels, October 9, 2006

Explanation

- GroundWater Monitoring Well
A Injection Well
&) Extraction Well

hezs.oo-  Water Level




G/'0 40 aujjoseB jo Ajaelb olj108ds LUO paseq S| UC|J084I00 d4
(82110U 1NOUNM JBA0 paaed) 8]qissedd8Ul S| L-MIN IBM - PaInsesW 1ON - AN
Buiseo Jo doj Jo uonejusWNSU| peaYjjem Jaye Juiod Butnseaw - (D0 L) dIN,

SL'pZol  SL'pe9lL 89'¥C9lL  6¥'GZ9L 0L'GZ9L 88'SZOL  WTWZ9L €LPC9L  TTGC9L  95°GZ9L G9'9Z9L  98EY9L  CO'vvSl gL-MIN
0E've8l  99'pC9L  SSPZ9L  9y'SC9L 689l 69629 BOVZOL  ¥Y9VZ9L ¥8'wT9L  LE'STOL €6'GZ9L LZ'EYSl  eyevsl vi-MIN
9C'veol  L8'WZSL  €L¥C9L  09'GZ9) 80'GZ9L  G6'GZ9L  SEYEOL 069l  €6vT9l  ¥SSZIL G99Z8L  pS¥YSL  €0'Svol CL-MIN
SL'vc9l  8L¥Z9lL  Z9'¥C9L  pSLZOL €6'vZ9L 06'SZ9L  8L'vZ9L  08'PZ9L  89PZ9L €p'SZ9L 8L'9TOL  8Y'YYOL  v8YPOL ZL-MIN
g9'ecol  0E€yeol  €L'pc9l 80929l 0¥'929L €9°6Z9L Z8'€T9L  €TwZ9l  SLvZ9L  €9'pZ9L CZ9'SC9L  LSTySl  i18ewol FE-MI
08'edsl Iv'peol 0ewe9l  8Z'SZ9L L9pC9L BG'SGZ9L  68€Z9L 60VZ9L  TZve9l L8'pC9L LE'9Z9L  BS6E9L  98°6ESL Ob-MIN
S1'9Z9L 89'GZ9) 89STOL  GL'9Z9L LL'9Z9L S9'9Z9L  8v'ST9L €0'9Z9L  ¥8'9CSl  vL'yZ9l LELZ9L  €8°9¥9lL  00'LvSi 6-MW
AN AN WN EV'SColL /8yC9L 0.'928h  L0'wZ9L LyvZYL  09'P2Z9L 91929l GL'9C9l  G6'¢Cv9lL  6BLEvS LM
0Lve8l  vZ'se9l  Sewedl  Q1'SZ9L 16'SZ9L L0929 68'vZ9L  GL'SZ9L  0L'829L  99'9Z9L 0L'LZ9L  I6'WPIL  pL'SPOl 9-MIN
L0vCOL  €9VC9L  SY'yZol  8E'GCSL 8SWI9L  vL'GZ9L  98'€T9L  €TPZ9L  LSwZ9L 0L'GZ9L vE9Z9L  8EEV9L  ¥BEVIL S-MIN
Sl'ecol  L0'9C9lL  CB6've9l  68'GZ9L 0€GZ9L  €L'9Z9L  9y'pZ9l 005294 S6'SZ9  €0'9Z9L v8'9Z9L  0S'Sv9l  vOov9l 7-MIN
89°'Lcol  06'[<9L 11'8Z9L  ¥8'LC9) €v'8Z9L GE'8T9L  98'/Z9L 9€'8ZY9L 0LBZYL 686Z9L 98'829F  STBY9L  S9'8V9L e-MI
b9'GZoL G1'9Z91 BL'9T8L  8y'9Z9L 95°'9Z9L 86'929L  96'GZ9L  2TG9Z9L  L€L29  1G/Z9L T9.T9L  SL'8y9L  Sy'8vol "MIN
08'GC9L S6'GC9L 00929l  6€'929) 6E9C9L T89ZOL  G9GZ9L  €£L9Z9L  10/Z9L  0S0£9L G9.29L  SLGY9L  €L'9vel F-MIN
00°9c9l VL9291 ¥SWCSL  6Y'ST9L LBYZYL  €8'GTSL  LL'WZ9L Z9VZSL  99'vZ9L GTSZ9L 8vy'9z9L  06°ev9l  SLvvol y-d3A
¢G'vc9l 80'GC9l  y0'SCOl  I8'ST9L E€pSTOL  8L'9T9L  B9VZOL  LL'SZ9L 6Z8T9L  9S'9Z9L L6'929L  90'GY9L  TEGP9L g-d3dA
PL'PCOL  L6'PZ9L  2Z8'vZ9L  99'GZ9L €2T'SZ9L 90'9Z9L  PSYZ9L S0'GZ9L  vi'SZ9L  pLGTOL GL9T9L  6L'PYIL  80'SH9L <-ddA
8cGc9l 2/6C9) 28SC9L  92'9T9L 61'929h L2929 LG'SZ9L  2E'9Z9L  L0/Z9) AN 1G'/28) L6'9¥9L  LLApS) at-E7\
90/60/0L  90/£1/S0 SO/6L/LL  SO/LL/ISO  ¥O/€2/OL  vO/VT/YO  €0/BL/LL  €0/9L/0L  £0/0/60 £0/S0/80 €0/94/90 AD00L) dW PuUnoig  dlliem

189/ Ul SUOIJEAS|T

S|8Ad7 19)eMPUNO.IL)



APPENDIX C

RECOVERY AND INJECTION SYSTEMS
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APPENDIX D

MASS BALANCE WORKSHEETS



APPENDIX D-1

CONTAMINANT RECOVERY - LIQUID PHASE



CONTAMINANT RECOVERY

TPH - Liquid Phase 2003 Season

Date Totalizer Flow TPHyaer BTEXuuer TPHuace  BTEXass
(gal) (gpm) mg/| mg/l (Ib) (Ib)
Recovery Field VER-1
06/10/03 1209 0.4 72.8 37.0 0.1 0.0
06/11/03 1987 0.8 525 246 0.4 02
06/19/03 12325 1.0 61.4 297 4.9 2.3
06/24/03 25345 1.7 475 255 59 3.0
07/01/03 44317 2.1 407 19.6 7.0 35
07/10/03 69215 2.2 254 13.7 6.9 3.4
07/16/03 80510 1.3 34.1 16.5 2.8 1.4
07122103 85176 0.5 31.1 12.4 1.3 0.6
07/29/03 97011 1.2 19.3 8.1 2.5 1.0
08/05/03 117528 1.9 11.7 4.1 2.7 1.0
Recovery Field VER-3
08/06/03 117599 0.1 0 0.1 0.0 0.0
08/12/03 120139 0.4 0 05 0.0 0.0
08/26/03 128703 0.6 0] 0.0 0.0 0.0
09/03/03 135198 06 0.9 0.6 0.0 0.0
Recovery Field VER-4
09/04/03 135198 3.6 1.9 0.5 0.0 0.0
09/11/03 158645 36 6.6 2.4 0.8 0.3
09/24/03 176000 34 54 2.7 0.9 0.4
10/03/03 207888 3.4 54 2.1 1.4 0.6
10/08/03 231847 3.6 6.1 2.8 1.1 0.5
10/15/03 246824 3.1 6.1 2.8 0.8 0.3
Recovery Field VER-2 ’
10/17/03 248231 0.9 24.9 11.6 0.3 0.1
10/22/03 257319 1.4 247 12.9 1.9 0.9
10/29/03 261330 1.7 352 15.3 1.0 0.5
11/01/03 271190 2.4 352 15.3 29 1.3
Total 269,981 45.5 21.4

Tables Rep

H Mass Balance

Hazen DPE
12/21/2006 1:53 PM



CONTAMINANT RECOVERY

TPH - Liquid Phase 2004 Season

Date Totalizer Flow TPHyater BTEXuaer TPHpass BTEX naes
(gal) (gpm) mgll myg/l (Ib) (Ib)
Recovery Field VER-2
06/01/04 20023
06/02/04 21000 0.9 106.8 516 0.9 0.4
06/03/04 23899 2.3 25.46 141 16 0.8
06/09/04 43763 4.2 30.65 14.9 4.7 2.4
06/17/04 56642 16 26.35 14.5 3.1 1.6
06/22/04 64260 2.0 21.29 10.9 1.5 0.8
06/29/04 76025 2.0 19.31 11.0 2.0 1.1
07/07/04 92489 2.3 11.44 4.9 2.1 1.1
07/08/04 97495 26 11.44 49 0.5 0.2
Recovery Field VER-1
07/14/04 97495
07/14/04 97546 0.1 5.49 2.2 0.0 0.0
07/20/04 102139 0.9 14.48 7.0 0.4 0.2
07/27104 109470 0.7 11.44 4.9 0.8 04
08/05/04 119231 0.7 11.04 4.3 0.9 0.4
08/11/04 125570 0.7 8.89 3.5 0.5 0.2
08/17/04 132269 0.7 6.23 2.3 0.4 0.2
08/23/04 137900 0.7 541 2.0 0.3 0.1
08/31/04 148414 0.8 4.32 14 0.4 0.1
Recovery Field VER-4
09/14/04 320
09/15/04 8698 4.0 1.89 06 0.1 0.0
09/22/04 19327 55 1.62 06 0.2 0.1
10/01/04 63514 46 0.79 0.3 0.4 0.2
10/07/04 101067 45 0.78 04 0.2 0.1
Total 229,138 21.0 10.2

Tables Rep

B Mass Balance

Bismarck MPE/BIO
12/11/2006 5:31 PM



APPENDIX D-2

CONTAMINANT RECOVERY - VAPOR PHASE



CONTAMINANT RECOVERY

TPH - Vapor Phase 2003 Season
Date  Runtime Q,; Volume  TPH,,' BTEX,' TPH,.. BTEX,,..

(cum. h) (cfm) (1000 ft) (mg/m®)  (mg/m°) (Ib) (Ib)
Recovery Field VER-1
06/10/03 53 476 15 75,700 5555 72.0 0.5
06/11/03 225 476 49 91,450 871.5 255.9 2.2
06/19/03 201.9 47 .2 508 47,400 631.0 2201.6 23.7
06/24/03 327.3 42.2 317 36,850 1091.5 834.9 17.0
07/01/03 478.8 421 383 30,000 921.5 798.5 23.9
07/10/03 670.8 37.4 431 31,800 1239.0 831.1 28.9
07/16/03 814.1 385 331 48,300 1345.0 8281 26.6
07/22/03 959.4 406 354 46,350 610.0 10456 21.5
07/29/03 1119.3 40.5 388 31,450 846.0 943.2 17.5
08/05/03 1294 .9 40.5 427 19,000 531.0 672.2 18.2
Recovery Field VER-3
08/06/03 1307.9 24.2 19 140 37.0 0.1 0.0
08/12/03 1412.6 41.3 259 0 0.0 1.1 0.3
08/26/03 1655.9 35.7 521 0 0.0 0.0 0.0
09/03/03 1841.8 37.6 419 0 0.0 0.0 0.0
Recovery Field VER-4
09/04/03 1844.3 36.6 6 7,195 30.0 1.3 0.0
09/11/03 1948.9 37.4 235 9,895 88.0 125.2 0.9
09/24/03 2034 .4 37.9 194 2,835 43.0 77.2 0.8
10/03/03 21904 429 402 3,375 33.0 77.9 0.9
10/08/03 2302.7 41.9 282 3,735 41.0 62.6 0.6
10/15/03 2384.2 419 205 3,735 41.0 47.8 0.5
Recovery Field VER-2
10/17/03 24111 327 53 11,600 2390 19.1 04
10/22/03 2516.6 391 248 16,650 416.0 218.4 5.0
10/29/03 2556.1 39.1 93 11,395 224.0 81.1 1.8
11/01/03 2623.2 39.0 157 11,395 224.0 111.7 2.2
Total 6,296 9,306 193

Bismarck MPE/BIO
Tables Rep B Mass Balance 12/11/2006 5:33 PM



CONTAMINANT RECOVERY

TPH - Vapor Phase 2004 Season

Date Runtime Q.. Volume  TPH,' BTEX,,' TPH,... BTEX .
(cum. h) (cfm) (1000 ft’) (mg/m’)  (mg/m®) (Ib) (Ib)
Recovery Field VER-2
06/01/04 85,200 1661.4
06/02/04 18.0 32.2 35 85,200 1661.4 185.3 36
06/03/04 38.7 31.0 38 46,200 832.5 157.4 3.0
06/09/04 116.9 31.3 147 39,400 928.0 3926 8.0
06/17/04 251.7 27.4 222 35,300 957.2 516.5 13.0
06/29/04 4135 31.3 304 24,900 1060.3 571.3 19.0
07/07/04 535.3 313 229 25,000 829.8 430.5 13.4
07/08/04 568.0 31.3 61 25,000 830.3 114.7 3.2
Recovery Field VER-1
07/14/04 580.9 35.6 28 34,850 137.0 40.2 0.2
07/20/04 667.5 59.2 308 27,250 862.5 321.6 9.5
07/27/04 838.5 404 415 19,550 611.1 335.7 19.0
08/05/04 1060.3 40.8 543 13,950 424.5 374.5 17.4
08/11/04 1202.3 40.8 348 12,000 282.7 290.8 76
08/17/04 1351.7 406 364 10,100 233.4 344.8 5.8
08/23/04 1484.5 60.2 480 16,700 801.0 219.3 15.4
08/31/04 1693.1 59.8 748 13,650 665.5 26.8 341
Recovery Field VER-4
09/15/04 1727.6 21.1 44 995 66.9 26 0.2
10/22/03 1759.8 21.1 41 151 7.7 0.6 0.1
10/29/03 1920.3 -23.0 222 1,380 255 0.0 0.2
11/01/03 2060.9 22.8 192 510 10.3 0.0 0.2
Total 4,766 4,325 173

Bismarck MPE/BIO
Tables Rep B Mass Balance 12/11/2006 5:31 PM
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