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Dear Mr. Schmidt: 

International Paper Company (IP) is submitting the attached electronic copy (on disk) of the 
Final Report:  Conceptual and Numerical Groundwater Flow and Transport Model, Libby 
Groundwater Site, Libby Montana, Revision 2, October 4, 2016 (Model Report), with Addendum 
No. 1 to the Model Report, to the United States Environmental Protection Agency (EPA) and the 
Montana Department of Environmental Quality (MDEQ) (the Agencies). 

IP previously submitted only the modified and new portions of Model Report Revision 2 to the 
Agencies in electronic format on October 4, 2016.  The Agencies approved the use of the 
numerical model for the purpose of delineating the area needing groundwater restrictions as 
part of the required institutional controls for the Site (letter from EPA to IP dated December 5, 
2016).   

Since submittal of the Model Report on October 4, 2016, several minor errors were identified in 
the document and these errors were corrected in the attached Model Report, Revision 2, as 
follows: 

(1) The former lumber mill property boundary on Figures 1.1, 5.1, and 5.9 of the Model 
Report was revised to represent a more recent former lumber mill boundary and be 
consistent with the Libby Groundwater Site Boundary in EPA’s 2015 Five Year Review 
and Figure 1 of the Draft Technical Memorandum: Numerical Modeling to Evaluate a 
Proposed Controlled Groundwater Area, May 4, 2017.  

(2) On page 6-10 of the Model Report, last paragraph of Section 6.4.2, the text was 
corrected as follows: 

“The simulated 2012 PCP plume in the Lower Aquifer (Figure 6.7) reasonably matches the 
interpreted plume extent and the general order of magnitude of the observed 
concentrations.  Compared to the interpreted observed PCP plume in the Lower Aquifer, the 
simulated plume is more conservative on the west east plume boundary and less 
conservative (by up to 400 feet) on the east west boundary.  On the east boundary, the 
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simulated groundwater level contours promote a more northerly component of flow 
compared to the slightly northwestward direction of flow in the interpreted observed contours 
(see Figure 5.4), thus simulated plume movement is more northerly than observed the 
interpreted plume.” 

(3) The definition of the term Koc was corrected on Table 4.5 (footnote), the first line on page 
4-14, and the second to last sentence on page 6-3 as follows: 

“Koc = octanol organic carbon-water partition coefficient” 

(4) In Addendum No. 1, the first sentence of Section 1 was revised as follows: 

“AECOM has prepared this Draft Addendum No. 1 to the report:  Conceptual and Numerical 
Groundwater Flow and Transport Model, Revision 2, September __ October 4, 2016 (Model 
Report) on behalf of International Paper Company (IP) to provide more recent data collected 
at the Libby Groundwater Site (Site) since the development of the numerical groundwater 
flow and transport model for the Site.” 

IP appreciates the Agencies’ review and feedback on the numerical groundwater model.  If you 
have any questions, please contact me at 901-419-3878. 

Sincerely, 

 
Thomas C. Richardson 
 
cc: Henry Elsen, EPA (hard copy and disk) 
 Lisa DeWitt, MDEQ (hard copy and disk) 
 Thad Adkins, MDEQ (letter only) 
 Steven Ginski, IP (letter only) 
 Richard Angell, Parsons, Behle &Latimer (disk)   

David Cosgriff, AEI (hard copy and disk) 
 Mary Stauffer, AECOM (hard copy and disk) 
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1. Section 1 ONE Introduction  

1.1 SITE OVERVIEW 
The Libby Groundwater Site (the Site) is a former lumber mill and wood treating operation 
located on Highway 2 in Libby, Montana (Figure 1.1).  Historical releases of wood treating 
fluids resulted in impacts to the underlying groundwater.  The Site, owned by International Paper 
Company (IP) since 2001, has been undergoing soil and groundwater remediation since the late 
1980s under the direction of the United States Environmental Protection Agency (EPA) and the 
Montana Department of Environmental Quality (MDEQ) (the Agencies). 

Wood treating fluids were used at the Site from 1946 to 1969.  The wood treating fluids 
consisted of complex mixtures of different blends of chemical products used over time, product 
process residues, and spent mixtures.  The primary wood treating fluids used at the Site were 
pentachlorophenol (PCP) and creosote.  Creosote predominantly consists of polynuclear 
aromatic hydrocarbons (PAHs).  PCP and PAHs are the primary contaminants of concern 
(COCs) at the Site and they exist as both non-aqueous phase liquid (NAPL) and dissolved phase 
constituents in the groundwater.  The Site NAPL is predominantly a dense NAPL (DNAPL), a 
NAPL denser than water, but some light NAPL (LNAPL) also exists.   

1.2 NUMERICAL MODEL OVERVIEW AND OBJECTIVES 
The development of a Site numerical groundwater flow and transport model was initiated in 
2008 to aid in identifying proposed boundaries for a Controlled Groundwater Area (CGA).  A 
CGA may be used as a future institutional control to limit groundwater use in areas where 
groundwater is impacted by COCs that potentially migrated from the Site.   PCP was selected as 
the indicator COC to define the CGA boundaries because it is the most widespread COC that 
exceeds its respective cleanup level of 1 µg/L and it is the indicator parameter for the other 
COCs in the Site annual monitoring program.  Consequently, PCP was selected as the COC 
simulated in the transport model. 

IP has submitted two prior draft reports presenting numerical model results to the Agencies: 

Groundwater Flow and Solute Transport Model for the Libby Groundwater Site, October 
1, 2009 (URS 2009a).  This report presents the model calibration for Agency review and 
comment prior to conducting simulations to develop the CGA boundary. 

Groundwater Flow and Solute Transport Model for the Development of a Controlled 
Groundwater Area, February 1, 2010 (URS 2010).  This report responds to Agency 
comments (EPA 2009) on the model calibration presented in URS (2009a) and presents a 
proposed boundary for a CGA based on hypothetical domestic pumping simulations. 

Following completion of the prior version of the model (URS 2010), an extensive data collection 
effort began in 2010 and continued through 2012.  The data were used to refine the boundary of 
the Upper Aquifer dissolved phase plume (URS 2011) and to further characterize NAPL in the 
former source areas (the waste pit and the tank farm) (URS 2012).  IP proposed to update the 
conceptual and numerical model using the newly collected information in conjunction with 
historical Site data, prior to performing additional simulations to finalize the proposed CGA 
boundary.  During a meeting with IP in Helena, Montana on September 24, 2013, the Agencies 
requested to review and provide comments on IP’s updated model calibration before final CGA 
boundary simulations were performed.   Also, it was discussed in the meeting that institutional 
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controls other than a CGA may be considered to limit groundwater use (e.g., deed restrictions, 
county ordinance, etc.), and these other institutional controls would be considered in future 
model simulations.  

This report presents the updated model calibration, per Agency request.  Predictive simulations 
to evaluate institutional controls on groundwater use (CGA or other) will be presented in a 
separate report following Agency approval of this model calibration. 

To allow for a broader, more versatile future use of the  updated numerical model, IP further 
developed the model objectives as follows: 

• To provide a tool to integrate recently collected Site characterization data with 
historical data and update the site hydrogeologic and contaminant  conceptual model 
(referred to as the conceptual model in the remainder of this report);  

• To continue the evaluation of institutional controls to limit groundwater use in areas 
where groundwater is impacted by historical wood treating operations; 

• To assist in future evaluation of remedial alternatives in the Focused Feasibility Study 
(FFS), such as pumping/injection scenarios, remediation timeframes, etc.; and 

• To provide a platform for more detailed sub-models that may be used in the future for 
specific groundwater evaluations.    

Future simulations may require refinement of the model calibration, setup, and sensitivity 
analysis in certain areas to address future specific model uses. 

The key refinements to the conceptual model that were incorporated into the updated numerical 
model are as follows: 

• Refined the potentiometric surface and vertical hydraulic gradients in the Upper Aquifer 
around the former waste pit source area, based on data collected from new well clusters 
5512 and 5513 (URS 2012); 

• Improved the estimated seepage rate from the fire pond, using evaluations from 
Woodward-Clyde Consultants (WCC) (1986); 

• Refined the hydraulic conductivity in the former source areas, based on 15 slug tests and 
one pumping test conducted in 2011 (URS 2012); 

• Refined the lateral and vertical extent of NAPL in the Upper Aquifer, based on visual 
observations during drilling of 31 new borings in the former source areas and ultraviolet 
(UV) core photography (URS 2012); 

• Estimated the mass of PCP in the NAPL-impacted areas of the Upper Aquifer using 
NAPL chemical analyses and pore fluid saturation data collected in 2011 (URS 2012); 
and 

• Refined the outermost extent of the dissolved phase PCP plume in the Upper Aquifer, 
based on sampling and analysis of 14 new well clusters (50 individual wells) installed in 
2010 (URS 2011) and one new well installed in 2013.  
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1.3 REPORT ORGANIZATION 
Following Section 1.0 (Introduction), this report includes the following sections: 

• Section 2.0 (Site History) includes the regulatory, remediation, and monitoring history of 
the Site. 

• Section 3.0 (Conceptual Hydrogeologic Model) provides an overview of the geologic 
setting, hydrogeologic units, hydraulic conductivity, groundwater flow characteristics, 
stream-aquifer interactions, groundwater recharge, and groundwater withdrawal. 

• Section 4.0 (Conceptual Contaminant Model) provides a discussion of the contaminant 
source area and nature of the release, NAPL characteristics and distribution, dissolved 
PCP distribution and temporal trends, and contaminant fate and transport parameters. 

• Section 5.0 (Flow Model Setup and Calibration) provides a discussion of the model 
domain and boundary conditions, calibration targets, calibration results, and the final 
flow model input parameters estimated from the calibration process.   

• Section 6.0 (Transport Model Development) presents the modeling approach for the PCP 
source, the NAPL source extent assumed in the model, the final transport model 
parameters estimated from the history matching process, the results of sensitivity 
analyses, and the future prediction of the PCP plume extent. 

• Section 7.0 (Model Limitations) provides the limitations associated with the numerical 
model and the effects on the results. 

• Section 8.0 (Summary and Conclusions) presents a summary of the key findings and 
conclusions. 

• Section 9.0 (References) presents the references cited in this report.   
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2. Section 2 TW O Site History 

2.1 REGULATORY HISTORY 
EPA placed the Site on the final National Priorities List (NPL) in 1983.  A remedial investigation 
(RI), conducted to establish the nature and extent of contamination, was completed in 1988.  A 
feasibility study (FS) was also completed in 1988 to evaluate alternatives for remediation of the 
Site.  In December 1988 a Record of Decision (ROD) was issued for the Libby Site and 
bioremediation was selected as the primary technology for Site cleanup.  Remedial technologies 
included excavation and on-site biological treatment of source area soils (above the water table), 
source area extraction of contaminated groundwater and NAPL in the Upper Aquifer with 
biological treatment, and in-situ bioremediation of dissolved phase COCs in the Upper Aquifer. 

In 1993, EPA issued an Explanation of Significant Differences (ESD) to modify remediation 
criteria in the ROD.  In this ESD, a waiver of applicable or relevant and appropriate requirements 
(ARARs) was granted for the Lower Aquifer due to the technical impracticability of removing 
NAPL in groundwater and the improbability that the Lower Aquifer poses a risk to human health 
and the environment.  In 1997, another ESD was issued, modifying Site cleanup levels for 
groundwater in the Upper Aquifer based on updated federal maximum contaminant levels 
(MCLs) and risk assessment practices.  EPA has performed five-year reviews for the Site since 
1995. 

Following the 2010 five-year review, EPA requested that IP evaluate other remedial technologies 
to address groundwater contamination in the Upper Aquifer in the former source areas.  IP is 
currently preparing an FFS for the Upper Aquifer to evaluate and screen remedial technologies 
and alternatives to remediate the Upper Aquifer.  As part of the FFS, a technical memorandum 
was prepared to establish updated remedial action objectives and preliminary revised 
groundwater cleanup levels (URS 2013). 

2.2 REMEDIATION AND MONITORING HISTORY 

2.2.1 Soil Excavation and Treatment 
The two primary historical contaminant source areas were the waste pit and the tank farm 
(Figure 2.1).  Other smaller potential contaminant source areas were the butt dip, mineral spirits, 
and retort areas, located between the waste pit and tank farm (shown on Figure 2-2 of URS 
2009b).  It is expected that wood treating fluids seeped to the subsurface in these historical 
source areas. 

Beginning in 1989, impacted soil above the water table was excavated from the former source 
areas, screened to 1-inch minus sized particles, and placed in the waste pit for biological 
pretreatment. The 1-inch plus sized rock was placed on a rock pad and the surfaces were 
biologically treated with bioreactor effluent.  Clean backfill was placed in the excavations of the 
tank farm and smaller source areas.  The areas of excavation for the waste pit and tank farm were 
1.5 acres and 0.83 acres, respectively. 

The pretreated soil in the waste pit was transferred in stages to two land treatment units for 
biological treatment.  In 1998 the majority of the remaining pretreated soil from the waste pit 
was placed on the newly constructed expanded land treatment unit.  The former waste pit 
excavation was backfilled with the treated rock and a silty cover (about 3.5 feet thick).  The land 
treatment areas are shown on Figure 2.1. 
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2.2.2 Source Area Extraction and Treatment System 
The source area extraction and treatment system (SAETS) was constructed in 1991 to recover 
NAPL and contaminated groundwater from the Upper Aquifer in the former waste pit source 
area.  Three extraction wells were abandoned prior to 1997 due to poor NAPL recovery.  The 
current extraction well system has been in operation since 2000, and includes wells 9006, 9008, 
and 9009.  The current SAETS system is shown in plan-view on Figure 2.1 and in conceptual 
three-dimensional view on Figure 2.2.  In 2012, the time period used for the model calibration, 
well 9006 was pumped at an average rate of 13 gallons per minute (gpm), and wells 9008 and 
9009 were pumped at an average combined rate of 14 gpm.  The total average extraction rate in 
the SAETS in 2012 was 27 gpm.  

The NAPL recovered from the extraction wells is separated in oil/water separators and shipped 
off-site for either recycling or incineration.  The groundwater phase from well 9006 (13 gpm) is 
treated in bioreactors and routed to the infiltration gallery, and the groundwater phase from wells 
9008 and 9009 (14 gpm) is re-injected into the Upper Aquifer via injection well 9504.  The 
features of the SAETS are shown on Figure 2.1. 

From inception of the SAETS in 1991 through 2012, an estimated 36,895 gallons of NAPL were 
recovered from the Upper Aquifer, or an average of approximately 1,700 gallons per year.  
Through 2015 a total of approximately 39,650 gallons of NAPL were recovered. 

2.2.3 Former In-Situ Bioremediation Systems 
Two in-situ bioremediation systems were formerly operated in the Upper Aquifer: the 
intermediate injection system and the boundary injection system.  These systems were designed 
to treat the dissolved phase COCs in the Upper Aquifer.  The former bioremediation injection 
systems are shown in plan-view on Figure 2.1 and in conceptual three-dimensional view on 
Figure 2.2. 

The intermediate injection system, located in the tank farm area (Figure 2.1), was operated from 
1987 to 1997 using wells 9500 and 9501, and well clusters 3004 and 3007 as injection wells.  
The typical total average injection rate for the intermediate system was about 70 gallons per 
minute (gpm).   

The boundary injection system, located approximately 1,000 feet downgradient of the 
intermediate system (Figure 2.1), was operated from 1993 to 2003 using well 9001 and well 
clusters 9502 and 9503 as injection wells.  The typical total average injection rate was about 230 
gpm.   

Operation of these systems was discontinued because they were demonstrated to be no more 
effective in reducing dissolved phase PCP and PAHs to Site cleanup levels than natural 
attenuation, due to the presence of trapped NAPL in the Upper Aquifer (WCC 1999).  Annual 
reports presenting the status of operations/maintenance and the results of groundwater 
monitoring have been prepared and submitted to EPA in the first quarter of each year. 

2.2.4 Groundwater Monitoring 
Groundwater quality has been monitored in select Site wells since the mid-1980s.  Locations of 
monitoring wells are presented on Figure 2.1.  The 1000 series wells are domestic wells that 
were sampled during the RI.  Many of these wells, especially those with detected PCP and 
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PAHs, were plugged and abandoned in 1997 at the request of EPA to prevent potential exposure 
to COCs in the groundwater.  The 3000 series wells are on-site wells that were installed during 
the RI and post-RI investigations.  The 5000 series wells were installed as part of source area 
investigations.  The 6000 series wells are off-site monitoring wells installed during the RI and 
post-RI investigations.  The 8000 series wells were originally drilled to collect geotechnical data, 
but were later used for groundwater monitoring.  The 9000 series wells were installed for use as 
either in-situ bioremediation injection wells or source area extraction wells.  Many of the well 
locations shown on Figure 2.1 represent the site of well nests or clusters that have three 
individual wells installed at the location at different depths and with different screened intervals. 
For the Libby Site, “well nest” generally refers to multiple wells installed in one large boring and 
“well cluster” refers to a cluster of wells spaced 5 to 10 feet apart, with each well installed in a 
separate boring.  Each well nest or cluster has a parent name (e.g., well cluster 5013) and each 
well in the cluster is assigned a unique name (e.g., wells 5513-1, 5513-2, and 5513-3). 
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3. Section 3 THR EE Conceptual H ydrogeologic Model 

3.1 GEOLOGIC SETTING 
The Libby Site lies within a valley bordered by mountains (Figure 1.1).  The valley has received 
deposits of both alluvial and glacial sediments, as well as erosional remnants from the 
surrounding mountains.  The multiple sources of geologic materials have resulted in a complex 
stratigraphic system beneath the Site.  The mountain valleys contain small streams, including 
Libby Creek and Flower Creek, which are recharged by high-country snowpack.  These creeks 
flow into the regional river, the Kootenai River.   

Based on published geologic mapping in the area and field observations (Boettcher and Wilke, 
1978), a generalized geologic cross section (A-A’) was developed (Figure 3.1) (see Figure 1.1 
for cross section location).  This section looks north down the Libby Valley across the Site.  The 
Site directly overlies the Libby Valley deposits that consist of a complex stratigraphic sequence 
of discontinuous deposits of cobbles/boulders, gravel, sand, silt, and clay of glacial and alluvial 
origin.  The uppermost deposits underlying the Site, designated as Qal on Figure 3.1, are 
believed to be mostly alluvial in origin.  These alluvial deposits extend from the surface to 
approximately 140 to 190 feet below ground surface (bgs) at the Site.  These deposits are the 
focus of this groundwater modeling effort. 

The uppermost 70 feet of alluvial deposits are likely associated with recent alluvial deposits 
within ancestral channels of Libby Creek and the Kootenai River.  The deeper alluvial deposits, 
from approximately 70 to 190 feet bgs appear to be more interbedded and irregular in extent than 
the uppermost alluvial deposits, and are possibly influenced by the melting of valley glaciers 
during a post glacial or interglacial period. 

Underlying the alluvial deposits, the geologic materials resemble a glacial till predominately 
composed of clay and silt with varying content of gravel and sand, and occasional 
cobbles/boulders.  Few borings have been drilled into these deposits, which are referred to as the 
undifferentiated glacial deposits or glacial clays (Qg on Figure 3.1).  The undifferentiated glacial 
deposits are expected to extend over 500 feet deep to the Precambrian bedrock.  The 
Precambrian rock beneath the Libby Valley was probably eroded by the advance of an ice sheet 
that moved up Libby Creek.  Subsequently glacial till was deposited within this bedrock valley-
shaped erosional feature. 

Glacial lacustrine (lakebed) deposits (Qlb on Figure 3.1) form the cliffs along the east side of the 
Libby Valley.  These deposits are visible from the former lumber mill. 

3.2 HYDROGEOLOGIC UNITS 
Two aquifers, designated as the Upper Aquifer and Lower Aquifer, exist within the alluvial 
deposits (Qal) beneath the Libby Valley.  These two aquifers are separated by a zone of lower 
permeability materials, referred to as the Intermediate Zone. The depth and elevation of the three 
hydrogeologic units were interpreted from boring logs and geophysical logs, as summarized in 
Appendix A.  The three hydrogeologic units are shown in conceptual three-dimensional view on 
Figure 2.2. 
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3.2.1 Upper Aquifer 
The Upper Aquifer is unconfined and extends from the water table surface at approximately 7 to 
21 feet bgs to a depth of approximately 50 to 75 feet bgs.  The depth to groundwater is 
shallowest in the waste pit area, ranging from approximately 7 feet bgs (near the fire pond) to 15 
feet bgs.  In the tank farm area the depth to water is approximately 20 to 21 feet bgs.  The bottom 
of the Upper Aquifer is defined by an underlying lower permeable unit, the Intermediate Zone 
(Subsection 3.2.2).  An elevation contour map of the base of the Upper Aquifer is shown on 
Figure 3.2 using data from Appendix A. 

The Upper Aquifer consists of clean to silty/clayey gravel and sand with cobbles and boulders 
and occasional interbedded layers of clayey, silty, deposits approximately 2 to10 feet thick.  The 
sand and gravel layers constitute about 80 percent of the total thickness of the Upper Aquifer 
(WCC 1999).  

3.2.2 Intermediate Zone 
The Intermediate Zone extends from an average of approximately 70 feet bgs to 105 feet bgs.  
The deposits in this 35-foot thick zone are similar to those in the Upper Aquifer, but contain a 
much higher content of silt and clay.  Sand and gravel layers constitute only about 20 percent of 
the total thickness of the Intermediate Zone (WCC 1999).  The transition from the Upper Aquifer 
to the Intermediate Zone can be subtle.  Both units consist of interbedded water bearing and non-
water bearing strata; however, the Upper Aquifer contains more water bearing strata than the 
Intermediate Zone.  An elevation contour map of the base of the Intermediate Zone is shown on 
Figure 3.3 using data from Appendix A. 

3.2.3 Lower Aquifer 
The Lower Aquifer underlies the Intermediate Zone and extends from approximately 105 to 160 
feet bgs.  It is a semi-confined aquifer.  The transition from the Intermediate Zone to the Lower 
Aquifer is more subtle than the transition between the Upper Aquifer and the Intermediate Zone.  
The Lower Aquifer consists of clean to silty gravel and sand with cobbles and boulders 
interbedded with sandy, gravelly silt and clay layers, similar to the Upper Aquifer; however, the 
Lower Aquifer appears to have both a higher silt and clay content and more silt and clay 
interbeds than the Upper Aquifer.  The sand and gravel layers constitute about 70 percent of the 
total thickness of Lower Aquifer (WCC 1999).  The undifferentiated glacial material that 
underlies the Lower Aquifer serves as a barrier to downward groundwater movement from the 
alluvial deposits in the Libby Valley.  An elevation contour map of the base of the Lower 
Aquifer is shown on Figure 3.4 using data from Appendix A. 

3.3 HYDRAULIC CONDUCTIVITY 

3.3.1 Upper Aquifer 
The average hydraulic conductivity (K) of the Upper Aquifer is estimated to range from 4.5 
feet/day (ft/d) [1.6 x 10-3 centimeters/second (cm/s)] in the former waste pit area to 800 ft/d (2.8 
x 10-1 cm/s) near the former boundary injection system.  Based on review of drilling observations 
and pumping/injection data, the Upper Aquifer K appears to increase to the north in the 
hydraulically downgradient direction.  The increase of K to the north corresponds with an 
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observed increase in clean sand and gravel layers, several feet thick that are capable of producing 
50 gpm of water during air rotary drilling.  Table 3.1 summarizes K values estimated for the 
Upper Aquifer and the basis for the estimation. 

Slug tests conducted in Upper Aquifer wells in the former source areas (URS 2012) reveal that 
the Upper Aquifer in the waste pit area is lower in K than in the tank farm area.  The average K 
of 4.5 ft/d (1.6 x 10-3 cm/s) in the waste pit area is one order of magnitude lower than the average 
K of 42 ft/d (1.6 x 10-2 cm/s) in the tank farm area.  The average K for the shallow, middle, and 
deeper zones of the Upper Aquifer (designated as US, UM, and UD, respectively) varies by two 
orders of magnitude in the waste pit area and one order of magnitude in the tank farm area (Table 
3.1).  

Table 3.1  
Hydraulic Conductivity Values 

Unit Area Vertical 
Zone 

Depth of 
Vertical 

Zone  
(ft bgs) 

Range of K  
(ft/d) 

Geomean 
of K  
(ft/d) 

Source 

Upper 
Aquifer 

Waste Pit 

US <10 to 30 45 45 Slug tests for 1 well (URS 2012, 
Table 8) 

UM 30 to 50 0.21 to 
0.62 

0.37 Slug tests for 2 wells (URS 2012, 
Table 8) 

UD 50 to 71 4.3 to 6.2 5.1 Slug tests for 2 wells (URS 2012, 
Table 8) 

All Zones <10 to 71 0.21 to 45 4.5 Slug tests for 5 wells (URS 2012, 
Table 8) 

All Zones <10 to 71 5.7  Pumping test in well 9006 (URS 
2012, Table 10) 

Tank Farm 

US <10 to 30 96 to 204 150 Slug tests for 3 wells (URS 2012) 

UM 30 to 50 1.5 to 369 39 Slug tests for 3 wells (URS 2012) 

UD 50 to 83 1.8 to 31 13 Slug tests for 4 wells (URS 2012) 

All Zones <10 to 83 1.5 to 370 42 Slug tests for 10 wells (URS 2012) 

Intermediate 
System All Zones  100  Injection test in well 9501 (URS 

2009b, Subsection 3.4) 

Boundary 
System All Zones  ~800  

Qualitative (low aquifer stress) 
pumping test in well 9001 (URS 

2009b, Subsection 3.4) 

Intermediate 
Zone All Areas All Zones ~75 to ~115 ~1  

Professional judgment, visual 
classification of aquifer material 

and water production during 
drilling (URS 2009b, Subsection 

3.4) 
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Table 3.1  
Hydraulic Conductivity Values 

Unit Area Vertical 
Zone 

Depth of 
Vertical 

Zone  
(ft bgs) 

Range of K  
(ft/d) 

Geomean 
of K  
(ft/d) 

Source 

Lower 
Aquifer All Areas All Zones ~115 to 

~160 
~10 to 
~100  

Professional judgment based on 
visual classification of aquifer 
material and water production 

during drilling; pumping test in 
well 9003 (URS 2009b, Subsection 

3.4) 

Notes: 
bgs = below ground surface US = Upper Aquifer, shallow zone 
ft/d = feet per day   UM = Upper Aquifer, middle zone 
K = hydraulic conductivity  UD = Upper Aquifer, deep zone 
~ = approximately 
 

3.3.2 Intermediate Zone and Lower Aquifer 
Hydraulic testing has not been extensively performed in the Intermediate Zone or the Lower 
Aquifer; therefore, the K values for these zones have been estimated based on visual 
classification of the material and water production during drilling, limited pumping data, and 
professional judgment.  

The Intermediate Zone K is expected to be low (on the order of 1 ft/d), based on lack of water 
production during drilling through this unit and the high content of fines (silt and clay) observed.   
The Lower Aquifer K is estimated to range from 10 to 100 ft/d based on a low-yield pumping 
test, water production rates during drilling, electromagnetic (EM) conductivity measurements, 
and borehole sample descriptions.  The low-yield pumping test was performed in Lower Aquifer 
well 9003.  It provided limited data due to the difficulty in identifying and screening sufficient 
water bearing zones and maintaining a constant pumping rate and uniform drawdown curve 
(WCC1988a).  Further information on the pumping test is available in URS (2009b) Section 3.4. 

3.4 GROUNDWATER FLOW 

3.4.1 Groundwater Flow Direction and Horizontal Hydraulic Gradient 
The direction of groundwater flow is predominantly to the north toward the Kootenai River, 
following the slope of the ground surface topography.  An interpreted groundwater table contour 
map of the Upper Aquifer is shown on Figure 3.5 for groundwater levels measured in August 
2012 (Appendix B).  The average horizontal hydraulic gradient in the Upper Aquifer in 2012 was 
approximately 0.006 ft/ft.  A strong localized hydraulic gradient exists around the fire pond as a 
result of surface water leakage into the Upper Aquifer. This localized condition causes 
groundwater to flow from the waste pit source area along a flow path that is different from the 
tank farm source area flow path. 
Groundwater in the Lower Aquifer flowed to the north toward the Kootenai River under an 
average horizontal gradient of about 0.004 ft/ft in 2012.  A potentiometric contour map is shown 
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on Figure 3.6 for groundwater levels measured in the Lower Aquifer in August 2012 (Appendix 
B). 

3.4.2 Vertical Hydraulic Gradients 
Generally, the vertical hydraulic gradient is downward from the Upper Aquifer to the Lower 
Aquifer in the former mill area.  Farther downgradient of the Site, at well nests 3018, 6002, and 
6003, there is a slight upward hydraulic gradient between the Lower Aquifer and the Upper 
Aquifer.  Farther downgradient near the river, the upward hydraulic gradient diminishes and 
converts back to a downward gradient.  Figure 3.6 shows the direction of vertical hydraulic 
gradient at the well clusters where hydraulic head data were available in both the Upper and 
Lower Aquifers (Appendix B).   Figure 3.7 presents groundwater flow in cross sectional view 
along stream tube 2-3 (the area between flow lines 2 and 3 on Figure 3.5). 

The vertical hydraulic gradient in the Upper Aquifer around the former waste pit area is complex 
(Figure 3.7), due to a number of factors including high infiltration to the shallow zone from the 
fire pond, extraction in the deeper zone, injection of treated water into the deeper zone through 
an injection well, and infiltration of treated water into the shallow zone through the infiltration 
gallery. 

3.4.3 Seasonal Variation 
Groundwater levels have been monitored in select wells in the Upper and Lower Aquifers 
quarterly to annually since the mid-1980s.  Groundwater levels measured on and near the Site are 
highest in late spring or early summer after snowmelt and lowest during the fall.  Groundwater 
levels typically do not vary seasonally more than 3 or 4 feet, with some exceptions in local areas 
(e.g., tank farm and west of the waste pit).  Spring groundwater levels in the tank farm area are 
about 8 feet higher than the annual low water level, based on 2012 water level data.  Also, a rise 
in groundwater levels is observed each spring in the area of well nests 3013, 3040, and 3050 
located west and northwest of the waste pit (David Cosgriff, personal communication 2013), and 
a 10- to 15-foot rise in water level was observed in the shallow wells of these three well nests in 
the spring of 2012.  The observed quarterly water levels in April, June, August, and December of 
2012 are presented in Appendix B.  The August water levels are considered to be representative 
of the low to average flow conditions at the Site.   

The horizontal and vertical direction of groundwater flow in the Upper and Lower Aquifers has 
remained consistent from year to year, even during years of the injection systems’ operation.  
Groundwater potentiometric surface maps are available for the years 1992 through 2012 in the 
annual groundwater monitoring reports.    

3.5 STREAM-AQUIFER INTERACTION 
The main surface water bodies that influence the Site hydrologic regime are the fire pond, Libby 
Creek, Flower Creek, and the Kootenai River (Figure 1.1). 

The fire pond receives water from Libby Creek through an unlined diversion canal and stores 
water for fire protection (Figure 2.1).  Both the canal and the pond lose water to the underlying 
aquifer.  The surface water leakage from the pond to the aquifer was estimated on September 3, 
1986 to be 5.2 cubic feet per second (cfs) (2,400 gpm) (WCC, 1986).  Although this estimate 
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was considered to be an over-estimation of the seepage during normal operations, it provides a 
good order of magnitude estimate of pond water loss to the Upper Aquifer.      

Libby Creek is a perennial stream (Figure 2.1).  Boetter and Wilke (1978) reported a measured 
stream flow of 85 cfs (39,000 gpm) south of the fire pond during the low flow season of 1974, 
and that the creek was gaining or losing along different segments of the creek of approximately 
11 miles.  Immediately upstream of the fire pond, the creek is likely a losing stream but may 
become a gaining stream near its junction with the Kootenai River. 

Flower Creek has a much smaller drainage basin than Libby Creek and can dry up in its lower 
reaches during the summer and fall months (Figure 1-1).  Flower Creek is largely a losing stream 
but may become a gaining stream near its junction with the Kootenai River during high water 
table months (spring to summer). 

The Kootenai River is normally a gaining stream; all streams drain to the Kootenai River.  The 
average monthly flow rate in the river varies from 5,000 cfs to 33,000 cfs over 80 years (1911 to 
1991) (USGS 12303000 Kootenai River at Libby MT).  Since 1975, the river has been regulated 
at the Libby Dam located 17 miles upstream from the City of Libby.  Sometimes large releases 
from the upstream reservoir may result in temporary discharges to groundwater.  The average 
river stage elevation at the gauging station, approximately 1,700 feet downstream of the 
Highway 37 bridge in Libby, was approximately elevation 2049 ft msl during August (from 1911 
to 1991), based on the North American Vertical Datum 1988 (NAVD88).     

3.6 GROUNDWATER RECHARGE 
The annual precipitation ranged from 12.04 to 25.56 inches from 1940 to 1970, with an average 
annual precipitation of 19.4 inches (Boettcher and Wilke 1978).  

Precipitation in the mountains surrounding the Libby Valley enters mountain streams via surface 
and subsurface flow.  The mountain streams then discharge to valley streams (e.g., Libby Creek, 
Flower Creek, and Parmenter Creek).  Groundwater recharge to the Libby Valley aquifers results 
from infiltration of precipitation, losing valley streams and other surface water bodies (e.g. Fire 
Pond), and lawn irrigation water in the City of Libby. 

3.7 GROUNDWATER WITHDRAWAL 
A City of Libby ordinance prohibiting the use of water wells for domestic and irrigation 
purposes has been in place since the mid-1980s to limit human exposure to Site-related COCs.  
Therefore, there is limited groundwater withdrawal in the vicinity of the Site.   

Limited groundwater withdrawal in the vicinity of the Site includes:  

• Dewatering well 3092, located in the former mill area (Figure 2.1), has been operated for 
several decades, although intermittently as building dewatering is needed, at an average 
estimated pumping rate of 150 gpm (personal communication, Arrowhead Engineering, 
Inc.).  

• Groundwater extraction occurred at an average rate of 27 gpm in 2012 during operation 
of the SAETS (Subsection 2.2.2).  Following treatment, the groundwater is re-injected 
back into the Upper Aquifer via an injection well and an infiltration gallery.  

• Temporary groundwater withdrawals for construction dewatering. 
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4. Section 4 FOUR  Conceptual Contaminant Model  

The conceptual contaminant model integrates knowledge of the contaminant release, the nature 
of the contaminants, the historical and recent sampling results, and the physical principles that 
govern fluid flow and chemical transport.  The conceptual contaminant model was updated using 
information gathered from additional field investigations conducted from 2010 through 2011 to 
characterize the former source areas (URS 2012) and the outermost extent of the dissolved phase 
plume (URS 2011).  The updated conceptual contaminant model forms the basis for the 
numerical solute transport model development (Section 6). 

4.1 CONTAMINANT SOURCE INFORMATION 
Wood treating operations were conducted at the Site from 1946 to 1969.  The primary historical 
sources of groundwater contamination at the Site are the former waste pit and the former tank 
farm area (Figure 4.1).  Other smaller potential contaminant source areas were the former butt 
dip, mineral spirits, and retort areas, located between the waste pit and tank farm areas (shown in 
Figure 2-2 of URS 2009b). 

The wood treating fluids predominantly used at the Site were creosote and PCP.  Creosote 
typically consists of various coal tar distillates, approximately 85 percent PAHs, 10 percent 
phenolic compounds, and 5 percent heterocyclic compounds (Cohen and Mercer 1993).  The 
carrier for PCP crystals was a medium aromatic solvent similar to diesel fuel with 5 percent PCP 
and 95 percent carrier.  A 50/50 creosote mix (one-half creosote and one-half fuel oil PS400) 
was occasionally used for certain wood treating orders.  Production of treated wood products 
peaked sometime during the late 1950s and gradually decreased until the wood treating 
operations were discontinued in 1969.  Additional information on the historical wood treating 
operations and waste disposal practices is summarized in the Groundwater and NAPL 
Characterization Summary Report (URS 2009b). 

Wood treating fluid (NAPL) seeped to the subsurface from the various former source areas, and 
currently exists in the aquifers, as shown conceptually on Figure 2.2.  The nature and extent of 
NAPL in the subsurface was investigated during the RI/FS (WCC 1986, 1988b).  The volume of 
NAPL that seeped from areas of historical wood treating operations is unknown and estimates of 
the quantity are highly uncertain.  The “best guess” of the total NAPL volume in the subsurface 
(Upper Aquifer, Intermediate Zone, and Lower Aquifer) was estimated to be 2.2 million gallons, 
with an estimated range of 773,000 to 4.89 million gallons (WCC 1986).  The quantity of NAPL 
and PCP mass currently remaining in the Upper Aquifer has been estimated based on recent 
source area characterization data (URS 2012), and is presented in Subsection 4.3.6. 

4.2 EXTENT OF NAPL IN THE AQUIFERS 
The seepage of NAPL to the aquifers from the source areas ceased in 1969 when wood treating 
operations were discontinued.  Of the rough estimate of 2.2 million gallons of wood treating 
fluid that seeped to the Upper Aquifer, Intermediate Zone, and Lower Aquifer (Subsection 4.1), 
approximately 36,895 gallons of NAPL were removed from the Upper Aquifer through 2012 as 
part of Site remediation and additional COC mass has been biodegraded in the bioreactors 
(Subsection 2.2.2).  Also, an unknown mass of NAPL has been dissolved and biodegraded in-situ 
over time due to enhanced biodegradation during operation of the former in-situ bioremediation 
systems (Subsection 2.2.3) and due to natural groundwater flow through the NAPL zones.   
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The distribution of NAPL in groundwater has been evaluated through an extensive review of 
drilling and well sampling data collected over the past 30 years.  These data include more 
than100 boring logs plus monitoring results from more than 200 wells.  Unlike some NAPL, 
creosote is highly visible, with a blackish brown and/or oily appearance, and has a distinct odor.  
Therefore, conclusive evidence of the presence of NAPL is provided during drilling and well 
development or sampling. 

The locations where NAPL was observed during drilling in the Upper Aquifer, Intermediate 
Zone, and Lower Aquifer and the estimated cumulative thicknesses of NAPL-impacted strata in 
each unit are shown on Figures 4.1, 4.2, and 4.3, respectively.  The cumulative thicknesses of 
NAPL-impacted strata are based on the observation of oil or sheen on soil cuttings/core or in the 
water discharged during air rotary or cable tool drilling.  Observations of NAPL-impacted strata 
less than one foot in thickness generally could not be distinguished during drilling, thus a 
nominal thickness of one foot is assumed in Figures 4.1 through 4.3.  These displays are 
qualitative and were prepared to show areas of greatest NAPL impact (laterally and vertically) 
and to provide a simplified but reasonable representation of NAPL source areas for the numerical 
transport model (Subsection 6.2).  Some of the older boring logs from the mid-1980s do not 
clearly distinguish if NAPL is present or not, or the exact depth interval at which it was detected.  
In these cases, conservative (upper bound) estimates are presented in the displays. 

NAPL is distributed throughout the aquifers in a complex manner, likely a result of aquifer 
heterogeneity as described in Illangasekare et al. (1995a, 1995b).  LNAPL exists at the water 
table surface in various random locations, with greater occurrences near the former tank farm 
source area.  DNAPL is distributed variably throughout the aquifers, laterally and vertically.  
DNAPL is most frequently observed near the base of the Upper Aquifer near the former waste 
pit where the source area extraction system is located and at the base of the Lower Aquifer 
(overlying the glacial clay) in the vicinity of the former waste pit and tank farm source areas.     

NAPL historically migrated horizontally and vertically in the subsurface, primarily in the 
direction of groundwater flow.  Because both the LNAPL and DNAPL has a density close to that 
of water (Subsection 4.3.1), its migration was strongly influenced by the ambient hydraulic 
gradient.  The vertical migration of DNAPL appears to have been impeded by the presence of the 
low permeable glacial clay underlying the Lower Aquifer.  The horizontal movement of LNAPL 
and DNAPL appears to have been impeded by the abundant clayey/silty layers within the highly 
heterogeneous strata that exist in all three hydrostratigraphic units. 

The most vertically extensive NAPL impact is in the Upper Aquifer in the former waste pit area, 
with an average of 50 feet of aquifer material visibly NAPL-impacted (Figure 4.1).  This 
represents approximately 90 percent of the average aquifer thickness of 57 feet (in the waste pit 
area).  In the former tank farm area, an average of 30 feet of Upper Aquifer material is visibly 
NAPL-impacted, which is approximately 50 percent of the average aquifer thickness of 56 feet 
(in the tank farm area).  In and around the former sources areas, multiple vertical zones of NAPL 
impacts were observed at each boring location; however, in the areas downgradient of the former 
sources, NAPL impacts typically were encountered in only one stratigraphic zone in each boring, 
with thicknesses ranging from <1 to 24 feet.  The area of Upper Aquifer impacted by NAPL is 
estimated to be 36 acres.    

In the Intermediate Zone, less evidence of NAPL exists. It is expected that NAPL migration was 
vertically downward through discrete pathways of higher hydraulic conductivity within this unit 
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of overall low hydraulic conductivity (1 ft/d, Table 3.1), making it difficult to detect NAPL 
during the various drilling programs.  As a result, the extent of NAPL impacts in the 
Intermediate Zone is smaller than that found in the aquifers above and below it (Figure 4.2).  The 
area of the Intermediate Zone impacted by NAPL is estimated to be 16 acres. 

NAPL in the Lower Aquifer historically migrated the farthest distance compared to the other two 
units (Figure 4.3).  The thickness of strata impacted by NAPL in the Lower Aquifer is estimated 
to be 30 feet in the former waste pit source area (approximately 50 percent of the total aquifer 
thickness of 55 feet) and 20 feet in the former tank farm area (approximately 40 percent of the 
total aquifer thickness of 50 feet).  Hydraulically downgradient of the former sources, NAPL in 
the Lower Aquifer appears to exist in discrete strata, less than 10 feet thick.  The area of the 
Lower Aquifer that is impacted by NAPL is estimated to be 62 acres. 

The lateral and vertical extent of NAPL in the Upper Aquifer, Intermediate Zone, and Lower 
Aquifer was initially established during the RI in the mid-1980s.  Additional wells were installed 
to further investigate the downgradient extent of NAPL and dissolved phase plumes in 1992 
(WCC 1993) and in 2010 (URS 2011).  Based on the results of these investigations and 
subsequent annual sampling of the Site monitoring wells to date, the lateral and vertical extent of 
the NAPL in the aquifers (shown on Figures 4.1 through 4.3) is consistent with that originally 
established in the earliest investigations in the 1980s. 

Possible recession of the outermost extent of NAPL in the Upper Aquifer is suspected in the area 
of historical well nest 3018 (Figure 4.1).  In June 2013 well 3051.1 was drilled 10 feet to the east 
of historical well nest 3018 to evaluate whether or not the lower 24 feet of the Upper Aquifer is 
NAPL-impacted at this location, as was observed during the drilling of well nest 3018 in 1985.  
The presence of NAPL could not be confirmed at this location.  A technical memorandum 
documenting the drilling and installation of well 3051.1 is provided in Appendix A.  

4.3 NAPL PROPERTIES 

4.3.1 Specific Gravity and Viscosity 
Both LNAPL and DNAPL exist in the Upper Aquifer.  During the source area characterization 
study (URS 2012) one sample each of LNAPL and DNAPL were collected and analyzed for 
fluid density and dynamic viscosity.  The results are as follows: 

• The LNAPL sample was collected from shallow Upper Aquifer well 3039.1 located 
downgradient of the tank farm.  The specific gravity was 0.9647, slightly less dense than 
water at groundwater temperature (10 °C, 50 °F).  The viscosity of the LNAPL was 7.97 
centipoise (cp), compared to 1.38 cp for the groundwater. 

• The DNAPL sample was collected from deep Upper Aquifer extraction well 9006 located 
in the waste pit area. The specific gravity was 1.019, slightly more dense than water at 
groundwater temperature (10 °C, 50 °F).  The viscosity of the DNAPL was 14.6 
centipoise (cp), compared to 1.39 cp for the groundwater. 

The specific gravity and viscosity values above are similar to results from NAPL samples 
collected previously during the RI in the mid-1980s from Upper Aquifer and Lower Aquifer 
wells (see Table 4-2 of URS 2009b). 
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4.3.2 Pore Fluid Saturation and Porosity 
NAPL saturation has been quantitatively evaluated for only the Upper Aquifer from 28 soil core 
samples collected in the former source areas (Table 11 of URS 2012).  NAPL saturation analysis 
was performed on the soil core that exhibited the greatest NAPL impact, based on visual 
observations in the field and UV photography.   

Table 4.1  summarizes the average and range of NAPL saturation results, percent pore volume 
(PV), that represent the most impacted Upper Aquifer core in the former waste pit and tank farm 
areas. 

Table 4.1 
NAPL Saturation in Former Source Areas 

Area 
NAPL Saturation (Percent PV)1 

Relative to Laboratory Standard NAPL 
Density of 0.86 g/cm3 

Relative to Site-Specific NAPL Density of   
1.0 g/cm3 

Waste Pit Average:  7.5 Range: 2.0 to 19.9 Average:  6.5 Range:  1.7 to 17.1 

Tank Farm Average:  5.6 Range:  0.8 to 11.0   Average:  4.8 Range:  0.7 to 9.5 

Notes: 
1 Laboratory analysis of NAPL saturation was performed relative to the laboratory standard NAPL density of 0.86 
g/cm3.  To present these results relative to the Site-specific NAPL density of approximately 1 g/cm3, the NAPL 
saturation relative to the laboratory standard was reduced by 14 percent.  

g/cm3 = grams per cubic centimeter 
NAPL = Non-Aqueous Phase Liquid 
PV = pore volume 

 
The NAPL saturation that represents residual and mobile phase varies depending on the soil type 
and the NAPL saturation.  For the same 28 samples for which NAPL saturation analysis was 
performed, residual NAPL saturation analysis also was performed by centrifuge tests, which 
involved applying 1,000 times the force of gravity to the samples.  For 23 of the 28 samples, the 
centrifuge produced no NAPL; these samples representing residual NAPL ranged in initial 
saturation from 0.7 to 10.1 percent PV (relative to Site NAPL density).  For 5 of the 28 samples, 
trace amounts of NAPL were recovered in the centrifuge test ranging from 0.1 to 2.6 percent PV 
(relative to Site NAPL density); these samples with potentially mobile NAPL ranged in initial 
NAPL saturation of 4.6 to 17.1 percent PV (relative to Site NAPL density). 

The total porosity of 36 Upper Aquifer samples (21 from the waste pit area and 15 from the tank 
farm area) ranged from 7.2 to 46 percent, with an average of 30 percent (Table 11 of URS 2013).  

NAPL saturation has not been evaluated in the Intermediate Zone and Lower Aquifer.  Several 
wells in the Lower Aquifer historically contained measurable DNAPL up to approximately three 
feet in thickness.  At these locations, trapped mobile phase NAPL exists. 
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4.3.3 Chemical 
4.3.3.1 NAPL 

NAPL samples were collected from extraction well 9006, monitoring well 3006.1, and 
monitoring well 3039.1 during the source area investigation (URS 2012) and analyzed for 
metals, volatile organic compounds (VOCs), and semi-volatile organic compounds (SVOCs).  
The full analytical results are presented in Appendix E of URS 2012. 

PCP, the most widespread of the COCs in groundwater above its cleanup level of 1 µg/L, 
constitutes only <0.075 to 0.54 percent by weight of the three NAPL samples. Naphthalene, the 
constituent detected in NAPL at the highest concentration, constitutes 2.2 to 12 percent by 
weight of the three NAPL samples.  A summary of concentration of PCP and naphthalene is 
provided in Table 4.2. 

Table 4.2 
Concentration of Total Detected Analytes, PCP, and Naphthalene in NAPL 

Well and Area Upper Aquifer 
Zone 

Concentration PCP 
in NAPL 

Concentration 
Naphthalene in NAPL  

(mg/kg) 

9006 

Waste Pit 

UD 5,400 mg/kg 

0.54% weight 

120,000 mg/kg 

12% weight 

3006.1 

Waste Pit 

US 920 mg/kg 

0.092% weight 

41,800 mg/kg 

4.2% weight 

3039.1 

Tank Farm 

US <750 mg/kg 

<0.075% weight 

22,000 mg/kg 

2.2% weight 

Notes: 
% = percent 
mg/kg = milligrams per kilogram 
NAPL = Non-Aqueous Phase Liquid 
PCP = pentachlorophenol 
UD = deep zone 
UM = middle zone 
US = shallow zone  

 

4.3.3.2 NAPL/Soil 

During the source area characterization study (URS 2012), 30 soil samples of Upper Aquifer 
material were collected from borings drilled in the former waste pit and tank farm source areas. 
The soil PCP concentration primarily represents the mass of PCP in the NAPL in the pore space 
(if present), thus the total PCP concentration is influenced by the level of NAPL saturation.  To a 
lesser extent, the soil concentration represents adsorbed phase and dissolved phase PCP mass in 
the samples.  The sampling targeted both soil visibly impacted by NAPL and soil not visibly 
impacted by NAPL.  The soil PCP concentration distribution in the source areas is presented on 
Figure 4.4.  The full analytical results are presented in Appendix F of URS 2012. 
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In the waste pit area, 20 soil samples were collected, including 14 that were visibly impacted by 
NAPL and 6 that were not visibly impacted.  For the 14 samples visibly impacted by NAPL, the 
soil PCP concentrations ranged from 0.98 to 74 mg/kg with a geometric mean of 12.7 mg/kg.  
For the 6 soil samples that were not visibly impacted by NAPL, the PCP concentrations ranged 
from 0.73 to 6.6 mg/kg, with a geometric mean of 1.9 mg/kg. 

In the tank farm area, 10 soil samples were collected, including 7 samples that were visibly 
impacted by NAPL and 3 that were not visibly impacted.  For the 7 samples visibly impacted by 
NAPL, the soil PCP concentrations ranged from non-detect (at reporting limits of 2 and 10 
mg/kg) to 68 mg/kg.  The 3 samples that were not visibly impacted ranged in concentration from 
non-detect (at a reporting limit of 2 mg/kg) to 3 mg/kg. The highest PCP concentration is from a 
sample collected in the west portion of the tank farm investigation area, while most soil 
concentrations (visibly and not visibly impacted) in the east portion of the tank farm area are 
non-detect.    

4.3.4 Solubility 
Of the Site COCs, PCP and naphthalene have a relatively high aqueous solubility.  The solubility 
of pure PCP in water is 5 mg/L at 0 °C (32°F) and is 14 to 20 mg/L at 20 °C (68°F) 
(Montgomery and Welkom 1990).  The water solubility of naphthalene is 30 mg/L at 25 °C 
(77°F) (Montgomery and Welkom 1990).    

The solubility of PCP in NAPL in the aquifers has been previously evaluated, as follows: 

• The effective solubility of PCP in the Site NAPL was estimated to be 3.4 mg/L using the 
chemical composition of a DNAPL sample from Lower Aquifer well 6004  (Table 4-5 of 
URS 2009b).   

• The 2012 average PCP concentrations observed in the oil/water separator effluent (3.1 
and 3.6 mg/L) represents groundwater in contact with NAPL in the former waste pit area. 

• The average concentrations in September 2012 for waste pit well cluster 5513, with well 
screens in the shallow, middle, and deep portions of the Upper Aquifer, was 11.1 mg/L 
PCP.  This concentration represents dissolved PCP concentration in groundwater in 
contact with NAPL-impacted aquifer material.   

Most of the PAHs in creosote have a very low solubility.  The typical aqueous solubility of pure 
compounds for the Site PAHs ranges from 0.0005 mg/L to 0.1 mg/L (Knox et al. 1993).   

4.3.5 Biodegradation 
Biodegradation at the NAPL/water interfaces is typically limited by nutrient availability (Atlas 
1981).  If the NAPL constituents are toxic, then microorganisms may not exist at the interface, 
but may accumulate at a distance at which the toxic constituent concentration is low enough that 
they can survive.  Most conceptual models of biodegradation in the literature suggest that 
biological reactions do not occur at any meaningful rate in the NAPL itself (Wiedemeier et al. 
1999); however, the dissolution of NAPL is enhanced by biodegradation of dissolved mass 
(Glover et al. 2007).  Biodegradation of dissolved PCP is discussed in Subsection 4.6.2. 
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4.3.6 Re-Evaluation of NAPL Volume and PCP Mass 
Using the updated information on the extent of NAPL in the subsurface and NAPL physical and 
chemical properties presented in the Subsections above, the estimated volume of NAPL in the 
subsurface units was re-evaluated and compared to the prior estimate of 2.2 million gallons 
(Subsection 4.1).  Also, the PCP mass in the NAPL was estimated.  Table 4.3 presents estimates 
of NAPL volume in the subsurface and the PCP mass in the NAPL using currently available Site 
information. 

Table 4.3 
Estimates of NAPL Volume and PCP Mass 

Subsurface Unit Estimated Volume of NAPL  
(million gallons) 

Estimated PCP Mass in NAPL  
(kg) 

Upper Aquifer 2.03 16,900 

Intermediate Zone 0.07 600 

Lower Aquifer 1.39 11,600 

Total 3.5 29,000 

Notes: 
kg = kilogram 
NAPL = Non-Aqueous Phase Liquid 
PCP = pentachlorophenol 
 

The following assumptions were used in the estimations above: 

• The volume of NAPL-impacted subsurface units is based on the areas and cumulative 
thicknesses of NAPL as shown on Figures 4.1 through 4.3. 

• The porosity of all units is assumed to be 30 percent, based on the results of 28 pore fluid 
saturation analyses on Upper Aquifer samples (URS 2012). 

• The average NAPL saturation for the Upper Aquifer and Lower Aquifer in the former 
waste pit area is 6.5 percent, based on analyses performed on Upper Aquifer samples 
(Subsection 4.3.2). 

• The average NAPL saturation for the Upper Aquifer and Lower Aquifer in the area of the 
former tank farm and downgradient and for all of the Intermediate Zone is 4.8 percent, 
based on analyses performed on Upper Aquifer samples in the tank farm area (Subsection 
4.3.2). 

• The average PCP mass in the NAPL is 2,200 mg/kg (0.22 percent), based on the average 
of the three NAPL samples of 920 mg/kg, 5,400 mg/kg, and 375 mg/kg (one-half the 
laboratory reporting limit of the undetected result). 

It is not possible to estimate precise NAPL volumes under most subsurface conditions.  The 
purpose of this estimation is to provide baseline NAPL volumes and PCP mass for use in 
estimating remediation timeframes for the comparison of remedial alternatives in the FFS.  This 
comparative use of NAPL volume and PCP mass does not require precise values.  The total 
estimated NAPL volume of 3.5 million gallons, based on the analysis described above, compares 
reasonably well with the prior rough estimate of 2.2 million gallons presented in the RI (WCC 
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1986), using a similar qualitative analysis.  These estimated volumes may not represent the 
actual NAPL volume in the subsurface, due to the necessary simplifying assumptions made to 
perform the estimation. 

4.4 DISSOLVED PCP DISTRIBUTION 

4.4.1 UPPER AQUIFER PCP DISTRIBUTION 
The distribution of dissolved PCP in the Upper Aquifer in September 2012 is shown on Figure 
4.5.  Also included on Figure 4.5 are PCP concentrations for select tank farm wells sampled in 
September 2013.  These wells are part of the quarterly NAPL monitoring program, but several 
had not been sampled and analyzed for PCP concentrations since the early 1990s.  During the 
evaluation of PCP concentration temporal trends (Subsection 4.5) and history matching for the 
solute transport model (Subsection 6.4.2), it was discovered that PCP concentrations in some of 
the Upper Aquifer wells in the tank farm area were lower more recently (since 2007) than they 
had been in the past (1992 and earlier), and the numerical model simulated this declining trend in 
PCP groundwater concentrations.  For model verification, URS requested that seven tank farm 
well nests be sampled for PCP analysis in 2013.  Sampling was conducted in a manner to avoid 
the collection of NAPL in the sample, if present.  The sampling confirmed that PCP 
concentrations in the tank farm area are relatively low (0.83 to 506 µg/L), as discussed in 
Subsection 6.4.2.   2013 sampling results for well 3051.1, recently installed in June 2013 are also 
included on Figure 4.5.   

A review of the extent of the 2012 dissolved PCP plume in the Upper Aquifer (Figure 4.5), with 
2013 data posted at select locations, results in the following observations: 

• The PCP plume in the Upper Aquifer (> 1µg/L) is estimated to be 5,100 feet in length 
from south to north and 1,000 feet in width from east to west. 

• Approximately 85 percent of the PCP plume contains PCP concentrations between 1 
and 50 µg/L, including areas within the outmost extent of the area of Upper Aquifer 
impacted by NAPL.   

• The PCP concentrations in the waste pit area are very high (>5,000 µg/L), near the 
solubility of pure PCP in water of 14 to 20 mg/L at 20 °C (68°F) (Montgomery and 
Welkom 1990). 

• Dissolved PCP concentrations in the tank farm area range from 0.83 to 506 µg/L and 
they are lower than dissolved concentrations in the waste pit area.  The lower dissolved 
PCP concentration in the tank farm corresponds with a lower average NAPL saturation 
(6.5 percent PV in the waste pit area versus 4.8 percent PV in the tank farm area), and a 
lower PCP concentration in the NAPL (<750 mg/kg in the tank farm area versus 920 
and 5,400 mg/kg in the waste pit area).   

• The deeper zone of the Upper Aquifer has higher PCP concentrations, based on 
concentrations at well clusters 5512 and 5513 in the former waste pit, well nest 3017 in 
the central part of the plume, and well clusters 6014 and 6015 located at the 
downgradient extent of the plume.  This may be related to a greater occurrence of NAPL 
source in the deeper zone of the Upper Aquifer (see Subsection 4.1) and/or higher 
dissolution and biodegradation of PCP in the shallow zone compared to the deeper zone.   
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4.4.2 LOWER AQUIFER PCP DISTRIBUTION 
The extent of PCP concentrations in the Lower Aquifer exceeding 1 µg/L is shown on Figure 
4.6.  Monitoring in the Lower Aquifer focuses on the downgradient extent of the plume to 
provide confirmation that concentrations are not increasing and that the plume is not moving. 

The PCP plume in the Lower Aquifer is estimated to be 5,600 feet in length from south to north, 
approximately 500 feet longer than the PCP plume in the Upper Aquifer.  This is because the 
NAPL in the Lower Aquifer extends 1,400 feet farther downgradient (to the north) than NAPL in 
the Upper Aquifer, as seen by comparing the NAPL extent shown on Figure 4.5 (Upper Aquifer) 
with Figure 4.6 (Lower Aquifer). 

4.5 DISSOLVED PCP CONCENTRATION TEMPORAL TRENDS 
Available groundwater PCP concentration data collected from 1987 through 2012 were used to 
develop the dissolved PCP concentration temporal trend charts (Figure 4.7) to consider for the 
numerical modeling.  As shown on Figure 4.7, PCP concentration temporal trends were 
developed for each well or well nest/cluster.  Well nests/clusters completed in the Upper Aquifer 
may include two to three wells, located in the shallow zone, middle zone, and/or deep zone.  
Well nests/clusters completed in the Lower Aquifer may include two wells, located in shallow 
zone (LS) and/or deep zone (LD).  Appendix B provides the screened interval depth for each 
well and the aquifer designation of the well screen (UD, LS, etc.). 

The trend evaluation focused on the general long-term temporal trends of dissolved phase PCP.  
Variations in the long-term trends due to localized effects, such as presence of NAPL, seasonal 
spring flow, or remedial activities (e.g., in-situ bioremediation), are noted in the discussions 
below, but these localized effects were not simulated in the numerical model.  

The notable observations in reviewing the PCP concentration temporal trend charts for Upper 
Aquifer wells are summarized below: 

• The highest PCP concentrations (typically > 5,000 µg/L) exist in the waste pit area in 
well nests 5512 and 5513.  These high concentrations have persisted over the last three 
years of available analytical data. 

• There is higher variability in PCP concentrations over time in wells near the former 
source areas, especially in wells that historically contained NAPL.  Around 1992, the 
sampling of wells with observed NAPL (sheen, film, droplets, or accumulations) was 
discontinued to avoid misrepresenting dissolved phase concentrations.  Instead, select 
wells with NAPL were placed on quarterly monitoring of the presence/absence of NAPL, 
and monitoring for dissolved phase was focused on wells without NAPL. 

• The historical sampling practice of purging three well volumes prior to sampling may 
have contributed to the PCP variability in wells.  Since March 2008, low flow purging 
and sampling techniques have been used for groundwater sampling.  Generally, more 
consistent dissolved PCP concentrations have been observed in the wells sampled using 
this method, such as in well nests 3002, 3031, 3041, 8006, etc.  

• PCP concentrations in several wells decreased during operation of the boundary injection 
system from 1993 to 2003, and a rebound to pre-injection concentrations occurred 
following shut down of the system (well nests 3041, 3042, and 3010). 
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• Anomalously variable PCP concentrations have been observed in wells 3013.1 and 
3040.1, located to the west and northwest of the waste pit where high groundwater levels 
are observed each spring season (Subsection 3.4.3).  Well 3013.1 (US), located 300 feet 
to the west of the waste pit, has fluctuated in PCP concentration from 10 to 6,700 µg/L 
since 1998.  The higher concentrations are expected to be related to a nearby NAPL 
source.  Similarly, PCP concentrations have variably ranged from <0.5 to 1,200 µg/L in 
well 3040.1 (US), located 800 feet northwest of well 3013.  The variable PCP 
concentrations in these two wells may be related to the high groundwater level 
fluctuations in the area (see Subsection 3.4.3). 

• Overall, PCP concentrations downgradient of the former waste pit area have decreased 
from the early 1990s to 2012, based on data from wells for which a PCP record exists 
during this period.  Evidence can be seen in the temporal trend graphs for well nests 3031 
and 3039 in the tank farm area; and well nests 3002, 3018, 3041, 3042, 3043, 6001, and 
8006, etc. in the middle portion of the plume downgradient from the tank  farm (Figure 
4.7). 

• PCP concentrations outside of the interpreted extent of the PCP plume have remained 
below 1 µg/L or the laboratory reporting limit, based on PCP data collected from 1992 to 
2012 in well nests 6500, 6501, and 6502 and supported by PCP data from 2010 to 2012 
in well clusters 6018, 6019, and 6020.  This combined with the observation of decreasing 
and stable temporal trends within the PCP plume provides evidence that the dissolved 
PCP plume in the Upper Aquifer is stable.   

The notable observations in reviewing the PCP concentration temporal trend charts for Lower 
Aquifer wells are summarized below: 

• Groundwater monitoring in the Lower Aquifer is focused on the outermost extent of the 
PCP plume greater than 1 µg/L.  Eleven well nests have been used to monitor potential 
downgradient plume movement in the Lower Aquifer since 1992 or earlier.  PCP 
concentrations in the Lower Aquifer well nests have been consistently decreasing or are 
stable (Figure 4.7).  One exception is that NAPL was first observed in well 6002.3 (LD) 
in 2002, corresponding with an increase in concentration.  This observation coincided 
with the disappearance of NAPL in adjacent well 6002.2 (LS), after it had been present 
since well installation, and a decrease in concentration from a high of 2058 µg/L in 1999 
to a low of 32.8 µg/L in 2012.  

• PCP concentrations outside of the interpreted extent of the PCP plume have remained 
predominantly below 1 µg/L or the laboratory reporting limit, based on PCP data 
collected from 1992 to 2012 in well nests 6500, 6501, 6502, and 3044.  This combined 
with the observation of decreasing and stable temporal trends within the PCP plume 
provides evidence that the dissolved PCP plume in the Lower Aquifer is stable.   

4.6 CONTAMINANT FATE AND TRANSPORT 
The major fate and transport mechanisms that influence the configuration of the dissolved PCP 
plume include: 

• Diffusion and dispersion that distributes the dissolved mass 

• Advection that carries the dissolved mass with the flowing groundwater 
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• Dissolution of soluble PCP from the trapped NAPL in the soil pores 

• Biodegradation of dissolved phase PCP in groundwater 

• Adsorption and desorption of PCP in soil from/to groundwater 

Dissolution of soluble PCP from the NAPL and desorption contributes to the growth of the 
dissolved PCP plume.  Biodegradation and adsorption contribute to the stabilization and 
recession of the dissolved plume.   

4.6.1 Dissolution of PCP in NAPL Zones 
The soluble components of NAPL, such as PCP and naphthalene, are slowly and continuously 
dissolved by the flow of groundwater through the NAPL-impacted aquifer material.  The 
dissolution results in (1) depletion of PCP and other soluble components in the NAPL and (2) the 
formation of dissolved phase plumes.  The rate of PCP dissolution in the various NAPL-
impacted strata depends on the flux of groundwater through that strata and the PCP concentration 
in the groundwater that reaches the NAPL sources.    

The lower PCP concentrations observed in tank farm groundwater and NAPL samples compared 
to waste pit groundwater and NAPL samples may be a result of more accelerated PCP 
dissolution from the NAPL-impacted strata in the tank farm.  The tank farm groundwater 
contains 0.83 to 506 µg/L PCP compared to the waste pit groundwater which contains 320 to 
21,000 µg/L PCP (Figure 4.5).  The tank farm NAPL sample contained <750 mg/kg PCP 
compared to the waste pit NAPL samples, which contained 920 and 5,400 mg/kg (Table 4.2). 

Higher PCP dissolution in the tank farm may occur due to a combination of several hydraulic 
conditions.  First, the Upper Aquifer hydraulic conductivity in the tank farm area is one order of 
magnitude higher than that in the waste pit and there is less vertical variation in hydraulic 
conductivity (Subsection 3.3.1, Table 3.1), thus the groundwater flux through the tank farm is 
higher.  Second, the fire pond, located hydraulically upgradient from both the tank farm and 
waste pit, is estimated to recharge the aquifer with clean water at a rate of 5.2 cfs (2,400 gpm) 
(Subsection 3.5).  A larger proportion of the clean fire pond water will flow to the tank farm area 
due to the higher overall hydraulic conductivity and less vertical variation in the hydraulic 
conductivity. 

It is also possible that wood treating fluids that seeped to the aquifers from the tank farm area 
were lower in PCP to begin with, or this combined with accelerated dissolution has resulted in 
lower PCP concentrations the tank farm area NAPL and groundwater. 

4.6.2 Biodegradation of Dissolved PCP 
Once dissolved, PCP is readily biodegraded under Site conditions.  Evidence of this is provided 
by the decreasing PCP concentrations over time in many Site wells and the consistent lateral 
extent of the dissolved plume over three decades even in the presence of a NAPL source.  
Biodegradation in the Upper Aquifer may be enhanced by the infiltration of treated bioreactor 
effluent that contains oxygen, nutrients, and a microbial population that has adapted to degrade 
Site contaminants. 

Various literature sources were reviewed to identify a representative range of PCP 
biodegradation rates, expressed as half-life, to consider for use in the numerical transport model.  
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These literature values and the conditions in which the half-lives were determined are shown in 
Table 4.4.  PCP half-lives range from less than one day to about 4 years (1,520 days).  For the 
majority of the studies, the PCP half-life is within several weeks to several months.   

Table 4.4 
Summary of PCP Biodegradation Half-Life Values from Literature 

Approximate Half Life (t1/2) Conditions Authors 

“days to months” Summary of biodegradation studies USAF (1989) 

23 days (estimated) 
Unsaturated zone soils (~ aerobic) Smith and Novak (1987) 

Aqueous degradation inhibited at 
temperatures of 8°C – 0°C 

Baker et al. (1980) and Valo 
et al. (1985) 

0.3 – 2 days (estimated) Anaerobic methanogenic sludge Nicholson et al. (1992) 

46 – 1,520 days Aqueous aerobic studies Howard et al. (1991) 

12 days (estimated) Aerobic water/sediment Knowlton and Huckins (1983) 

210 days Soil Regenesis (2003) from 
Vernalia et al. (1997) 

120 days PCP only batch Lin (1989) 

86 days Multi-compound batch  

12 days Column  

 The above batch and column tests 
are in fine-grained soil with 
negligible organic carbon content 

 

15 – 48 days Anaerobic and aerobic laboratory 
conditions, soil 

EXTONET (1993) 

  

Notes: 
°C = Degrees Celsius 
PCP = pentachlorophenol 
t1/2 = half-life 
USAF = United States Air Force 

 
During 2007 and 2008, samples were collected from 17 Upper Aquifer wells to evaluate 
monitored natural attenuation (MNA) parameters at the Site to gain a better understanding of the 
biological and chemical processes that may be occurring in the aquifer (Premier 2009).  PCP 
daughter products were detected, including 3, 4-dichlorophenol (3, 4-DCP), a strong indicator of 
PCP degradation.  Also, it was reported that there was depletion of dissolved oxygen, nitrate, 
ferric iron (Fe+3), and sulfate concentrations and production of methane in areas near the former 
sources, indicating that aerobic and anaerobic biodegradation may be occurring.  

Dissolved oxygen (DO) measured in the field in Upper and Lower Aquifer wells during the 2012 
annual groundwater monitoring resulted in a DO range of 0.21 to 6.8 mg/L.  There appears to be 
no correlation of DO concentrations with depth, rather, lower DO concentrations are typically 
associated with wells that have the highest contamination.  DO concentrations in well clusters 
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5512 and 5513 located in the waste pit area with high PCP concentrations ranged from 0.32 to 
1.44 mg/L.    

4.6.3 Adsorption and Desorption 
Various literature sources were reviewed to assist in selecting a representative range for the soil-
water distribution coefficient (Kd) for dissolved PCP.  The results of the literature review are 
shown in Table 4.5.  

Table 4.5 
Range of Kd Values for Dissolved PCP in Groundwater 

Kd  
(mL/g) Source of Kd Value1 Notes 

4.6 Koc foc, using literature 
values for Koc 

Assuming Koc = 32,900 (Schellenberg et al., 1984 in Johnson et 
al., 1985 and ATSDR 2001).  Used literature Koc values for 
pH<pKa (the log of the acid dissociation constant) 

7.4 Koc foc, using literature 
values for Koc 

Assuming Koc = 53,000 (Regenesis, 2003).  Field study at 
Region IX USEPA wood treating site. 

0.12 to 8.9 Koc foc, using literature 
values for Koc 

Various literature values of Koc ranging from 891 to 63,500 
(WCC 1993). 

9.0 0.63 Kow foc, using 
literature value for Kow 

Assuming log Kow = 5.01 (Walton 1988). 

11.6 0.63 Kow foc, using 
literature value for Kow 

Assuming log Kow = 5.12 (undated EPA, Technical Fact Sheet) 

Column/batch tests: 
0.45 to 790  

Literature values Batch, column soil tests and in-situ tests, pH ranging from 5.3 
to >10 (Davis et al. 1994) 

In situ tests: 
0.05 to 7.2 

  

1.12 Literature value Batch and column studies using a fine grained sand with 
negligible organic carbon (Lin 1989) 

Notes: 
1 For all Kd values calculated from relationships with Koc or Kow, the foc of 1.4E-4 g/g, derived from the geometric 
mean of Libby Site aquifer sediments (URS 2009b), was used. 

Kd = soil-water distribution coefficient 
Koc = organic carbon-water partition coefficient 
Kow = octanol-water partition coefficient 
mL/g = milliliters per gram 
PCP = pentachlorophenol 
 

Kd was estimated in Table 4.2 using the following relationships: 

Kd = Koc foc  (Equation 1)  

or Kd = 0.63 Kow foc  (Equation 2) 

where 

Kd = soil-water distribution coefficient (L/kg) 
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Koc = organic carbon-water partition coefficient (L/kg) 
foc = fraction of organic carbon in soil (kg carbon/kg soil – unitless) 
Kow = octanol-water partition coefficient (unitless) 

 
Given that total organic carbon (TOC) data for Site aquifer soil samples are available and 
literature values of Koc for PCP are also available, Equation 1 provides a simple method for 
estimating a Site-specific Kd for the Upper and Lower Aquifers.  The following discussion 
presents estimates for a lower and upper bound of Kd for the dissolved PCP plume in the 
aquifers.  

The lower bound Kd value is estimated using a historical set of TOC soil data (collected from the 
mid-1980s to the early 1990s) that are low in TOC concentration.  Fifteen historical Site aquifer 
soil samples collected at different depths from five borings located on-site and off-site ranged in 
TOC concentration from <100 to 600 mg/kg (Table 5-2 of URS 2009b).  The sample materials 
were taken from the Upper Aquifer, Intermediate Zone, and Lower Aquifer.  The geometric 
mean of the TOC concentrations is 140 mg/kg, or a foc of 1.4E-04.  Although this concentration 
represents a very low organic carbon content, it is a reasonable value, given that low TOC would 
be expected in the abundant gravel layers in the Upper Aquifer, especially downgradient of the 
source areas and off-site where the majority of the dissolved PCP plume exists.  Using a foc value 
of 1.4E-04 and a PCP Koc value of 891 L/kg (Knox et al. 1993), results in a lower bound PCP Kd 
of 0.125 L/kg.    

The upper bound Kd value is estimated using more recent TOC soil data that are higher in TOC 
concentration.  Soil samples were collected for TOC analysis from off -site borings drilled into 
the Upper Aquifer around the outermost extent of the dissolved PCP plume (Table 4 of URS 
2011).  These TOC results are generally higher than the historical results by an order of 
magnitude or more.  The geometric mean of the TOC concentrations is 1,106 mg/kg, or a foc of 
1.1E-03.  Using a foc value of 1.1E-03 and a PCP Koc value of 891 L/kg (Knox et al. 1993) 
results in an upper bound PCP Kd of 0.99 L/kg. 

Using the information above, a reasonable range of Site-specific PCP Kd values is 0.125 to 0.99 
L/kg.  This range is consistent with PCP Kd values developed for other sites as shown in Table 
4.5. 

 



SECTIONFIVE Flow Model Setup and Calibration 

    5-1 

5. Section 5 F IVE Flow Model Setup and C alibration  

5.1 FLOW MODEL SET UP 
A steady state groundwater flow model was developed to simulate the average flow conditions in 
the aquifer for the period of analysis representing low flow to average flow conditions.  The 
observed groundwater levels in August 2012 (Appendix B), which represent the low flow to 
average flow condition, were used as the targets for model calibration. 

The numerical groundwater flow model was developed using the United States Geologic Survey 
(USGS) three-dimensional groundwater flow model code MODFLOW (McDonald and 
Harbaugh 1988; Harbaugh and McDonald 1996) with the USGS particle tracking code 
MODPATH (Pollock 1989).  Groundwater Vistas version 5.0 (Rumbaugh and Rumbaugh 2005) 
was used as the user-friendly interface. 

5.1.1 Model Domain and Grid 
The model domain was designed to include the controlling hydrogeologic features in the flow 
regime and the boundaries were far enough away from the Site so that the model results are not 
influenced by the potential transient boundary effect.  The model encompassed the City of Libby 
and surrounding valley area, including the Kootenai River, Libby Creek, Flower Creek, and 
areas beyond (see Figure 5.1).  The model domain was 27,500 feet wide by 23,000 feet long.  
The model domain is oriented such that the rectangular grid is parallel to the general 
groundwater flow direction, which is from south to north toward the Kootenai River.  A uniform 
model grid is specified, with each cell size 100 feet by 100 feet.   

5.1.2 Layers 
Figure 5.2 presents a cross section (C-C’) across the Libby Valley illustrating the general 
configuration of the model layers.  The cross section location is shown on Figure 5.1.  The model 
was divided into three layers to simulate the alluvial materials of the Upper Aquifer (Layer 1), 
the Intermediate Zone (Layer 2), and the Lower Aquifer (Layer 3) in the central part of the 
model.  The surrounding lacustrine deposits were extended through Layers 1, 2, and 3.  The 
Precambrian rocks were set as no-flow areas of the model, since little water movement through 
these areas is expected compared to the alluvium of the overlying units.   

The bottom elevations of the Upper Aquifer (Figure 3.2), the Intermediate Zone (Figure 3.3), and 
the Lower Aquifer (Figure 3.4) were extrapolated to the entire model domain as the bottom 
elevations for Layers 1, 2, and 3.  

The top elevation of Layer 1 was extracted from the USGS National Topographic Elevation 
Dataset (NED) 1/3 arc-second resolution (2003). 

The saturated thickness of each model layer is variable as demonstrated on Figure 5.2.  The 
average saturated thickness of each model layer is approximately 50 feet, 40 feet, and 60 feet, 
respectively, in the Libby Valley.   
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5.1.3 Boundary Conditions 

5.1.3.1 River Boundaries 
The Kootenai River, Libby Creek, Big Cherry Creek, Flower Creek, and Parmenter Creek are 
simulated as river boundary cells in Layer 1 (Figure 5.1) to simulate interaction between 
groundwater and surface water in the model.   

The fire pond and the diversion canal of Libby Creek to the fire pond are simulated as river cells 
in Layer 1 (Figure 5.1).  The pond surface water elevation was specified at 2101.43 feet msl 
according to the August 2012 measurement (Table 3.2).   

The river stage elevation at the Kootenai River was specified at 2049 feet msl at the USGS 
gaging station 12303000, based on the monthly average stage during August from 1911 to 1991 
as discussed in Subsection 3.5.  The river stage slope for the entire river segment within the 
model domain was specified following the observed surface water slope of 0.002 in March 1986 
(WCC 1986, Plate 2).  Using this slope, the river stage elevation at the Highway 37 Bridge was 
estimated to be 2051.6 feet msl.   
The stage elevations for Libby Creek, Flower Creek, and Parmenter Creek were specified 
following the estimated surface elevation from the USGS National Topographic Elevation 
Dataset (NED) 1/3 arc-second resolution (2003).     

5.1.3.2 No-Flow Boundaries 
The east and west model boundaries are cross-gradient to groundwater flow and were assigned as 
no-flow boundaries for all three model layers (Figure 5.1).  This produced groundwater flow 
parallel to these boundaries in the model, consistent with the observed condition.  The north side 
of the Kootenai River was set to a no-flow boundary condition in all three layers, simulating the 
Kootenai River and vicinity as a groundwater discharge zone (i.e., in the model, no groundwater 
can flow across the river from south to north).   

The model bottom (bottom of Layer 3) is also set as a no-flow boundary, to represent the low 
permeability of glacial till beneath the alluvium.  The areas of the model domain underlain by 
Precambrian rocks were set to no-flow boundaries on the cross-gradient sides of the model 
domain.  The Precambrian rocks likely contribute negligible influence on groundwater flow in 
the alluvium.  

5.1.3.3 General Head Boundaries and Constant Head Boundaries 
The southern boundary of the model that transects Libby Valley is specified as a general head 
boundary in the three model layers (Figure 5.1).  This represents the influx of water into the 
model domain from the valley, hydraulically upgradient of the model domain.   

A general head boundary is also set at the western model boundary in the three layers, where 
Parmenter Creek enters the model domain.  This allows some water to enter the model domain 
from the mountains to the west.   

A constant head boundary was set at the east and west model boundaries in three layers, where 
the Kootenai River flows into and out of the model domain (Figure 5.1).  This allows 
groundwater to enter and leave the model domain in the aquifers beneath the Kootenai River. 
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The aquifer head values at the general head and constant head model cells are based on an 
interpreted groundwater elevation surface in and beyond the model domain area using regional 
groundwater flow directions presented in Boettcher and Wilke (1978) and available hydraulic 
head data collected for the Site in August 2012. 

5.1.4 Pumping and Injection 
It is assumed that dewatering well 3092 has operated for the majority of time over the past 40 
years, thus pumping was simulated at a continuous rate of 150 gpm at dewatering well 3092 
(Figure 5.3).  

In the waste pit source zone, groundwater extraction was simulated at wells 9006 (13 gpm), 9008 
(7 gpm), and 9009 (7 gpm).  Re-injection was simulated at well 9504 (14 gpm) and at the 
infiltration trench (two model cells upgradient of the extraction wells) (13 gpm) (Figure 5.3). 

5.2 MODEL CALIBRATION TARGETS AND PARAMETERS 
The groundwater steady state flow model was calibrated to the following calibration targets 
and/or conditions: 

• Groundwater elevation measured in August 2012 (Appendix B) 

• Observed vertical hydraulic head differences in August 2012 at well clusters 

• Estimated fire pond leakage to the underlying aquifer (Subsection 3.5) 

• Observed PCP plume migration pathways (Figures 4.5 and 4.6) 
The flow model calibration was conducted through an iterative process using particle tracking to 
confirm that reasonable flow pathways were simulated.    

During the model calibration, hydraulic parameters and groundwater recharge (as a steady state 
boundary condition) were adjusted to match the observed groundwater elevations, hydraulic 
gradients, and the estimated leakage from the fire pond.  Adjustments were made within the 
reasonable range of field data available.   Model parameters that were adjusted during the 
calibration included: 

• Horizontal hydraulic conductivity  

• Vertical anisotropy ratio of horizontal versus vertical hydraulic conductivities 

• Riverbed conductance  

• Recharge   

5.3 MODEL CALIBRATION APPROACH 
The flow model calibration was conducted using manual adjustment following the hydraulic 
gradient comparison method (Guo and Zhang, 2000).   The hydraulic gradient comparison 
method is the basis for development of the automated parameter estimation program, MODAC, 
which is a physical concept based inverse modeling program for steady state flow model 
calibration.  The basic concept of the hydraulic gradient method is consistent with Darcy’s law 
and mass balance.  Reasons for using manual adjustment for the calibration are discussed below. 
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Model calibration is a process to estimate model parameters while it is also a process to gain 
insight into site conditions.  Initial model setup and assumed input parameters are developed 
based on available data and an understanding of the site conditions.  Once multiple data 
(topography, climate, geology, aquifer tests, grain size, field work knowledge, groundwater 
levels, hydraulic gradients, groundwater fluxes, stream-aquifer interaction, surface water flow, 
contamination behavior, plume migration pathways, contaminant concentration variation, etc.) 
are integrated into a groundwater flow and transport model, there may be inconsistencies 
between input and output as well as between different inputs.  These inconsistencies can be 
resolved by reasonable adjustment of input parameters or model setup based on site knowledge 
and professional judgement.  The manual adjustment process allows flexibility in the model 
calibration, while providing valuable information on the relationship of site hydraulic parameters 
to each other.   

5.4 MODEL CALIBRATION RESULTS 

5.4.1 Simulated Groundwater Elevations 
The simulated groundwater table for the Upper Aquifer is shown on Figure 5.3.  The 
groundwater table surface closely matches that of the interpreted surface for August 2012, 
including the hydraulic mounding and steeper hydraulic gradient at the fire pond, the overall 
hydraulic gradient, and the northern direction of flow to the Kootenai River.  The calibration 
residuals (difference between the simulated and observed water levels at observation wells) are 
posted on Figure 5.3.  

The simulated potentiometric surface for the Lower Aquifer is shown on Figure 5.4.  The general 
configuration of the potentiometric surface closely resembles that of the interpreted surface for 
August 2012.  The calibration residuals are also posted on Figure 5.4.   

The observed versus simulated hydraulic heads and their differences are presented in Table 5.1.  
The simulated residuals at 65 monitoring wells range from -1.003 feet to 0.627 feet with a 
residual mean of 0.003 feet.  The root mean square (RMS) error is 0.2555 feet (Table 5.1), which 
is the average of the squared differences in measured and simulated heads.  The scaled RMS, 
which is the RMS error divided by the range of target head values (range in observations), is 
0.006 or 0.6 percent.  The scaled RMS is usually thought to be the best measure of error, if errors 
are normally distributed.  Commonly a scaled RMS error less than 10 percent is accepted.  The 
scaled RMS error for this flow model calibration is 0.6 percent (Table 5.1), which is much better 
than the commonly accepted criterion.  

The simulated and observed hydraulic heads are also plotted on Figure 5.6.  Figure 5.6 shows the 
correlations between observed and simulated water elevations for the Upper Aquifer (R2 = 
0.9993) and Lower Aquifer (R2 = 0.9998).    

5.4.2 Simulated Vertical Hydraulic Gradient 
The simulated vertical equipotential lines along model column 150 are shown on Figure 5.5. The 
simulated vertical flow direction is consistent with the general observations in the aquifers 
(Subsection 3.4.2).  The simulated vertical hydraulic gradient in the vicinity of the fire pond is 
strongly downward.  The downward vertical hydraulic gradient decreases to the north.  In the 
area where well nests 6003 and 6002 are located, the simulated vertical hydraulic gradient 
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becomes slightly upward between the Lower and Upper Aquifers, similar to the observations at 
the two well nests (Table 5.2).  Beyond that area, the simulated vertical hydraulic gradient 
changes back to downward again, and then changes to upward near the Kootenai River.   

The simulated vertical head differences (magnitude and direction) compared well to the observed 
vertical head differences at various well nests (Table 5.2), especially the upward hydraulic 
gradient observed from the Lower Aquifer to the Upper Aquifer in the area where well nests 
6002 and 6003 are located. 

One exception is that the observed upward vertical gradient was not achieved in the model at 
well nest 3018.  Review of 2013 to 2015 water level data at well 3018.1 screened in the UM 
zone, adjacent well 3051.1 screened in the UD zone, and nearby well 3002.1 screened in the US 
zone, reveal that the water level elevation in the UM zone is lower than in the US and UD zone, 
and that there is an overall slight downward hydraulic gradient from the Upper Aquifer to the 
Lower Aquifer in this area.  Therefore, the model results at this location appear to be a 
reasonable representation of vertical hydraulic gradient.     

5.4.3 Model Water Budget 
The model simulated water budget is presented in Table 5.3.  For the entire model domain, the 
total groundwater recharge is approximately balanced with the groundwater discharge out of the 
model through river cells. 

For the simulated stream-aquifer interaction, the groundwater inflow from the surface water 
leakage at the fire pond was estimated to be 3.73 cfs (1,700 gpm), which is a little less than the 
observed high-end field estimate of 5.2 cfs (2,400 gpm) (Subsection 3.5).   

Table 5.1 
Simulated and Observed Hydraulic Heads and Calibration Statistics 

Name Model_X Model_Y Layer 
Observed 

Head  
(feet) 

Computed 
(feet) 

Residual 
(feet) 

3002.1 501499 1563874 1 2075.39 2075.27 0.12 
3003.1 500992 1562352 1 2084.24 2083.91 0.34 
3005.2 501781 1562391 1 2092.65 2092.65 -0.01 
3007.1 501385 1562078 1 2089.22 2089.53 -0.31 
3008.1 501099 1562793 1 2079.48 2079.80 -0.32 
3010.1 500722 1563444 1 2076.66 2076.79 -0.13 
3011.1 502350 1562221 1 2093.27 2093.25 0.02 
3013.1 501510 1561526 1 2090.07 2090.20 -0.13 
3013.3 501510 1561525 3 2082.03 2082.04 -0.01 
3015.2 501429 1562247 3 2080.00 2080.05 -0.05 
3017.1 500799 1562774 1 2079.00 2079.38 -0.38 
3018.1 501219 1563909 1 2073.67 2074.67 -1.00 
3018.2 501219 1563909 3 2074.59 2074.63 -0.04 
3021.1 502304 1561496 1 2100.22 2100.18 0.04 
3026.1 501268 1562259 1 2087.00 2086.99 0.00 
3032.1 501464 1562127 1 2092.90 2092.30 0.61 
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Table 5.1 
Simulated and Observed Hydraulic Heads and Calibration Statistics 

Name Model_X Model_Y Layer 
Observed 

Head  
(feet) 

Computed 
(feet) 

Residual 
(feet) 

3035.1 501735 1561294 1 2091.65 2091.58 0.07 
3038.1 501609 1562852 1 2082.70 2082.72 -0.01 
3040.1 500844 1562018 1 2085.65 2085.63 0.02 
3041.1 500653 1562716 1 2079.93 2079.54 0.39 
3042.1 500660 1563137 1 2077.42 2077.65 -0.23 
3043.1 500674 1563718 1 2075.33 2075.36 -0.03 
3044.1 502012 1566956 1 2061.29 2061.33 -0.04 
3044.3 502012 1566956 3 2060.16 2060.16 0.00 
3045.1 502429 1560519 1 2100.26 2100.14 0.12 
3046.1 502036 1560202 1 2103.02 2102.87 0.15 
3047.1 501944 1564655 1 2071.70 2071.68 0.02 
3047.3 501944 1564655 3 2071.60 2071.60 0.00 
3049.1 502235 1563334 1 2081.29 2081.33 -0.04 
3050.1 500625 1561921 1 2085.64 2085.53 0.11 
3094.1 502351 1565166 1 2068.54 2068.60 -0.07 
5512.1 501617 1561730 1 2093.50 2093.63 -0.13 
5513.1 501840 1561671 1 2098.85 2098.93 -0.07 
6001.1 499896 1563689 1 2075.41 2075.24 0.17 
6001.2 499896 1563689 3 2074.32 2074.26 0.06 
6002.1 501003 1565163 1 2069.26 2069.78 -0.51 
6002.3 501003 1565163 3 2069.99 2070.04 -0.05 
6003.1 500221 1565602 1 2068.28 2068.24 0.05 
6003.3 500221 1565602 3 2069.30 2069.04 0.27 
6007.1 500512 1564235 3 2072.86 2072.97 -0.12 
6009.1 501043 1564299 3 2072.87 2072.95 -0.08 
6010.1 500229 1562958 1 2077.17 2077.38 -0.21 
6011.1 500269 1563442 1 2076.44 2076.13 0.32 
6012.1 500328 1563869 1 2075.06 2074.58 0.48 
6013.1 500394 1564644 1 2072.39 2071.76 0.63 
6014.1 500243 1565590 1 2068.25 2068.27 -0.02 
6015.1 500995 1565167 1 2069.22 2069.76 -0.53 
6016.1 501036 1564291 1 2072.67 2073.15 -0.48 
6017.1 499245 1563555 1 2076.15 2075.79 0.35 
6018.1 499351 1566101 1 2067.24 2067.08 0.16 
6019.1 500194 1566355 1 2065.57 2065.34 0.23 
6020.1 501370 1566473 1 2063.49 2063.60 -0.10 
6500.1 500580 1566989 1 2062.28 2062.24 0.04 
6500.3 500580 1566989 3 2060.40 2060.39 0.01 
6501.1 500207 1567872 1 2057.53 2057.47 0.05 
6501.2 500207 1567872 3 2057.20 2057.23 -0.03 
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Table 5.1 
Simulated and Observed Hydraulic Heads and Calibration Statistics 

Name Model_X Model_Y Layer 
Observed 

Head  
(feet) 

Computed 
(feet) 

Residual 
(feet) 

6502.1 499364 1566090 1 2067.32 2067.12 0.20 
6502.3 499364 1566090 3 2066.81 2066.76 0.04 
6503.1 500135 1564267 1 2073.22 2073.08 0.14 
6503.3 500135 1564267 3 2073.00 2072.94 0.06 
8004.2 501522 1563873 3 2074.99 2075.00 -0.01 
8006.1 500462 1563477 1 2076.42 2076.21 0.21 
8006.3 500462 1563477 3 2075.27 2075.37 -0.10 
9001.1 500731 1563501 1 2076.68 2076.56 0.12 
9501.1 501485 1562140 1 2092.85 2092.98 -0.13 

       Calibration Statistics   
     Residual Mean (feet) 0.003 
     Abs. Res. Mean (feet) 0.169 
     Res. Std. Dev. (feet) 0.255 
     Sum of Squares 4.224 
     RMS Error 0.255 
     Min. Residual (feet) -1.003 
     Max. Residual (feet) 0.627 
     Number of Observations 65 
     Range in Observations (feet) 45.821 
     Scaled Std. Dev.  0.006 
     Scaled Abs. Mean 0.004 
     Scaled RMS 0.006 
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Table 5.2 
Simulated and Observed Vertical Head Differences 

Well Pair Screen 
Designation 

August 2012 
Water Level  

(Feet) 

Observed 
Head 

Difference 
(feet) 

Observed 
Direction 

Simulated 
Water Level 

(feet) 

Computed 
Head 

Difference 
(feet) 

Simulated 
Direction 

6501.1 UA 2057.53 
0.33 Down 

2057.47 
0.25 Down 

6501.2 LA 2057.20 2057.23 
6500.1 UA 2062.28 1.88 Down 

2062.24 
1.85 Down 

6500.2 LA 2060.40 2060.39 
6502.1 UA 2067.32 

0.51 Down 
2067.12 

0.35 Down 
6502.3 LA 2066.81 2066.76 
6003.1 UA 2068.28 

-1.02 Up 
2068.24 

-0.80 Up 
6003.3 LA 2069.30 2069.04 
6002.1 UA 2069.26 -0.73 Up 

2069.78 
-0.26 Up 

6002.3 LA 2069.99 2070.04 
6503.1 UA 2073.22 

0.22 Down 
2073.08 

0.14 Down 
6503.3 LA 2073.00 2072.94 
3018.1 UA 2073.67 

-0.92 Up1 
2074.67 

0.04 Slightly 
Down 3018.2 LA 2074.59 2074.63 

6001.1 UA 2075.41 1.09 Down 
2075.24 

0.98 Down 
6001.2 IZ/LA 2074.32 2074.26 

Notes: 
1 Review of additional 2013 to 2015 water level data from nearby wells 3051.1 and 3002.1 indicate that the overall 
vertical hydraulic gradient is slightly downward in the area of well nest 3018. 

IZ = Intermediate Zone 
LA = Lower Aquifer 
UA = Upper Aquifer 
 

Table 5.3 
Model Water Budget 

(A)  Entire Model 

  
Inflow to Aquifer 

(cfs) 
Outflow from Aquifer 

(cfs) 
Net Inflow to Aquifer 

(cfs) 
Constant Head 0.44 0.23 0.21 
General Head 0.14 0.02 0.13 
River 8.67 12.48 -3.81 
Recharge 3.81 0.00 3.81 
Well 0.06 0.39 -0.33 
Total 13.12 13.12 0.00 
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Table 5.3 
Model Water Budget 

(B)  Stream-Aquifer Interaction  

  
Inflow to Aquifer 

(cfs) 
Outflow from Aquifer 

(cfs) 
Net Inflow to Aquifer 

(cfs) 
Kootenai River 0.03 11.46 -11.43 
Libby Creek 0.26 0.95 -0.69 
Flower Creek 3.69 0.02 3.67 
Parmenter Creek 0.95 0.01 0.95 
Fire Pond 3.73 0.00 3.73 
Total 8.66 12.43 -3.78 

Notes:  
The total area and the active area of the model domain are 632,500,000 ft2, and 
391,620,000 ft2, respectively. 
cfs = cubic feet per second 

 

5.5 ESTIMATED FLOW MODEL PARAMETERS 

5.5.1 Estimated Horizontal Hydraulic Conductivity Distribution 
For the initial model run, a simple hydraulic conductivity (K) distribution was used, based on 
average estimated K values for specific subsurface material types (e.g. alluvial, lacustrine, etc.) 
and/or areas of aquifer (e.g., up-valley, mid-valley, down-valley, uplands, etc.) known to have 
characteristically different K values.  The initial spatial distribution of these K zones was based 
on geologic interpretation of where material type changes occur in the subsurface.  During each 
subsequent model run in the model calibration process, the K distribution was slightly modified 
by adjusting K values within a Site-representative range to achieve a match to the observed 
hydraulic heads, observed horizontal and vertical hydraulic gradients, the independently 
estimated leakage rate at the fire pond, and the interpreted plume migration pathways, as 
discussed previously in Section 5.2.  The adjustment of K values was limited to the range of Site 
representative values presented in Table 3.1, which are based on cumulative Site knowledge 
gained from field tests (e.g., pumping and slug tests), subsurface soil logging and sampling 
(including grain size analysis), water production during drilling, and pumping/injection 
responses during remedial actions.   

The estimated K value assigned to each model cell represents the average K of the entire layer at 
that cell.  As the Upper Aquifer, Intermediate Zone, and Lower Aquifer are each simulated as a 
single model layer, the estimated K value represents the average equivalent K of the various 
geologic strata within the entire saturated thickness of each unit.   

The K values are varied spatially in the model for the Upper Aquifer (Layer 1) (Figure 5.7) and 
the Lower Aquifer (Layer 3) (Figure 5.8) whereas a single K value was used to represent the 
Intermediate Zone.  More field observations (observed groundwater elevations, boring logs, 
aquifer tests, pumping, etc.) are available for the Upper Aquifer, thus more spatial variability was 
justified in the model for the Upper Aquifer.  The K values selected to represent each 
hydrogeologic unit in the model layers are summarized below. 
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Lacustrine Deposit 
A uniform K value of 1 ft/d was used in the model to represent the low permeability fine-grained 
lacustrine deposits in Layers 1, 2, and 3.  There are no hydraulic head or drilling data for this 
unit.  The model K value for the lacustrine deposit is based on professional judgement and is 
consistent with the range of K values for silt/loess in Freeze and Cherry (1979). 

Upper Aquifer 
The model K value for the Upper Aquifer ranges from 2.5 ft/d in the upgradient area of the 
model domain to 440 ft/d farther downgradient toward the Kootenai River (Figure 5.7).  The 
model K values are consistent with the range of K values derived from field tests and 
observations in the Upper Aquifer as summarized in Table 3.1 (0.21 to ~800 ft/day).  
Specifically: 

• The model K values in the waste pit source zone are 5 ft/d and 30 ft/d (Figure 5.7), which 
is in the estimated K range from the field aquifer tests performed in the former waste pit 
area (Subsection 3.3.1, Table 3.1).  The 5 ft/d zone is extended upgradient of the waste 
pit.  

• The model K values in the tank farm source zone are 5 ft/d, 30 ft/d, and 140 ft/d.   These 
K values are within the estimated range of the field aquifer tests conducted in the former 
tank farm area (Subsection 3.3.1, Table 3.1).  

• Downgradient of the source zones toward the Kootenai River, the K values were 
increased in the model to match the decreased hydraulic gradient and to represent the 
increase in highly permeable coarse gravel layers in the Upper Aquifer that were 
observed during drilling (Subsection 3.3.1, Table 3.1). Model K values in this area were 
200 ft/d, 230 ft/d, 250 ft/d, 400 ft/d, and 440 ft/d. 

Intermediate Zone 
A single K value of 2.5 ft/d was selected for the Intermediate Zone in the model based on field 
observations and professional judgement as discussed in Subsection 3.3.2.  This value is within 
the range of K values for a silty sand in Freeze and Cherry (1979).    

Lower Aquifer 
The K values used for the Lower Aquifer (Figure 5.7) in most of the model domain are 30 ft/d, 
100 ft/d, and 110 ft/d, based on field observations and professional judgement as discussed in 
Subsection 3.3.2.  The K value was reduced to 30 ft/d just downgradient of well nests 6002 and 
6003 to allow simulation of the observed upward hydraulic gradient between the Upper and 
Lower Aquifers in that area.  In the area hydraulically upgradient of the former waste pit area, 
the K value was decreased in the model to 5 ft/d and 2.5 ft/d to match the observed increased 
hydraulic gradient.  The range of K values used in the model to represent the Lower Aquifer are 
consistent with soil types of silty sand, clean sand, and gravel in Freeze and Cherry (1979). 

5.5.2 Estimated Vertical Anisotropic Ratio 
The ratio of horizontal hydraulic conductivity to vertical hydraulic conductivity (vertical 
anisotropy ratio) was estimated to be 10:1 to match the observed vertical hydraulic head 
differences between the Upper and Lower Aquifers.  This ratio was applied uniformly over the 
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three model layers.  This ratio is within the range for layered sedimentary materials as discussed 
by Freeze and Cherry (1979).   

5.5.3 Estimated Riverbed Conductance 
The riverbed conductance for each river cell is the product of the width of the river in the model 
cell, the length of the river in the model cell, and the vertical hydraulic conductivity of the 
riverbed material divided by the thickness of the riverbed.  It was assumed that the riverbed 
contained fine material with a lower hydraulic conductivity than the surrounding aquifer 
material.   

The riverbed conductance for each model cell was estimated during model calibration to be 360 
ft2/d for the Kootenai River, 200 ft2/d for Libby Creek, 150 ft2/d for Flower Creek, and 50 ft2/d 
for Parmenter Creek.  A riverbed conductance of 360 ft2/d corresponds with a vertical hydraulic 
conductivity of 0.18 ft/d for the riverbed material (representing fine-grained material), a model 
cell size of 100 feet by 100 feet, and an assumed riverbed thickness of 5 feet.  

5.5.4 Estimated Groundwater Recharge Rates 
The estimated areal groundwater recharge distribution is presented on Figure 5.9.  In the Libby 
Valley and within the City of Libby, the groundwater recharge was estimated to be 5 inches/year 
during model calibration.  This value represents infiltration of precipitation and lawn irrigation 
combined.  This recharge is in addition to recharge supplied by infiltration of losing streams and 
water bodies (fire pond, Libby Creek, Flower Creek, and Parmenter Creek) which receives 
runoff from the surrounding mountains and bluffs of lakebed deposits.  These additional recharge 
features are modeled using a river boundary condition, as discussed in Section 5.1.3.1. The 
groundwater recharge in the high topographic area of the model domain (bluffs of lakebed 
deposits) was estimated to be 2.5 inches per year, representing this less permeable area where 
surface water runoff is greater. 
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6. Section 6 SIX Transport Model Dev elopment  

6.1 OVERVIEW OF TRANSPORT MODEL DEVELOPMENT 
A groundwater solute transport model was developed using MT3DMS (Zheng and Wang 1998) 
to simulate the dissolved groundwater PCP plume at the Site.  PCP was the COC selected for 
model simulation because it is the most widespread COC above its respective cleanup level of 1 
µg/L, and it represents the most conservative extent of groundwater impacts.  The particle 
tracking code MODPATH (Pollock 1989) was frequently used in the modeling process to 
evaluate the flow path in support of the plume simulation. 

The transport model was developed through a history matching simulation to approximately 
represent the evolution of the dissolved PCP plume over the past 40 years from 1973 to 2012.  
The steady state groundwater flow model simulated flow field was used in the transport model 
(Section 5.0).   

The objectives of the groundwater PCP plume history matching simulation are (1) to integrate 
available information of contaminants (NAPL phase, aqueous phase, soil phase) and the 
temporal trends of the groundwater PCP concentrations into the model, and (2) to estimate fate 
and transport parameters.   

The specific targets or constraints for the PCP plume history matching simulation include:  

• The interpreted (observed) 2012 groundwater PCP plume extent in the aquifers 

• The 2012 soil PCP sampling results in the source zones 

• The groundwater PCP concentration temporal trends from 1987 to 2012 
The history matching process is somewhat similar to the flow model calibration process, in terms 
of adjusting parameters to match the observed conditions.  However, as the subsurface 
contaminant concentration distribution is far more complex than the hydraulic head distribution, 
the history matching can only approximately mimic the general spatial and temporal distribution 
of PCP.  In addition, the three-layer model simulates the average PCP concentration in each layer 
but not the concentrations for each sub-layer in the Upper Aquifer or Lower Aquifer. 

The modeling approach, assumptions, parameters, and simulation results are discussed in the 
following subsections.  

6.2 MODELING APPROACH FOR PCP SOURCE 
The dissolved PCP plume originated from the NAPL zones as discussed in Subsection 4.4.  The 
PCP dissolution process from NAPL was simulated using an equivalent mass transfer method 
from the NAPL phase to aqueous phase.   

In the transport model, the relationship between NAPL and dissolved PCP was specified using a 
NAPL-water partitioning coefficient, which is similar to using a soil-water distribution 
coefficient to simulate adsorbed contaminants on soil in a transport model.  The relationship 
between NAPL phase and water phase concentrations under equilibrium condition used in the 
model is expressed as: 

  Cn = KnCw       (6.1)   
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Where 

 Cn represents the NAPL phase PCP concentration expressed as PCP mass per mass of soil 
impacted by NAPL (µg/kg), 

 Kn represents the “equilibrium partitioning coefficient” of PCP partitioning from the 
NAPL in soil to the aqueous phases (L/kg), 

 Cw represents the aqueous phase PCP concentration (µg/L). 

Compared to the commonly used constant-concentration source assumption or specified-
variable-concentration source assumption in a transport model, this approach allows for the 
following: 

• Specifying a finite mass of contaminant in the source zone based on available site 
observations (Subsection 6.3.1); 

• Simulating the depletion of source mass based on the calibrated  groundwater flow 
conditions (Subsection 6.3.2); and 

• Comparing simulation results in the source zones (groundwater and NAPL/soil 
concentrations) with available Site sampling data to assess the reasonableness of the 
model results (Subsections 6.3.2 and 6.3.3). 

In this way, the solute transport model can be used to approximately simulate the dissolved PCP 
plume originating from a finite NAPL source in the aquifers.  This concept is similar to that used 
by Hydrogeologic (1996) to model the transfer of mass from a depleting NAPL source.  

It should be emphasized that this approach does not simulate the physical process of the 
dissolution of PCP from the NAPL, rather it approximately simulates the release of the soluble 
compound from the NAPL based on an assumed equilibrium partitioning coefficient.  Use of the 
NAPL-water partitioning concept to simulate dissolution from a NAPL source in a solute 
transport model has been reported by several modeling practitioners, including URS (2004) and 
Tu et al. (2006). 

6.3 TRANSPORT MODEL SETUP 

6.3.1 Assumed NAPL PCP Source Extent 
For the purpose of the numerical modeling it is assumed that by 1973 (four years after wood 
treating operations ceased) the extent of NAPL in the aquifers was the same as that characterized 
in the Site investigations in the mid-1980s and later confirmed in 1992 and 2010 investigations 
(Section 4.2).  The interpreted NAPL extent for the Upper Aquifer (Figure 4.1), Intermediate 
Zone (Figure 4.2), and the Lower Aquifer (Figure 4.3) were assumed to be the source of 
dissolved PCP in the model. 

It is assumed that PCP concentrations in the NAPL were greater in 1973 compared to 2012 due 
to dissolution of PCP from the NAPL while groundwater flowed through the NAPL-impacted 
strata over the decades.  There is limited historical NAPL and aquifer soil chemical analysis to 
compare to more recent PCP analysis to confirm this assumption. 
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6.3.2 Estimated Solute Transport Parameters 
The groundwater solute transport model includes the following parameters:  

• Effective porosity 

• Dispersivity (longitudinal, transverse, and vertical) 

• PCP soil-water distribution coefficient 

• Soil bulk density 

• PCP biodegradation half-life 
These parameters were estimated within a range of reasonable values and adjusted during the 
history matching process.  The final values for transport parameters used in the model are 
presented in Table 6.1 and discussed below.    

Table 6.1 
Estimated Transport Parameters 

General Transport Parameters Upper 
Aquifer 

Intermediate 
Zone 

Lower 
Aquifer 

Effective Porosity 0.2 0.1 0.15 
Soil Bulk Density 1.88 kg/L 1.88 kg/L 1.88 kg/L 
Longitudinal Dispersivity 20 feet 20 feet 20 feet 
Transverse Dispersivity 5 feet 5 feet 5 feet 
Vertical Dispersivity 0.1feet 0.1 feet 0.1 feet 
PCP Soil-Water Distribution Coefficient Outside of NAPL-
Impacted Zones 0.125 L/kg 0.125 L/kg 0.125 L/kg 

PCP Biodegradation Half-Life Outside of NAPL-Impacted 
Zones 50 days 100 days 100 days 

Notes: 
kg/L = kilograms per liter 
L/kg = liters per kilogram 
NAPL = non-aqueous phase liquid 
PCP = Pentachlorophenol 

 
The effective porosities applied in the Upper Aquifer, Intermediate Zone, and the Lower Aquifer 
are 0.2, 0.1, and 0.15, respectively, based on the general characteristic of the aquifer materials.  
This range of values is based on the published estimates of mobile porosity (portion of total 
porosity that contributes to advective flow and transport in aquifers) from 15 tracer tests in 
various aquifer materials (Payne et al. 2008). 

The longitudinal, transverse, and vertical dispersivities were estimated to be 20 feet, 5 feet, and 
0.1 foot for the Upper Aquifer, Intermediate Zone, and Lower Aquifer, respectively, during the 
history matching process.  The dispersivity term includes both dispersion and diffusion. 

The PCP soil-water distribution coefficient was estimated to be 0.125 L/kg outside of the NAPL-
impacted zones, based on the lower bound fraction of organic carbon (1.4E-04) in Site aquifer 
soil (Subsection 4.6.3) and a literature value for the log of the organic carbon-water partitioning 
coefficient (log Koc) of 2.95 L/kg (Knox et, al. 1993).  Higher acceptable values (up to 
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0.99 L/kg) were evaluated in the model but use of higher values resulted in a model plume extent 
shorter than that observed and with a higher concentration gradient. 

The soil bulk density (dry) used to calculate the retardation factor is 1.88 kg/L based on the 
average of Site-specific data (Table 11 of URS 2012). 

The biodegradation half-life of dissolved PCP outside of the NAPL-impacted zones was 
estimated to be 50 days in the Upper Aquifer and 100 days in the Intermediate Zone and Lower 
Aquifer, as the result of history matching simulation.  These estimates are within the ranges 
presented in literature sources (Table 4.4).   

6.3.3 Estimated NAPL Zone Parameters 
Using the NAPL-water partitioning coefficient to simulate the PCP source in the NAPL zones 
requires estimation of two parameters in the NAPL zones:  

• Initial groundwater PCP concentrations 

• PCP NAPL-water partitioning coefficients (Kn) approximating dissolution 

With these two parameters, the initial NAPL/soil PCP concentration distribution can be 
calculated using Equation 6.1 and the initial total PCP mass (NAPL/soil and aqueous phases) in 
the aquifers can be calculated in MT3DMS.  These parameters and biodegradation half-life were 
estimated through the history matching simulation.  The final estimation results are discussed 
below.  

Upper Aquifer  
The three panels on Figure 6.1 present the parameter estimation results of (1) the initial 
groundwater PCP concentrations, (2) the PCP NAPL-water partitioning coefficients and the  
effective biodegradation half-life, and (3) the NAPL/soil PCP concentrations in the NAPL zones 
in the Upper Aquifer.      

Solute transport parameters in the Upper Aquifer were estimated in the model for the waste pit 
and tank farm source zones as follows: 

• The initial groundwater PCP concentrations were initially assumed based on the PCP 
solubility (Subsection 4.3.4) and the 2012 observed PCP concentrations in the waste pit 
zone (in well clusters 5512 and 5513), and then adjusted during the history matching 
process.  The selected initial groundwater PCP concentrations are 7,000 µg/L within the 
waste pit source zone and 6,000 µg/L within the tank farm source zone (Panel 1).     

• The selected NAPL-water partitioning coefficient (Kn) is 10 L/kg for both source zones, 
following the interpreted NAPL zone delineation (Panel 2). The estimation of Kn was 
conducted for the waste pit source zone where more data were available, and the same Kn 
was then applied to the tank farm source zone.  The estimation of Kn in the waste pit 
source zone was an iterative process involving (1) initial assumption, (2) MT3DMS 
simulations of the initial PCP mass and initial NAPL/soil PCP concentrations in the 
source zone compared to estimated historical conditions, (3) MT3DMS simulations of the 
remaining dissolved PCP concentrations and NAPL/soil PCP concentrations in the source 
zone in comparison to the 2012 observed concentrations, and (4) professional judgment. 
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• No biodegradation was applied to the two source zones, based on the concept that no 
biodegradation occurs in NAPL (Panel 2). 

• The resulting initial NAPL/soil PCP concentrations in the Upper Aquifer are presented in 
the third panel on Figure 6.1.  The values are the result of MT3DMS for a one-day 
simulation based on Equation 6.1.  The initial NAPL/soil PCP concentration was 
estimated in the model to be 60 mg/kg in the tank farm source zone and 70 mg/kg in the 
waste pit source zone.  These concentrations represent the average concentration of the 
full saturated thickness of the Upper Aquifer.  There are limited historical soil chemical 
analyses to confirm whether or not the modeled initial concentrations are consistent with 
observed values.  

For the NAPL-impacted zones surrounding the waste pit and tank farm source zones, the 
estimation of solute transport parameters was generally related to the estimated cumulative 
thickness of the NAPL-impacted strata.  Zones with higher cumulative thicknesses of NAPL-
impacted strata were estimated to have higher initial groundwater PCP concentrations, higher 
NAPL-water partitioning coefficients, and longer biodegradation half-lives.  Zones with less 
cumulative thicknesses of NAPL-impacted strata were estimated to have lower initial 
groundwater PCP concentrations, lower NAPL-water partitioning coefficients, and shorter 
biodegradation half-lives.  Then the estimates were adjusted during the history matching 
simulations and compared to the available Site data to assess the reasonableness of the match. 

The model estimated solute transport parameters in the Upper Aquifer for the areas surrounding 
the waste pit and tank farm source zones are as follows: 

• In the area between the two source zones where the cumulative thickness of NAPL-
impacted strata is estimated to be 20 feet, the initial PCP groundwater concentration was 
estimated to be 4,000 µg/L (Panel 1).  Where the cumulative thickness of NAPL-
impacted strata is estimated to be one foot, the initial PCP water concentration was 
estimated to be 3,000 µg/L. In the vicinity of well 3040 to the west of the interpreted 
NAPL zone, it was assumed there might be some NAPL present based on the observed 
PCP concentration temporal trends at 3040 (up to 1,000 µg/L PCP has been observed) 
and based on the historical width of the PCP plume downgradient (Figure 4.7).  In this 
zone, the initial PCP concentration was specified to be 3,000 µg/L.   

• In the area where the cumulative thickness of NAPL-impacted strata is estimated to be 
one foot thick, the NAPL-water partitioning coefficient was estimated to be 1.5 L/kg 
(Panel 2).  The Kn value was estimated to be 3 L/kg to 5 L/kg for the NAPL-impacted 
strata zones surrounding the two source zones. 

• Selection of the spatial distribution of PCP biodegradation half-lives is approximately 
based on the observed cumulative thickness of NAPL-impacted strata.  The 
biodegradation half-lives were assumed to be longer in the zone with greater NAPL-
impacted strata and shorter in the zones with less NAPL-impacted strata or no NAPL.  In 
the area where no NAPL impacts have been observed, the average biodegradation rate for 
the entire saturated thickness of the Upper Aquifer was estimated to be 50 days (Panel 2), 
which is in the range of literature values that represent dissolved PCP degradation (Table 
4.4).  Where the NAPL-impacted strata is a small portion of the saturated thickness 
(cumulative thickness of NAPL-impacted strata from 1 to 20 feet), some biodegradation 
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is assumed to occur.  The effective biodegradation half-life was estimated to range from 
220 days to 3,650 days (10 years) for these zones.  

• Biodegradation zones are shown together with the zones for equivalent PCP NAPL-water 
partitioning coefficient on Figure 6.1 (Panel 2) because both parameters are likely 
associated with the amount of NAPL present (i.e., the more NAPL, the more PCP mass; 
while the more NAPL, the lower the biodegradation). 

• The NAPL/soil PCP concentrations vary from 4.5 mg/kg to 20 mg/kg in the areas 
surrounding NAPL source zones (Panel 3).    

Intermediate Zone 
Figure 6.2 presents the estimated initial groundwater PCP concentrations, NAPL-water 
partitioning coefficient, biodegradation half-life, and initial NAPL/soil PCP concentrations in the 
Intermediate Zone, based on the estimated cumulative thickness of NAPL-impacted strata (1 to 5 
feet), following the same procedure applied for the Upper Aquifer.    

Lower Aquifer 
The estimated initial groundwater PCP concentrations, NAPL-water partitioning coefficient and 
biodegradation half-life, and initial NAPL/soil PCP concentrations in the Lower Aquifer are 
presented on Figure 6.3.  These estimates were also based on the estimated cumulative thickness 
of NAPL-impacted strata following the same procedure applied for the Upper Aquifer.  The 
estimated initial NAPL/soil PCP concentrations range from 3 to 60 mg/kg, extending over the 
area that represents the observed extent of NAPL-impacted strata in the Lower Aquifer.   

6.3.4 Initial Total PCP Mass in Aquifer 
The estimated transport parameters in the NAPL-impacted zones define the initial source 
conditions in the aquifer, including the total initial PCP mass in the aquifer.  Based on the 
MT3DMS one-day simulation result, the estimated total initial PCP mass in dissolved and 
adsorbed/NAPL phases is approximately 190,000 kg for the three hydrogeological units.  The 
model simulated initial (1973) total PCP mass in the aquifers is presented to provide a relative 
comparison to the simulated remaining PCP mass in 2012 (Subsection 6.4.4).  

6.4 HISTORY MATCHING SIMULATION RESULTS 
History matching simulation results were evaluated from three perspectives, including the 
simulated plume migration and transport processes (Subsection 6.4.1), the simulated 2012 PCP 
plume in comparison with the available sampling results (Subsection 6.4.2), and the simulated 
2012 NAPL/soil PCP concentrations in comparison to the available soil sample data in the 
source zones (Subsection 6.4.3). 

The history matching process described in the Subsections below focused on matching general 
PCP spatial distribution and trends rather than direct comparison of observed groundwater and 
soil concentrations to modeled concentrations.  This is because the model simulates an average 
concentration for the entire model layer over a given cell area, whereas the observed 
groundwater and soil concentration represents a small and discrete sampled interval that is 
subject to seasonal and sampling variations.  The history matching process that was employed 
provided a more general comparison.  It involved matching the observed decreasing, increasing, 
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or stable concentration trends in the various wells over time, matching concentrations to about an 
order of magnitude at various points in time, matching the overall plume configuration, and 
matching the general PCP depletion in soil concentrations over time.    

6.4.1 Simulated Groundwater PCP Plume over Time 
The simulated groundwater PCP plume is presented for years 1975, 1987, 1994, and 2012 for the 
Upper Aquifer (Figure 6.4) and the Lower Aquifer (Figure 6.5).  These years were selected to 
show the plume development and change over time.     

Comparison of the simulated PCP plumes in the Upper Aquifer for the four select years (Figure 
6.4) revealed the following:  

• The simulated 1975 PCP plume is wider than the plumes in other years.   This represents 
the plume growing period.   

• The simulated 1987 plume extent reduces in both width and length, but the high 
concentration (> 3,000 µg/L) zone grows.  Since 1987, the simulated plume extent 
reduces over time and the simulated PCP concentrations within the plume decrease over 
time.  This is generally consistent with the temporal trends of observed PCP 
concentrations shown on Figure 4.7 for the Upper Aquifer.  

• The simulated PCP concentrations in the two source zones exhibit different changes over 
time, although the assumed initial concentrations (6,000 to 7,000 µg/L) and NAPL-water 
partitioning coefficient (10 L/kg) are almost the same.   

o Tank Farm Source Zone: The concentrations decrease substantially over time. In 
1975, concentrations are greater than 5,000 µg/L. By 2012, the concentrations 
decrease to less than 10 µg/L in the eastern portion of the zone and to less than 1,000 
µg/L in the western portion of the zone.  Only a few model cells have concentrations 
> 1,000 µg/L by 2012. 

o Waste Pit Source Zone: The PCP concentrations decrease slowly over time.  By 2012 
the concentrations vary from several hundred to > 5,000 µg/L.   

• The high concentrations within the simulated plume in the early years appear to be 
contributed from both source zones and mainly from the tank farm source zone; while by 
2012, the central portion of the plume appears to have shifted to the west and is primarily 
sustained by contributions from the waste pit source zone.   

The simulated PCP plume in the Lower Aquifer (Figure 6.5) appears to be growing in 1975 and 
then it remains similar in extent over time, but with concentration decreasing inside of the plume, 
as result of depletion of the source zones due to dissolution of PCP from the NAPL followed by 
natural biodegradation.    

6.4.2 Simulated 2012 Groundwater PCP Plumes 
The simulated 2012 groundwater PCP plumes in the Upper Aquifer and Lower Aquifer are 
presented again on Figures 6.6 and 6.7, respectively.  The interpreted (observed) extent of the 
2012 PCP plume, the 2012 sampling results, and the 2013  sampling results (for select wells in 
the tank farm source zone) are posted on the figures for general comparison.     
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The extent of the simulated groundwater PCP plumes in the Upper Aquifer and Lower Aquifer 
closely match the interpreted (observed) 2012 groundwater PCP plume extent.  The simulated 
2012 groundwater PCP plume extent in the Upper Aquifer is more conservative than the 
observed one near the downgradient toe of the plume.  Detailed evaluation of the simulation 
results is provided below. 

Tank Farm Source Zone, Upper Aquifer 

• In the east portion of the tank farm source zone extending south up to the fire pond, the 
simulated PCP concentrations are below 1 µg/L (Figure 6.6), where the initial 
concentration was specified at 6,000 µg/L (Figure 6.1) 40 years ago. 

• In the middle portion of the tank farm source zone, the simulated PCP concentrations are 
less than 100 µg/L.   

• In the west portion of the tank farm source zone, the simulated PCP concentrations are 
less than 1,000 µg/L.   

• In the west portion of the tank farm source zone only a few model cells contain 
concentrations between 1,000 and 3,000 µg/L.  

The 2012 annual groundwater sampling event did not include wells located within the tank farm 
source zone, and these wells had not been sampled in recent years.  After the model history 
matching was completed, URS requested that select tank farm wells be sampled (in September 
2013) to verify if the model results in the tank farm source zone are representative, and in 
particular to determine if current PCP concentrations had decreased from the historical highs 
(Figure 4.7) to less than 10 µg/L as simulated in the model. Sampling was conducted in a manner 
to avoid the collection of NAPL in the sample, if present.  The results are shown below and on 
Figure 6.6: 

• 3012.1 (UD) sample - 0.83 µg/L; model simulated - 1 to 10 µg/L 

• 3015.1 (UD) sample - 1.21 µg/L; model simulated - 1 to 10 µg/L 

• 3016.1 (UD) sample - 1.37 µg/L; model simulated - 1 to 10 µg/L 

• 3031.2 (UM) sample - 270 µg/L; model simulated - 10 to 100 µg/L 

• 3032.1 (US) sample - 16.2 µg/L; model simulated - 100 to 1,000 µg/L 

• 3029.1 (UD) sample - 506 µg/L; model simulated - 100 to 1,000 µg/L 

• 3017.1, 3017.2, 3017.3 (average of three samples) - 106 µg/L; model simulated - 100 to 
1,000 µg/L 

These sampling results confirm that the model simulated 2012 PCP concentrations in the tank 
farm source zone are reasonable.   

The simulated 2012 PCP concentrations and the simulated changes of these concentrations over 
time in the tank farm source zone show that: 

• The simulated PCP mass in the tank farm source zone has been substantially depleted.   

• The simulated depletion of the PCP mass is due to the simulated high flow rate from the 
fire pond as: 
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o the tank farm is located on the permeable groundwater flow pathway 
hydraulically downgradient of the fire pond, and 

o the surface water leakage from the fire pond is high (calibrated to be 3.73 cfs, 
1,700 gpm) 

• The close match of the simulated and observed PCP concentrations is due to the close 
calibration of the flow model along the flow path hydraulically downgradient of the fire 
pond. 

• The NAPL has been present in the tank farm source zone in the past and currently.  The 
simulated and observed low PCP concentrations within the NAPL zone suggest that 
NAPL presence does not necessarily mean PCP presence. 

Waste Pit Source Zone, Upper Aquifer 
The simulated 2012 PCP concentrations in the waste pit source zone are high (Figure 6.6), 
ranging from hundreds to more than 5,000 µg/L.  However, the simulated PCP concentrations 
are under-estimated compared to the observed PCP concentrations at well clusters 5512 and 
5513, indicating that the simulated depletion of PCP mass from the waste pit source zone may be 
over-estimated in the model. 

The observed 2012 PCP concentrations at well clusters 5512 and 5513 (Figure 6.6) are in the 
range of the PCP solubility, indicating that the field depletion rate of PCP in the waste pit source 
zone has been very low.  The local low permeability (K = 0.37 ft/d in the middle zone, 
Subsection 3.3.1) may be limiting dissolution of PCP from NAPL in the waste pit source zone as 
discussed in Subsection 4.6.1.   

The variability of hydraulic conductivity in the sub-layers of the waste pit source zone, ranging 
from 0.37 to 46 ft/d (Subsection 3.3.1, Table 3.2), was not simulated in the model as the Upper 
Aquifer was represented as a single layer. Although the equivalent transmissivity of the Upper 
Aquifer in the waste pit source zone was reasonably calibrated, the actual depletion rate of PCP 
in the waste pit source zone may be limited by local low K values that were not simulated in the 
model.   

Downgradient of Source Zones, Upper Aquifer 
Downgradient of the source zones, the simulated PCP concentrations range from 1 to 1,000 µg/L 
(Figure 6.6).  The model concentrations are generally higher than the sampling results.  The 
over-estimation of the downgradient concentrations is likely related to the over-simulation of 
PCP dissolution in the waste pit source zone.  Lower observed concentrations may be partially 
attributed to the operation of the former boundary in-situ bioremediation system near well nests 
3041, 3042, and 3010 (Subsection 2.3.2, Figure 2.1) from 1993 to 2003.  Neither the 
intermediate nor the boundary in-situ bioremediation systems were simulated in the model.  It 
should be noted that the simulated PCP concentration zone of 1 to 10 µg/L reasonably matches 
the observed concentrations in well clusters 6015 (2.82 µg/L) and 6014 (3.08 µg/L).    

Leading Edge of Plume, Upper Aquifer  
The simulated the leading edge of the PCP plume (at 1 µg/L) is slightly conservative, in that the 
simulated plume extends 400 feet downgradient of the interpreted plume boundary (Figure 6.6).   
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Lower Aquifer 
The simulated 2012 PCP plume in the Lower Aquifer (Figure 6.7) reasonably matches the 
interpreted plume extent and the general order of magnitude of the observed concentrations.  
Compared to the interpreted observed PCP plume in the Lower Aquifer, the simulated plume is 
more conservative on the east plume boundary and less conservative (by up to 400 feet) on the 
west boundary.  On the east boundary, the simulated groundwater level contours promote a more 
northerly component of flow compared to the slightly northwestward direction of flow in the 
interpreted observed contours (see Figure 5.4), thus simulated plume movement is more 
northerly than the interpreted plume. 

6.4.3 Simulated 2012 NAPL/Soil PCP Concentrations 
The simulated 2012 NAPL/soil PCP concentrations are presented on Figures 6.8 and 6.9 for the 
Upper and Lower Aquifers, respectively.  The simulated results are qualitatively compared to the 
observed 2012 soil PCP concentrations, where observed data are available, in the discussions 
below. 

Upper Aquifer in Tank Farm Source Zone 
The simulated 2012 NAPL/soil PCP concentrations in the east portion of the tank farm source 
zone are below 0.4 mg/kg, which is similar to the field observations, where the soil sample PCP 
concentrations are below the laboratory reporting limit of 2 mg/kg (Section 4.3.3.2, Figure 4.4).   

The simulated 2012 NAPL/soil PCP concentrations in the west portion of the tank farm source 
zone range from 0.4 to 20 mg/kg, compared to observed soil sample PCP concentrations ranging 
from below the laboratory reporting limit of 2 mg/kg to 68 mg/kg (Section 4.3.3.2, Figure 4.4).   

Compared to the assumed initial NAPL/soil PCP concentrations in the model (60 mg/kg in tank 
farm source zone) (Figure 6.1), the simulated NAPL/soil PCP concentrations decreased 
substantially in the tank farm source zone from 1973 to 2012.   

Upper Aquifer in Waste Pit Source Zone 
The simulated 2012 NAPL/soil PCP concentrations in the waste pit source zone range from 0.4 
to 60 mg/kg, with most concentrations in the 20 to 60 mg/kg range (Figure 6.8).  This compares 
well to observed soil sample PCP concentrations that range from 0.73 mg/kg to 74 mg/kg 
(Section 4.3.3.2, Figure 4-4). 

Compared to the assumed initial NAPL/soil PCP concentrations in the model (70 mg/kg in the 
waste pit source zone) (Figure 6.1), the simulated soil PCP concentrations in the waste pit source 
zone decreased from 1973 to 2012, but not by much.  The simulated waste pit soil concentration 
decreased less than the tank farm soil concentrations from 1973 to 2012 because there is less flux 
of clean water modeled through the waste pit source zone due to the lower hydraulic 
conductivity. 

Downgradient of waste pit source zone, the simulated NAPL/soil concentrations vary between 
0.4 to 10 mg/kg. 

Lower Aquifer 
There are no soil data in the Lower Aquifer to compare to the simulated NAPL/soil PCP 
concentrations in the Lower Aquifer shown on Figure 6.9. The simulated concentrations range 



SECTIONSIX Transport Model Development 

    6-11 

from 0.4 to 10 mg/kg in most of area, and range from 50 to 60 mg/kg beneath the waste pit 
source zone.  The simulated NAPL/soil concentrations suggest that a large amount of PCP mass 
remains in the Lower Aquifer. 

6.4.4 Simulated PCP Mass Change in Aquifers 
The simulated PCP mass change in the aquifers from 1973 to 2012 is presented on Figure 6.10.  
The total PCP mass includes dissolved phase and NAPL/adsorbed phase in the three 
hydrogeological units.  The simulated total PCP mass in the aquifer decreased from 190,000 kg 
in 1973 to 64,000 kg by 2012.  The 2012 PCP mass of 64,000 kg estimated using the numerical 
model compares well to the PCP mass of 29,000 kg estimated to exist in subsurface NAPL, 
based on the estimated cumulative thickness of NAPL-impacted strata, the NAPL saturation, and 
the PCP mass in the NAPL (Subsection 4.3.6).  Both the numerical model and field-based 
estimates have uncertainty, thus the mass estimates are not expected to match exactly. 

The simulated total PCP mass in the aquifers in 2012 is approximately 34 percent of the initial 
mass.  The simulated loss of the PCP mass is primarily due to biodegradation (117,000 kg, 61 
percent), with some loss of dissolved PCP to groundwater extraction (9,000 kg, 5 percent).  The 
simulated high percentage of PCP mass loss to natural biodegradation suggests that 
biodegradation is an effective mechanism for removing PCP mass from the aquifer.  However, 
dissolution should be considered as the fundamental mechanism that transfers the PCP from 
NAPL phase to dissolved phase to be available for biodegradation.  As the depletion rate of PCP 
in the waste pit source zone is expected to be over-estimated (Subsection 6.4.2), the simulated 
loss of PCP mass to biodegradation could also be over-estimated.     

6.5 SENSITIVITY ANALYSES FOR HISTORY MATCHING SIMULATIONS 
During the flow model calibration and history matching simulations, the sensitivity of model 
parameters was continually evaluated to identify the parameters that have the greatest effect on 
the model results.  The following three model input parameters were identified:  

• Hydraulic conductivity in the source zones 

• PCP biodegradation half-life in the non-NAPL zones 

• NAPL-water partitioning coefficient in the source zones 
Additional parameter sensitivity evaluations, referred to as sensitivity analyses in this report, 
were performed on these three key parameters as discussed in Subsections 6.5.1 through 6.5.3 
below.  Sensitivity analyses were conducted by varying the parameters one by one, to further 
improve the understanding of the key factors that control the contaminant fate and transport 
processes.      

6.5.1 Hydraulic Conductivity in Source Zones 
Hydraulic conductivity in the source zones is believed to be a key parameter that influences 
dissolution of contaminants.   Two simulations were conducted to demonstrate this concept by: 

• Increasing the K values in the Upper Aquifer waste pit source zone – The calibrated 
values of 5 and 30 ft/d (Figure 5.7) were both increased to 100 ft/d 
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• Decreasing the K value in the Upper Aquifer tank farm source zone – The calibrated 
values of 30 and 140 ft/d (Figure 5.7) were both decreased to 10 ft/d 

The simulated PCP concentration temporal trends for increasing K in the waste pit source zone 
are presented on Figure 6.11, and for decreasing K in the tank farm source zone are presented on 
Figure 6.12.  These results demonstrate that: 

• If the K values in the waste pit source zone were simulated as 100 ft/d, which is similar to 
the calibrated base case K value in the east portion of the tank farm source zone (140 ft/d) 
(Figure 5.7), the simulated 2012 PCP concentrations in the waste pit source zone would 
be substantially lower (16 µg/L at 5512 and 2.2 µg/L at 5513 on Figure 6.11).   

• If the K values in the tank farm source zone were simulated as 10 ft/d, which is about two 
times of the calibrated base case K value (5 ft/d) in the waste pit source zone (Figure 5.7), 
the simulated PCP concentrations by 2012 would be much higher (4,500 µg/L at 3025; 
4,400 µg/L at 3015; and 1,200 at 3012 on Figure 6.12), similar to the simulated 
concentrations in the waste pit source zone.    

This sensitivity test result supports the interpretation that PCP concentrations in soil and 
groundwater are lower in the tank farm area compared to the waste pit are due to higher flushing 
rates in the tank farm area resulting from the higher hydraulic conductivity, as discussed in 
Subsection 4.6.1.   

6.5.2 Biodegradation Half-Life 
Biodegradation of PCP in dissolved phase is the ultimate process that effectively removes PCP 
mass from the aquifers.  Increase or decrease of the estimated biodegradation half-life would 
make the model results very different, especially for the plume extent.  Sensitivity analyses were 
conducted for the two following cases:   

• Increase biodegradation half-life in the non-NAPL zone from 50 days (base case) to 100 
days 

• Decrease biodegradation half-life in the non-NAPL zone from 50 days (base case) to 25 
days 

The simulated 2012 PCP plume extents of the two cases are compared with the base case in 
Figure 6.13.  Increase of biodegradation half-life results in an enlarged plume that extends to the 
Kootenai River.  On the other hand, a decrease of half-life results in a much smaller plume 
extent. 

6.5.3 NAPL-Water Partitioning Coefficient 
The NAPL-water partitioning coefficient determines (1) the equilibrium partitioning relationship 
between dissolved concentration and NAPL concentration, (2) the mass of contaminant in the 
aquifer, and (3) the longevity of the contaminant plume in the aquifer.  Two sensitivity 
simulations were conducted to demonstrate the effect of this parameter to the model results: 

• Increase the Kn value in both source zones from 10 L/kg (base case) to 20 L/kg 

• Decrease the Kn value in both source zones from 10 L/kg (base case) to 5 L/kg 
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The simulation results are presented on Figures 6.14, 6.15, and 6.16.  As shown on Figure 6.14, 
if Kn were 20 L/kg in the source zones, the plume extent would be larger and high concentrations 
in the source zones would persist.  Alternatively, if Kn were 5 L/kg, the plume extent would be 
smaller and concentrations in the source zones would be lower.  Figure 6.15 (A and B) shows the 
simulated PCP concentration temporal trends in the two source zones for the three cases: base 
case, higher Kn case, and lower Kn case.  Figure 6.16 compares the total PCP mass in the aquifer 
with the three assumed Kn values in the source zones.  These comparisons demonstrate that a 
higher Kn assumed in the source zones corresponds with higher PCP mass in the aquifer and a 
longer longevity of the PCP plume.     

6.6 PREDICTION OF FUTURE PCP PLUME 
Following the 40 years of history matching simulation, a prediction simulation was conducted 40 
years into the future (from 2013 to 2052), assuming current conditions and using the same steady 
state flow model result.  The fate and transport parameters are the same as used in the history 
matching.  It should be noted that these predictions are for comparative analysis only, as   
simplifying assumptions made in the solute transport model influence the model-predicted 
concentrations (Section 7.0).  

6.6.1 Natural Attenuation 
The predicted 2022, 2032, 2042, and 2052 PCP plumes in the Upper and Lower Aquifers are 
presented on Figures 6.17 and 6.18, and the predicted 2052 NAPL/soil concentrations in the 
Upper and Lower Aquifers are presented on Figures 6.19 and 6.20.   

The predicted future PCP plumes in the Upper Aquifer (Figure 6.17) reduce in extent and 
concentration over time.  The center of the plume gradually shifts to the west and is sustained 
only by the waste pit source zone.  The simulated concentrations in the tank farm source zone are 
low or below 1 µg/L.  Because the depletion of the PCP mass in the waste pit source zone is 
potentially over-estimated, the predicted future PCP plume extent and concentrations 
downgradient of the waste pit source zone may be over-estimated and the predicted PCP 
concentrations within the waste pit source zone may be under-estimated. 

The simulated future PCP plume in the Lower Aquifer (Figure 6.18) slightly reduces in extent 
and decreases in concentration over time.  The simulated PCP concentrations in the source zones 
are still high (> 3,000 µg/L).  

The simulated 2052 NAPL/soil PCP concentrations in the aquifers are reduced in comparison 
with the simulated 2012 concentrations (Figures 6.19 and 6.20), especially in the tank farm 
source zone in the Upper Aquifer as a result of continuous flushing with the high leakage from 
the fire pond.  The simulated 2052 NAPL/soil PCP concentrations in the Lower Aquifer reduce 
over time at a slower rate than the Upper Aquifer.    

The model estimated change of PCP mass in the Upper Aquifer and Lower Aquifer over the next 
40 years is presented on Figure 6.21.  The total PCP mass (in all three layers) decreased from 
64,000 kg in 2012 to 34,000 kg in 2052.  The remaining PCP mass in the aquifers after 40 years 
will be approximately 54 percent of the simulated 2012 PCP mass.  Based on these simulations, 
the rate of mass removal by natural attenuation in the next 40 years will be lower than the past 40 
years (34 percent mass remaining, Subsection 6.3.4).  The main reason is that the depletion of the 
remaining source zone (waste pit source zone) is much slower than the depletion in the tank farm 
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source zone.  The major contributor to the downgradient PCP plume in the last 40 years is the 
tank farm source zone, while the major contributor to the downgradient PCP in the next 40 years 
is the waste pit source zone.  

6.6.2 Sensitivity Analyses for Prediction Results   
The American Society for Testing and Materials (ASTM) standard guide (2008) indicates that 
the purpose of a sensitivity analysis is to assess the adequacy of the model with respect to its 
intended function.  It also gives clear guidance regarding the relationship of sensitivities to: 

• Calibration residuals or/and 

• The model’s conclusions based on the predictive simulations   

The guide defines four types of sensitivities, Types I through IV, depending on whether the 
changes to calibration residuals and the model’s conclusions are significant or insignificant.  

Because the predictive simulations have not been formally conducted, the full scale of sensitivity 
analyses will be conducted when the specific predictive scenarios are identified.       
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7. Section 7 SEVEN  Model L imitations 

As with any modeling effort, the results of the groundwater flow and transport models 
incorporate the uncertainty of the input data and the conceptual model.  The groundwater flow 
model presented in this study assumes that conditions are at steady state.  The greatest sources of 
uncertainty in the model stem from assumptions and interpretations of the physical conditions.  
Point data for hydraulic heads and contaminant concentrations are extrapolated to larger areas 
and contoured to generalize subsurface conditions, which represents a simplification of a 
complex natural system. 

The complexity of the fate and transport processes controlling the nature and extent of NAPL 
and dissolved plumes is much greater than that of the hydrogeological processes controlling 
groundwater flow.  Thus, the transport model unavoidably involves more uncertainty in the 
model results.  The uncertainties may come from model assumptions for the NAPL 
characteristics, the PCP source conditions, the approach used for dissolution based on a NAPL-
water partitioning coefficient, and biodegradation half-life, etc., as demonstrated in the 
sensitivity analyses. 

This solute transport model is not intended to simulate the complex process of PCP mass transfer 
from NAPL phase to dissolved phase in a heterogeneous aquifer, rather it is intended to 
approximately simulate the dissolution of PCP mass from a NAPL source using an assumed 
equilibrium partitioning coefficient. This approach provides a simplified representation of a 
finite PCP source in the aquifer (i.e., a finite amount of NAPL) with depletion of PCP in the 
NAPL source over time, as would be expected to occur in the aquifer.  The depletion of PCP 
from the NAPL source in the model is dependent on the concentration gradient and the assumed 
NAPL-water partitioning coefficient.  There are two limitations to using the NAPL-water 
partitioning approach in the model that should be considered with respect to the intended model 
uses as follows: 

1. Natural processes that limit the rate of NAPL dissolution in the field, such differences in 
NAPL concentration, interfacial area, and localized groundwater velocity (Okeson et al. 
1995), cannot easily be simulated in a model of this scale.  Use of a more rigorous 
approach for simulating dissolution requires the determination of mass transfer rate 
coefficients that depend on water flow and other parameters that are determined in the 
laboratory and up-scaled for field systems (Illangasekare et al. 2010).  As a result, this 
model may over-estimate PCP depletion in the NAPL sources and consequently over-
estimate the introduction of PCP into the dissolved phase.  Therefore, the use of this 
model to estimate timeframes to reach specific concentrations should be limited to 
relative comparisons.  For example, the relative comparison of remediation timeframes 
for various remedial alternatives in the FFS is an appropriate use of this model. 

2. The simulation of the NAPL-water partitioning process in the model is reversible; that is, 
PCP can partition back into NAPL along the flow path, and such a process does not occur 
under field conditions.  On careful evaluation of the model results, the modeled plume 
configuration over time reasonably matched the observed general temporal trends, thus it 
was concluded that this simplifying approach produced a reasonable release of dissolved 
PCP from the NAPL sources. 

The currently intended uses of this model are to: 

• Further improve the understanding of the Site hydrogeological and contaminant 
conditions, 



SECTIONSEVEN Model Limitations 

    7-2 

• Evaluate the institutional controls to restrict groundwater use, and  

• Assist in future evaluations of remedial alternatives in the FFS (pumping/injection 
scenarios, relative remedial timeframes, etc.).   

The current three-layer model is appropriate for these intended uses, given the model limitations 
stated above and in earlier Sections of this report.  
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8. Section 8 EIGHT  Summary and C onclusions 

The conceptual hydrogeological and contaminant models as well as the numerical flow and 
transport models for the Libby Groundwater Site have been updated, based on data collected 
during recent Site characterization investigations, including the investigation to better define the 
extent of the Upper Aquifer dissolved phase plume (URS 2011) and the source area 
characterization study (URS 2012).  The conceptual model update incorporated the historical and 
recent data, including the PCP concentration temporal trends from 1987 through 2012.  

The numerical model consists of three model layers designed to represent the Upper Aquifer, the 
Intermediate Zone, and the Lower Aquifer.  The steady state flow model was calibrated to the 
groundwater elevations measured in August 2012 and to the estimated surface water leakage 
from the fire pond.  The estimated hydraulic conductivity distribution, established through 
calibration, provides a reasonable flow field for the transport modeling, including simulation of 
groundwater flow pathways and groundwater velocity.     

The solute transport model was developed using history matching simulation to approximately 
simulate the PCP plume fate and transport processes over the past 40 years.  The NAPL PCP 
source was simulated using a NAPL-water partitioning approach.  The transport parameters were 
reasonably estimated in comparison with the groundwater PCP concentration temporal trends 
and the observed NAPL/soil PCP concentrations.   The simulated 2012 groundwater PCP plume 
extent, groundwater PCP concentrations, and NAPL/soil PCP concentrations are generally 
comparable to the available sampling results and are somewhat conservative.  A particularly 
good fit of the simulated reductions in PCP concentrations in the tank farm source zone was 
achieved, verified by the 2013 sampling results.  

The major findings through the modeling process are as follows:    

• Dissolved PCP concentrations in the aquifers are predominantly declining, as shown in 
the concentration versus time graphs on Figure 4.7. 

• The PCP plume extent in the Upper Aquifer is stable, or is slowly shrinking over time.  
The major natural attenuation mechanisms are: (1) depletion of PCP from the NAPL 
through dissolution and (2) biodegradation of dissolved PCP. 

• A notable decrease of dissolved phase PCP has occurred in the tank farm source zone 
since the 1980s.  Also, low NAPL/soil PCP concentrations have recently been confirmed 
by sampling.  The key factors related to the apparent depletion of PCP concentrations are 
expected to be: 

o The tank farm source zone is located along a relatively permeable groundwater flow 
pathway immediately downgradient of the fire pond, and 

o The high rate of leakage (calibrated to be 3.73 cfs, 1,700 gpm) from the fire pond has 
provided sufficient fresh water to have continuously flushed and depleted the PCP in 
the NAPL.    

• The low dissolved phase PCP concentrations in the tank farm source zone reveal that 
NAPL presence does not confirm high PCP mass.    

• In contrast to the tank farm source zone, the PCP in the waste pit source zone appears to 
have persisted over the years, evidenced by the observed high groundwater and 
NAPL/soil PCP concentrations.   Dissolution of PCP from NAPL may be limited in the 
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waste pit source zone due to the overall lower hydraulic conductivity compared to the 
tank farm source zone.   

• The dissolution of PCP mass from the NAPL source in the model appears to be higher 
than that observed in the field, particularly in the waste pit source zone.  Also, the PCP 
concentrations downgradient are conservatively over-estimated in the model.  This may 
be a result of rate-limiting dissolution processes that exist in the field (caused by 
localized heterogeneity, etc.) but were not simulated in the model. 

• The two source zones are located along independent parallel groundwater flow 
pathways.  In other words, the tank farm source zone is not located hydraulically 
downgradient of the waste pit source zone.  It is the presence of the fire pond and its high 
surface water leakage that cause the two parallel groundwater flow pathways.  It is 
expected that as PCP in the tank farm source zone diminishes with time, the remaining 
groundwater PCP plume will be primarily sustained by the waste pit source zone.  
Because the depletion of PCP in the waste pit source zone is slow, the extent of the 
remaining PCP plume is expected to recede further, but the groundwater PCP plume 
emanating from the waste pit may exist for a long time.  

In summary, the developed models and the modeling processes have resulted in an improved 
understanding of the site hydrogeological conditions and the contaminant fate and transport 
processes, especially the Site-specific natural attenuation process of the groundwater PCP plume.  
The developed numerical models can be used as an effective tool for predictive simulations to 
support the Focused Feasibility Study in (1) evaluating areas where groundwater use may 
potentially be restricted and institutional controls may be applied and (2) assisting in future 
evaluations of remedial alternatives (pumping/injection scenarios, relative remedial timeframes, 
etc.).  Future simulations may require refinement of the model calibration, setup, and sensitivity 
analysis in certain areas to address future specific model uses. 
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Fig. 3.2
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Fig.  3.6
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Fig.  4.1

Interpreted NAPL Distribution in
Upper Aquifer
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Note: In the former waste pit and tank farm areas,
the cumulative thicknesses of NAPL-impacted
strata of 20, 30, and 50 feet are based on averages
from the 5500 series borings.
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Fig.  4.2

Interpreted NAPL Distribution in
Intermediate Zone
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Fig.  4.3

Interpreted NAPL Distribution in
Lower Aquifer
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Groundwater PCP Plume
in Upper Aquifer – 2012
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Groundwater PCP Plume
in Lower Aquifer – 2012
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Fig.  5.3
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Fig. 5.7

Estimated Hydraulic
Conductivity Distribution

Upper Aquifer
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Fig. 5.8
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Fig.  5.9
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Fig.  6.1

Estimated NAPL Zone Parameters
in Upper Aquifer
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Fig.  6.2

Estimated NAPL Zone Parameters
in Intermediate Zone
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Fig.  6.3

Estimated NAPL Zone Parameters
in Lower Aquifer
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Fig.  6.4

Simulated Groundwater
PCP Plume Over Time

in Upper Aquifer
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Fig.  6.5
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PCP Plume Over Time
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Fig.  6.7
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amsl = above mean sea level
Vertical datum: NAVD 88
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Fig.  6.8
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Figure 6.10.  Simulated PCP Mass Change of Last 40 Years in Aquifer 
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Figure 6.11.  Sensitivity Analyses on Hydraulic Conductivity 

 in Waste Pit Source Zone 
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Figure 6.12.  Sensitivity Analyses on Hydraulic Conductivity 

 in Tank Farm Source Zone 
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Figure 6.15.  Sensitivity Analyses on NAPL-Water Partitioning Coefficient - Simulated PCP 
Concentration Temporal Trends 
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    A-1 

APPENDIX A 
DEPTH AND ELEVATION OF HYDROGEOLOGIC UNITS 

Well ID 
Ground 
Surface 

Elevation  
(ft amsl) 

Depth to Upper 
Aquifer 
Bottom1  
(ft bgs) 

Depth to 
Intermediate 

Zone 
Bottom1  
(ft bgs) 

Depth to Lower 
Aquifer 
Bottom1  
(ft bgs) 

Elevation 
Upper Aquifer 

Bottom  
(ft amsl) 

Elevation 
Intermediate 
Zone Bottom  

(ft amsl) 

Elevation 
Lower Aquifer 

Bottom  
(ft amsl) 

3001 2128.509 ~ 70  NE  NE ~ 2059  NE  NE 
3002 2089.726 > 36 

 
NE 

 
NE < 2054 

 
NE 

 
NE 

3003 2103.029 > 40 
 

NE 
 

NE < 2063 
 

NE 
 

NE 
3004   > 38   NE   NE             
3005 2101.313 > 43 

 
NE 

 
NE < 2058 

 
NE 

 
NE 

3006 2107.779 > 37 
 

NE 
 

NE < 2071 
 

NE 
 

NE 
3007 2103.953 > 45 

 
NE 

 
NE < 2059 

 
NE 

 
NE 

3008 2098.217 
 

75 
 

110 
 

150 
 

2023 
 

1988 
 

1948 
3009 2096.512 >~ 82 

 
NE 

 
NE < ~ 2015 

 
NE 

 
NE 

3010 2096.667 > 60 
 

NE 
 

NE < 2037 
 

NE 
 

NE 
3011 2102.481 > 40 

 
NE 

 
NE < 2062 

 
NE 

 
NE 

3012 2104.696 ~ 89 ~ 106 > 133 ~ 2016 ~ 1999 < 1972 
3013 2108.522 ~ 86 ~ 132 > 135 ~ 2023 ~ 1977 < 1974 
3014 2110.412 

 
70 

 
128 > 133 

 
2040 

 
1982 < 1977 

3015 2102.219 
 

74 
 

137 
 

159 
 

2028 
 

1965 
 

1943 
3016 2101.353 

 
71 

 
114 

 
162 

 
2030 

 
1987 

 
1939 

3017 2101.052 > 78 
 

NE 
 

NE < 2023 
 

NE 
 

NE 
3018 2089.619 

 
60 

 
96 

 
168 

 
2030 

 
1994 

 
1922 

3019 2101.946 
 

70 
 

95 
 

176 
 

2032 
 

2007 
 

1926 
3020 2097.986 

 
70 

 
130 > 160 

 
2028 

 
1968 < 1938 

3021 2106.998 > 34 
 

NE 
 

NE < 2073 
 

NE 
 

NE 
3022 2095.218 

 
64 

 
110 > 152 

 
2031 

 
1985 < 1943 

3023     66   118   158             
3024 2092.189 

 
65 

 
100 ~ 151 

 
2027 

 
1992 ~ 1941 

3025 2101.321 > 44 
 

NE 
 

NE < 2057 
 

NE 
 

NE 
3026 2102.467 > 37 

 
NE 

 
NE < 2065 

 
NE 

 
NE 

3027 2109.857 > 21.5 
 

NE 
 

NE < 2088 
 

NE 
 

NE 
3028 2116.251 > 24.6 

 
NE 

 
NE < 2092 

 
NE 

 
NE 

3029 2102.551 > 72 
 

NE 
 

NE < 2031 
 

NE 
 

NE 
3030 2107.557 > 77 

 
NE 

 
NE < 2031 

 
NE 

 
NE 

3031 2101.939 > 52 
 

NE 
 

NE < 2050 
 

NE 
 

NE 
3032 2104.421 > 22 

 
NE 

 
NE < 2082 

 
NE 

 
NE 

3033 2112.55 > 25 
 

NE 
 

NE < 2088 
 

NE 
 

NE 
3034 2114.169 > 25 

 
NE 

 
NE < 2089 

 
NE 

 
NE 

3035 2110.925 > 25 
 

NE 
 

NE < 2086 
 

NE 
 

NE 
3036 2109.839 > 25 

 
NE 

 
NE < 2085 

 
NE 

 
NE 

3037 2109.201 > 25 
 

NE 
 

NE < 2084 
 

NE 
 

NE 
3038 2098.105 > 68 

 
NE 

 
NE < 2030 

 
NE 

 
NE 

3039 2101.409 > 65 
 

NE 
 

NE < 2036 
 

NE 
 

NE 
3040 2105.237 > 36 

 
NE 

 
NE < 2069 

 
NE 

 
NE 

3041 2101.336 > 57 
 

NE 
 

NE < 2044 
 

NE 
 

NE 
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    A-2 

APPENDIX A 
DEPTH AND ELEVATION OF HYDROGEOLOGIC UNITS 

Well ID 
Ground 
Surface 

Elevation  
(ft amsl) 

Depth to Upper 
Aquifer 
Bottom1  
(ft bgs) 

Depth to 
Intermediate 

Zone 
Bottom1  
(ft bgs) 

Depth to Lower 
Aquifer 
Bottom1  
(ft bgs) 

Elevation 
Upper Aquifer 

Bottom  
(ft amsl) 

Elevation 
Intermediate 
Zone Bottom  

(ft amsl) 

Elevation 
Lower Aquifer 

Bottom  
(ft amsl) 

3042 2097.834 > 55 
 

NE 
 

NE < 2043 
 

NE 
 

NE 
3043 2093.778 > 57 

 
NE 

 
NE < 2037 

 
NE 

 
NE 

3044 2065.582 
 

40 
 

86 
 

154 
 

2026 
 

1980 
 

1912 
3045 2116.336 > 23 

 
NE 

 
NE < 2093 

 
NE 

 
NE 

3046 2118.96 > 22 
 

NE 
 

NE < 2097 
 

NE 
 

NE 
3047 2081.281   62   95   182   2019   1986   1899 
3048 2081.153 

 
62 

 
NE 

 
NE 

 
2019 

 
NE 

 
NE 

3049 2092.744 > 77 
 

NE 
 

NE < 2016 
 

NE 
 

NE 
3050 2106.692 ~ 85 

 
NE 

 
NE 

 
2022 

 
NE 

 
NE 

3051 2089.592  71 
 

NE 
 

NE 
 

2019 
 

NE 
 

NE 
3091 2094.834 

 
I 

 
I 

 
I 

 
I 

 
I 

 
NE 

3092 2073.517 
 

NE 
 

NE 
 

NE 
 

NE 
 

NE 
 

NE 
3093 2105.323 

 
I 

 
I 

 
NE 

 
I 

 
I 

 
NE 

3094 2073.204 
 

NE 
 

NE 
 

NE 
 

NE 
 

NE 
 

NE 
5003   ~ 60 ~ 114 ~ 183             
5501 2108.238 

 
74 

 
NE 

 
NE 

 
2034 

 
NE 

 
NE 

5501WT 2108.17 
 

74 
 

NE 
 

NE 
 

2034 
 

NE 
 

NE 
5502 2105.906 

 
76 

 
NE 

 
NE 

 
2030 

 
NE 

 
NE 

5503 2107.146 
 

77 
 

NE 
 

NE 
 

2030 
 

NE 
 

NE 
5504 2107.989 

 
77 

 
NE 

 
NE 

 
2031 

 
NE 

 
NE 

5505 2110.535 
 

76 
 

NE 
 

NE 
 

2035 
 

NE 
 

NE 
5506 2107.034 

 
77 

 
NE 

 
NE 

 
2030 

 
NE 

 
NE 

5507 2107 
 

73 
 

NE 
 

NE 
 

2034 
 

NE 
 

NE 
5508 2104.71 

 
72 

 
NE 

 
NE 

 
2033 

 
NE 

 
NE 

5509 2109.032 
 

74 
 

NE 
 

NE 
 

2035 
 

NE 
 

NE 
5510 2109.414 

 
74 

 
NE 

 
NE 

 
2035 

 
NE 

 
NE 

5511 2108.808 
 

68 
 

NE 
 

NE 
 

2041 
 

NE 
 

NE 
5512 2108.447 

 
71 

 
NE 

 
NE 

 
2037 

 
NE 

 
NE 

5513 2105.708 
 

74 
 

NE 
 

NE 
 

2032 
 

NE 
 

NE 
5514 2108.624 

 
71 

 
NE 

 
NE 

 
2038 

 
NE 

 
NE 

5515 2108.407 
 

69 
 

NE 
 

NE 
 

2039 
 

NE 
 

NE 
5516 2108.227 

 
75 

 
NE 

 
NE 

 
2033 

 
NE 

 
NE 

5517 2107.619 
 

73 
 

NE 
 

NE 
 

2035 
 

NE 
 

NE 
5518 2110.788 

 
76 

 
NE 

 
NE 

 
2035 

 
NE 

 
NE 

5519 2108.953 
 

69 
 

NE 
 

NE 
 

2040 
 

NE 
 

NE 
5520 2105.24 

 
67 

 
NE 

 
NE 

 
2038 

 
NE 

 
NE 

5521 2104.02 
 

63 
 

NE 
 

NE 
 

2041 
 

NE 
 

NE 
5522 2101.94 

 
69 

 
NE 

 
NE 

 
2033 

 
NE 

 
NE 

5523 2103.53 
 

70 
 

NE 
 

NE 
 

2034 
 

NE 
 

NE 
5524 2103.33 

 
63 

 
NE 

 
NE 

 
2040 

 
NE 

 
NE 

5525 2103.58 
 

70 
 

NE 
 

NE 
 

2034 
 

NE 
 

NE 
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APPENDIX A 
DEPTH AND ELEVATION OF HYDROGEOLOGIC UNITS 

Well ID 
Ground 
Surface 

Elevation  
(ft amsl) 

Depth to Upper 
Aquifer 
Bottom1  
(ft bgs) 

Depth to 
Intermediate 

Zone 
Bottom1  
(ft bgs) 

Depth to Lower 
Aquifer 
Bottom1  
(ft bgs) 

Elevation 
Upper Aquifer 

Bottom  
(ft amsl) 

Elevation 
Intermediate 
Zone Bottom  

(ft amsl) 

Elevation 
Lower Aquifer 

Bottom  
(ft amsl) 

5526 2101.94 
 

71 
 

NE 
 

NE 
 

2031 
 

NE 
 

NE 
5527 2100.6 

 
70 

 
NE 

 
NE 

 
2031 

 
NE 

 
NE 

5528 2101.27 
 

70 
 

NE 
 

NE 
 

2031 
 

NE 
 

NE 
5529 2102.1 

 
78 

 
NE 

 
NE 

 
2024 

 
NE 

 
NE 

5530 2102.12 
 

69 
 

NE 
 

NE 
 

2033 
 

NE 
 

NE 
5531 2103.96 

 
68 

 
NE 

 
NE 

 
2036 

 
NE 

 
NE 

6001 2099.921 
 

55 
 

92 > 118 
 

2045 
 

2008 < 1982 
6002 2084.154 

 
55 

 
100 

 
164 

 
2029 

 
1984 

 
1920 

6003 2084.965 
 

59 
 

91 > 177 
 

2026 
 

1994 < 1908 
6004 2093.994 

 
60 

 
104 > 161 

 
2034 

 
1990 < 1933 

6005     60   97   152             
6006     64   90   156             
6007 2090.603 

 
60 

 
98 

 
144 

 
2031 

 
1993 

 
1947 

6008 2100.478   54   111   154   2046   1989   1946 
6009 2089.432 

 
64 

 
125 

 
157 

 
2025 

 
1964 

 
1932 

6010 2100.285 
 

62 
 

NE 
 

NE 
 

2038 
 

NE 
 

NE 
6011 2097.427 

 
62 

 
NE 

 
NE 

 
2035 

 
NE 

 
NE 

6012 2095.131 > 67.6 
 

NE 
 

NE < 2028 
 

NE 
 

NE 
6013 2090.372 

 
57 

 
NE 

 
NE 

 
2033 

 
NE 

 
NE 

6014 2084.817 
 

64 
 

NE 
 

NE 
 

2021 
 

NE 
 

NE 
6015 2083.884 

 
55 

 
NE 

 
NE 

 
2029 

 
NE 

 
NE 

6016 2089.215 
 

64 
 

NE 
 

NE 
 

2025 
 

NE 
 

NE 
6017 2111.068 

 
68 

 
NE 

 
NE 

 
2043 

 
NE 

 
NE 

6018 2085.305 > 57.4 
 

NE 
 

NE < 2028 
 

NE 
 

NE 
6019 2077.997 

 
57 

 
NE 

 
NE 

 
2021 

 
NE 

 
NE 

6020 2070.822 
 

53 
 

NE 
 

NE 
 

2018 
 

NE 
 

NE 
6500 2073.009 

 
59 

 
87 

 
156 

 
2014 

 
1986 

 
1917 

6501 2077.417 
 

56 
 

104 
 

143 
 

2021 
 

1973 
 

1934 
6502 2085.23 

 
52 

 
83 

 
154 

 
2033 

 
2002 

 
1931 

6503 2094.292 
 

61 
 

121 
 

153 
 

2033 
 

1973 
 

1941 
8001 2099.249 

 
62 

 
100 > 159 

 
2037 

 
1999 < 1940 

8002 2107.03 
 

I 
 

I 
 

I 
 

I 
 

I 
 

I 
8004 2089.526 ~ 64 ~ 104 >~ 186 ~ 2026 ~ 1986 < ~ 1904 
8005 2100.688 

 
70 

 
105 

 
175 

 
2031 

 
1996 

 
1926 

8006 2095.976 
 

60 
 

102 > 142 
 

2036 
 

1994 < 1954 
9001 2094.758 > 53 

 
NE 

 
NE < 2042 

 
NE 

 
NE 

9002     67   123 > 151             
9003 2098.531 

 
66 

 
92 > 130 

 
2033 

 
2007 < 1969 

9004   > 35   NE   NE             
9005     76 > 80   NE             
9006 2110.202 

 
77 

 
NE 

 
NE 

 
2033 

 
NE 

 
NE 
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APPENDIX A 
DEPTH AND ELEVATION OF HYDROGEOLOGIC UNITS 

Well ID 
Ground 
Surface 

Elevation  
(ft amsl) 

Depth to Upper 
Aquifer 
Bottom1  
(ft bgs) 

Depth to 
Intermediate 

Zone 
Bottom1  
(ft bgs) 

Depth to Lower 
Aquifer 
Bottom1  
(ft bgs) 

Elevation 
Upper Aquifer 

Bottom  
(ft amsl) 

Elevation 
Intermediate 
Zone Bottom  

(ft amsl) 

Elevation 
Lower Aquifer 

Bottom  
(ft amsl) 

9007   > 37   NE   NE             
9008 2109.414 > 76 

 
NE 

 
NE < 2033 

 
NE 

 
NE 

9009 2107.067 
 

78 
 

NE 
 

NE 
 

2029 
 

NE 
 

NE 
9500 2104.115 > 67 

 
NE 

 
NE < 2037 

 
NE 

 
NE 

9501 2104.03 > 38 
 

NE 
 

NE < 2066 
 

NE 
 

NE 
9502 2098.304 

 
53 

 
NE 

 
NE 

 
2045 

 
NE 

 
NE 

9503 2101.989 > 58 
 

NE 
 

NE < 2044 
 

NE 
 

NE 
9504 2108.591   76   NE   NE   2033   NE   NE 
Notes: 

9007 Shaded rows indicate wells that have been plugged and abandoned prior to re-survey in 2010, thus updated 
survey information is not available. 

~70 Indicates contact is uncertain and at approximately 70 feet bgs. 
>36 Indicates contact was not encountered and is greater than the boring depth of 36 feet bgs. 

I Indicates indeterminant contact 
NE Not estimated 
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APPENDIX B 
2012 MEASURED GROUNDWATER ELEVATIONS 

  
Screen Depth  

(ft bgs) Screen 
Unit 

Screen 
Designation 

2012 Groundwater Elevation  
(ft amsl) 

Well No. Top Bottom April June August December 

3001.1 87 90 UA/IZ UA/IZ 2093.97 2092.78 2090.02 2090.17 
3002.1 24.5 31.5 UA US 2076.85 2075.68 2075.39 2075.79 
3002.2 31.5 34.5 UA UM 2093.97 NM NM NM 
3003.1 21.5 23.5 UA US 2092.30 2085.82 2084.24 2084.20 
3003.2 31 34 UA US 2091.84 2085.69 2084.10 2083.93 
3005.1 10 10 UA US NM NM NM NM 
3005.2 17 20 UA US 2093.40 2092.63 2092.65 2093.06 
3005.3 38 41 UA UM 2092.12 2091.24 2091.42 2091.49 
3006.1 14 17 UA US NM NM NM NM 
3006.2 22.5 25.5 UA US NM NM NM NM 
3006.3 29 32 UA US NM NM NM NM 
3007.1 19.5 22.5 UA US 2097.17 2089.85 2089.22 2089.66 
3007.2 35 38 UA UM 2096.26 2089.01 2088.05 2088.43 
3007.3 42 45 UA UM 2096.26 2089.02 2088.05 2088.44 
3008.1 27 30 UA US 2081.95 2079.87 2079.48 2079.25 
3008.2 70 73 UA UD NM NM NM NM 
3008.3 111 114 LA LS NM NM NM NM 
3008.4 140 153 LA LD NM NM NM NM 
3009.1 79 82 UA/IZ UD NM NM NM NM 
3010.1 27 30 UA US 2078.04 2077.26 2076.66 2076.55 
3010.2 57 60 UA UD 2077.95 2077.19 2076.57 2076.51 
3011.1 14 17 UA US 2093.37 2092.91 2093.27 2093.07 
3011.2 27 30 UA UM 2092.22 2091.98 2092.74 2091.76 
3011.3 36.5 39.5 UA UM 2091.85 2091.06 2092.60 2091.51 
3012.1 77 83 UA/IZ UD NM NM NM NM 
3012.2 107 109.8 IZ/LA LS NM NM NM NM 
3012.3 130 133 LA LD NM NM NM NM 
3013.1 20.4 23.4 UA US 2102.25 2091.96 2090.07 2090.51 
3013.2 68 71 UA UD 2101.00 2091.45 2089.74 2090.11 
3013.3 131 134 IZ/LA LS 2084.27 2083.33 2082.03 2082.15 
3014.1 28 31 UA US NM NM NM NM 
3014.2 68 71 UA UD NM NM NM NM 
3014.3 128 131 IZ/LA LS NM NM NM NM 
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APPENDIX B 
2012 MEASURED GROUNDWATER ELEVATIONS 

  
Screen Depth  

(ft bgs) Screen 
Unit 

Screen 
Designation 

2012 Groundwater Elevation  
(ft amsl) 

Well No. Top Bottom April June August December 

3015.1 68 71 UA UD 2091.11 2088.50 2087.98 2088.16 
3015.2 150 153 LA LD 2081.81 2080.97 2080.00 2080.25 
3015.3 227 230 TILL LD NM NM NM NM 
3016.1 66 69 UA UD NM NM NM NM 
3016.2 161 164 LA/TILL LD NM NM NM NM 
3016.3 331.5 334.5 TILL TILL NM NM NM NM 
3017.1 31 34 UA US 2081.59 NM 2079.00 2078.70 
3017.2 49 52 UA UM 2081.45 NM 2078.93 2078.67 
3017.3 75 78 UA UD 2080.64 NM 2078.78 2078.86 
3018.1 40 43 UA UM 2074.91 2074.33 2073.67 2074.12 
3018.2 151 154 LA LD 2075.98 2075.41 2074.59 2075.11 
3018.3 175 178 LA/TILL LD NM NM NM NM 
3019.1 355 358 TILL TILL NM NM NM NM 
3019.2 397 400 TILL TILL NM NM NM NM 
3020.1 154 160 LA LD NM NM NM NM 
3021.1 17 20 UA US 2103.41 2098.10 2100.22 2100.59 
3022.1 121 124 LA LS NM NM NM NM 
3022.2 149 152 LA LD NM NM NM NM 
3024.1 145 150 LA LD NM NM NM NM 
3025.1 14 34 UA US NM NM 2089.60 2089.71 
3026.1 18 33 UA US 2094.61 2087.94 2087.00 2087.20 
3027.1 9 20.5 UA US NM NM NM NM 
3028.1 12.2 23.7 UA US NM NM NM NM 
3029.1 51 71 UA UD 2085.86 2083.45 2082.54 2082.63 
3030.1 28 33 UA US NM NM NM NM 
3030.2 66.5 76.5 UA UD NM NM NM NM 
3031.1 16 31 UA US NM NM 2086.98 2087.12 
3031.2 37 52 UA UM NM NM 2084.96 2085.05 
3032.1 10.5 20.5 UA US 2097.43 2092.81 2092.90 2093.36 
3033.1 15 25 UA US NM NM NM NM 
3034.1 15 25 UA US NM NM NM NM 
3035.1 15 25 UA US 2104.64 2093.35 2091.65 2091.89 
3036.1 15 25 UA US NM NM NM NM 
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APPENDIX B 
2012 MEASURED GROUNDWATER ELEVATIONS 

  
Screen Depth  

(ft bgs) Screen 
Unit 

Screen 
Designation 

2012 Groundwater Elevation  
(ft amsl) 

Well No. Top Bottom April June August December 

3037.1 15 25 UA US NM NM NM NM 
3038.1 21 31 UA US 2084.85 2082.87 2082.70 2082.60 
3038.2 57 67 UA UD 2080.89 2080.03 2079.16 2079.39 
3039.1 15 30 UA US NM NM 2083.74 2084.75 
3039.2 50 65 UA UD NM NM 2079.97 2080.09 
3040.1 25 35 UA US 2096.82 NM 2085.65 2085.00 
3041.1 20 30 UA US 2083.87 2080.78 2079.93 2079.47 
3041.2 44 54 UA UM 2081.02 2079.23 2078.61 2078.26 
3042.1 20 30 UA US 2079.15 2078.04 2077.42 2077.20 
3042.2 42 52 UA UM 2078.58 2077.65 2077.01 2076.82 
3043.1 19 29 UA US 2076.45 2075.99 2075.33 2075.43 
3043.2 40 50 UA UM 2075.76 2075.23 2074.55 2074.78 
3044.1 14 19 UA UM 2063.72 2064.91 2061.29 2063.85 
3044.2 88.5 98.5 IZ/LA LS 2062.91 2064.69 2060.59 2062.92 
3044.3 144 154 LA LD 2062.41 2064.41 2060.16 2062.43 
3045.1 23 23 UA US 2108.46 NM 2100.26 2100.88 
3046.1 23 23 UA US 2111.29 2104.10 2103.02 2106.71 
3047.1 12 27 UA US 2072.88 2072.24 2071.70 2072.77 
3047.2 95 105 LA LS 2072.88 2072.55 2071.51 2072.60 
3047.3 168 178 LA LD 2072.98 2072.68 2071.60 2072.67 
3048.1 35 45 UA UM 2072.86 2072.28 2071.65 2072.76 
3048.2 55 65 UA UD 2072.86 2072.40 2071.57 2072.69 
3049.1 10 25 UA US 2082.12 2080.23 2081.29 2080.29 
3049.2 30 40 UA UM 2081.86 2080.06 2080.99 2080.14 
3049.3 49 59 UA UD 2081.77 2080.03 2080.86 2080.09 
3050.1 18 28 UA US 2097.17 2088.29 2085.64 2084.47 
3050.2 31 41 UA US 2096.93 2088.23 2085.61 2084.40 
3050.3 75 85 UA/IZ UD 2083.91 NM 2080.92 2080.83 
3091.1 102 105 IZ/LA LS NM NM NM NM 
3091.2 142 145 LA LD NM NM NM NM 
3092.1 20 20 UA US NM NM NM NM 
3093.1 120 135 LA LD NM NM NM NM 
3094.1 8 8 UA - 2069.93 2069.58 2068.54 2070.77 
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APPENDIX B 
2012 MEASURED GROUNDWATER ELEVATIONS 

  
Screen Depth  

(ft bgs) Screen 
Unit 

Screen 
Designation 

2012 Groundwater Elevation  
(ft amsl) 

Well No. Top Bottom April June August December 

5512.1 14 27 UA US 2101.00 2093.29 2093.50 2094.90 
5512.2 39 49 UA UM 2087.66 2085.43 2084.67 2084.89 
5512.3 61 71 UA UD 2084.54 2083.87 2083.31 2083.22 
5513.1 5 18 UA US 2101.80 2097.54 2098.85 2099.53 
5513.2 36 46 UA UM 2086.51 2086.67 2086.32 2086.54 
5513.3 57 67 UA UD 2080.98 2084.06 2083.80 2083.55 
6001.1 42 45 UA UM 2076.50 2076.09 2075.41 2075.25 
6001.2 109 112 IZ/LA LS 2075.66 2075.18 2074.32 2074.53 
6002.1 19 22 UA US 2070.56 2071.16 2069.26 2070.14 
6002.2 128 131 LA LS 2071.81 2071.47 2070.39 2071.19 
6002.3 159 162 LA LD 2071.45 2071.14 2069.99 2071.84 
6003.1 29 32 UA US 2069.81 2069.58 2068.28 2068.90 
6003.2 137 140 LA LS 2071.00 2070.76 2069.50 2070.15 
6003.3 161 164 LA LD 2070.82 2070.61 2069.30 2069.96 
6004.1 156 159 LA LD NM NM NM NM 
6007.1 138 148 LA/TILL LD 2074.22 2073.77 2072.86 2073.39 
6008.1 147 158 LA/TILL LD NM NM NM NM 
6009.1 153 158 LA LD 2074.21 2073.74 2072.87 2073.38 
6010.1 21 31 UA US 2078.80 2077.87 2077.17 2076.80 
6010.2 34 44 UA UM  2078.66 2077.75 2077.04 2076.70 
6010.3 50 60 UA UD 2078.74 2077.80 2077.08 2076.81 
6011.1 18 28 UA US 2078.11 2077.28 2077.44 2076.24 
6011.2 35 45 UA UM 2077.80 2077.12 2076.44 2076.21 
6011.3 50 60 UA UD 2077.77 2077.06 2076.38 2076.16 
6012.1 18 28 UA US 2076.11 2075.73 2075.06 2075.08 
6012.2 32 42 UA UM 2076.06 2075.57 2074.89 2074.91 
6012.3 50 60 UA UD 2075.75 2075.24 2074.50 2074.61 
6013.1 15 25 UA US 2073.55 2073.19 2072.39 2072.72 
6013.2 28 38 UA UM 2073.54 2073.17 2072.36 2072.68 
6013.3 47 57 UA UD 2073.32 2072.96 2072.06 2072.42 
6014.1 14 29 UA US 2069.70 2069.44 2068.25 2069.33 
6014.2 34 44 UA UM 2069.98 2069.74 2068.44 2069.04 
6014.3 54 64 UA UD 2070.15 2069.90 2068.58 2069.21 
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APPENDIX B 
2012 MEASURED GROUNDWATER ELEVATIONS 

  
Screen Depth  

(ft bgs) Screen 
Unit 

Screen 
Designation 

2012 Groundwater Elevation  
(ft amsl) 

Well No. Top Bottom April June August December 

6015.1 13 23 UA US 2070.50 2070.11 2069.22 2070.09 
6015.2 29 39 UA UM 2070.54 2070.12 2069.18 2070.12 
6015.3 45 55 UA UD 2070.81 2070.45 2069.40 2070.21 
6016.1 14 24 UA US 2073.91 2073.37 2072.67 2073.17 
6016.2 34 44 UA UM 2073.89 2073.32 2072.64 2073.21 
6016.3 54 64 UA UD 2074.08 2073.53 2072.81 2073.36 
6017.1 33 43 UA US 2077.41 2076.89 2076.15 2075.92 
6017.2 46 56 UA UM 2077.29 2076.79 2076.06 2075.77 
6017.3 59 69 UA UD 2077.25 2076.75 2076.01 2075.76 
6018.1 16 26 UA US 2068.93 2068.88 2067.24 2067.95 
6018.2 44 54 UA UD 2069.04 2068.99 2067.33 2068.07 
6019.1 13 23 UA US 2067.31 2067.28 2065.57 2066.47 
6019.2 33 43 UA UM 2067.11 2067.15 2065.26 2066.31 
6019.3 47 57 UA UD 2067.05 2067.09 2065.19 2066.26 
6020.1 6 16 UA US 2065.81 2066.09 2063.49 2065.31 
6020.2 23 33 UA UM 2065.91 2066.16 2063.60 2065.36 
6020.3 41 51 UA UD 2065.76 2066.08 2063.47 2065.29 
6500.1 21 31 UA US 2063.95 2064.34 2062.28 2063.29 
6500.2 91 101 LA LS 2062.30 2062.90 2060.35 2061.94 
6500.3 150 155 LA LD 2061.96 2062.85 2060.40 2061.99 
6501.1 25 35 UA US 2058.74 2060.43 2057.53 2058.62 
6501.2 133 143 LA LD 2058.61 2060.63 2057.20 2058.64 
6502.1 33.5 43.5 UA UM 2069.09 2069.00 2067.32 2068.08 
6502.2 92.5 102.5 LA LS 2068.88 2068.89 2067.24 2067.96 
6502.3 142.5 152.5 LA LD 2068.43 2068.48 2066.81 2067.55 
6503.1 25 35 UA US 2074.49 2074.12 2073.22 2073.39 
6503.2 132.5 136.5 LA LS 2074.52 2074.10 2073.20 2073.59 
6503.3 149 159 LA LD 2074.32 2073.90 2073.00 2073.36 
8001.1 39 41 UA UM NM NM NM NM 
8001.2 119 121 LA LS NM NM NM NM 
8002.1 35 37 UA UM NM NM NM NM 
8002.2 114 116 IZ/LA LS NM NM NM NM 
8002.3 180 182 LA LD NM NM NM NM 
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APPENDIX B 
2012 MEASURED GROUNDWATER ELEVATIONS 

  
Screen Depth  

(ft bgs) Screen 
Unit 

Screen 
Designation 

2012 Groundwater Elevation  
(ft amsl) 

Well No. Top Bottom April June August December 

8004.1 115 118 LA LS 2076.96 2076.36 2075.54 2076.09 
8004.2 176 179 LA LD 2076.38 2075.82 2074.99 2075.56 
8005.1 35 37 UA UM NM NM NM NM 
8005.2 121 123 LA LS NM NM NM NM 
8006.1 38 40 UA UM 2077.74 2077.06 2076.42 2076.28 
8006.2 93.5 95.5 IZ IZ 2077.63 2077.02 2076.18 2076.36 
8006.3 137.5 139.5 LA LD 2076.17 2075.63 2075.27 2075.14 
9001.1 25 40 UA UM NM 2077.29 2076.68 2076.58 
9003.1 114 129 LA LD NM NM NM NM 
9006.1 67 73 UA UD NM NM NM NM 
9008.1 65 75 UA UD NM NM NM NM 
9009.1 73.5 77.5 UA UD NM NM NM NM 
9500.1 45 65 UA UD NM 2092.57 2092.64 2092.98 
9501.1 18 38 UA US NM 2092.75 2092.85 2093.25 
9502.1 20 40 UA US NM NM NM NM 
9503.1 19 39 UA US NM NM NM NM 
9503.2 45 55 UA UD NM NM NM NM 
9504.1 42 52 UA UM NM NM NM NM 
Fire Pond NA NA NA - 2101.24 2100.96 2101.43 2101.30 
Notes: 
Blue shaded cells highlight data from wells that are screened <45 feet deep that were used in the Upper Aquifer 
water table elevation map in Figure 4-1. 
Peach shaded cells highlight data from the deepest Lower Aquifer wells in a well nest that were used in the Lower 
Aquifer groundwater elevation map in Figure 4-2.  
Red bolded values are groundwater elevations in wells with measurable LNAPL overlying the water column in the 
well. 
ft amsl = feet above mean sea level 
ft bgs = feet below ground surface 
IZ = Intermediate Zone 
LA = Lower Aquifer 
NA = Not applicable 
NM = Not measured 
UA = Upper Aquifer 
UD = deep zone of Upper Aquifer 
UM = middle zone of Upper Aquifer 
US = shallow zone of Upper Aquifer 
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TECHNICAL MEMORANDUM 
DRILLING AND INSTALLATION OF WELL 3051.1 

November 17, 2013 
 

Historical well nest 3018, located at the downgradient extent of observed NAPL in the Upper 
Aquifer (see Figure 4.1 of main report), was drilled in the early 1980’s.  NAPL sheen was 
observed throughout the Upper Aquifer, from 36 to 60 feet below ground surface (bgs), and 
through the Intermediate Zone and Lower Aquifer.  PCP concentrations in Upper Aquifer well 
3018.1, screened from 40 to 43 feet bgs, have gradually decreased from a high of 680 µg/L in 
1991 to 0.52 µg/L in 2012.  The more recent low concentrations do not support the co-existence 
of NAPL at this location, thus the drilling of a boring adjacent to historical well nest 3018 was 
planned in 2013 to confirm the presence/absence of NAPL in the Upper Aquifer at this location.   

In June of 2013, monitoring well 3051.1 was drilled 10 feet east of well 3018.1 to the base of the 
Upper Aquifer, for the following purposes:  (1) to determine if NAPL is currently present in the 
Upper Aquifer at the location of well 3018.1 and (2) to install a well at the base of the Upper 
Aquifer (screened from 57 to 67 feet bgs) to monitor water levels and quality in the deeper 
portion of the Upper Aquifer.   

During drilling of well 3051.1, no NAPL was observed.  Although poor core recovery 
(approximately 50 percent) was achieved in the upper 47 feet of drilling, no evidence of NAPL 
was observed in the soil core recovered, on the core barrel, or on the outer casing.  It is likely 
that some thickness of NAPL existed in the Upper Aquifer at well 3018.1 when it was drilled in 
the early 1980’s (although possibly less than the 24 feet thickness originally estimated), but it has 
dissolved in the last 30 years. 

Data collected during drilling of well 3051.1 are attached as follows: 

Attachment 1 – Well 3051.1 Boring Log 

Attachment 2 – Well 3051.1 Construction Log 

Attachment 3 – Well 3051.1 Sample Identification Sheet 

Attachment 4 – Photographs of Soil from Boring 3051.1 
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Attachment 1 – Well 3051.1 Boring Log 

  



INTERNATIONAL PAPER LIBBY SITE
LIBBY, MONTANA
22243121

3051-1

SONIC - SPEEDSTAR 15K

ENVIRONMENTAL WEST
EXPLORATION

4-1/2" CONTINUOUS CORE

6-18-13

J. R. CANTRELL

14.3 FT BGS 6-19-13

2-INCH STAINLESS STEEL

MARY STAUFFER

41
2" CORE, 65

8" OUTER CASING

10 FT EAST OF EXISTING WELL NEST 3018

77 FT BGS

BENTONITE SLURRY/CHIPS

0-2 2
UPPER 2 FT OF SOIL WAS BAGGED PER VERMICULITE
MANAGEMENT PROTOCOL PRESCRIBED BY EPA.

0930 BEGAN
DRILLING

2-7 3
GRAVELLY SILT WITH SAND, BROWN, DRY, SAND IS FINE
TO COARSE. GRAVEL IS FINE TO COARSE; SUBANGULAR
TO SUBROUNDED. NO ODOR. TRACE COBBLES.

0-47 FT BENTONITE
SLURRY
(AQUAGUARD)

0-57 FT WELL
CASING, 2-IN
STAINLESS STEEL

7-17 5.6

MOIST ~9-15 FT (DEPTH ESTIMATED, CORE RECOVERY 56%)

CONTACT ESTIMATED, CORE RECOVERY 56%.
SAND/GRAVEL, WITH SILT/CLAY, BROWN, WET. SAND IS FINE
TO COARSE. GRAVEL IS FINE TO COARSE, SUBANGULAR TO
SUBROUNDED. NO ODOR. FEW COBBLES.

GROUNDWATER
DEPTH OF 15 FT IS
ESTIMATED FROM
WATER LEVEL IN
NEARBY WELL
3018-1.

CONTACT ESTIMATED, CORE RECOVERY 35%.
SAND/GRAVEL, LITTLE SILT, FEW CLAY, BROWN, VERY WET.
SAND IS FINE TO COARSE. GRAVEL IS FINE TO COARSE,
SUBROUNDED. NO ODOR. TRACE COBBLES.

0

0

0

0

0

0

JON PINK



INTERNATIONAL PAPER LIBBY SITE
LIBBY, MONTANA
22243121

3051-1

17-27 3.5

CONTACTS ESTIMATED CORE RECOVERY 67%,
SAND, FINE TO COARSE, GREY (BLACK AND WHITE), FEW
SILT, LITTLE CLAY, WET. NO ODOR.

27-37 6.7

SAND/GRAVEL, GREY, FEW SILT, WET. SAND IS FINE TO
COARSE. GRAVEL IS FINE TO COARSE, SUBANGULAR TO
SUBROUNDED. NO ODOR.
SOME CLAY, BROWN IN BOTTOM 2 FT OF CORE
(ESTIMATED TO BE ~32-34 FT).

CONTACTS ESTIMATED, CORE RECOVERY 40%.
GRAVEL, WITH SAND, LITTLE CLAY, FEW SILT, BROWN, VERY
WET. GRAVEL IS FINE, SUBANGULAR TO SUBROUNDED. NO
ODOR.

GRAVEL, WITH SAND, LITTLE SILT, BROWN, WET. GRAVEL
IS FINE, TO COARSE, SUBANGULAR TO SUBROUNDED.
NO ODOR. TRACE COBBLES.

37-47 4

0

0

0

0

0

0

0

0

0

0

0



INTERNATIONAL PAPER LIBBY SITE
LIBBY, MONTANA
22243121

3051-1

CLAYEY SAND, LITTLE SILT, BROWN, VERY WET AND
LOOSE. SAND IS FINE. TRACE TO LITTLE GRAVEL,
COARSE, SUBANGULAR TO SUBROUNDED. NO ODOR.

47-57 8.5

FAINT CREOSOTE ODOR (ODOR) AT 53 FT. TURNS
ORANGISH, COHESIVE, MOIST.

57-67 11.7 AT 62 FT COLOR CHANGE TO TAN-ORANGE.

CLAYEY GRAVEL, WITH SAND, TAN-ORANGE, MOIST.
FAINT ODOR.

47-55 FT BENTONITE
CHIPS (HOLE PLUG)

AT 56 FT BEGIN TO
ADD WATER. WATER
ADDED 56-57 FT:
 Vi = 8349347
 Vf = 8349380
 VT = 33 GAL
CORE SAMPLE:
3051 50-51
CHEMICAL SAMPLE:
3051 - 49.5

55-68 FT FILTER
PACK, 10-20 SAND

57-67 FT WELL
SCREEN, 2-IN
STAINLESS STEEL,
0.010-IN SLOT

 Vi = 8349380
 Vf = 8349510
 VT = 130 GAL

CORE SAMPLE:
3051 65-66
CHEMICAL SAMPLE:
3051 - 64.5

WATER ADDED 57-67 FT:

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



INTERNATIONAL PAPER LIBBY SITE
LIBBY, MONTANA
22243121

3051-1

GRAVELLY CLAY, LITTLE SAND, LITTLE SILT, TAN,
WET/MOIST. GRAVEL IS FINE TO COARSE,
SUBANGULAR TO SUBROUNDED. FAINT ODOR.

71-72 FT FIRM, GREY-BROWN, SLIGHTLY MOIST. NO ODOR.

72-74 FT DRY, BROKEN UP, GREY-BROWN. NO ODOR.
67-77 10.4

75-77 FT WET, TAN. FAINT ODOR.

END OF BORING 77 FT BGS

DEFINITIONS:
TRACE    <5%
FEW        5-10%
LITTLE    15-25%
SOME     30-45%
MOSTLY 50-100%

SHEEN TEST KEY:
0   - NO SHEEN OR OIL OBSERVED
1   - SHEEN (RAINBOW PATTERN) OBSERVED
1+ - VERY VISIBLE SHEEN OBSERVED
2   - SMALL BROWN OIL DROPLETS OBSERVED
2+ - VERY VISIBLE BROWN OIL DROPLETS OBSERVED

68-77 BENTONITE
CHIPS (HOLE PLUG)

 Vi = 8349510
 Vf = 8349644
 VT = 134 GAL

WATER ADDED 67-77 FT:

0

0

0

0

0

0

0

0

SHEEN TESTS WERE CONDUCTED BY PLACING
A SMALL GRAB SOIL SAMPLE IN A SPOON AND
ADDING DISTILLED WATER.



Attachment 2 – Well 3051.1 Construction Log 
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Attachment 3 – Well 3051.1 Sample Identification Sheet 

  



Soil Sample 
ID

Borehole 
ID Date Time PTS Core 

Photo
Core Sample 

Count
PAH/ PCP-

8270 LL
VOCs 
8260

Metals 
6010C/6020A/

7471A

TOC 
Walkey 
Black

COD 
SM5220C

Sample 
Cooler Date Shipped Run/Water 

Addition Comments

3051-49.5 3051 6/18/2013 1310 1 1 1 1 1 6/19/2013 33 gal 2, 8 oz. jars, 1 terra core kit
3051-49.5FD 3051 6/18/2013 1310 1 1 1 1 1 6/19/2013 33 gal 2, 8 oz. jars, 1 terra core kit (Field Duplicate)
3051 50-51 3051 6/18/2013 1410 1 1 6/19/2013 33 gal UV/White Light
3051-64.5 3051 6/18/2013 1350 1 1 1 1 1 6/19/2013 130 gal 6, 8 oz. jars, 3 terra core kits for MS/MSD

3051 65-66 3051 6/18/2013 1400 1 2 6/19/2013 130 gal UV/White Light

Libby Groundwater Site - Sample Log June 2013 Sampling Event

Page 1 of 1



Attachment 4 – Photographs of Soil from Boring 3051.1 
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1 Introduction 

AECOM has prepared this Draft Addendum No. 1 to the report:  Conceptual and Numerical Groundwater Flow 
and Transport Model, Revision 2, October 4, 2016 (Model Report) on behalf of International Paper Company (IP) 
to provide more recent data collected at the Libby Groundwater Site (Site) since the development of the numerical 
groundwater flow and transport model for the Site.  The numerical model calibration was based on 2012 
groundwater elevation and PCP concentration data.  Addendum No. 1 presents interpreted groundwater elevation 
and PCP concentrations for 2015, a comparison of 2015 data to 2012 data, and historical observed PCP 
concentration trends compared to trends simulated in the numerical model (Section 2).  Also, the implication of 
recent conceptual site model refinement (AECOM 2016) to the numerical model is discussed (Section 3). 
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2 Comparison of 2015 Data to 2012 Model Calibration Data Set 

2.1 Groundwater Elevations 

The configuration of the Upper Aquifer water table surface for July 2015 is shown in Figure A1-1. The 2015 water 
table surface compares well to the August 2012 water table surface that was used as the basis for model 
calibration (Figure 3.5 of the Model Report).  The July 2015 water table is slightly lower overall compared to 
August 2012, with groundwater elevation variations typically within one foot.  Groundwater flow directions in the 
Upper Aquifer are the same for July 2015 and August 2012. 

The configuration of the Lower Aquifer potentiometric surface for July 2015 is shown in Figure A1-2.  The 2015 
Lower Aquifer potentiometric surface compares well to the August 2012 surface that was used as the basis for 
model calibration (Figure 3.6 of the Model Report).  Similar to the Upper Aquifer water table, the July 2015 Lower 
Aquifer potentiometric surface is slightly lower overall compared to August 2012, with groundwater elevation 
variations within one foot.  Groundwater flow directions in the Lower Aquifer are the same for July 2015 and 
August 2012. 

No notable changes to the direction of groundwater flow have been observed over the past two decades of 
annual groundwater monitoring for the Upper Aquifer water table surface or the Lower Aquifer potentiometric 
surface.  Groundwater elevation maps are prepared annually and presented in the annual groundwater monitoring 
reports.  The model calibration to 2012 groundwater level elevations is representative of long-term groundwater 
elevations and remains a suitable calibration data set representing overall groundwater conditions.   

2.2 PCP Concentrations 

Figure A1-3 shows the distribution of PCP concentrations in the Upper Aquifer for July to August 2015, with 
supplemental June 2016 PCP concentrations at several wells.  The 2015 PCP distribution is similar to the PCP 
distribution in September 2012 that was used as the basis for model calibration (Figure 4.5 of the Model Report).  
The outermost extent of the plume and concentrations within the plume are similar in 2012 and 2015.  The main 
difference between Model Report Figure 4.5 and Addendum No. 1 Figure A1-3 is there has been a change in how 
PCP concentrations are presented in the Upper Aquifer from 2012 to 2015, as a result of recent conceptual site 
model refinement to support the focused feasibility study.  Beginning in 2015, PCP concentrations are evaluated 
separately for the shallow and deep/middle zones of the Upper Aquifer, as discussed in Section 3. 

The distribution of PCP concentrations in the Lower Aquifer for July to August 2015 is shown on Figure A1-4.  The 
2015 PCP distribution is similar to the PCP distribution in September 2012 that was used as the basis for model 
calibration (Figure 4.6 of the Model Report). 

Time series graphs of PCP concentrations for 13 select Upper Aquifer wells (included on Graphs 1 through 5) and 
five select Lower Aquifer wells (included on Graphs 6 through 8) are shown with the numerical model simulated 
PCP concentrations.  The 18 wells selected for graphing include wells with a long period of concentration data 
(beginning as early as 1982), wells that represent multiple depths at a given well cluster location, and wells that 
represent various lateral portions in the plume (former source area, mid-point of plume, and downgradient extent 
of plume).  The graphs show that there has been a slight to substantial downward trend in PCP concentrations in 
the Upper Aquifer, and there has been a slight downward to stable trend in the Lower Aquifer wells.  The 
numerical model simulated trends for average PCP concentrations in the Upper Aquifer and Lower Aquifer that 
generally match the observed trends in monitoring wells screened in different depth intervals of the aquifers. 
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3 Implication of Conceptual Site Model Refinements to the Numerical 
Model 

Recent refinements have been made to the conceptual site model to support the development of remedial 
alternatives for the Upper Aquifer focused feasibility study.  These refinements are related to the vertical variability 
in groundwater flow characteristics and PCP concentrations in the Upper Aquifer in the former source areas, as 
discussed in the Draft Upper Aquifer Hydrogeologic Conceptual Site Model Report (AECOM 2016). 

Refinements related to vertical variability in Upper Aquifer groundwater flow characteristics in the former source 
areas include the following: 

 Groundwater flow in the shallow zone of the Upper Aquifer, from the water table to 36 feet below ground 
surface (bgs), is unconfined and strongly influenced by the fire pond in the former waste pit area.  
Seepage from the fire pond creates a strong hydraulic gradient and more westerly flow component in the 
shallow zone compared to the deep zone. 

 A middle zone of low hydraulic conductivity (0.36 feet/day), from 36 to 54 feet bgs, serves as a semi-
confining unit locally in the former waste pit area.  The underlying deep zone of the Upper Aquifer, from 
54 to 73 feet bgs behaves semi-confined in this localized area. 

 Groundwater discharge through the shallow zone is 100 times higher than the deep zone in the former 
waste pit and tank farm areas, due to the shallow zone higher hydraulic conductivity (45 to 190 feet/day) 
and higher hydraulic gradient (0.021 to 0.024 feet/feet) compared to the deep zone lower hydraulic 
conductivity (5 to 13 feet/day) and lower hydraulic gradient (0.0034 to 0.0037 feet/feet). 

Refinements related to vertical variability in PCP concentrations in the Upper Aquifer in the former source areas 
include the following: 

 PCP concentrations are generally higher in the deep/middle zones of the Upper Aquifer compared to the 
shallow zone. 

 The extent of PCP concentrations exceeding the cleanup level of 1 µg/L is greater in the deep/middle 
zone of the Upper Aquifer compared to the shallow zone. 

The numerical model currently represents the shallow, middle, and deep zones of the Upper Aquifer as a single 
unit (or one model layer).  At each cell in the numerical model, the full thickness of the Upper Aquifer is 
represented by an average hydraulic conductivity, an average PCP concentration, and the hydraulic head and 
gradient at the water table surface.  These simplifying assumptions will not influence future model simulations to 
develop a controlled groundwater use area for the following reasons: 

 Downgradient of the former sources, closest to potential groundwater users, no vertical variation in 
groundwater flow and aquifer characteristics in the Upper Aquifer have been identified. 

 Downgradient of the former sources, closest to potential groundwater users, the model simulated PCP 
concentrations conservatively match the higher PCP concentrations in the deep/middle zone, as shown in 
Graph 1 (wells 6015.2 and 6015.3), Graph 2 (wells 6014.2, 6014.3) and Graph 3 (wells 3018.1 and 
3051.1). 

 The model simulated extent of PCP in the Upper Aquifer that exceeds the cleanup level of 1 µg/L 
conservatively matches the deep/middle zone. 

If other end uses for the numerical model are identified, the refinements to the conceptual site model in the former 
source areas discussed above may be incorporated into the numerical model, if warranted by the future model 
end use. 
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Data

Graph 1 
Upper Aquifer Well Location 6002/6015 Model vs. Observed PCP

6002/6015 Model Results Well 6002.1 Well 6015.1 Well 6015.2 Well 6015.3

Note:  Open symbol indicates PCP was undetected.  The reporting limit is plotted.

Represents model PCP concentration for full Upper Aquifer thickness
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Data

Graph 2
Upper Aquifer Well Location 6003/6014 Model vs. Observed PCP

6003/6014 Model Results Well 6003.1 Well 6014.2 Well 6014.3

Note:  Open symbol indicates PCP was undetected.  The reporting limit is plotted.

Represents model PCP concentration for full Upper Aquifer thickness



0.01

0.1

1

10

100

1000

10000

100000

01‐Jan‐75 23‐Jun‐80 14‐Dec‐85 06‐Jun‐91 26‐Nov‐96 19‐May‐02 09‐Nov‐07 01‐May‐13

PC
P 
Co

nc
en

tr
at
io
ns
 

Data

Graph 3
Upper Aquifer Well Location 3018/3051 Model vs. Observed PCP

3018 Model Results Well 3018.1 Well 3051.1

Note:  Open symbol indicates PCP was undetected.  The reporting limit is plotted.

Represents model PCP concentration for full Upper Aquifer thickness
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Data

Graph 4
Upper Aquifer Well Location 3012 Model vs. Observed PCP

3012 Model Results Well 3012.1

Represents model PCP concentration 
for full Upper Aquifer thickness

Note:  Open symbol indicates PCP was undetected.  The reporting limit is plotted.
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Data

Graph 5
Upper Aquifer Well Location 5513 Model vs. Observed PCP

5513 Model Results Well 5513.1 Well 5513.2 Well 5513.3

Represents model PCP concentration for full Upper Aquifer thickness

Note:  Open symbol indicates PCP was undetected.  The reporting limit is plotted.
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Data

Graph 6
Lower Aquifer Well Location 3018 Model vs. Observed PCP

3018 Model Results Well 3018.2

Note:  Open symbol indicates PCP was undetected.  The reporting limit is plotted.

Represents model PCP concentration for full Lower Aquifer thickness
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Data

Graph 7
Lower Aquifer Well Location 6002 Model vs. Observed PCP

6002 Model Results Well 6002.2 Well 6002.3

Note:  Open symbol indicates PCP was undetected.  The reporting limit is plotted.

Represents model PCP concentration for full Lower Aquifer thickness
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Data

Graph 8
Lower Aquifer Well Location 6003 Model vs. Observed PCP 

6003 Model 6003.2 Detect 6003.3 Detect

Note:  Open symbol indicates PCP was undetected.  The reporting limit is plotted.

Represents model PCP concentration for full Lower Aquifer thickness
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