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Reviewed by: Klint Reedy, Black & Veatch Corporation

Subiject: Trichloroethylene (TCE) Issues

1.0 Introduction

The pump station forebay for the proposed Northern Integrated Supply Project
(NISP) is located directly south and east of a former Atlas “E” Missile Site.
Trichloroethylene (TCE) was utilized at the site to flush fuel tanks after missile readiness
tests. A series of U.S. Army Corps of Engineers (USACE) reports have identified that
TCE has migrated from the missile site to an area beneath the northwest corner of the
proposed forebay. This memorandum includes the following sections: TCE plume
location and migration information, estimates of the potential impact of TCE
contaminated groundwater on water quality in Glade forebay, concepts for installing a
low permeability liner system for the Glade forebay, and methods for treatment of TCE
contaminated groundwater.

2.0 TCE Plume Location and Migration

The location of the TCE plume relative to Fort Collins and Greeley Poudre River
diversion locations is shown on Figure TCE-1. The plume is located approximately 1.1
miles to the southeast of the location where Fort Collins diverts water from the Munroe
Canal into the Pleasant Valley Pipeline. The plume is also located approximately 1.0
mile to the northeast of the location where Greeley diverts water from the Poudre River.
Figure TCE-2 shows the currently understood limits of the TCE plume, the migration
path of the plume, and range of TCE concentrations within the plume, as documented in
the USACE, Final Feasibility Report, April 2007.

The current migration path of the plume is to the southeast, following the existing
ground surface slope and the existing groundwater gradient. Also, the TCE
concentrations are lower in samples taken further away from the missile site. USACE
reports indicate this degradation of TCE is due to physical, chemical, and biological
activity occurring in the aquifer.

Detailed three dimensional groundwater modeling was performed as part of the
USACE investigations and this modeling predicts slow and steady migration of the
plume in the south-southeast direction away from the Fort Collins and Greeley diversion
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points on the Poudre River. Groundwater water modeling to analyze how NISP
operations might impact the current migration path has not been conducted. However,
earthen dams similar to the proposed Glade dam typically have some degree of
seepage around, under, and through the dam. Preliminary design concepts for Glade
dam include cutoff walls and low permeability barriers deep below the center of the dam
and into the left and right abutments. The preliminary dam design also includes a
seepage control system integrated into the downstream portion of the dam. If these
seepage control measures are effective, the TCE plume would not be hydraulically
connected to the dam and there would be no impact from dam seepage on the
migration of the TCE plume.

Hydrogeology in the area is complex due to the existence of a mixture of
geologic formations. Furthermore, groundwater flow does occur within water bearing
zones of fractured sandstone bedrock. Based on subsurface exploration in the vicinity
of the TCE plume, there are five water bearing zones located at varying depths. Due to
this complexity, it is difficult to definitively state whether or not NISP operations would
impact the TCE plume. It may be possible for water bearing zones contaminated with
TCE to become hydraulically connected to water bearing zones conveying seepage
from the dam. If this were to occur, limited geologic information indicates that the TCE
plume migration path could be redirected from its current south-southeast migration to a
more southerly direction as shown on Figure TCE-3.

Although additional groundwater modeling supported by extensive exploration
could aid prediction of NISP impacts on the plume migration, a more cost effective and
timely approach would be to install monitoring facilities as part of the NISP project. In
the event that future monitoring indicated the NISP project was impacting plume
migration, and TCE contamination began to migrate in an undesirable direction or at an
accelerated rate, mitigation alternatives could be implemented to contain, redirect, or
remediate the plume.

Mitigation alternatives could include installing a well field to intercept and treat
the plume, or implementing in situ treatment techniques to reduce groundwater TCE
concentrations to acceptable levels. Mitigation alternatives are described in more detail
in the following sections and in the appendix of this memorandum.

3.0 Potential Impact of TCE Plume on Glade Water Quality

Continuity of subsurface TCE contamination beneath the footprint of the
proposed Glade Reservoir forebay is uncertain. Consequently it is not clear if
contaminated groundwater flow in the region could adversely impact NISP water quality.
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As indicated on Figure TCE-3, TCE concentrations in groundwater samples from
monitoring wells that penetrate the forebay footprint have been less than 1 ug/L:

e Monitoring well 13-MW18 measured TCE concentration was 0.6 pg/L in water
bearing zone 2, which is located between 40 feet and 50 feet below the
ground surface.

e Monitoring wells 13-MW13 and 13-MW21 measured TCE concentrations
were less than the method detection limit in water bearing zone 3, which is
located between 55 feet and 64 feet below the ground surface.

e Monitoring well 13-MW17 measured TCE concentration was less than the
method detection limit in a formation outside the forebay footprint and much
closer to the contamination source.

In the event that TCE contaminated groundwater were to infiltrate the forebay,
the impact on water quality within the forebay could be conservatively estimated using a
flow-weighted mass-balance approach. From USACE reports, the plume width at the
forebay perimeter is approximately 1,400 feet, (Figure TCE-3),water bearing zone 1 has
been estimated to be 5 feet thick with 30 percent porosity, and groundwater velocity in
the direction of the forebay has been estimated at 131.4 feet per year. The highest TCE
concentration measured in the plume to date was 140 pg/L, which occurred at a single
location. Based on these values, and assuming no mitigation features to minimize
groundwater infiltration were implemented in the Glade forebay design, approximately
2,520 cubic feet of groundwater could feasibly enter the Glade forebay over a 24-hour
period.

Review of proposed NISP operating conditions indicates that the maximum
anticipated residence time in the forebay would be 15 days, resulting in a total of 37,800
cubic feet of contaminated groundwater entering the forebay over that period. When
this volume of contaminated groundwater is mixed with the remaining 65,302,000 cubic
feet of non-contaminated surface water that would be present in the 1,500 acre-foot
forebay, and assuming no loss of highly volatile TCE to the atmosphere, the resulting
blended concentration of TCE would be 0.08 pg/L. This concentration is nearly two
orders of magnitude less than the drinking water maximum contaminant level (MCL) for
TCE of 5 pg/L. Using the same groundwater flow and mixing assumptions, the TCE
concentration would become several orders of magnitude lower due to additional
dilution upon transfer of forebay water to either Glade Reservoir or Horsetooth
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Reservoir. Considering the highly conservative nature of this mass-balance analysis, it
is not likely that infiltration of TCE contaminated groundwater into the Glade forebay
would result in exceedance of TCE standards in nearby municipal drinking water
supplies.

4.0 Forebay Liner and Groundwater Collection System

Although contaminated groundwater infiltrating into the forebay is not anticipated
to measurably impact water quality, there is concern that NISP project water could
percolate from the forebay into the local aquifer, and this loss of water could reduce the
NISP project yield. For this reason, NISP project participants are prepared to
incorporate a low permeability liner into the forebay design. This liner would be
effective in limiting leakage from the forebay and it would also limit the potential
interaction between TCE contaminated groundwater and the water in the forebay.

Figure TCE-4 shows how a forebay liner system integrated with a groundwater
collection, conveyance, and treatment system could both limit the potential for TCE
groundwater to enter the forebay and also provide a means to treat TCE contaminated
groundwater that migrates towards the forebay liner system. Air stripping, possibly
followed by vapor phase granular activated carbon off-gas adsorption, is the most likely
treatment method. Figure TCE-5 shows a typical packed tower air stripping system for
TCE removal. The appendix of this memorandum provides more detail on this and
other potential treatment methods that could be utilized to reduce groundwater TCE
concentrations to acceptable levels.

5.0 Conclusions
Based on the analyses documented herein, the following can be concluded:

e Groundwater modeling performed as part of the USACE investigations on the
TCE plume indicate the plume is currently migrating in the south-southeast
direction away from the Fort Collins and Greeley diversions from the Poudre
River.

e Due to geologic complexity in the area, it is difficult to definitively state if NISP
operations would have any impact on the TCE plume migration. However, if
NISP operations were to result in plume migration in an undesirable direction or
at an accelerated rate, mitigation alternatives could be implemented to contain,
redirect, or remediate the plume.
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Due to geologic complexity in the area, it is difficult to definitely state if the TCE
contaminated groundwater would flow into the Glade Reservoir forebay at an
appreciable rate. However, conservative calculations indicate that if this were to
occur, the concentration in the forebay (after blending with non-contaminated
surface water) would be nearly two orders of magnitude less than the drinking
water TCE MCL. Additional dilution in either Glade Reservoir or Horsetooth
Reservoir would likely result in TCE concentrations less than method detection
limits.

Due to a desire to limit the potential loss of water from the Glade Reservoir
forebay due to leakage, the NISP participants are prepared to incorporate a
semi-permeable liner system for the forebay. This liner system would create a
barrier between the water in the forebay and the local groundwater. A drain
system would also be provided to collect and convey intercepted groundwater
away from the liner system to a central point for treatment.

The existence of the TCE plume may require implementation of mitigation
measures discussed in this memorandum, but it does not represent a fatal flaw in
the siting or operation of the proposed NISP facilities.
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TCE Issues Appendix

This memorandum focuses on conveying groundwater collected by the proposed
Glade forebay liner system to a location on the southwest side of the forebay. If the
groundwater is not contaminated with TCE, the water could be released directly to the
local natural drainage. This memorandum, indicates that if TCE concentrations above
the maximum containment level are encountered, then an ex situ air stripper system
would be utilized to treat the groundwater to below maximum containment levels before
releasing to either the Glade forebay or the natural drainage system. The following
material presents alternate approaches that could also be considered for remediation of
TCE contaminated groundwater.

Several proven in situ and ex situ remediation technologies are available to treat
TCE-contaminated groundwater. In situ technologies include in-well airs stripping,
chemical oxidation, and permeable reactive barriers. EXx situ technologies are traditional
pump and treat methods using either air stripping or carbon adsorption to remove the
contaminants from the groundwater. These technologies are detailed in the following
paragraphs. Except where noted, information and figures on the various technologies
presented here are from the Federal Remediation Technology Roundtable’s
Remediation Technologies Screening Matrix and Reference Guide, Version 4.0 (FRTR,
2008).

In-Well Air Stripping

In-well air stripping as developed by Accelerated Remediation Technologies, Inc.
LLC (ART), combines in-situ air stripping, air sparging, soil vapor extraction, and
enhanced bioremediation/oxidation into one wellhead system (ART, 2006), as shown on
Figure TCE-Al. In this system, volatile organic compounds (VOCs) are removed from
groundwater due to the combined effects of in-well air stripping and in-well air sparging.
Air is injected into a stripping well below the groundwater table. As the air bubbles rise,
water is pushed up the riser pipe toward the top of the water column. This movement
forces water at an upper screen to be pushed out into the formation, while water from
the formation is drawn in at a lower screen. A pump at the bottom of the well
contributes to this cycling by drawing water from the formation and discharging it
through a spray head located at the top of the well. Both bubbler and spray head action
results in increased aeration of the water column. This increased aeration causes
volatile contaminants to transfer from the dissolved phase to the gaseous phase. A
vacuum blower removes the organic vapor from the annular casing where, if needed,
the contaminants can be thermally treated or adsorbed onto an activated carbon bed.
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This technology directly extracts contaminant mass from the groundwater, while adding
oxygen to the subsurface.
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In Situ Chemical Oxidation

In situ chemical oxidation (ISCO) involves injecting a chemical oxidant into a
groundwater contaminate plume, as shown on Figure TCE-A2. Chemical oxidants most
commonly employed to date include hydrogen peroxide, ozone, and permanganate.
Rapid and complete chemical destruction of many toxic organic chemicals has been
demonstrated using these oxidants. In general, these oxidants are capable of achieving
high treatment efficiencies (e.g., > 90 percent) for trichloroethylene (TCE), with very fast
reaction rates (90 percent destruction in minutes).
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Figure TCE-A2
Typical ISCO Injection System

Field applications have clearly shown that matching the oxidant and in situ
delivery system to the contaminants of concern (COCs) and site conditions is critical to
successful ISCO implementation. The rate and extent of degradation of a target COC
are dictated by its chemical properties, oxidant concentration, and background matrix
conditions. Important environmental conditions include pH, temperature, and
concentrations of other oxidant-consuming substances including natural organic matter,
reduced metals, and free radical scavengers such as bicarbonate. Given the relatively
non-specific and rapid rates of reaction of oxidants with reduced substances, the
method of delivery and distribution throughout a contaminated subsurface region is of
paramount importance. Oxidant delivery systems often employ vertical or horizontal
injection wells and sparge points with forced advection to rapidly deliver an oxidant into
the subsurface. Permanganate is relatively more stable and relatively more persistent
in the subsurface than peroxide and ozone, as a result it can effectively migrate through
a contaminant plume by diffusive processes. Consideration also must be given to the
effects of oxidation on groundwater conditions. Oxidation reactions can decrease pH if
the system is not adequately buffered. Other potential oxidation-induced effects include
colloid formation leading to reduced permeability, mobilization of redox-sensitive and
exchangeable sorbed metals, possible formation of toxic byproducts, evolution of heat
and gas, and inhibition of biological processes.
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In Situ Permeable Reactive Barriers

Permeable reactive barriers are used to passively treat contaminants as
groundwater passes through a chemically reactive engineered subsurface zone, as
shown on Figure TCE-A3. These barriers utilize chemically reactive agents such as
zero-valent metals, contaminant specific chelators, organic or mineral phase sorbents,
microbes, and others. Contaminants are either chemically degraded or retained in a
concentrated form by barrier materials. Permeable reactive barriers can provide
permanent containment for relatively benign residues or concentrate more toxic
contaminants for subsequent treatment and ultimate disposal. Permeable treatment
barriers are generally intended for long-term operation to control migration of
contaminants in ground water.

Modifications to basic permeable treatment barriers may involve a funnel-and-
gate system or an iron treatment wall. The funnel-and-gate system for in situ treatment
of contaminated plumes consists of low hydraulic conductivity cutoff walls such as slurry
walls or sheet piles (the funnel) with a gate that contains in situ reaction zones. Ground
water primarily flows through the high conductivity gaps (gates), where treatment
occurs.

An iron treatment wall consists of zero-valent iron metal granules or other
reduced iron bearing minerals for the treatment of chlorinated contaminants such as
tricloroethene, dichloroethene, and vinyl chloride. Oxidation of an iron atom is coupled
to reduction of a chlorine atom in the contaminant compound by one or more reductive
dechlorination mechanisms. The iron granules are consumed by the process, but
disappear so slowly that the remediation barrier can be expected to remain effective for
many years, possibly even decades.
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Figure TCE-A3
Typical Permeable Reactive Barrier

Ex Situ Air Stripping

Air stripping is a technology in which volatile organics are partitioned from ground
water by greatly increasing the surface area of the contaminated water exposed to air.
Groundwater is pumped from the aquifer through extraction wells, piped to the air
stripping unit, and discharged following treatment. Aeration methods include packed
towers, diffused aeration, tray aeration, and spray aeration. A typical packed tower air
stripper includes a spray nozzle at the top of the tower to distribute contaminated water
over packing material in a column, a fan to force air up through the column
countercurrent to water flow, and a sump at the bottom of the tower to collect
decontaminated water, as shown on Figure TCE-A4. Discharge air may need treatment
depending on local air quality regulations and standards. Methods to treat air striping
systems include thermal incineration, catalytic decomposition, ozone destruction, and
vapor-phase activated carbon adsorption.
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Figure TCE-A4
Typical Packed Tower Air Stripping System

Alternatively, aeration tanks can be used to strip volatile compounds by bubbling
air into a baffled tank through which contaminated water flows. A forced air blower and
a distribution manifold are designed to ensure air-water contact without the need for any
packing material. Multiple units may be used to provide the residence time for adequate
stripping to occur. Advantages offered by aeration tanks include considerably lower
profiles than packed towers (less than 6 feet high compared with 15 to 40 feet high),
and the ability to modify performance or adapt to changing feed composition by adding
or removing trays or chambers. The discharge air from aeration tanks can be treated
using the same technologies as for packed tower air discharge treatment.

Air strippers can be operated continuously, or in batch mode where the system is
intermittently fed from a raw water collection tank. Batch mode ensures consistent air
stripper performance and greater energy efficiency than continuously operated units
because mixing in the raw water collection tank eliminates inconsistencies in feed water
composition.

Ex Situ Granular Activated Carbon Adsorption

Granular activated carbon (GAC) is an established treatment technology for
removal of organic compounds from natural waters and drinking water. GAC systems
are generally relatively easy to implement because of the simplicity of equipment
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operation. GAC removes contaminants from water by adsorption from the liquid phase
to the GAC surface. GAC is created by grinding, burning, and then activating carbon
materials, such as peat, coal, wood, and coconut shell. When the adsorptive capacity is
exhausted, GAC is replaced and either regenerated for subsequent reuse or sent to a
landfill for ultimate disposal. Figure TCE-A5 presents a typical GAC facility
arrangement.

The effectiveness of GAC for removing contaminants is described by its
adsorptive capacity. Adsorptive capacity is measured in terms of the weight of
contaminant removed from the water per unit weight of GAC. Higher adsorptive
capacity translates to less frequent GAC media replacement, hence lower operating
cost. The extent to which a GAC system can attain its theoretical capacity for any given
organic contaminant depends on several factors including desired effluent
concentration, empty bed contact time (EBCT), and concentration of interfering
compounds such as natural organic matter (NOM). Lower treated water contaminant
concentration, lower EBCT (i.e. smaller GAC contactor), and higher concentrations of
interfering compounds each reduce the total adsorbed mass at breakthrough of the
target contaminant. EBCT for conventional GAC removal of organic compounds is on
the order of 5 tol5 minutes, depending on the contaminant to be removed and water
quality. Pretreatment may be necessary to remove suspended solids that could clog
the GAC media bed.
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Figure TCE-A5
Typical GAC Treatment System
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