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1. INTRODUCTION

The Paducah Gaseous Diffusion Plant (PGDP) Sitewide Groundwater Flow Model described herein is an
update to the current model most recently updated in 2012. The original model, constructed in 1990, has
undergone numerous revisions; these are described briefly in Section 1.3 of this report. The 2016 model
revisions described herein were developed through consensus of the PGDP Modeling Working Group
(MWG), which includes representatives from the U.S. Environmental Protection Agency (EPA), the
Kentucky Department for Environmental Protection (KDEP), Kentucky Research Consortium for Energy
and Environment (KRCEE), and the U.S. Department of Energy (DOE) and their technical consultants.
Reference in this report to the PGDP Site generally means the property and facilities at or near PGDP for
which DOE has ultimate responsibility, and references to the plant area are defined as the industrialized
area of the PGDP Site (see Figure 1.1).

1.1 MODELING OBJECTIVE

The objective of the ongoing sitewide groundwater modeling effort is to develop a tool that can be relied
on to assist in determining additional data needs, evaluating potential remedies (e.g., evaluation of
extraction well capture zones), developing cleanup criteria in decision documents (e.g., refinement of soil
cleanup levels to protect groundwater and setting of monitoring goals), and providing inputs needed for
remedy design. Sitewide groundwater modeling efforts began in 1990, with the most recent model
revisions developed in 2008 (DOE 2010) and updated in 2012 (A. D. Laase Hydrologic Consulting 2014).
The objective of the 2016 model revisions documented in this report is to update the 2012 model to
include more recent PGDP Site data collected from the period 2012 to 2016 and to refine model boundary
conditions. Summaries of the 2008 model and subsequent 2012 model update, as well as the revisions
implemented in 2016, are provided in the following sections.

1.2 GEOLOGIC AND HYDROGEOLOGIC SETTING

PGDRP is located in the Jackson Purchase region of western Kentucky, approximately 10 miles west of
Paducah, Kentucky, and 3.5 miles south of the Ohio River. At depth beneath PGDP, Cretaceous marine
sediments of the Mississippian Embayment, comprising the McNairy Formation, unconformably overlie
Mississippian-age carbonate bedrock. Buried Pleistocene fluvial deposits of the ancestral Tennessee
River, in turn, unconformably overlie the Cretaceous marine sediments directly beneath and north of
PGDP. The Pleistocene fluvial deposits in contact with the marine sediments included in the McNairy
Formation consist of a gravel unit that ranges in thickness from 30 ft to 50 ft, with the top of the unit
encountered at a general depth of 60 ft below ground surface (bgs) at the plant area. This gravel unit is the
primary member of the uppermost aquifer, the Regional Gravel Aquifer (RGA), beneath the plant area
and north to the Ohio River. The RGA pinches out to the south, southeast, and southwest along the buried
slope of the Porters Creek Clay Terrace, which is overlain to the south by the Terrace Gravel flow system.
The Upper Continental Recharge System (UCRS) overlies the RGA and Terrace Gravel. The RGA is the
main conduit for groundwater flow to the north, where groundwater discharges to the Ohio River, and the
main pathway for off-site contaminant plume migration. Figure 1.2 presents a general cross section of the
geology across the region, while Figures 1.3 and 1.4 illustrate the main features of the geology and
groundwater flow systems near the PGDP Site (PRS 2009).



. O
X — |
\E [\l I\ Little Bayou Creek
|
l Bayou Creek | ,S-'“
" . Q<
\
7\\ / l 4
! North-South Diversion Ditch
& —} L= \\L orth-South Diversion : itch |
PGDP
3 —
— i
Unnamed Tributary
/
) .
| i :
\YJ el
N g
~ J - / :
= v ) |

(g

Mer,

LA KEOUS

\

Legend

[ DOE-Owned - Industrial Area

I:I DOE Property - Licensed to Western Kentucky Wildlife
Management Area
Western Kentucky Wildlife Managment Area

I:l TVA Property

m— Plant Area

—-_ PGDP Site

= Surface Water

Map of PGDP and Surrounding Area

Paducah Gaseous Diffusion Plant
McCracken County, Kentucky

Geosyntec®

consultants

Figure
1.1

Acton, Massachusetts | December 2016

Source: Fluor GIS database, 2016

Figure 1.1. PGDP Site Map

2



Aydeabnens reuoibey 4daod 'z'T 24nbi4

PGDP Regional Stratigraphy

Paducah Gaseous Diffusion Plant
McCracken County, Kentucky

Geosyntec®

consultants

ACTON, MASSACHUSETTS | NOV 2016

FIGURE

1.2

Source: Adapted from Paducah Remediation Services, 2009; Figure 1




Aydeabnens [eoo 4aod €'T a4nbi

PGDP Local Stratigraphy

Paducah Gaseous Diffusion Plant
McCracken County, Kentucky

Geosyntec®

consultants

ACTON, MASSACHUSETTS | NOV 2016

FIGURE

1.3

Source: Adapted from Paducah Remediation Services, 2009; Figure 2




ddod Feau mojH 131empuno.9) Jo 911ewayds ' T a4nbi-

Schematic of Groundwater
Flow near PGDP

Paducah Gaseous Diffusion Plant
McCracken County, Kentucky

Geosyntec®

consultants

ACTON, MASSACHUSETTS | NOV 2016

FIGURE

1.4

Source: Adapted from Paducah Remediation Services, 2009; Figure 3




1.3 EVOLUTION OF THE SITEWIDE GROUNDWATER MODEL

Numerous numerical modeling configuration and calibration efforts have been conducted for the PGDP
sitewide groundwater model. The first groundwater flow model was developed in 1990 followed by
several revisions through 1997 and the development of a transport model in 1998 and 1999. The next
substantial revision was conducted in 2008. The details of the 2008 revisions, as well as a more detailed
summary of the earlier groundwater and transport models, are documented in the 2008 Update of the
Paducah Gaseous Diffusion Plant Sitewide Groundwater Flow and Transport Model (DOE 2010).

1.3.1 2008 Sitewide Groundwater Model

The 2008 model was developed collaboratively to complete the modeling tasks described in the Paducah
Risk Methods Document (DOE 2008a). These modeling tasks were developed to assist in determining
additional data needs, evaluating potential remedies, calculating cleanup criteria in decision documents
(e.g., refinement of soil cleanup levels to protect groundwater and setting of monitoring goals), and
developing inputs to design selected remedies.

The 2008 model simulated flow in the RGA and excluded flow in the UCRS and McNairy from the
modeling domain. The UCRS and McNairy were represented by recharge and no flow boundary
conditions, respectively. The rationale for representing the UCRS by recharge boundary conditions is that
groundwater flow within the UCRS is primarily vertical; the unit is, for all practical purposes, only a
conduit for recharge to the underlying RGA; and the McNairy is represented by a no flow boundary
condition because the volume of groundwater flowing through the McNairy is much less than the volume
of water flowing through the RGA. The numerical model was discretized into 582 rows and 627 columns
with a constant computation cell width of 50 ft. The top elevation of model layer 1 corresponded to the
top of the RGA (i.e., the contact of the RGA and the UCRS), and the bottom of model layer 3 represented
the top of the McNairy (i.e., the base of the RGA). The RGA was divided numerically into three layers of
equal thickness to allow a future, appended transport model to simulate more accurately the observed
vertical movement of dissolved contamination within the RGA. The east, south, and west boundaries
were specified as no-flow, and the northern boundary corresponded to the Ohio River. The Ohio River
and lower reaches of Bayou Creek (BC) and Little Bayou Creek (LBC) were simulated as drain cells in
layer 1. The model was calibrated to a single water level dataset measured in February 1995, prior to the
start of pump-and-treat operations. Figure 1.5 depicts the 2008 model domain and boundary conditions as
presented by DOE 2010.

1.3.2 2012 Sitewide Groundwater Model Update

The objective of the 2012 model revision was to evaluate how potential variability in anthropogenic
recharge rates can influence extraction well capture performance. Details of the 2012 model revisions were
not documented in a formal report, but were described in a 2014 presentation to the MWG on January 29
and 30, 2014, in Lexington, Kentucky (A.D. Laase Hydrologic Consulting 2014). The 2012 model was
based on the 2008 model that simulated groundwater flow within the RGA using a single steady-state stress
period. The 2012 groundwater flow model was configured using seven steady-state stress periods and one
transient stress period with each of the seven steady-state stress periods having unique calibrated
anthropogenic and ambient recharge rates. Particle tracking capture zone analysis was performed using the
seven calibrated recharge regimes. The 2012 model update included updating the bottom and top RGA
elevations based on an in-depth review of KRCEE data and calibrating the model to seven synoptic
water-level measurement dates and the ten-day Northwest Plume extraction system performance test. The
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concept behind including multiple sets of water-level data in the calibration was to capture better the
potential anthropogenic recharge variability at PGDP. While the long-term trajectories of the Northeast
and Northwest Plumes suggest that the anthropogenic recharge variability does not impact contaminant
migration significantly, it was included in the model to evaluate the influence of anthropogenic recharge
variability on capture performance of the two Northwest Plume extraction wells (referred to as EW232
and EW233). Specifically, the single 1995 steady-state stress period from the 2008 model was expanded
to include five more steady-state stress periods from third quarter 2005 to October 2011. Ten one-day
transient stress periods were added to simulate the October 2010 pumping test in EW232 and EW233 in
the Northwest Plume. Calibration targets included heads in monitoring wells, trajectory targets along the
Northwest and Northeast Plumes, flux targets in LBC and the Ohio River, and drawdown targets during
the 2010 transient pumping test.

1.3.3 2016 Model Revisions

The 2016 PGDP Sitewide Groundwater (GW) Model is based on the 2012 configuration that simulated
groundwater flow within the RGA. The model was revised to include revisions identified by the MWG
from review of site data and technical discussions that took place from March to October 2016. Minutes
of the MWG meetings are included in Appendix A. The following are the primary model revisions
implemented in 2016 and documented in this report:

e  Optimizing calibration periods, building on calibrations performed prior to 2016;

o Converting the lower reaches of BC, LBC, and the Ohio River from drain to river boundary
conditions;

e Including groundwater flow originating upgradient of the model from the Terrace Gravel;

e Revising the southern model boundary at the limit of the RGA;

e Updating anthropogenic recharge zonation in the plant area; and

e Supporting data analyses and detailed descriptions of the revisions are provided in subsequent
sections.

1.4 REPORT ORGANIZATION

The following are the contents of the report.

Section 2, Technical Approach, discusses the technical approach used for the groundwater flow model
development and calibration.

Section 3, Data Analysis, describes data evaluation and analysis performed as part of the updated flow
modeling exercise.

Section 4, Conceptual Site Model, presents the site hydrogeologic conceptual site model (CSM) as a
summary of the volumetric inflows and outflows of the system and the factors influencing groundwater
movement.

Section 5, Model Configuration, describes the groundwater flow model configuration, which is the
process by which the site hydrogeologic CSM is translated into a numerical model.



Section 6, Model Calibration, discusses groundwater flow model calibration, sensitivity analysis, and
model validation.

Section 7, Calibration Summary, provides an evaluation of the revised and calibrated groundwater flow
model and summarizes model assumptions and limitations.

Section 8, Conclusions and Recommendations, assesses whether the modeling objectives are satisfied and
provides recommendations regarding the updated groundwater flow.

Section 9, References, includes a list of references cited in the text.
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2. TECHNICAL APPROACH

The 2016 groundwater flow model update is based on the existing 2012 MODFLOW model described
previously in Section 1.3.2. Model revisions were developed by the MWG consisting of personnel from
DOE, EPA, KDEP, KRCEE, and contractors to these organizations. Subcontractors, Drummond
Carpenter, Navarro Research and Engineering (Navarro), Environmental Simulations, Inc., (ESI), and
Geosyntec Consultants (Geosyntec), performed the modeling. Navarro and Geosyntec chaired the
discussion group.

The MWG agreed on the following revisions to incorporate more recent site data and improve upon the
existing model. The following are the primary model revisions:

e Revising RGA top and bottom elevations based on digital lithologic, stratigraphic, hydrostratigraphic,
and subsurface material interval information for PGDP compiled in the KRCEE database (Revision 8)
(CAER KRCEE 2016);

e Converting drain cells representing the Ohio River and lower reaches of BC and LBC to river cells,
accounting for river/creek bathymetry and observed creek river stages;

e Adding recharge zones along the southern model boundary to represent groundwater flow off the
Terrace from the East and West Terrace Basins;

e Revising recharge zonation to represent anthropogenic recharge in the plant area that is reflective of
plant use and UCRS lithology; and

o Simulating two steady-state stress periods representing unique periods of operation and annual
precipitation conditions with associated water-level elevation targets derived from synoptic water
level collection across the model domain to optimize runtime and model representativeness.

Modeling was initiated by evaluating and analyzing recent site data, including groundwater and surface
water levels, subsurface hydraulic properties, ambient and anthropogenic recharge potentials, well
construction details, and plume geometries. These data serve to constrain the model regarding expected
parameter distributions and typical groundwater flow patterns and discharge volumes. Details regarding
the data evaluation effort are presented in Section 3 of this report.

Groundwater flow modeling was performed using MODFLOW 2005 (Version 1.1.00), a widely-used and
accepted finite-difference code developed by the U.S. Geological Survey (USGS) (Harbaugh 2005).
Pre- and post-processing of model data were accomplished using the industry standard graphical user
interface Groundwater Vistas (Version 6.89, build 23) developed by ESI (ESI 2011). Model calibration
was conducted using PEST (Version 13.6) and PEST-SVD Assist coupled with pilot points
(Doherty 2015; Doherty 2016). PEST is a parameter estimation code used to determine parameter values
for model calibration. PEST-SVD Assist is an updated version of PEST that facilitates faster execution
times. Parameters are model input values that are adjusted during model calibration. Common examples
are recharge and river cell conductance. Pilot points take parameter estimation a step further and
determine parameter distributions for model calibration, given specific boundary configurations and target
values. For this application, pilot points were used to determine hydraulic conductivity distributions for
the calibrated model. A detailed description of parameter estimation, pilot points, and model calibration
methodology is presented in Section 6.
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After completing the model calibration, a sensitivity analysis (Section 6.7) was performed to determine
which input parameters have the greatest influence on the resulting calibrated flow model. Typically, a
sensitivity analysis is conducted by individually adjusting input parameters and evaluating related
changes to the water level calibration statistics. While the water level statistics provide an assessment of
how input parameter adjustment influences predicted water levels, this sensitivity analysis does not
evaluate how parameter changes influence predicted plume trajectories, which is ultimately more
important regarding the potential to simulate the influence of remedial action on contaminant plume
behavior in groundwater. For this model, the sensitivity analysis evaluated how individual parameter
adjustment (one at a time) affects simulated plume trajectories.

12



3. DATA ANALYSIS

A thorough analysis of site data previously was conducted in 2008 to develop a representative site
conceptual model to support the configuration of the 2008 groundwater model (DOE 2010). Additional
data analysis regarding RGA elevations and lithology using the KRCEE database was conducted for the
2012 model revision. For the 2016 model, revisions relied on LIDAR (Light Detection and Ranging) data
updated in 2013, an updated KRCEE Database (Revision 8), additional monitoring well data, maps of
plant facilities, site reconnaissance, and information regarding historical operations provided by the site
facilities manager.

3.1 RGA EXTENT
3.1.1 RGA Elevation and Thickness

The top of model layer 1 (top of RGA, bottom of UCRS) and the bottom of model layer 3 (bottom of
RGA, top of McNairy) were revised to incorporate the most recent and comprehensive evaluation and
compilation of digital lithologic, stratigraphic, hydrostratigraphic, and subsurface material interval
information for PGDP and its environs by KRCEE referred to as Revision 8 (CAER KRCEE 2016). The
1996 Hydrostratigraphic Unit (HU) Conceptual Model and the Update to that Conceptual Model, used as
a basis for the development of Revision 8 of the Lithologic Database, are illustrated in Figure 3.1. For this
model revision, the top of the RGA (bottom of UCRS) was identified as either the top of HUS
characterized as RGA sand and gravel or, when present, the top of HU4 characterized as sand or silty
sand beneath HU3. The bottom of the RGA (top of McNairy) was identified by KRCEE as either the
bottom of HUS or, when present, the bottom of HUSA characterized as fine sands occurring contiguous to
HUS.

The top of RGA dataset included 810 data points, 376 of which were within the plant area. The bottom of
RGA (top of McNairy) dataset included 549 data points, 166 of which were within the plant area
(Figures 3.2 and 3.3). Top and bottom surfaces for the RGA were generated by performing an inverse
distance weighted interpolation (with an additional spline interpolation step for smoothing) on the
datasets. In limited portions of the model, particularly near the Terrace slope and the Tennessee Valley
Authority (TVA) discharge pond, the interpolated surfaces showed thin sections of the RGA with
thicknesses less than 10 ft. The model thickness in these sections was constrained to a minimum of 10 ft
to promote numerical stability. The bottom elevation of model layers 1 and 2 were adjusted to maintain
three model layers of equal thickness. The revised model RGA top and bottom elevations are illustrated in
Figures 3.2 and 3.3, respectively, and the model thicknesses across the domain are shown in Figure 3.4.

3.1.2 Revised Model Boundary

The southern model boundary was revised to represent more accurately the southern extent of the RGA.
For the southwestern model boundary, this was accomplished by adjusting the boundary to coincide with
the overlap of the interpolated top and bottom RGA surfaces, which corresponds to the limit of the RGA
along the Terrace slope. Along the southeastern model boundary, an upper RGA elevation of 320 ft to
325 ft above mean sea level (amsl) was used to distinguish the RGA from Terrace Gravel. The base of
gravel in soil borings P2-S9, P3-S25, and P4-H1 is at 333 ft to 339 ft amsl, which places these borings
south of the RGA. Borings MW 151, P3-S17, and AH-209 appear to be at the southern margin with a very
thin to thin RGA layer thickness, and P2-S8, P4-G7, and P4-H6 have RGA presence. The southeastern
model boundary was adjusted to be consistent with this interpretation. The layer overlap used to define the

13
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southwestern model boundary and the borings used to define the southeastern model boundary are
illustrated in Figure 3.5.

3.2 TERRACE RECHARGE

Underflow across the Terrace slope recharges the RGA along its southern boundary; however, recharge
from Terrace underflow was not included in the 2008 and 2012 model revisions. Outcrops of Porters
Creek Clay located immediately south of the Terrace slope force groundwater flow to discharge to BC;
thus, Terrace underflow in the upper BC drainage basin is expected to be negligible, but significant
underflow is expected in Terrace drainage basins to the west and east of the upper BC basin (DOE 1997).
A delineation of these three drainage basins based on LIDAR data from spring 2013, along with
measurements of the area of each basin (upper BC, west and east), is illustrated in Figure 3.6.

To estimate the recharge to the RGA from Terrace underflow, stream flow data for BC were evaluated at
two USGS gauging stations, Station 45 and USGS 03611800 (Figure 3.6). The baseflow in BC is
assumed to be representative of groundwater flow in the upstream BC basin. Division of baseflow volume
by drainage area provides an estimate of the recharge rate across the Terrace. Assuming the recharge rate
is uniform across the Terrace, the estimated recharge rate for the BC basin can be used to determine the
underflow from the East and West Terrace Basins across the Terrace slope.

USGS Station 03611800 at BC near Heath, Kentucky, has stream flow data available from 1990 through
2010. The Web-based Hydrograph Analysis Tool (WHAT) was used to estimate baseflow at this gauging
station (Lim et al. 2005). WHAT has three different baseflow separation techniques available: the local
minimum method, a one parameter digital filter (the “BFLOW?” filter), and a recursive digital filter (the
“Eckhardt” filter). Each separation method was used to determine the annual average baseflow and the
September baseflow for each year with available data, and the results are presented in Table 3.1. The
September baseflow was included in the analysis to understand dry season conditions. The average of the
three separation techniques was calculated; from that, an average annual recharge rate and average
September recharge rate were calculated for the Terrace. The recharge rate was determined from
estimated baseflow divided by the USGS reported drainage area for the gauging station (6.55 square miles
or 4,192 acres). The median of the estimated average annual recharge rates is 2.6 inches/year, with
minimum and maximum estimates of 1.4 inches/year and 4.6 inches/year, respectively. The median of the
estimated average September recharge rates is 0.45 inches/year, with minimum and maximum estimates
of 0.28 inches/year and 3.68 inches/year, respectively.

Station 45 is located at the edge of the Terrace. The location of this station makes it ideal for estimating
Terrace recharge, but it cannot be used to assess temporal variability because stream measurements are
available only for a single date. Streamflow data were collected by the USGS at Station 45 in August 1989
during baseflow conditions (Evaldi and McClain 1989). The measured baseflow was 0.3 ft*/second
[135 gal per minute (gpm)]. Based on the drainage area of the upper BC basin upstream of Station 45
(6,431 acres, Figure 3.6), this flow rate translates to a recharge rate of 0.41 inches/year for the Terrace.
This value is consistent with the estimated Terrace recharge rates for the dry season based on the
September baseflow data at USGS 03611800. Note that the dry season values are an order of magnitude
lower than the annual average recharge values presented in Table 3.1. The baseflow separation analysis
performed for the full period of record at USGS Station 03611800 indicates that baseflow in upper BC is
lowest in August and September. The recharge values estimated for USGS Station 03611800 for the
month of August from 1990 to 2010 range from 0.25 inches/year to 2.72 inches/year with a median value
of 0.55 inches/year, which is also consistent with the recharge estimated from Station 45. This check
helps validate the use of the baseflow separation technique at USGS Station 03611800 for
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Table 3.1. Estimated Baseflow at USGS Station 03611800 Bayou Creek near Heath, Kentucky

Annual Average Base Flow

Estimated Average Annual

September Base Flow

Estimated Average September

Year (gal/minute) Terrace Recharge Rate (gal/minute) Terrace Recharge Rate
Recursive Filter Local Minimum One-Parameter Filter Average (inches/year) Recursive Filter Local Minimum One-Parameter Filter Average (inches/year)

1990~1991 763 314 673 583 2.69 63 81 67 70 0.32
1993~1994 673 583 628 628 2.90 76 99 76 84 0.39
1994~1995 494 269 449 404 1.87 85 108 94 96 0.44
1995~1996 404 180 359 314 1.45 162 112 148 141 0.65
1996~1997 1,122 853 1,032 1,002 4.63 63 67 67 66 0.30
1997~1998 539 224 449 404 1.87 58 63 58 60 0.28
1998~1999 673 359 583 539 2.49 72 81 81 78 0.36
1999~2000 404 180 359 314 1.45 112 94 112 106 0.49
2000~2001 449 449 404 434 2.00 193 108 175 159 0.73
2001~2002 1,122 494 987 868 4.01 166 63 126 118 0.55
2002~2003 987 673 942 868 4.01 139 112 135 129 0.59
2003~2004 359 314 359 344 1.59 72 72 76 73 0.34
2004~2005 673 539 628 613 2.83 148 130 148 142 0.66
2005~2006 673 314 628 539 2.49 1,019 81 763 621 2.87
2006~2007 763 449 718 643 2.97 99 117 103 106 0.49
2007~2008 942 539 808 763 3.52 67 76 72 72 0.33
2008~2009 853 539 763 718 3.32 597 606 588 597 2.76
2009~2010 673 404 583 554 2.56 108 72 90 90 0.41
Minimum 359 180 359 299 1.38 58 63 58 60 0.28

Median 673 426 628 576 2.66 103 88 99 96 0.45
Maximum 1,122 853 1,032 1,002 4.63 1,019 606 763 796 3.68

Note: Years 1991 to 1993 were excluded from the analysis because of missing data.
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determining Terrace recharge. This analysis also demonstrates the importance of seasonal variability in
Terrace recharge estimates. Because most of the sitewide groundwater monitoring events at PGDP occur
during the dry season (see Section 3.4), the modeled Terrace recharge reflects seasonal steady-state
conditions that are representative of the dry season rather than the annual average conditions.

The volumetric flow rate calculated from Terrace recharge is the flow available to recharge the RGA via
underflow across the Terrace slope. The volumetric Terrace flow rate from the West and East Terrace
Basins was determined by multiplying the estimated Terrace recharge rates by the respective East and
West Terrace Basin areas south of the model boundary. The estimated drainage areas for the West and
East Terrace Basins are 1,225 acres and 1,629 acres, respectively (Figure 3.6). The median annual
average volumetric flow value for the West and East Terrace Basins is 168 and 224 gpm, respectively,
and the median September volumetric flow value for the West and East Terrace Basins is 30 and 39 gpm,
respectively. The estimated range of underflow from each basin is presented in Table 3.2.

In the model, the area specified for Terrace recharge to the RGA was calculated by multiplying the
number of model cells adjacent to the boundary of the West and East Terrace Basins by the area of each
cell. There are 252 model cells along this boundary for the West basin and 172 cells for the East Terrace
Basin. Because each cell is 50 ft by 50 ft, the total area of recharge to the RGA from the West and East
Terrace Basins is 14.5 acres and 9.9 acres, respectively. The model simulates underflow from the Terrace
as additional recharge applied to the model cells along the West and East Terrace Basins boundaries. The
recharge rate for these model cells is calculated by dividing the volumetric flow rate by the total area of
the cells along each basin (14.5 acres and 9.9 acres for the West and East Terrace Basins, respectively).
The results are presented in Table 3.2. The median annual average recharge rate applied to each model
cell along the boundary for the West and East Terrace Basins is 225 inches/year and 439 inches/year,
respectively. The median recharge rates are used as initial calibration recharge rates. The maximum
annual average recharge rates are used as maximum calibration constraints (392 and 764 inches/year for
the West and East Terrace Basins, respectively). Instead of using the minimum annual average recharge
rates, the minimum average recharge rates for September are used as minimum recharge constraints
(23 inches/yearand 46 inches/year for the West and East Terrace Basins, respectively) so that a dry season
steady-state condition can be represented in the model (see Section 3.4 for discussion of available water
level datasets).

3.3 ANTHROPOGENIC RECHARGE

Various sources of anthropogenic recharge (i.e., recharge that is caused or produced by human activity)
are present in the plant area, such as leaking water lines, infiltration from drainage ditches, leakage from
lagoons, and runoff from compromised roof drains. Estimated average recharge rates over the PGDP area
range from 4.1 inches/year to 48 inches/year (DOE 2010). The wide range of estimates illustrates the
variability in potential anthropogenic recharge rates. The recharge contributed to the groundwater system
by anthropogenic sources depends on the quantity of water released from the source and the underlying
lithology. For example, if the hydraulic conductivity of the formation beneath a drainage ditch is low,
then water in the ditch would tend to be lost to evapotranspiration or runoff rather than percolating to the
water table. The following subsections consider the effects of both lithology and land use on
anthropogenic recharge potential. These considerations serve as the basis for assignment of maximum
calibration constraints to anthropogenic recharge zones and revision of anthropogenic recharge zonation
in the plant area.
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Table 3.2. Potential Range of Recharge to RGA" off the Terrace

. - 2
Ba§|s of Basin Statistic Vqumet.rlc Flow _Recharge
Estimate (gal/minute) (inches/year)

West Minimum 87 117
Baiisn Median 168 225
Average Maximum 293 392
Annual Minimum 116 228
Recharge ]
East Basin] Median 224 439
Maximum 389 764
W Minimum 17 23
Bazfrt] Median 30 39
Average Maximum 181 243
September
East Basin] Median 39 77
Maximum 241 473
TRGA indicates ﬁeg onal Gravel Aquifer.

“ Recharge rate applied to model cells along each basin's Terrace boundary to simulate Terrace underflow.



3.3.1 Lithologic Based Recharge Potential

UCRS lithology can be used to constrain anthropogenic recharge estimates. To do so requires correlating
lithology to hydraulic conductivity. Groundwater flow in the UCRS is primarily vertical and, as such, is
controlled by vertical hydraulic conductivity. Under unity hydraulic gradient (i.e., 1 ft/ft, the commonly
observed UCRS vertical gradient), the maximum possible gradient for gravity drainage, the maximum
potential recharge rate is equivalent to the effective bulk vertical hydraulic conductivity. Harmonic
averaging vields the bulk hydraulic conductivity for systems with groundwater flow perpendicular to
lithologic layering. Hydraulic conductivity, percent silt/clay, and percent sand/gravel are used as input to
the harmonic average equation to determine the effective bulk vertical hydraulic conductivity, as shown
in Equation 3.1.

br
bCS + bﬂ
s Ksg (3.1)

K, =

=

where:
K, is the effective bulk vertical hydraulic conductivity

br is the total thickness (100%)

bes is the thickness of clay/silt as a percentage of the total thickness

b, is the thickness of sand/gravel as a percentage of the total thickness
K¢ is the vertical hydraulic conductivity of clay/silt

Ksg is the vertical hydraulic conductivity of sand/gravel

Several slug tests have been performed in the UCRS in previous investigations. To avoid bias, only wells
with screen intervals spanning a single lithology were used for determination of K¢ and K. Vertical
hydraulic conductivity was assumed to be one-tenth of horizontal hydraulic conductivity. The slug test
results used for this evaluation are given in Table 3.3, and a statistical summary of the results is presented
in Table 3.4. The locations of the wells included in the analysis are shown on Figure 3.7. As shown in
Table 3.3, some wells have duplicate slug test results, whereas a single slug test was performed on other
wells. To avoid giving additional weight to wells with duplicate slug tests, the geometric mean of
duplicate slug tests was used in the statistical analysis so that each well would have only one associated
hydraulic conductivity value.

Results from Table 3.4 were used as input to Equation 3.1 for various soil compositions, and the results
are provided in Table 3.5. Based on lithologic interpretation of percent clay/silt provided in the KRCEE
database (Revision 8), the spatial variation of clay/silt in the UCRS was interpolated across the Plant area
(Figure 3.8). The distribution was used to constrain the upper allowable recharge value used in the
calibration for plant area recharge zones. For example, the minimum percent clay shown on Figure 3.8 is
30% to 35%. Based on this lithology, the maximum possible recharge rate specified in the model in an
area where clay/silt comprise 30% of the vertical section would be 29 inches/year using the geometric
mean of values (83 inches/year using the median). It should be noted that in this example 29 inches/year
represents the maximum possible recharge rate based on lithology; therefore, the actual recharge rate at
this location could be less than 29 inches/year depending on available water.
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Table 3.3. Slug Test Results for UCRS! Monitoring Wells Screened in a Single Lithologic Interval

Reference ing® ing® Hydraulic
Well ID 2 Easting Northing Lithology Conductivity Reference
Well (ft) (ft)
(ft/day)
Mw127 Mw121 -5,664.1 6,161.2 Clay/Silt 5.98E-04 Phase | Site Investigation
MW157 MW155 -4,025.7 -1,688.6 Clay/Silt 7.00E-02 Phase Il Site Investigation
MW160 | MWwiss | -69459 9719 Clay/Silt LOSE02  |Phase Il Site Investigation
2.40E-01 Phase Il Site Investigation
MW170° MW169 5557.6 1758 Clay/Silt 4.62E-04 Phase 11 S!te Invest!gat!on
2.81E-01 Phase Il Site Investigation
MW177 MW178 -4,073.8 -1,227.5 Clay/Silt 7.97E-01 Phase |1 Site Investigation
Mwigy | Mwiss | -69976 | -20573 Clay/Silt L21E01  (Phase Il Site Investigation
1.21E-01 Phase Il Site Investigation
MW128 MW122 1,883.1 746.2 Transitional 2.05E-03 Phase | Site Investigation
MW164 MW163 -2,034.2 -1,415.6 Sand/Gravel 1.85E+00 Phase Il Site Investigation
1.03E-01 Phase Il Site Investigation
MW167 MW168 -4,822.5 -908.7 Sand/Gravel - _g -
1.03E-01 Phase Il Site Investigation

1 UCRS indicates Upper Continental Recharge System.

2 Independent lithologic logs are not available for the slug test wells. Instead, the lithology of a deeper, adjacent well (the reference well) is reported for each slug test
well.
3 Northing and Easting are referenced to the local Paducah coordinate system.

* Duplicate slug test (in grey) excluded from analysis due to limited test duration.
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Table 3.4. Statistical Summary of Slug Test Results

Horizontal Hydraulic Conductivity

Vertical Hydraulic Conductivity1

Statistic - -
Silt/Clay Sand/Gravel Silt/Clay Sand/Gravel
Minimum (ft/day) 4.62E-04 1.03E-01 4.62E-05 1.03E-02
Maximum (ft/day) 7.97E-01 1.85E+00 7.97E-02 1.85E-01
Arithmetic Mean (ft/day) 1.75E-01 9.79E-01 1.75E-02 9.79E-02
Median (ft/day) 6.53E-02 9.79E-01 6.53E-03 9.79E-02
Geometric Mean (ft/day) 2.20E-02 4.38E-01 2.20E-03 4.38E-02

! Vertical hydraulic conductivity assumed to be 10% of horizontal hydraulic conductivity.
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Table 3.5. Maximum Potential Recharge Based on Lithology*

Potential Maximum Recharge (inches/year)
Sai(eijz}erl;tvel CI;;; l;fg:ltt Maximum I:I):draulic Arlthl_rlr; (iit;;ll:;liian of Median of I:I)fdraulic Geor;nlf;f;Lcall:/lIi(acan of
Conductivity** Conductivity** Conductivity™ Conductivity**
100 349 77 29 10
5 95 359 80 30 10
10 90 370 83 32 11
15 85 382 87 33 11
20 80 394 92 35 12
25 75 407 96 37 13
30 70 421 102 40 13
35 65 436 107 42 14
40 60 452 114 46 16
45 55 469 122 49 17
50 50 488 130 54 18
55 45 508 140 59 20
60 40 530 151 65 22
65 35 554 164 73 25
70 30 581 180 83 29
75 25 610 199 95 33
80 20 642 223 113 40
85 15 677 254 138 50
90 10 717 294 179 66
95 5 761 349 252 99
100 0 812 429 429 192

Typical grain size distribution observed in plant area (see Figure 3.8).

* Potential Maximum Recharge = Vertical Hydraulic Conductivity x 1 ft/ft Gradient x 4,380 inches/year per feet/day. See Section 3.3.1 for basis of recharge calculation

** See Tables 3.3 and 3.4 for basis of hydraulic conductivity statistics.
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Lithology Data Source: Hydro-Litho-Stratigraphy Database, Revision 8, CAER KCREE 2016




Results from permeameter tests, which measure vertical hydraulic conductivity in soil core samples, were
used to check the vertical hydraulic conductivity estimates for clay/silt. Permeameter results for UCRS
samples with 80% or greater clay content are provided in Table 3.6. The locations of the wells included in
the analysis are shown on Figure 3.9. The arithmetic and geometric means of the permeameter results are
of the same order of magnitude as the arithmetic and geometric means of the vertical hydraulic
conductivity determined from the slug test results. This comparison supports the assumption that vertical
hydraulic conductivity is on the order of one-tenth of horizontal hydraulic conductivity in the UCRS. This
estimate of vertical anisotropy is consistent with the assumed 10:1 horizontal to vertical anisotropy used
for the UCRS in the Treatability Study for Steam Injection (DOE 2016, Figure 13).

3.3.1.1 Clay prevalence at the top of RGA (HU3)

An evaluation of UCRS lithology was conducted to identify intervals with clay as the prevalent primary
material within the HU just above the RGA. This unit is described as contiguous clay of HU3
(Figure 3.10). The evaluation relied on the KRCEE database (Revision 8) (CAER KRCEE 2016) to
provide a compilation of lithologic material reported in boring logs within the model domain. Review of
the data indicates a high degree of variability in the level of detail and lithologic descriptions not
uncommon in a compilation of logs collected over an extended period by multiple contractors to meet
multiple objectives. In the context of the variability observed in the data, delineation of clay less than 2-ft
thick depicted on Figure 3.10 serves as a reasonable representation of areas with increased hydraulic
connection between the UCRS and the RGA.

3.3.2 Land Use Based Recharge Potential

PGDP site information from multiple sources was used to assess land use and site operations within the
plant area to develop a qualitative characterization of potential anthropogenic recharge. Available
information included leaks in the stormwater or High Pressure Fire Water (HPFW) piping systems
reported by the facilities manager in 2016, UCRS lithology and delineation of the clay unit contiguous to
the RGA (HU3) less than 2-ft thick, land use map characterizing surface water runoff, and the 2014
plume delineation and potentiometric surface. The 2014 plume delineation, which was not performed as
part of this modeling effort but was completed previously by DOE contractors, is the most complete
evaluation available at the time of the analysis and is representative of current site conditions
(DOE 2015). A plume map depicting the general footprint of the trichloroethene (TCE) contamination in
the RGA and conveying the general magnitude and distribution of contamination within the plumes is
reported in Figure C.2 of the delineation report (DOE 2015). In addition to review of available
information, the MWG conducted a site walkover on August 24, 2016, along with the PGDP Facility
Manager, Andy Anderson, who has worked at the Site for over 30 years. The site tour was conducted to
survey the plant area and gather additional site specific information relative to potential anthropogenic
recharge. Figure 3.11 presents an overlay of the information collected.

Two of the main systems of underground piping present in the plant area, the storm water system and the
HPFW system, have been identified as contributors to anthropogenic recharge in the plant area. In
addition, leakage from the TVA water supply line, which runs through the western portion of the plant
area and to the west outside the plant area, has been documented, and leak repair of the line is conducted
at the site on a routine basis. In 2016, correspondence with the PGDP facility manager revealed that
several leaks were reported (sometimes observed as standing water or flow from the ground surface) in
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Table 3.6. Permeameter Results for Samples with 80% or Greater Clay Content

Hydraulic
Soil Boring Conductivity Sample Description Reference
(feet/day)
026001SA010 1.09E-03  |Clay (90%), 10YR5/6 (yellowish brown) to 10YR2/2 (dark brown) Remedial Investigation Report for WAG 6
0, i 04)" i
400036SA010 7.80E-04 S;ﬁ’(’)\f;o %), Silt (20%); 10YR8/2 (very pale brown) to 10YR6/6 (brownish Remedial Investigation Report for WAG 6
i Clay (90%), firm, cohesive; Silt (10%); slightly moist, 10YR4/8 (dark yellowish . L
4000385A010 S87E-02 brown) with 10YR7/1 (light gray) and 10YR6/8 (brownish yellow) mottling Remedial Investigation Report for WAG 6
i Clay (90%), firm, cohesive, slightly moist; Silt (10%); trace Gravel; 10YR6/8 . S
400038SA045 5.79E-02 (brownish yellow) with 10YR8/2 (light brownish gray) mottling Remedial Investigation Report for WAG 6
Clay with trace Silt, firm, hard, moist, heavily mottled and iron stained, 10YR6/8
400208SA010 7.63E-04  [(brownish yellow), 10YR6/1 (gray), and 10YR5/6 (brownish yellow), with Remedial Investigation Report for WAG 6
occasional 10YR3/1 (very dark gray)
400210SA045 4.85E-03  |Clay, Silt (20%), strong brown Remedial Investigation Report for WAG 6
Clay (90%), firm, cohesive, moist; Silt (10%); 10YR6/6 (brownish yellow) with
400212SA010 4.85E-05 |10YR6/8 (brownish yellow) and 10YR7/1 (light gray) mottling, trace 10YR3/1 Remedial Investigation Report for WAG 6
(very dark gray) organic stain
. . C-746-U Solid Waste Landfill Groundwater
- - 0,
GB-09S 2.80E-04  |Slightly Silty (10%) lean Clay Monitoring Plan
GB-145 3.37E-02  |Lean Clay with Silt (15-20%) C-746-U Solid Waste Landfill Groundwater
Monitoring Plan
GB-21S 4.71E-04 Lean Clay with Silt (20%) C-74_6-U_ Solid Waste Landfill Groundwater
Monitoring Plan
. . C-746-U Solid Waste Landfill Groundwater
- - -200
GB-25S 6.41E-04 Slightly Silty (10-20%) lean Clay Monitoring Plan
Clay (80%) with Silt (20%), 7.5YR5/6 (strong brown) with 7.5YR7/1 (light gray) . S
GWW-01 9.6E-05 mottling and small black specs (1-2 mm) and larger (4 mm) 7.5YR3/4 (dark \IjverAnédzlgl Investigation Report for SWMUs 7 and 30 of
brown) concretions
e . Data Summary and Interpretation Report for Interim
- - 0, 0,
SWMU 2-09 2.83E-05 |Clay (80%) with Silt (20%), mottled 7.5YR6/1 (gray) and 5YR4/6 (yellowish red) Remedial Design at SWMU 2 of WAG 22
Arithmetic Mean 1.23E-02

Geometric Mean

1.11E-03
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the storm water and HPFW systems, as well as a leak in the TVA water supply line (see Figure 3.11).
Quantifying historical leakage rates is problematic; however, the current leakage from the HPFW system
is estimated to be 40 gpm based on the refill rate required to maintain a constant water level in the HPFW
supply tower. Moreover, the locations of historical leaks are not well characterized, but it is likely that
leaks in the piping system spread horizontally within the piping subbase gravel before migrating vertically
to recharge the UCRS. The intersection of the piping system with areas where the HU3 contiguous clay
layer is less than 2-ft thick is considered an area of increased anthropogenic recharge.

The main process buildings (C-335, C-337, C-331, and C-333) are constructed with roof drains designed
to divert precipitation runoff to the storm drain system; however, water in the basements of the buildings
observed during precipitation events indicates that the systems are not operating as designed. Sump
pumps located in the basement of the buildings are reported to operate after rain events approximately
10% of the time (September 8, 2016, e-mail correspondence between D. Tripp and A. Anderson). In
buildings C-337 and C-333, flow from beneath the slab into the building is observed during precipitation
events (December 22, 2016, e-mail correspondence between D. Tripp and A. Anderson). It is likely that
leaks in the roof drain system migrate horizontally through the building gravel subbase before recharging
the UCRS. The intersection of the building gravel subbase with areas where the HU3 contiguous clay
layer is less than 2-ft thick is considered an area of increased anthropogenic recharge.

Two surface water features are also potential locations of increased anthropogenic recharge. Near
Outfall 001 at the western boundary of the plant area, an area of pooled surface water behind the oil
control dam was observed during site visits in June and August 2016. This area coincides with an area
where the HU3 contiguous clay layer is less than 2-ft thick and is considered an area of increased
anthropogenic recharge.

The C-616 lagoon is a surface impoundment that receives water from the recirculating cooling water
system and the groundwater recovery treatment system before discharging to Outfall 001 through a
drainage ditch. It began operation in 1977 and is reported to be constructed without a clay liner because a
geological survey indicated that the natural clay soil conditions were sufficient (August 31, 2016, e-mail
correspondence with Andy Anderson). The water level in the basin is maintained at a depth of
approximately 6 ft. Although reported to be constructed in an area of natural clay, an area just south of the
lagoon where the HU3 contiguous clay layer is less than 2 ft was identified through lithologic
interpretation reported in the KRCEE database (Revision 8) (CAER KRCEE 2016) and is considered an
area of increased anthropogenic recharge.

In summary, sources of anthropogenic recharge to the UCRS identified from a comprehensive review of
available information have been attributed to the following:

HPFW piping system;

Storm drain piping system;

TVA water supply piping;

C-616 Lagoon and drainage ditch;

Outfall 001 area; and

Improperly functioning process building roof drains.

These potential recharge source areas were evaluated in the context of observed potentiometric surfaces
and TCE plume configurations; the following four zones of potentially enhanced anthropogenic discharge
coincident with areas with less than 2 ft of contiguous clay at the base of the UCRS were identified
(Figure 3.11).
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The area in the vicinity of Outfall 001, where surface water accumulation was observed during site visits
in 2016 coincident to areas of contiguous clay less than 2-ft thick in the lower UCRS/HU3 (Figure 3.11),
increased recharge and elevated water levels in the area and aligns with the limit of the western extent of
the Northwest Plume.

The area near the reported long-term raw water leak along the TVA supply line is coincident with areas of
HU3 clay less than 2-ft thick and higher water level elevations in the RGA and aligns with the limit of the
western extent of the Northwest Plume.

The area where the C-616 Lagoon is coincident with areas of HU3 clay less than 2-ft thick and higher
water level elevations in the RGA and contributes to limiting the eastern extent of the Northwest Plume.

The area near the four buildings (C-335, C-337, C-331, and C-333) that have faulty roof drain systems
and are connected to the HPFW system that has been reported in 2016 to leak at a rate of 40 gpm. This
area is coincident with areas of HU3 clay less than 2-ft thick and a groundwater divide in the RGA that
runs approximately north/south along the eastern portion of the plant and contributes to limiting the
eastern extent of the Northwest Plume.*

3.4 WATER LEVEL DATA

Water level data from several water level gauging events were evaluated for inclusion in the model
calibration and validation. Data is available from water level measurement events conducted from 1995
through 2016. Generally, the events fall into two categories consisting of annual sitewide events and
quarterly landfill permit monitoring events. The landfill permit monitoring events include a subset of
monitoring wells from the annual sitewide monitoring well network with locations limited to the central
area of the model domain (Figure 3.12). Sitewide monitoring events include a more comprehensive set of
wells that are distributed more widely across the model domain (Figure 3.13). Additionally, a transient set
of water level data is available from the 2010 pump test conducted at Northwest Plume extraction wells,
EW232 and EW233. The available datasets are summarized in Table 3.7.

To evaluate data suitability for use in model calibration or validation, measured precipitation and river
stages prior to each monitoring event were evaluated to determine if the measured water levels were
representative of relatively steady-state conditions. In the context of the PGDP Hydrologic Basin (see
Section 4), the evaluation of steady-state conditions is most significant in the area near the Ohio River. If
the river is rising or declining, then the river stage and groundwater are not in equilibrium (steady-state).
Long periods of relatively constant river stage result in equilibrium between groundwater and the
Ohio River (i.e., steady-state condition).

Historical precipitation data were obtained from the National Oceanic and Atmospheric Administration
for the Paducah Barkley Regional Airport weather station. Ohio River stage data were obtained from
USGS gauging stations located at Paducah, Kentucky (USGS 03611000); Metropolis, Illinois
(USGS 03611500); and Olmsted, Illinois (USGS 03612600). The Metropolis station is located adjacent to
the model domain and provides the most representative Ohio River stage measurements; however, the
period of record is limited to the years 2007 through 2015. For water level datasets collected prior to

! The groundwater divide location is approximate and is assumed to change location due to varying seasonal and anthropogenic
recharge conditions.
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Plume Contour Source: DOE, 2015a; Figure C.2
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Table 3.7. Selected Calibration and Validation Stress Periods

or

o . Steady_ state Number of Head TS Synoptic Monitoring Event Af‘”.”a'. .
Monitoring Period Conditions Targets Stage* (YIN) Type Precipitation Rationale
(Y/N) (ft msl) (inches/yr)
February 1995 N 76 295, 2%% N Sitewid_e 386 Variabili_ty in river stage, system is not in SS condition, but only available pre-pumping data
Pre-pumping set, relatively low annual rainfall
3rd Q 2005 Y 110 300.0** N Sitewide 37.5 Representative of SS conditions, pumping system in operation
1st Q 2007 N 110 311.7 N Sitewide 43.3 Variability in river stage, system is not in SS conditior
April 2010 N 38 311.1 N NA 36.7 Variability in river stage, system is not in SS condition, only 38 point:
October 11, 2010 Y 13 293.9 Y Pump test
October 12, 2010 N 13 295.5 Y Pump test
October 13, 2010 N 13 295.5 Y Pump test
October 14, 2010 N 13 294.9 Y Pump test
October 15, 2010 N 13 294.5 Y Pump test S - q A A S
October 162010 N 13 2043 v RGeS 36.7 leznlztscénfr;? tr:::]v:i:)ernl<t Iclzlwiltt;:titsnarea in the vicinity of pumping well, exclude from calibration
October 17, 2010 N 13 293.8 Y Pump test
October 18, 2010 N 13 293.5 Y Pump test
October 19, 2010 N 13 293.1 Y Pump test
October 20, 2010 N 13 292.8 Y Pump test
October 21, 2010 N 13 292.7 Y Pump test
April 12, 2011 N 212 39792 v Sitewide 748 High_r.exlative annual precipitatiory fl(_)oding conditions nqt_representative of steady state
conditions, use for secondary validation of extreme conditions
October 10, 2011 v 202 2955 v Sitewide 748 Full _da}ta §et, approximate SS conditions one month prior to gauging, high relative annual
precipitation
July 17, 2012 v 184 290.0 v Sitewide 276 E;ﬂlﬁ;::ﬁss:{ approximate SS conditions one month prior to gauging, low relative annual
January 3, 2013 N 47 TBD Y LPM 60.3 Variability in river stage, system is not in SS conditior
April 16, 2013 N 36 TBD Y LPM 60.3 Variability in river stage, system is not in SS conditior
August 5, 2013 N 52 TBD Y LPM 60.3 Variability in river stage, system is not in SS conditior
September 24, 2013 Y 203 292.5 Y Sitewide 60.3 Full data set, approximate SS conditions one month prior to gauging
October 23, 2013 Y 52 TBD Y LPM 60.3 Approximate SS conditions, less data points than September 2013 event
January 30, 2014 N 52 TBD Y LPM 46.8 Variability in river stage, system is not in SS conditior
April 29, 2014 N 52 TBD Y LPM 46.8 Variability in river stage, system is not in SS condition
July 30, 2014 N 52 TBD Y LPM 46.8 Variability in river stage, system is not in SS conditior
September 29, 2014 Y 206 295.2 Y Sitewide 46.8 Full data set, representative of SS conditions, post plant shut dowr
October 28, 2014 N 52 TBD Y LPM 46.8 Variability in river stage, system is not in SS conditior
January 28, 2015 N 53 TBD Y LPM 59.2 Variability in river stage, system is not in SS conditior
April 29, 2015 N 54 TBD Y LPM 59.2 Variability in river stage, system is not in SS conditior
August 4, 2015 N 53 TBD Y LPM 59.2 Variability in river stage, system is not in SS conditior
September 1, 2015 N 205 296.7 Y Sitewide 59.2 Variability in river stage, system is not in SS conditior
October 28, 2015 Y 53 TBD Y LPM 59.2 Representative of SS conditions
January 26, 2016 N 53 TBD Y LPM NA Variability in river stage, system is not in SS conditior
April 28, 2016 N 54 TBD Y LPM NA Variability in river stage, system is not in SS conditior
July 26, 2016 N 54 TBD Y LPM NA Variability in river stage, system is not in SS conditior
August 23, 2016 Y 216 298.0** Y Sitewide NA Full data set, approximate SS conditions one month prior to gauging
Use for Calibration Notes: LPM = Landfill Permit Monitoring
Use for Validation TBD = To Be Determined
Use for transient calibration *Average Ohio River stage at the Metropolis station for 30 days prior to the water level measurement event, except a:
Not used noted.

See Section 3.4 for explanation of data set selection. ** 30-day average Ohio River stage not used; see text for details (Section 3.4)




2007, the Ohio River stage was assessed based on data from the Paducah station. For water level datasets
collected after 2015, data from both the Paducah and Olmsted stations were used to assess Ohio River
stage. The Paducah station is located approximately 9 miles upstream of the Metropolis station, and the
Olmsted station is located approximately 20 miles downstream of the Metropolis station.

A comparison of the Ohio River stage measured at the Paducah and Metropolis stations from
January 2007 through March 2010 is presented in Figure 3.14. During high flow conditions, the reported
river stage for the Metropolis station is on average 1.8 ft lower than the stage reported for the Paducah
station. This difference is attributable to the downstream location of the Metropolis station relative to the
Paducah station and a different vertical datum used for reporting (i.e., NGVD29 for the Metropolis station
and COE1912 for the Paducah station). During low flow conditions, the Ohio River stage measured at the
Metropolis station is as much as 13.7 ft lower than the stage measured at the Paducah station. This
difference is due to the presence of a low flow wicket located in between the two stations that maintains a
navigable depth of water in the Paducah area. Consequently, measurements from the Paducah station are
not representative of the Ohio River stage within the model domain whenever the Ohio River falls below
approximately 302 ft (COE1912) at the Paducah station, which corresponds to an Ohio River stage less
than or equal to approximately 300 ft amsl in the model domain.

For each year in which groundwater level data were available, cumulative precipitation curves along with
the cumulative average monthly precipitation of all the years evaluated on the graph are presented in
Figure 3.15. Average annual precipitation for the years evaluated is 45.1 inches per year. Figures 3.16 to
3.25 present Ohio River stage and cumulative precipitation by year, for each year groundwater level
measurements were available. The criteria for selecting a dataset as suitable for modeling steady-state
conditions are relatively steady river stage measurements and a steady trend in cumulative precipitation
for approximately one month prior to the water level measurement. Based on these criteria, several
gauging events were identified as potentially suitable (Table 3.7). The representative Ohio River stage for
each dataset was defined as the average Ohio River stage at the Metropolis station for 30 days prior to the
groundwater level measurement event. For datasets where Ohio River stage data were unavailable for the
Metropolis station, Ohio River stage was assessed based on available data from the Paducah and/or
Olmsted stations. In particular, a representative Ohio River stage was assigned to the February 1995,
3rd Quarter 2005, and August 2016 datasets based on the following considerations.

o February 1995—The exact date of this water level measurement event is unknown and the Ohio River
stage was variable. Data from the Paducah station show that whereas the Ohio River stage was as
high as 320 ft amsl in January 1995, the stage plunged below 300 ft amsl in mid-February. Because of
the low-flow wicket in between the model domain and the Paducah station, the Ohio River stage in
the area of interest could have reached a level anywhere between approximately 290 to 300 ft amsl
during mid-February 1995. Based on the relatively low groundwater levels measured during the
event, it was assumed that the representative, steady-state Ohio River stage would be similar to that of
the September 29, 2014, event; therefore, an Ohio River stage of 295.2 ft amsl was assigned to the
February 1995 dataset.

e 3rd Quarter 2005—The exact date of this water level measurement event is unknown. The Ohio River
stage at the Paducah station was relatively constant at about 302 ft (COE1912) for all of 3rd Quarter
2005. Because of the low flow wicket in between the model domain and the Paducah station, the
Ohio River stage in the area of interest could have reached a level anywhere between approximately
290 ft to 300 ft amsl during 3rd Quarter 2005. Based on the relatively high groundwater levels
measured during the event, it was assumed that the representative, steady-state Ohio River stage
would be higher than that of the September 29, 2014, event; therefore, an Ohio River stage of
300 ft amsl was assigned to the 3rd Quarter 2005 dataset.
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e August 23, 2016—The 30-day average Ohio River stage at the Paducah and Olmsted stations was
302.0 ft (COE1912) and 295.8 ft (NGVD29), respectively. Based on this information, the 30-day
average Ohio River stage in the area of interest must be somewhere in between approximately 296
and 300 ft amsl; therefore, an Ohio River stage of 298 ft amsl was assigned to the August 23, 2016,
dataset.

For model calibration, a subset of the data representing steady-state conditions was identified to optimize
run time while simulating a range of site conditions with respect to annual precipitation and site
operations. An additional criterion included wide spread distribution of measurement locations within the
model domain. The final list of water level measurement events identified as suitable for use in model
calibration is summarized in Table 3.7 and includes the following five operational periods:

e 1995—Pre-pumping;
e 2005—Initial EW system in Northwest and Northeast Plumes;
e 2011—Updated EW system, including EW232 and EW233, with relatively high annual precipitation;

e 2012—Updated EW system, including EW232 and EW233, with relatively low annual precipitation;
and

e 2014—Post plant shutdown.

The 1995 data was determined not to be at steady-state conditions, but is included because it is the only
dataset that includes water level data collected before the Northwest Plume and Northeast Plume
extraction wells were installed and began operating (i.e., the data are representative of pre-pumping
conditions).

Of the four remaining candidate datasets (i.e., 2005, 2011, 2012, and 2014), the 2014 data was included in
the model calibration. The September 2014 dataset was chosen because it is representative of steady-state
conditions and average annual precipitation (i.e., the average annual precipitation in 2014 was
approximately the same as the average annual precipitation calculated from 1995 to 2016 for each year
for which water level data were available, see Figure 3.15).

For model validation, seven datasets, including the three data sets that were identified as suitable for
calibration data sets, but not selected for inclusion in the model calibration, were chosen to evaluate the
calibrated model under alternative conditions that include more extreme precipitation and river stage
values. In addition, the most recent sitewide synoptic monitoring event was included to evaluate current
conditions. The selected datasets are summarized in Table 3.7.

Finally, the transient dataset from the 2010 Northwest Plume pumping test was selected for use in a
supplemental transient model calibration.
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4. CONCEPTUAL SITE MODEL

A hydrological CSM is a description of how, where, and in what quantities water enters the groundwater
flow system and the factors controlling groundwater movement between inflow and outflow locations.
The CSM is derived from site-specific data and is intended to force condensation of concepts and ideas
about the flow system into a series of statements that will guide model configuration and calibration. The
following CSM of the PGDP Site is based on historical data and data analysis presented in the 2010
report of the 2008 GW Model Update and additional data analyses presented in Section 3 of this report.
The extent of the hydrogeologic system included in the CSM, herein referred to as the PGDP Hydrologic
Basin, is defined from south to north as the northern extent of the Terrace Gravel/Porters Creek Clay to
the Ohio River, and from east to west along surface water divides that are assumed to approximate
groundwater divides. The PGDP Hydrologic Basin is illustrated in Figure 4.1 (DOE 2010, Figure 4.10).

The PGDP Site groundwater flow system is represented schematically in Figure 4.2 and primary findings
are listed below.

e Strong downward vertical hydraulic gradients between the UCRS and RGA indicate that groundwater
movement in the UCRS is primarily vertically downward. Simplistically, the UCRS conveys recharge
at land surface to the RGA.

e Groundwater flow originating south of the Paducah Site within the Terrace Gravel recharges the RGA
through the UCRS.

e Mass balance assessment based on comparable horizontal gradients but a hydraulic conductivity
contrast between the RGA and the adjacent McNairy of two to three orders of magnitude indicates
that the RGA has a significantly greater horizontal groundwater flow than the McNairy downgradient
in the direction of the Ohio River (see Sections 4.4, 4.5, and 4.10 of DOE 2010).

e Vertical hydraulic gradient and mass balance evaluation indicates that there is vertical movement of
groundwater between the RGA and McNairy, but the volume of groundwater moving between the
two units is much less relative to the volume of groundwater moving horizontally in the RGA (see
Section 4.10 of DOE 2010).

In summary, the RGA is the primary conveyor of groundwater from the PGDP Site to the Ohio River.
Below are observations regarding the presence of steady-state or transient groundwater flow conditions.

o A three-point vector analysis of water level data from the period 1993 to 2006, described in detail in
the 2010 report on 2008 GW Model Update (DOE 2010, Section 4.3.2), shows that RGA
groundwater flow directions between PGDP and the Ohio River remain relatively constant regardless
of river stage. This assessment is supported by the temporal consistency of the PGDP plumes
(DOE 2010, Section 4.3.2).

e The same three-point analysis indicates that groundwater flow directions beneath the plant area are
variable because of differing anthropogenic recharge time constants. Despite flow direction
variability, plume orientation at PGDP remains relatively constant, suggesting “average” flow
conditions do exist (DOE 2010, Section 4.3.2).
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o A comprehensive analysis of RGA water level data, UCRS lithology and moisture content, and land
use (see Section 3.3) indicates areas of increased recharge in the plant area are associated with roof
drains, surface water discharges, and leaks in the TVA supply line (see Figure 3.11). Historical and
present groundwater level data indicate the presence of a divide in the eastern portion of the plant area
that is coincident with some of these areas of increased anthropogenic recharge.

Post plant shut-down water level monitoring of the RGA in the plant area indicates negligible change in
water levels suggesting leaks in subsurface piping and roof drain systems provide a continuing source of
anthropogenic recharge.

Steady-state conditions can be assumed for periods where boundary conditions such as the Ohio River
stage and precipitation rates are relatively constant. In periods of more extreme and variable boundary
conditions more typical of winter and springtime, the groundwater flow system exhibits more transient
conditions due to time dependent storage near surface water bodies in response to fluctuating stage
elevations.

Recharge within the PGDP Hydrologic Basin is as presented below.

o The most significant source of recharge within the PGDP Hydrologic Basin is precipitation with
likely ranges between 2.64 inches/year and 7.64 inches/year over the model area (DOE 2010,
Section 4.6.1).

e The portions of LBC and BC starting at the southern extent of the PGDP Hydrologic Basin lose water
to the groundwater flow system (i.e., are losing streams). The total volume contributed to the
groundwater flow system from LBC and BC is much less than the volume derived from precipitation.

e Anthropogenic recharge from leaking underground water supply lines, runoff from building roofs,
infiltration from lagoons, and seepage through ditch and outfalls contribute recharge to groundwater.

¢ In the short-term, anthropogenic recharge is temporally and spatially variable and is dependent on
precipitation, infrastructure integrity, and UCRS lithology.

¢ In the long-term, anthropogenic recharge appears relatively constant with minimal change following
plant closure.

In summary, precipitation is the dominant recharge provider in the PGDP Hydrologic Basin, and
characterizing anthropogenic recharge locations and rates is problematic.

Groundwater discharge is as follows:
e Most groundwater within the PGDP Hydrologic Basin discharges to the Ohio River.

e Groundwater also discharges to the lower portions of BC and LBC (i.e., the lower portions are
gaining streams).

The following is a summary of hydraulic conductivity for the three PGDP HUs based on measurements

via pumping, slug, and laboratory permeameter testing and PGDP Hydrologic Basin bulk hydraulic

conductivity estimates (Section 4.5, DOE 2010):

e Pumping tests indicate RGA horizontal hydraulic conductivity values range between 100 ft and
3,600 ft/day.
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e The assumption that all recharge enters the RGA indicates the bulk RGA hydraulic conductivity
ranges between 713 ft and 2,063 ft/day.

e The average horizontal UCRS hydraulic conductivity derived from slug testing is 0.28 ft/day.
Permeameter testing yielded an average UCRS vertical hydraulic conductivity of 0.03 ft/day.

e Slug and permeameter testing yielded average McNairy horizontal and vertical hydraulic
conductivities of 0.30 ft and 0.02 ft/day, respectively.

In summary, RGA hydraulic conductivity is much greater relative to either the UCRS or McNairy
hydraulic conductivity and serves as a basis for excluding the latter two units from the model domain.
Finally, with respect to the PGDP Hydrologic Basin groundwater mass balance:

e Estimated cumulative groundwater recharge ranges between 3,625 and 9,685 gpm (697,860 ft*/day
and 1,864,492 ft*/day).

e Estimated cumulative groundwater discharge ranges between 1,161 and 15,434 gpm (223,508 ft*/day
and 2,971,251 ft*/day) (DOE 2010; Section 4.10).
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5. MODEL CONFIGURATION

5.1 MODEL DISCRETIZATION

The model used for this study simulates groundwater flow in the RGA, the primary conveyor of
groundwater from the PGDP site to the Ohio River. The model was discretized into three model layers
and consists of 525 rows and 627 columns with a constant width of 50 ft. Constant cell size dimensions
were used to ensure that future versions of the model could simulate contaminant transport and be used
for remedial design evaluation anywhere within the model domain.

The top elevation of model layer 1 corresponds to the top elevation of the RGA, and the bottom elevation
of model layer 3 corresponds to the bottom elevation of the RGA (HUS) or, when present, fine sands
contiguous to HUS5 (HUSA, see Figure 3.1). Equivalently, the bottom elevation of model layer 3
corresponds to the top elevation of silts and clays of the McNairy. The RGA was divided into three layers
of equal thickness to allow future versions of the transport model to simulate more accurately the
observed vertical movement of dissolved contamination within the RGA. Water quality results show that
dissolved TCE contamination tends to migrate downward toward the bottom of the RGA with distance
away from PGDP.

5.2 MODEL BOUNDARY CONDITIONS

Model boundary conditions contribute, remove, or prevent the movement of water within the model
domain. Boundary conditions can be further characterized as located along the exterior and within the
interior of the model domain. While technically a boundary condition, recharge is typically viewed as a
parameter (analogous to hydraulic conductivity) and, as such, will be discussed in Section 5.3.2.

Boundary conditions that define the exterior model boundaries located in model layers 1 through 3 are
illustrated in Figure 5.1. The black areas represent no flow cells and define, as the name implies, areas
where water does not enter or leave the model. The no flow boundaries along the east and west
correspond to flow lines derived from topographic highs (i.e., surface water divides) that are sufficiently
distant from the area of interest. The no flow boundary along the southern model boundary is coincident
with the pinch out of the RGA at the Terrace slope. Groundwater flow originating in the Terrace Gravel
that recharges the RGA through the UCRS along the southern boundary is included in the model through
recharge specified in the grid block adjacent to the boundary along the East and West Terrace Basins
(Section 5.3.2). And the no flow boundary on the north is coincident with the divide along the Ohio River
that results from groundwater flow discharging to the river from the north and the south.

The bottom of model layer 3 is also a no flow boundary and corresponds to the top of the McNairy. It is
recognized that groundwater flow does occur in the McNairy; however, the groundwater flow rates are
significantly less than those of the RGA. Because of the minimal water transmission capabilities, the
McNairy was excluded from the model.

Within the model domain, the Ohio River is configured in layer 1, 2 and 3 using river cells.
Simplistically, river boundary cells have head and conductance components that control the amount of
water entering or leaving the cell. If the groundwater level in the cell is higher than the specified river
stage elevation value, then water discharges from the cell to the river. Conversely, if the groundwater
level is lower than the specified river stage elevation value, then water recharges the cell from the river.
The river cell conductance, which represents the silt layer at the bottom of river, provides resistance to
flow in and out of the river cells. For each steady-state stress period, the Ohio River was assigned a river
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stage equal to the daily average for the thirty days prior to the date that the water level elevations used for
calibration were measured, except as previously noted (see Section 3.4). The “best” conductance value
was determined during model calibration.

The lower reaches of BC and LBC that are hydraulically connected to the RGA also were configured in
layer 1 using river boundary conditions. The stage of the creeks was derived from available information
on the creek bottom slopes, the elevation of the mouth of BC, and typical depths for the creeks. The creek
bottom slopes were obtained from a May 1994 floodplain investigation performed by the Army Corps of
Engineers (COE 1994). The bottom slopes for BC and LBC used to calculate stage are 0.00085 and
0.0006, respectively. The elevation of the mouth of BC was estimated to be 300 ft from an August 2015
bathymetric survey performed by the Army Corps of Engineers along Miles 947 to 949 of the Ohio River.
The depth of LBC is commonly less than 1 to 2 ft, and BC typically is less than 3-ft to 4-ft deep; thus,
depths of 1.5 ft and 3 ft were assumed for LBC and BC, respectively. The creek stages derived from this
information were overridden by the Ohio River stage in some model simulations (i.e., for one validation
dataset and one sensitivity analysis simulation where the derived creek stage for a cell was less than the
Ohio River stage, the Ohio River stage was used instead). Conductance values for the creeks were
determined during model calibration.

The upper reaches of BC and LBC, which are in hydraulic connection with the UCRS, were simulated
using recharge cells, and, while these features are technically boundary conditions, because they were
simulated using recharge cells, the creeks will be discussed in Section 5.3.2.

Metropolis Lake was not configured using a surface water boundary condition but rather with a hydraulic
conductivity value of 50,000 ft/day assigned to the area corresponding to the lake in model layer 1. Use of
a high hydraulic conductivity value results in a near horizontal water table (lake surface) in the feature
that can move up and down during the calibration process and remain neutral with respect to the
groundwater mass balance.

5.3 PARAMETER DISTRIBUTION
5.3.1 Hydraulic Conductivity Zonation

Horizontal and vertical hydraulic conductivity distribution within the model domain was determined
using pilot-points (Doherty 2015). To implement the technique, pilot points are located within the model
domain and assigned initial, minimum, and maximum hydraulic conductivity values. Automated model
calibration adjusts the pilot points between the minimum and maximum hydraulic conductivity values
using nonlinear regression techniques. Kriging is used to interpolate hydraulic conductivities between the
points for each pilot point modification. The “calibrated” hydraulic conductivity configuration is the
continuous hydraulic conductivity field that produces the best match with the calibration targets. For this
application, the horizontal to vertical hydraulic conductivity ratio was assumed constant at 10:1.

Pilot points can be assigned locations and initial hydraulic conductivity values corresponding to well
location and aquifer test results, respectively. For this application, pilot points were located where
pumping tests had been conducted and assigned initial, minimum, and maximum hydraulic conductivity
values corresponding to the pumping test results (Figure 5.2).

Pilot points were used to determine hydraulic conductivity distribution in model layers 1 through 3 at

locations absent of pumping test results (Figure 5.3). Greater pilot point density was used in the plant area
and within the groundwater plumes to allow for more detailed discretization of hydraulic conductivity in
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these areas. Pilot points were assigned at target locations in accordance with the following guidance
described by Doherty (2016):

Good spread throughout the domain extending to model boundaries;

Not too close unless in area of disparate field measurements;

Between boreholes with substantial head differences; and

Locations at which key model predictions are most sensitive to calibrated value.

These guidelines were applied to layer 1 for the full set of calibration targets regardless of layer. Then the
same locations were copied to layers 2 and 3 resulting in a total of 1,041 pilot points. In model layers 1
through 3, pilot points other than those with aquifer test results were assigned initial horizontal hydraulic
conductivity values of 300 ft/day and constrained to minimum and maximum values of 100 ft/day and
3,600 ft/day outside the plant area and 100 ft/day to 1,500 ft/day in the plant area. The different
constraints inside versus outside the plant area are based on pumping test results that indicate hydraulic
conductivities less than 1,500 ft/day at test locations inside and near the plant area and hydraulic
conductivities as high as 3,600 ft/day at test locations outside the plant area (Figure 5.2). Initial values are
adjusted within the maximum and minimum value during the calibration process. Initial vertical hydraulic
conductivities were assumed to be one-tenth of the initial horizontal hydraulic conductivity estimates.

5.3.2 Recharge Zonation

Both recharge from precipitation and anthropogenic recharge are represented in the model. To incorporate
inflow from the Terrace, estimated total flow (see Section 3.2) was assigned to cells along the southern
model boundary. Additionally, creek recharge in the upper reaches of BC and LBC in the PGDP
Hydrologic Basin are represented in the model using recharge cells. The basis for specifying recharge in
the upper reaches of the creeks is based on studies indicating the primary source of flow in the upper
reaches of the creeks originates as process effluent or surface water runoff from the PGDP Site and
minimal exchange occurs between shallow groundwater and adjacent ditches on the PGDP Site
(DOE 2008b). Additionally, a study of BC and LBC conducted between 1996 and 1998 concluded that
both creeks tend to gain flow where they are incised into the RGA or contiguous strata in the Ohio River
flood plain, BC gains flow upstream of PGDP, and the remaining reaches of both creeks tend to lose flow
(Fryar et al. 2000). While there are no springs near the PGDP site, seeps are present over a limited stretch
of LBC near the Ohio River where the hydraulic potential within the RGA exceeds the elevation of the
creek (DOE 2008c). Recharge zonation for the model domain and within the plant area is illustrated on
Figures 5.4 and 5.5.

Recharge associated with precipitation (Zone 2) was assigned to all cells except those containing surface
water and anthropogenic features. Open areas within the plant area, which also could be considered as
ambient recharge, were assigned to Zone 12. The cells representing the Ohio River and lower reaches of
BC and LBC were assigned a zero recharge rate (Zone 1). This was done because water falling on the
surface water bodies in contact with the RGA does not enter the groundwater flow system. Recharge from
precipitation was assigned an initial value of 5.14 inches/year and minimum and maximum allowable
values of 2.64 inches/year and 7.64 inches/year.

The creeks were simulated with multiple recharge zones to allow for different recharge rates during
calibration. BC was assigned three zones to represent the upper most reach receiving plant discharge
(Zone 3), BC (Zone 4), and its tributary (Zone 5). LBC was assigned Zone 6 and its tributary was assigned
Zone 7. It was assumed that the recharge from the creeks would not be less than ambient recharge;
therefore, the minimum recharge constraint for the creeks was set to 7.64 inches/year. The maximum
constraint for creek recharge was set to 40 inches/year, based on the median UCRS hydraulic conductivity
presented in Table 3.5 and the assumption of 70% clay/silt as a representative value for the UCRS.
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Initially, the geometric mean hydraulic conductivity presented in Table 3.5 was used for determination of
maximum recharge constraints based on lithology; however, the constraints were adjusted to the median
hydraulic conductivity following initial calibration runs in which the majority of recharge zones were
estimated to be a value equal to the maximum calibration constraint by PEST.

To simulate anthropogenic recharge, distinct zones were assigned to man-made features based on a
review of the following information (summarized in Section 3.3): plant operations, UCRS lithology,
potentiometric surface, and plume delineation. Specific man-made features include the TVA ponds
(Zone 8), TVA water supply lines (Zone 9), the C-616 lagoon (Zone 10) and drainage ditch (Zone 11),
and Outfall 001 (Zone 15). Within the main plant area anthropogenic recharge was simulated with
multiple zones corresponding to storm water piping (Zone 16), HPFW piping (Zone 17), roof drains
(Zones 18 and 19), the reported leak in the TVA supply line (Zone 9), and areas identified with less than
2 ft of clay at the top of the RGA (HU3) (Zones 24 through 28). The recharge areas for the storm water
and HPFW piping zones were based on the location of the piping systems illustrated on Figure 3.11. All
the anthropogenic recharge zones were assumed to have recharge values greater than ambient; therefore,
the minimum recharge constraint for the anthropogenic recharge zones was set to 7.64 inches/year. The
maximum recharge constraint for all anthropogenic recharge zones was based on the evaluation of UCRS
lithology. With the exception of the thin clay zones, the maximum recharge constraint for the
anthropogenic recharge zones was set to 40 inches/year, as was done for recharge to the creeks. For the
thin clay zones, the maximum recharge constraint was set to 83 inches/year, which is based on the median
UCRS hydraulic conductivity and the minimum percentage of clay/silt observed in the plant area
(Table 3.5).

In addition to the enhanced anthropogenic recharge zones described above, several zones of reduced
recharge were assigned to anthropogenic features. Namely, the competent roof drain of the C-720
building (Zone 20), paved areas (Zone 21), compacted gravel (Zone 22), and the C-404 capped landfill
(Zone 23). The area of competent roof drains is expected to have minimal recharge due to effective
drainage to storm water ditches, and Zones 21 through 22 are expected to have minimal recharge due to
their relatively low permeability. The initial recharge value for these four reduced recharge zones was set
to 0.001 inch/year, with a minimum constraint of 10-6 inch/year and a maximum constraint of
1 inch/year.

Groundwater flow from the Terrace along the East and West Terrace Basins were assigned to cells along
the southern model boundary in Zones 13 and 14, respectively. Based on the estimated maximum annual
average underflow presented in Table 3.2, the maximum recharge constraints for the Terrace recharge
cells were set to 764 inches/year and 392 inches/year for the East and West Terrace Basins, respectively.
The estimated minimum seasonal underflow for September was used as the minimum recharge constraint
so that dry season conditions could be better represented by the model. Accordingly, the minimum
recharge constraints set for the East and West Terrace basins were 45.6 inches/year and 23.4 inches/year,
respectively.

Recharge zone values were determined during calibration. To allow for variation of recharge rates over
the model simulation periods, Zones from the first stress period were duplicated in subsequent stress

periods and assigned the zonation numbers that increase incrementally by 100 for each stress period.

For example the recharge area assigned to Zone 12 in stress period 1 is assigned to Zone 112 in stress
period 2, allowing variable rates to be calibrated for each steady-state stress period.
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5.3.3 Storage and Porosity

Specific storage is only specified for the transient calibration (see Section 6.9) and was assigned a value
of 0.0002 ft'. Using an approximate RGA thickness of 30 ft, this translates to a storativity of 0.006.
Porosity within the model domain was assigned a uniform value of 30%.
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6. MODEL CALIBRATION

Model calibration was performed using PEST and PEST-SVD Assist coupled with pilot points
(Doherty 2015; Doherty 2016). PEST, from which PEST-SVD Assist is developed, is a parameter
estimation code that automatically determines the best parameter values for a model as configured.
Parameters are model input values, such as hydraulic conductivity and recharge, and are adjusted during
model calibration. Using pilot points, the PEST auto calibration determines “best fit” parameter
distributions for the model given specific boundary configurations and target values. For this application,
pilot points were used to assign hydraulic conductivity. The model is configured to simulate steady-state
conditions.

While the underlying mathematics comprising parameter estimation and pilot points is complex, the
concept behind the parameter estimation algorithm is simple and is identical to the thought process used
with traditional trial-and-error calibration, which is, find the combination of parameters that results in the
smallest difference between observed and model-predicted water levels, flow directions, and groundwater
discharges.

During the calibration process, hydraulic conductivity and recharge parameters were constrained and
PEST results were interpreted and parameter constraints were revised to be consistent with the CSM and
expected parameter ranges based on analysis of site data as described in Section 3. This process of PEST
calibration, followed by parameter adjustment informed by the CSM, was used to iterate to the final
calibration.

6.1 CALIBRATION STRESS PERIODS

As described in Section 3.4, a total of five stress periods were identified as suitable for the steady-state
model calibration based on available groundwater elevation, precipitation, and Ohio River stage data. For
the model described herein, a two-stress period model simulating pre-pumping groundwater conditions in
1995 (Stress Period 1; SP1) and steady-state groundwater conditions in September 2014 (Stress Period 2;
SP2) was used for calibration. The inclusion of the 1995 data set is necessary because it includes
trajectory targets along the full length of the plume under non-pumping conditions, which is necessary to
simulate flow path direction (consistent with previous modeling efforts in 2008 and 2012). The
September 2014 data set was chosen because it is representative of steady-state conditions, and
precipitation in 2014 was approximately the same as the average annual precipitation calculated from
1995 to 2016 for each year for which water level data were available (see Figure 3.15). This calibration
effort builds upon previous efforts of the 2012 model which included the use of up to seven stress periods.

6.2 CALIBRATION TARGETS

Model calibration requires targets as bench marks for evaluating the reliability of the model results. The
following calibration targets were derived from site data collected during the model simulation period
from 1995 to 2014:

Monitoring well groundwater elevation targets;

Flux targets from seepage measurements in LBC;
Hydraulic conductivity derived from pumping tests; and
Flow direction or trajectory targets from plume flow paths.
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This section describes the calibration targets used in the model and the process undertaken in selecting the
targets.

6.2.1 Water Level Elevation Targets

Water level elevations measured during synoptic water level measurement events within both of the
steady-state stress periods were used as calibration targets. The 1995 water level dataset was used for SP1
primarily because it occurred prior to initiating pumping of the extraction wells in August 1995 and
includes measurements from 76 monitoring wells. As site investigations continued, the number of
monitoring wells increased. The September 2014 measurement period was selected for SP2 to represent
steady-state conditions with the current extraction systems in operation (i.e., pumping from EW231 and
EW232 in the Northwest Plume and from EW331 and EW332 in the Northeast Plume) and includes 206
monitoring wells. The locations of the targets within each model layer are presented in Figures 6.1 and
6.2 for SP1 and SP2, respectively. Target values are listed in Appendix C. Note that in some locations
where target density was sparse and monitoring wells were present in a single layer, the target for that
well was included in all layers. These wells are annotated in Appendix C [e.g., MW194 (L2toL1)] to
indicate that the value was added from another layer.

Water level elevation targets were assigned a weight of one based on their measurement accuracy relative
to other target types used in the calibration. The weight is related ideally to the inverse of the
measurement error. Hence, a target with a large measurement error would be assigned a small weight
relative to a target with a lower measurement error. The use of weights facilitates meaningful comparison
of dissimilar target types, such as water level and flux targets.

6.2.2 Flux Targets

A flux target of 14,850 ft’/day (77.1 gpm) was assigned to the river cell at the top of river reach 2 in LBC
in both stress periods (Figure 6.3). This target value is in line with ranges provided by Tripathi and Fryar
(USGS 2013). Flux measurements are at a different scale than water level measurements. For example, a
1-ft difference in water levels represents a different degree of accuracy than a 1 ft*/day difference in flux.
Based on experience, matching the flux target within a value of approximately 50% would be considered
a good match. To keep the flux target from dominating the calibration, the target was assigned a weight of
0.003, which, when multiplied by the difference between the predicted and target flux values, produced a
weighted target difference of between 45 and 139 (unitless) if the predicted flux value in ft’/day reaches
the extreme calculated values of either the estimated minimum of 0 ft*/day (0 gpm) or the maximum flux
of 61,411 ft’/day (319 gpm). Selection of the weighted difference is entirely arbitrary and is based on
professional judgment. See Section 7.1.2 of the 2010 report on the 2008 GW Model Update for additional
discussion about the interpretation of weighted differences (DOE 2010).

The groundwater discharge to the Ohio River was estimated to be in the range of 228 gpm to 8,218 gpm
based on Darcy’s Law and estimated values for hydraulic conductivity (100 ft/day to 3,600 ft/day),
hydraulic gradient (4.4 x 10* ft/ft), RGA aquifer thickness (35 ft), and Ohio River length (28,535 ft)
(DOE 2010, Section 4.8.1). Initially, a flux target for the Ohio River was included in the calibration
process, but due to the wide range of estimated values and uncertainty regarding the estimated target
value, a minimal weighting factor was applied such that the target provided minimal contribution to the
objective function. Consequently, the Ohio River flux was excluded as a target in subsequent calibration
efforts in lieu of evaluating flux to the Ohio River in the post-calibration review of mass balance.
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Figure 6.1. Water Level Target Locations: Stress Period 1 (February 1995)
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Figure 6.2. Water Level Target Locations: Stress Period 2 (September 2014)
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Figure 6.3. Location of Angle Targets and Little Bayou Creek Flux Target
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6.2.3 Angle (Trajectory) Calibration Targets

Angle targets along the centerline of the Northwest Plume and Northeast Plume cores, delineated by TCE
concentrations greater than 100 /L (ppb), were assigned in each steady-state stress period. Northwest
Plume trajectory targets were located by digitizing along a line coincident with the core of the plume
starting at C-400 Building going northward to LBC. Northeast Plume trajectory targets were located by
digitizing along the plume cores from the eastern fence line of the plant area and approximately 5,000 ft
beyond LBC to capture the change in plume alignment from northeast to a more northerly direction. For
the 2014 stress period, trajectory targets were removed near pumping wells. The total number of angle
targets assigned in SP1 and SP2 is 357 and 261, respectively. Angle targets were assigned a weight of 0.1
based on preliminary calibration results that indicated that this value provided a satisfactory balance
between matching angle targets and water level targets.

6.2.4 Hydraulic Conductivity Pilot Points

Pilot points were assigned to model layers 1 through 3 as described in Section 5.3.1. During the
automated calibration process, horizontal hydraulic conductivity was estimated at each pilot point. These
values were then spatially interpolated to the model grid using kriging to provide a continuous hydraulic
conductivity field. To add stability to the parameter estimation process, PEST was run in preferred value
regularization mode. In other words, PEST added the initial pilot point hydraulic conductivity values to
the regression analysis as targets such that estimates that stray far from the initial values are penalized in
the algorithm. To keep the pilot point residuals from dominating the regression analysis, PEST calculated
a pilot point weighting factor such that the contribution to the objective function from the hydraulic
conductivity residuals at pilot points is minimized compared to the contribution from observed calibration
target residuals. Refer to the PEST User Manual for additional details on the regularization process.

6.3 PEST
6.3.1 Parameter Sensitivities

During calibration using PEST, composite parameter sensitivities were reviewed periodically to
determine the relative sensitivity of the parameters being estimated. In general, parameters with
sensitivities within two orders of magnitude of the most sensitive parameter can be estimated with
reasonable accuracy during the calibration (Hill 1998). It may or may not be possible to estimate
accurately the parameter values for parameters having sensitivities within two to three orders of
magnitude of the most sensitive parameter. Sensitivities that are more than three orders of magnitude less
sensitive than the most sensitive parameter cannot be estimated with reasonable accuracy. Scaled
composite sensitivities relative to the most sensitive parameter were reviewed during the calibration
process, and final relative composite scaled sensitivities are presented in Section 6.6.

6.3.2 Estimated Hydraulic Conductivity and Transmissivity Values

The estimated horizontal hydraulic conductivity distributions for model layers 1 through 3 are shown in
Figure 6.4. Predicted pilot point hydraulic conductivity values range between 86 ft/day and 3,600 ft/day
and average 1,201 ft/day. Within the plant area, pilot point hydraulic conductivity values range between
86 ft/day and 1,500 ft/day and average 743 ft/day. Summary statistics are compiled in Table 6.1. The
average hydraulic conductivity across the model domain (interpolated at each grid block and excluding
Metropolis Lake) is 622 ft/day. In general, higher hydraulic conductivities are predicted east and west of
the plant area extending toward the north to the Ohio River with relatively lower hydraulic conductivities
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Figure 6.4. Model-Predicted Hydraulic Conductivity
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Table 6.1. Calibrated Hydraulic Conductivity
Statistics—Pilot Points and Model Domain

Hydraulic Conductivity (ft/day) | All Layers Layer 1 Layer 2 Layer 3
All Hydraulic Conductivity Pilot Points
Average 1,201 1,201 1,196 1,208
Median 311 312 355 232
Geometric Mean 450 453 454 444
Standard Deviation 1,409 1,404 1,403 1,420
Maximum 3,600 3,600 3,600 3,600
Minimum 86 86 96 96
Range 3,514 3,514 3,504 3,504
Number of Pilot Points 1,041 347 347 347
Plant Area Hydraulic Conductivity Pilot Points
Average 743 739 757 734
Median 467 489 447 447
Geometric Mean 401 400 406 399
Standard Deviation 649 644 658 645
Maximum 1,500 1,500 1,500 1,500
Minimum 86 86 96 96
Range 1,414 1,414 1,404 1,404
Number of Pilot Points 253 84 84 85
Model Domain Hydraulic Conductivity
Average 622 672 629 566
Median 217 210 237 205
Geometric Mean 312 326 324 287
Standard Deviation 835 903 814 779
Maximum 3,600 3,600 3,600 3,600
Minimum 86 86 86 86
Range 3,514 3,514 3,514 3,514
Number of Domain Model Cells 658,557 219,121 219,718 219,718

Note: Metropolis Lake excluded from model domain statistics.
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predicted beneath the plant area. The contrast between relatively higher and lower hydraulic conductivity
generally is aligned with the plume trajectories and is a result of the PEST calibration process to minimize
calibration target residuals (i.e., flow direction, water level, flux, hydraulic conductivity pilot points). The
hydraulic conductivity distribution is consistent with hydraulic conductivity estimated from pumping tests
indicating values from 107 ft/day to 1,175 ft/day in the plant area and 925 ft/day to 3,580 ft/day north and
east of the plant area (Figure 5.2) and previous modeling efforts indicating similar contrast in hydraulic
conductivity necessary to match site conditions as defined by the calibration targets.

Metropolis Lake is a surface water feature that represents the intersection of land surface and the water
table. As such, Metropolis Lake is an area of both groundwater recharge and discharge. The recharge
(inflow) equals discharge (outflow) so the lake’s contribution to the groundwater flow system is neutral.
In the model, Metropolis Lake was configured in layer 1 by assigning a hydraulic conductivity value of
50,000 ft/day to the area corresponding to the lake. Use of a high hydraulic conductivity value results in a
near horizontal water table (lake surface) in the feature that can move up and down during the calibration
process and remain neutral with respect to the groundwater mass balance.

Transmissivity is a term used to describe the permeability of a thickness of sediments. The transmissivity
of the PGDP Hydrologic Basin was calculated by multiplying the layer predicted hydraulic conductivity
values (Figure 6.4) by the layer thickness (Figure 3.4) and then summing the individual transmissivities of
the three layers (Figure 6.5). In general, lower transmissivity areas are located along the Ohio River west
of the TVA intake canals and east of Metropolis Lake and north of the plant area between the Northwest
and Northeast Plumes. Transmissivity in the plant area is relatively lower compared to the area within the
Northeast and Northwest Plumes and the area to the north of the plumes. The contrast of relatively high
and low transmissivity aligned with the Northeast and Northwest Plumes is consistent with site data and
necessary to match calibration targets, especially flow direction targets.

6.3.3 Estimated Recharge Values

Estimated recharge values for the calibrated model are summarized in Table 6.2 and illustrated on
Figures 6.6 and 6.7. The process for calibrating recharge was iterative and relied on knowledge of relative
composite sensitivities and intuitive knowledge based on the historical land use, plant operations, and the
CSM. Recharge values estimated by PEST were evaluated following the automated calibration process,
and limited manual calibration was performed to adjust values that approached their calibration
constraints or otherwise seemed inconsistent with expected site conditions. The manual adjustments
generally did not appreciably change the simulated flow directions or the calibration to flux and water
level targets.

The predicted recharge rates for precipitation recharge estimated for SP1 and SP2 are 3.63 inches/year
and 4.29 inches/year, respectively. These values comprise 8.0% and 9.5% of the average annual
precipitation rate of 45.1 inches/year estimated in Section 3.4. The higher precipitation recharge value for
SP2 relative to SP1 is counterintuitive because the SP1 calibration dataset was collected during the rainy
season whereas the SP2 calibration dataset was collected during the dry season. The apparent
inconsistency may be attributable to the non-steady-state conditions that prevail in SP1.

The creek recharge zones for LBC and BC tended to calibrate at either the maximum or minimum
constraints during initial PEST runs. Manual adjustments were made to favor typical values
(i.e., 20 inches/year) for creek recharge zones that had calibrated values at constraint limits. A somewhat
higher value of 25 inches/year was assigned to very upper BC to account for the additional inputs
expected from the plant area for that stretch of the creek.
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Table 6.2. Calibrated Recharge Rates

Units in Ft per Day

Units in Inches per Year

Initial Recharge

Calibrated Recharge

Initial Recharge

Calibrated Recharge

Zone Model Parameter Minimum Maximum Stress Period 1 Stress Period 2 Stress Period 1 Stress Period 2 Minimum Maximum Stress Period 1 Stress Period 2 Stress Period 1 Stress Period 2
Constraint | Constraint (February 1995) (September 2014) (February 1995) (September 2014) Constraint | Constraint (February 1995) (September 2014) (February 1995) (September 2014)
2 Ambient 6.00E-04 1.74E-03 8.41E-04 9.92E-04 8.30E-04 9.80E-04 2.6 7.6 3.7 4.3 3.6 4.3
3 Very Upper Bayou Creek 1.74E-03 9.13E-03 5.71E-03 5.71E-03 5.71E-03 5.71E-03 7.6 40.0 25.0 25.0 25.0 25.0
4 Bayou Creek 1.74E-03 9.13E-03 4.57E-03 4.57E-03 4.57E-03 4.57E-03 7.6 40.0 20.0 20.0 20.0 20.0
5 Bayou Creek Tributary 1.74E-03 9.13E-03 4.57E-03 4.57E-03 4.57E-03 4.57E-03 7.6 40.0 20.0 20.0 20.0 20.0
6 Little Bayou Creek 1.74E-03 9.13E-03 4.57E-03 3.97E-03 4.57E-03 3.97E-03 7.6 40.0 20.0 17.4 20.0 17.4
7 Little Bayou Creek Tributary 1.74E-03 9.13E-03 4.57E-03 4.57E-03 4.57E-03 4.57E-03 7.6 40.0 20.0 20.0 20.0 20.0
8 TVA Ponds 1.74E-03 9.13E-03 4.57E-03 4.57E-03 4.57E-03 4.57E-03 7.6 40.0 20.0 20.0 20.0 20.0
9 TVA Lines 1.74E-03 9.13E-03 2.06E-03 2.06E-03 2.06E-03 2.06E-03 7.6 40.0 9.0 9.0 9.0 9.0
10 Lagoon 1.74E-03 9.13E-03 2.74E-03 2.74E-03 2.74E-03 2.74E-03 7.6 40.0 12.0 12.0 12.0 12.0
11 Lagoon Ditch 1.74E-03 9.13E-03 2.28E-03 2.28E-03 2.28E-03 2.28E-03 7.6 40.0 10.0 10.0 10.0 10.0
12 Plant Area 6.00E-04 1.74E-03 8.41E-04 9.92E-04 8.30E-04 9.80E-04 2.6 7.6 3.7 4.3 3.6 4.3
13 East Terrace Recharge 1.04E-02 1.74E-01 1.60E-02 1.37E-02 1.60E-02 1.37E-02 45.6 763.8 70.0 60.0 70.0 60.0
14 West Terrace Recharge 5.34E-03 8.95E-02 8.20E-03 7.03E-03 8.20E-03 7.03E-03 23.4 392.0 35.9 30.8 35.9 30.8
15 Outfall 001 1.74E-03 9.13E-03 3.43E-03 3.43E-03 3.43E-03 3.43E-03 7.6 40.0 15.0 15.0 15.0 15.0
16 Storm Drains 1.74E-03 9.13E-03 3.29E-03 5.02E-03 3.29E-03 5.02E-03 7.6 40.0 14.4 22.0 14.4 22.0
17 High Pressure Fire Water Lines 1.74E-03 9.13E-03 4.29E-03 6.85E-03 4.29E-03 6.85E-03 7.6 40.0 18.8 30.0 18.8 30.0
18 Compromised Roof Drains - Process Buildings 1.74E-03 9.13E-03 6.85E-03 6.85E-03 6.85E-03 6.85E-03 7.6 40.0 30.0 30.0 30.0 30.0
19 Compromised Roof Drains - C400 1.74E-03 9.13E-03 2.28E-03 3.66E-03 2.28E-03 3.66E-03 7.6 40.0 10.0 16.0 10.0 16.0
20 Competent Roof Drain - C720 2.28E-10 2.28E-04 2.28E-07 2.28E-07 2.28E-07 2.28E-07 0.0 1.0 0.0 0.0 0.0 0.0
21 Paved Areas 2.28E-10 2.28E-04 2.28E-07 2.28E-07 2.28E-07 2.28E-07 0.0 1.0 0.0 0.0 0.0 0.0
22 Compacted Gravel 2.28E-10 2.28E-04 2.28E-07 2.28E-07 2.28E-07 2.28E-07 0.0 1.0 0.0 0.0 0.0 0.0
23 Capped Landfill 2.28E-10 2.28E-04 2.28E-07 2.28E-07 2.28E-07 2.28E-07 0.0 1.0 0.0 0.0 0.0 0.0
24 Enhanced Recharge at Thin Clay 1.74E-03 1.89E-02 1.03E-02 1.03E-02 1.03E-02 1.03E-02 7.6 83.0 45.0 45.0 45.0 45.0
25 Enhanced Recharge at Thin Clay 1.74E-03 1.89E-02 3.35E-03 9.13E-03 3.35E-03 9.13E-03 7.6 83.0 14.7 40.0 14.7 40.0
26 Enhanced Recharge at Thin Clay 1.74E-03 1.89E-02 3.43E-03 4.57E-03 3.43E-03 4.57E-03 7.6 83.0 15.0 20.0 15.0 20.0
27 Enhanced Recharge at Thin Clay 1.74E-03 1.89E-02 4.44E-03 9.13E-03 4.44E-03 9.13E-03 7.6 83.0 19.5 40.0 19.5 40.0
28 Enhanced Recharge at Thin Clay 1.74E-03 1.89E-02 6.61E-03 4.66E-03 6.61E-03 4.66E-03 7.6 83.0 28.9 20.4 28.9 20.4
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The recharge zones representing the West and East Terrace basins were tied together during PEST runs to
maintain a constant recharge ratio between the two basins. During manual calibration, Terrace recharge
was adjusted so that it would be higher for SP1 than it is for SP2 to account for the expected seasonal
difference between the two stress periods. The final estimated recharge rate from the East and West
Terrace Basins (applied to the cells along the southern model boundary), is 70.0 inches/year and
35.9 inches/year for SP1 and 60.0 inches/year and 30.8 inches/year for SP2, respectively. In terms of
groundwater discharge, flow from the Terrace Gravel along the East and West Terrace basins is estimated
to be, respectively, 36 and 27 gpm for SP1 and 31 and 23 gpm for SP2.

Limited temporal variability was assumed for recharge in the TVA ponds and the lagoon because the
operating conditions are expected to be constant with time, so recharge in these zones was not allowed to
vary by stress period during PEST runs. Estimated recharge from the TVA ponds is 20 inches/year.
Estimated recharge from losses along the TVA water supply lines is 9 inches/year. The lagoon and
associated drainage ditch at the NW corner of the plant is estimated to contribute 12 and 9 inches/year,
respectively. The TV A-associated recharge values have been adjusted for computational cell size, which
is the reason why the thin, linear TVA water supply line recharge has a lower magnitude than the lagoon
value.

In the plant area, open areas (Zone 12) were tied to the ambient precipitation recharge (Zone 2) because
the two zones are expected to have similar recharge. The maximum constraint for anthropogenic recharge
was specified at 83 inches/year based on Darcy calculations that use a unity vertical hydraulic gradient
and median UCRS vertical hydraulic conductivity (see Section 3.3). The maximum model-estimated
anthropogenic recharge rate is 45 inches/year and is associated with thin clay recharge area 1 (Zone 24).
Initially the range of recharge values estimated with the geometric mean UCRS vertical hydraulic
conductivity was specified as a maximum constraint (10 inches/year to 29 inches/year), but the model as
configured required higher recharge values for calibration, as indicated by the majority of recharge zones
being assigned a value equal to the maximum calibration constraint by PEST. Consequently, the
maximum constraints were increased based on the range calculated with the median UCRS hydraulic
conductivity (29 inches/year to 83 inches/year). The decision to use the median over the geometric mean
was guided by the calibration. As models are non-unique, the calibrated recharge values could be lower if
the model used other reasonable values of lower hydraulic conductivity.

Thin clay recharge area 1 (Zone 24) is coincident with the apparent groundwater divide identified in the
plant area. The compromised roof drains for process buildings and HPFW system, which also are
co-located with the apparent groundwater divide, similarly have high recharge rates relative to other
anthropogenic recharge zones. Anthropogenic recharge rates tended to be higher in SP2 than SPI,
consistent with the notion that more leaks would occur as infrastructure ages. The calibration was
insensitive in areas with minimal recharge (i.e., paved areas, compacted gravel, capped landfills, and
competent roof drains). PEST simulation estimates did not exhibit much variability in the recharge rate
for these zones, and ultimately recharge was set at a fixed value of 0.001 inch/year for all low magnitude
recharge zones. The calibrated recharge distribution in the plant area is consistent with the qualitative
recharge estimates reported in Section 3.3 and Section 4.

6.4 MASS BALANCE

The model-predicted mass balance is summarized for each recharge/discharge feature by stress period and
presented in Table 6.3. The greatest source (approximately 81%) of recharge to the PGDP Hydrologic
Basin is from precipitation. Anthropogenic recharge contributes approximately 13% to 14% of the total
inflow to the hydrologic basin. Approximately 3% of the total basin inflow is contributed by creek
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Table 6.3. Calibrated Mass Balance

06

Units in fts/day Units in GPM Percent
s Zone, Reach, Stress Period 1 Stress Period 2 Stress Period 1 Stress Period 2 Stress Period 1 Stress Period 2
Well (February 1995) (September 2014) (February 1995) (September 2014) (February 1995) (September 2014)

Cells with No Recharge 1 0 0 0 0 0.0% 0.0%
Ambient 2 376,571 444,620 1,956 2,310 78.9% 79.1%
Very Upper Bayou Creek 3 1,241 1,241 6 6 0.3% 0.2%
Bayou Creck 4 4,669 4,669 24 24 1.0% 0.8%
Bayou Creek Tributary 5 2,922 2,922 15 15 0.6% 0.5%
Little Bayou Creek 6 4,098 3,566 21 19 0.9% 0.6%
Little Bayou Creek Tributary 7 2,066 2,066 11 11 0.4% 0.4%
TVA Ponds 8 7,169 7,169 37 37 1.5% 1.3%
TVA Water Lines 9 3,565 3,565 19 19 0.7% 0.6%
Lagoon 10 1,685 1,685 9 9 0.4% 0.3%
Lagoon Ditch 11 365 365 2 2 0.1% 0.1%
Plant Area 12 11,755 13,879 61 72 2.5% 2.5%
East Terrace Basin 13 6,872 5,891 36 31 1.4% 1.0%
West Terrace Basin 14 5,163 4,426 27 23 1.1% 0.8%
Outfall 001 15 77 77 0.4 0.4 0.0% 0.0%
Storm Drains 16 19,325 29,485 100 153 4.0% 5.2%
High Pressure Fire Water 17 5,322 8,493 28 44 1.1% 1.5%
Compromised Roof Drains—Process Buidlings 18 9,537 9,537 50 50 2.0% 1.7%
Compromised Roof Drain—C-400 19 234 375 1 2 0.0% 0.1%
Competent Roof Drain—C-720 20 0 0 0 0 0.0% 0.0%
Paved Areas 21 0 0 0 0 0.0% 0.0%
Compacted Gravel 22 0 0 0 0 0.0% 0.0%
Capped Landfill 23 0 0 0 0 0.0% 0.0%
Thin Clay Recharge Area 1 24 11,558 11,558 60 60 2.4% 2.1%
Thin Clay Recharge Area 2 25 1,581 4,315 8 22 0.3% 0.8%
Thin Clay Recharge Area 3 26 445 594 2 3 0.1% 0.1%
Thin Clay Recharge Area 4 27 611 1,256 3 7 0.1% 0.2%
Thin Clay Recharge Area 5 28 644 454 3 2 0.1% 0.1%
Extraction Well 232 EX232 0 -21,175 0 -110 0.0% -3.8%
Extraction Well 233 EX233 0 -21,175 0 -110 0.0% -3.8%
Extraction Well 331 EX331 0 -16,940 0 -88 0.0% -3.0%
Extraction Well 332 EX332 0 -19,828 0 -103 0.0% -3.5%

Ohio River Boundary Condition Rivl -368,079 -370,531 -1,912 -1,925 -77.1% -65.9%
Little Bayou Creek Boundary Condition Riv2 -14,956 -14,798 -78 =77 -3.1% -2.6%
Little Bayou Creek Boundary Condition Riv3 -71,437 -72,209 -371 -375 -15.0% -12.8%
Bayou Creek Boundary Condition Riv4 -18,595 -20,057 -97 -104 -3.9% -3.6%
Bayou Creek Boundary Condition Riv5 -4,410 -5,497 -23 -29 -0.9% -1.0%

Total In 477,477 562,208 2,480 2,920 100.0% 100.0%

Total Out -477,477 -562,209 -2,480 -2,920 -100.0% -100.0%

1. Negative = outflow, positive = inflow




recharge and approximately 2% is contributed by recharge from the Terrace Gravel. During the simulated
periods of average to low river stages, most groundwater within the PGDP Hydrologic Basin discharges
to the Ohio River (approximately 77 and 65% for SP1 and SP2, respectively), with the remaining
groundwater discharging to the lower reaches of BC and LBC and extraction wells (SP2 only).

Model-predicted discharge around the seeps located at the toe of the Northwest Plume, which corresponds
to River Reach 2, is 78 and 77 gpm for SP1 and SP2, respectively. This represents approximately 3.1 and
2.6% of the total volume of groundwater (2,480 and 2,920 gpm) flowing through the area for SP1 and
SP2, respectively. The combined discharge to the extraction wells (SP2 only) was fixed at 411 gpm to be
consistent with reported pumping rates. This rate represents 14.1% of the total volume of groundwater
and is comparable to anthropogenic recharge.

6.5 CALIBRATION STATISTICS
6.5.1 Model-Predicted Water Level Elevations

Model calibration assessment includes comparing model-predicted water levels to measured or target
water levels. For each steady-state stress period, summary statistics of model-predicted and target water
levels, referred to as residuals, are compiled in Table 6.4 and individual calibration target residuals are
compiled in Appendix C. The scaled residual standard deviations for SP1 and SP2 are 4 and 3%,
respectively. These statistics indicate the differences between simulated and observed data across the
model domain and are well within the recommended range of up to 10% for a well calibrated model. For
each stress period, a chart of water level residuals versus target water levels is presented in Figure 6.8. In
a well calibrated model, the data points will be generally well distributed along the horizontal line
corresponding to a residual of zero indicating a good match to water level targets across the model area.
For SP1, the data points are generally distributed along the zero-residual line, and the majority of the
model-predicted water levels in SP1 are within +/- 1 ft of the target values. For one target located near
LBC, the model-predicted water level was under predicted by 2.21 ft. For SP2, the data points are
generally distributed along the zero-residual line and most of the model-predicted water levels are within
+/- 0.5 ft of the target values with a maximum residual of 1.07 ft at a target located north of the plant area
near the river. In general, most predicted water levels are within +/- 1 ft of the target value, with the closer
match simulated in SP2. The higher variability exhibited in SP1 may be attributed to the longer
measurement period (February 1995) compared to the synoptic measurement event associated with SP2.
Although the cause of the variability in SP1 is uncertain, it does appear to be related to measurement
errors rather than model deficiencies, which is evident when comparing positive residuals of
approximately 0.5 ft to 1.0 ft with adjacent negative residuals of approximately -0.5 ft to -1.0 ft. In
general, such drastic fluctuations in water level over such short distances are not expected in the RGA.

Model-predicted potentiometric surfaces as well as the distribution of the target residuals within the
model domain for model layers 1 through 3 are presented in Figures 6.9 and 6.10. The residual circles are
color-coded red for overestimate and green for underestimate and scaled (the bigger the residual circle,
the larger the target residual). The purple areas shown in layer 1 on Figures 6.9 and 6.10 represent dry
cells, which result when the predicted water level elevation drops below the bottom of the model layer.
These occur in the area west of the TVA ponds where boring log data indicate a rise in the elevation of
the base of the RGA, resulting in a thinning of the RGA. The model cells below these dry cells in model
layers 2 and 3 are saturated. All model layers show mounding (i.e., the water level contours bow out
resulting in a groundwater divide) at the PGDP resulting from anthropogenic recharge, which is
consistent with site data.
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Table 6.4. Water Level Target Residual Statistics

Statistic

Stress Period 1

Stress Period 2

(February 1995) (September 2014)
Residual Mean 0.02 0.03
Absolute Residual Mean 0.35 0.24
Residual Std. Deviation 0.49 0.31
Sum of Squares 20.12 21.46
RMS Error 0.49 0.31
Min. Residual -1.37 -0.67
Max. Residual 2.20 1.08
Number of Observations 84 220
Range in Observations 11.54 9.53
Scaled Residual Std. Deviation 0.04 0.03
Scaled Absolute Residual Mean 0.03 0.02
Scaled RMS Error 0.04 0.03
Scaled Residual Mean 0.002 0.003

Notes:
1. Units are in ft.

2. Negative residuals denote overestimates and positive residuals denote underestimates.
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Figure 6.8. Water Level Residual versus Target Water Level
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Plume Contour Source: DOE, 2015; Figure C.2

Figure 6.9. Model-Predicted Potentiometric Surface and Water Level Residuals: Stress Period 1 (February 1995)
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Figure 6.10. Model-Predicted Potentiometric Surface and Water Level Residuals: Stress Period 2 (September 2014)
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6.5.2 Model-Predicted Flux

The model predicts a groundwater discharge rate to the Ohio River of 1,912 and 1,925 gpm for stress
periods SP1 and SP2, respectively. This is within the range of recharge estimated between 228 to
8,218 gpm (Section 6.2.1). The model-predicted discharge at the LBC seep located at the toe of the
Northwest Plume is 78 and 77 gpm for stress periods SP1 and SP2, respectively which is a good match to
the target discharge rate of 77.1 gpm.

6.5.3 Flow Direction (Trajectory) Targets

Calibration statistics for the flow direction targets are presented in Table 6.5 and Figure 6.11. For each
stress period, a chart of flow direction residuals versus observed flow directions is presented in
Figure 6.12. The absolute mean error for all angle targets is less than 3.7 degrees. Additionally, the
majority (60%) of the predicted angles are within +/- 2 degrees of the target value and more than 90% of
the predicted angles are within +/-5 degrees of the target value.

6.5.4 Model-Predicted Plume Trajectory

For each stress period, particles were placed within the model domain in model layers 1 through 3 at
locations corresponding to known and possible source areas and allowed to migrate with the predicted
groundwater flow fields (Figure 6.13). The ability to replicate the plume flow path is a measure of model
calibration, with the closer agreement suggesting a more representative model. The figures show that for
both SP1 and SP2 the model reasonably replicates the Northeast and Northwest Plumes flow paths.
Particle capture in the Northeast Plume indicates the western-most particle bypasses the western EW
(EW331) and is captured by the eastern EW (EW332). This is consistent with the results of the EW
pumping tests indicating a larger capture zone for EW332 compared to EW331 (TN & Associates and
CDM Federal Programs Corporation 1997).

6.6 FINAL PARAMETER SENSITIVITIES

PEST calculates sensitivities for all estimated parameters for each iteration of the parameter estimation
process. Figure 6.14 shows the final relative composite scaled sensitivities of the 52 model parameters.
Except for the recharge areas specified with a very low recharge value to simulate minimal infiltration
(paved areas, compacted gravel, competent roof drain, and capped landfill), all the parameter sensitivities
are within two orders of magnitude of the most sensitive parameter, indicating that these parameters can
be estimated with reasonable accuracy. With the exception of the capped landfill recharge, the least
sensitive parameters in minimal infiltration areas have sensitivities within two to three orders of
magnitude of the most sensitive parameter, indicating that a reasonably accurate estimation of these
parameters is uncertain. The relative sensitivity for recharge in the capped landfill areas is less than three
orders of magnitude from the most sensitive parameter, indicating that the parameter cannot be estimated.
It should be noted that sensitivities are estimated by calculating changes in the objective function related
to incremental changes in the calibrated value of each parameter. For relatively low recharge values such
as paved areas or capped landfills, incremental changes would represent a small change to the relatively
low value and therefore contribute very little to the objective function. For this reason, low composite
sensitivities for these parameters are expected.
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Table 6.5. Trajectory Target Residual Statistics

Statistic

Stress Period 1

Stress Period 2

(February 1995) (September 2014)

Residual Mean 0.21 0.64
Absolute Residual Mean 241 2.36
Residual Std. Deviation 3.55 3.53
Sum of Squares 4,505.01 3,354.10
RMS Error 3.55 3.58
Min. Residual -10.74 -14.09
Max. Residual 16.79 14.73
Number of Observations 357 261
Range in Observations 114.46 105.00
Scaled Residual Std. Deviation 0.03 0.03
Scaled Absolute Residual Mean 0.02 0.02
Scaled RMS Error 0.03 0.03
Scaled Residual Mean 0.00 0.01

Notes:
1. Units are in degrees.

2. Negative residuals denote overestimates and positive residuals denote underestimates.
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Figure 6.12. Flow Direction Residual versus Target Flow Direction
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Figure 6.13. Model-Predicted Plume Flow Paths
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Final hydraulic conductivity pilot point sensitivities for model layers 1 through 3 relative to the most
sensitive parameter are shown in Figure 6.15. With the exception of 13 pilot points out of the total of
1,041 pilot points specified in the model, sensitivities are within two orders of magnitude of the most
sensitive parameter, indicating that unique hydraulic conductivities can be estimated for 98.8% of all pilot
points in the model.

6.7 PLUME FLOW PATH SENSITIVITY ANALYSIS

A sensitivity analysis was performed to determine how individual 25% increases and decreases in the
calibrated values of the most sensitive parameters (based on the final PEST sensitivities, Figure 6.14)
influence predicted plume flow paths as defined by resultant changes in predicted particle traces. The
+/- 25% sensitivity range was selected to recognize that over the plumes’ time scale, parameter
fluctuations are not expected to be as extreme as might occur short-term. The following parameters were
evaluated as part of the plume flow path sensitivity analysis:

Ambient recharge;

Hydraulic conductivity (conductance) of the Ohio River sediments;
Hydraulic conductivity (conductance) of BC and LBC sediments;
Storm drain recharge;

Largest thin clay recharge area;

Compromised roof drain recharge area;

HPFW piping system recharge area;

TVA supply line recharge; and

Recharge from the Terrace Gravel.

In addition to the parameters listed above, a sensitivity analysis was performed to determine how changes
in Ohio River stage influence predicted plume flow paths.

For both SP1 and SP2, simulated increases and decreases in precipitation recharge caused the Northwest
and Northeast Plumes to shift minimally east and west relative to the observed plume centroid
(Figures 6.16 and 6.17). An increase in precipitation recharge results in a slight westward shift of the
particle traces and a decrease results in a slight eastward shift, but overall there is minimal change in
predicted plume trajectories.

A 25% increase in hydraulic conductivity (conductance) of the Ohio River bottom sediments has minimal
influence on the Northeast Plume and Northwest Plumes trajectories in SP1 and SP2 (Figures 6.18 and
6.19). A 25% decrease in the hydraulic conductivity of the river sediments causes the predicted Northwest
and Northeast Plumes trajectories to shift westward in both stress periods. A more pronounced effect is
observed in the Northwest Plume particle traces in the area between LBC and the Ohio River where the
particle traces turn westward and the particles migrate approximately parallel to LBC, rather than
northward toward the Ohio River. Review of groundwater elevation contours in this area indicates a
significant increase in groundwater elevations and change to the shape of the water table between LBC
and the Ohio River. The result is increased predicted discharge to the creeks and decreased discharge to
the river due to a shift in groundwater gradients.

For both SP1 and SP2, simulated increases and decreases in hydraulic conductivity (conductance) of BC

and LBC cause the predicted Northwest and Northeast Plumes to shift direction minimally and negligibly
changes the plume trajectories (Figures 6.20 and 6.21).
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Figure 6.15. Final Hydraulic Conductivity Pilot Point Sensitivities
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.16. Simulated Particle Trace Sensitivity: Ambient Recharge, Stress Period 1 (February 1995)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.17. Simulated Particle Trace Sensitivity: Ambient Recharge, Stress Period 2 (September 2014)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.
Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.18. Simulated Particle Trace Sensitivity: Ohio River Conductance, Stress Period 1 (February 1995)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.
Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.19. Simulated Particle Trace Sensitivity: Ohio River Conductance, Stress Period 2 (September 2014)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.
Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.20. Simulated Particle Trace Sensitivity: Bayou Creek and Little Bayou Creek Conductance, Stress Period 1 (February 1995) 0
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.
Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.21. Simulated Particle Trace Sensitivity: Bayou Creek and Little Bayou Creek Conductance, Stress Period 2 (September 2014)
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For the relatively more sensitive anthropogenic recharge zones (as identified by PEST). which include
storm drain recharge (Figures 6.22 and 6.23), the largest thin clay recharge area (Figures 6.24 and 6.25),
the compromised roof drain recharge area (Figures 6.26 and 6.27), and the HPFW piping system recharge
area (Figures 6.28 and 6.29), simulated increases and decreases in parameter values result in no
discernable difference in particle traces or plume trajectory in either SP1 or SP2.

For both stress periods, SP1 and SP2, simulated increases and decreases in recharge from the Terrace
Gravel in the East and West Terrace Basins cause the predicted Northwest Plume and Northeast Plume
particle traces to shift minimally (Figures 6.30 and 6.31).

In addition to the aforementioned model parameters, a sensitivity analysis was performed to assess how
specified changes in Ohio River stage influences simulated plume trajectories (Figures 6.32 and 6.33).
Unlike the other parameters, the minimum and maximum stage values do not correspond to 25%
increases and decreases; rather, the minimum and maximum values correspond to the lowest observed
(290 ft) and the 90th percentile (320 ft) stages (DOE 2010, Section 7.2.9). The results show that a
simulated decrease in the Ohio River stage minimally influences the particle traces representing the
Northwest Plume and Northeast Plume. An increase in the Ohio River stage results in a westerly shift of
the Northeast Plume particle traces with minimal effects on the plume trajectory. A more pronounced
effect is observed in the Northwest Plume particle traces, which discharge to LBC instead of migrating to
the Ohio River. Similar to the effects of decreasing the hydraulic conductivity (conductance) of the
Ohio River, the result is increased predicted discharge to the creeks and decreased discharge to the
Ohio River due to a shift in predicted groundwater gradients.

In summary, while increases and decreases in most parameter values result in minimal influence to
simulated plume trajectories and minimal deviation from the observed locations of the Northeast and
Northwest Plumes, the results of decreasing river hydraulic conductivity (conductance) and increasing
Ohio River stage exhibit pronounced shifts in the plume trajectories near LBC and the Ohio River. This
suggests that, while groundwater levels fluctuate in response to varying precipitation and anthropogenic
recharge rates, the overall long-term PGDP Hydrologic Basin flow directions in the core of the Northeast
and Northwest Plumes remain relatively constant. This assessment is supported by the temporally
constant Northeast Plume and Northwest Plume geometries observed between 1994 and 2005
(DOE 2010, Figure 4.3) and the current plume configurations (Figure 6.17). On a short-term basis, which
corresponds to transient fluctuations in the Ohio River stage, model results indicate a pronounced shift in
the Northwest Plume trajectory at the toe of the plume near LBC during a high river stage (i.e.,
320 ft amsl). The steady-state simulations used for this sensitivity analysis are not directly comparable to
the typical short-term transient conditions present at the site during high Ohio River stages; however, the
sensitivity analysis is useful for qualitatively evaluating short-term shifts in groundwater flow directions
during short-term, transient site conditions. This hypothesis is supported by the early delineations of the
Northwest Plume indicating migration toward LBC in plume delineations for 1994 to 2005 (DOE 2010,
Figure 4.3).

6.8 SOURCE AREA FLOW PATH ANALYSIS

To evaluate near field flow paths in the plant area, particle track analysis was conducted by specifying
starting particles at locations of known or suspected TCE and/or technetium-99 (Tc-99) source areas. The
areas included in the analysis are described in Table 6.6 and illustrated in Figure 6.34. Note that source
material must migrate through the UCRS before entering the RGA, and there is uncertainty regarding the
points of contaminant entry into the RGA. Hence, the locations of source areas shown on Figure 6.34 are
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.22. Simulated Particle Trace Sensitivity: Storm Drain Recharge Area, Stress Period 1 (February 1995)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015; Figure C.2

Figure 6.23. Simulated Particle Trace Sensitivity: Storm Drain Recharge Area, Stress Period 2 (September 2014)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.24. Simulated Particle Trace Sensitivity: Thin Clay Recharge Area 1, Stress Period 1 (February 1995)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.25. Simulated Particle Trace Sensitivity: Thin Clay Recharge Area 1,

Stress Period 2 (September 2014)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.
Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.26. Simulated Particle Trace Sensitivity: Compromised Roof Drain Recharge Area, Stress Period 1 (February 1995)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.
Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.27. Simulated Particle Trace Sensitivity: Compromised Roof Drain Recharge Area, Stress Period 2 (September 2014)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.28. Simulated Particle Trace Sensitivity: High Pressure Fire Water Recharge Area, Stress Period 1 (February 1995)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.29. Simulated Particle Trace Sensitivity: High Pressure Fire Water Recharge Area, Stress Period 2 (September 2014)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.30. Simulated Particle Trace Sensitivity: Terrace Recharge, Stress Period 1 (February 1995)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.31. Simulated Particle Trace Sensitivity: Terrace Recharge, Stress Period 2 (September 2014)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.32 Simulated Particle Trace Sensitivity: Ohio River Elevation, Stress Period 1 (February 1995)
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Note: Trajectory target residuals and head contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015a; Figure C.2

Figure 6.33. Simulated Particle Trace Sensitivity: Ohio River Elevation, Stress Period 2 (September 2014)
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Table 6.6. Known or Suspected Trichloroethene and Technetium Source Areas

Waste Area | Solid Waste Management i . .
Group Unit or Area of Concern Description Type(s) of Release Primary Contaminants Present Reference
Northeast Plume (AOC 202)
N . Leak from former waste treatment facility . . DOE 2001, Volume 2,
6 SWMU 40 C-403 Neutralization Pit (including UCRS DNAPL zone) Trichloroethene and Technetium Appendix A, Table 6.1
- . Leaching of contamination from materials . DOE 2001, Volume 2,
28 SWMU 99 C-745 Kellogg Building Site storage yard Technetium Appendix A, Table 6.1
L . TCE leak into drainage ditch (including . DOE 2001, Volume 2,
28 AOC 204 Dykes Road Historical Staging Area shallow soils DNAPL zone) Trichloroethene Appendix A, Table 6.1
Ngne None assigned Undefined Source Near northeast corner of C-333 Trichloroethene DOE 2001, Volume 1,
Assigned Table 1.3
Northwest Plume (AOC 201)
6 SWMU 11 C-400 TCE Leak Site Leak from break in storm sewer Trichloroethene DOE 20.01’ Volume 2,
Appendix A, Table 6.1
C-400 Technetium Storage Tank . . DOE 2001, Volume 2,
6 SWMU 47 Area Leak/spill from former waste storage tank Technetium Appendix A, Table 6.1
. L . DOE 2001, Volume 2,
6 SWMU 203 C-400 Waste Discard Sump Effluent pipeline sump Trichloroethene Appendix A, Table 6.1
6 SWMU 533 TCE SP'” Site from TCE Unloading Leak of TCE transfer pump Trichloroethene DOE 1999
Operations at C-400
. Leaching from waste burial cells (including . . DOE 2001, Volume 2,
22 SWMU 7 C-747-A Burial Ground UCRS DNAPL zone) Trichloroethene and Technetium Appendix A, Table 6.1
Leaching from waste burial cells and . DOE 2001, Volume 2,
22 SWMU 30 C-747-A Bum Area foundation of former incinerator Technetium Appendix A, Table 6.1
25 SWMU 59 North-Sout_h Diversion Ditch (inside Leaching from contaminated sediments Technetium DOE 20.01’ Volume 2,
plant security fence) Appendix A, Table 6.1
Southwest Plume (AOC 210)
27 SWMU 1 C-747-C Oil Landfarm Former oil landfarm (including UCRS DNAPL Trichloroethene DOE 2901, Volume 2,
zone) Appendix A, Table 6.1
22 SWMU 2 C-749 Uranium Burial Ground Leaking drum in uranium burial ground Trichloroethene DOE 2010
22 SWMU 3 C-4.04 Low-Level Radioactive Waste RCRA-closed landfill Trichloroethene and Technetium DOE 2010
Burial Ground
3 SWMU 4 C-747 Contaminated Burial Ground |Former burial ground Trichloroethene DOE 2016
. Former TCE dip tank (including UCRS . DOE 2001, Volume 2,
27 SWMU 91 C-745-B Cylinder Drop Test Area DNAPL zone) Trichloroethene Appendix A, Table 6.1
1 SWMU 136 C-740 TCE Spill Site Raw materials storage shed Trichloroethene DOE 1996
. - . DOE 2001, Volume 2,
27 SWMU 209 C-720 Compressor Shop Pit Former waste liquids sump Trichloroethene Appendix A, Table 6.1
27 SWMU 211-A C-720 TCE Spill Site - Northeast Unknown - multiple mechanisms possible Trichloroethene DOE 2013
27 SWMU 211-B C-720 TCE Spill Site - Southeast Unknown - multiple mechanisms possible Trichloroethene DOE 2013
References:

DOE 1996. Resource Conservation and Recovery Act Facility Investigation/Remedial Investigation Report for Waste Area Groupings 1 and 7 at Paducah Gaseous Diffusion Plant, Paducah Kentucky, Volume 1, April.

DOE 1999. Remedial Investigation Report for Waste Area Grouping 6 at Paducah Gaseous Diffusion Plant, Paducah, Kentucky, Volume 1, May.

DOE 2001. Feasibility Study for the Groundwater Operable Unit at Paducah Gaseous Diffusion Plant, Paducah, Kentucky, Volumes 1 and 2, August.

DOE 2010. Remedial Investigation Report for the Burial Grounds Operable Unit at Paducah Gaseous Diffusion Plant, Paducah, Kentucky, February.

DOE 2013. Final Characterization Report for Solid Waste Management Units 211-A and 211-B Volatile Organic Compound Sources for the Southwest Groundwater Plume at the Paducah Gaseous Diffusion Plant, Paducah, Kentucky, December.

DOE 2016. Addendum to the Remedial Investigation Report for the Burial Grounds Operable Unit Solid Waste Management Unit 4 at the Paducah Gaseous Diffusion Plant, Paducah, Kentucky, August.
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approximate relative to the model domain. The particles origination points were specified at the top,
middle, and bottom of layers 1, 2, and 3 in the assessed locations and forward particle tracks were
calculated for both SP1 (February 1995) and SP2 (September 2014).

The results of the analysis are illustrated in Figure 6.35. The pathlines generally align well with the 2014
TCE plume delineation for both the non-pumping (SP1) and pumping (SP2) stress periods with a few
exceptions. Pathlines originating at Solid Waste Management Unit (SWMU) 59, Area of Concern
(AOC) 204, and an undefined source near the northeast corner of the C-333 Building deviate from the
known distribution of TCE as defined by the 2014 plume delineation. SWMU 59 is a diversion ditch with
sediments contaminated by Tc-99 and was represented in the model as five particle release locations
located along the ditch. Because SWMU 59 is a source area for Tc-99 and not TCE, the pathlines
originating at the particle locations representing SWMU cannot be directly related to the 2014 TCE plume
delineation. The pathlines originating at AOC 204 and the northeast corner of the C-333 building tend to
travel in a more eastward direction than would be expected based on the 2014 TCE plume delineation.
Particle tracks for these source areas begin near the periphery or outside of the 2014 plume extent as
defined by the 5 ppb TCE contour; introducing more uncertainty in the assessment of the model-predicted
flow path compared to the observed TCE distribution. Moreover, the entry points to the RGA from these
sources are not known exactly. The source near the northeast corner of the C-333 building is undefined,
and dense nonaqueous-phase liquid (DNAPL) could have migrated laterally on low permeability silt/clay
layers in the UCRS prior to entering the RGA, which complicates interpretation of these particle tracks in
terms of dissolved plume movement in the RGA.

6.9 MODEL VALIDATION

Validation of the model was conducted to evaluate model performance under varied site conditions. The
validation approach was implemented by comparing the model calculated output to observed data from
datasets identified in Section 3.4 to represent a range of site conditions including extreme flooding and
transient hydrogeologic conditions related to seasonally transient boundary conditions (i.e., ambient
recharge and river stage). The three data sets remaining from the five that were identified for calibration
were also included in the validation. Table 6.7 summarizes the stress periods that were used for
validation.

Two key metrics are identified to evaluate model performance and assess the uncertainty regarding use of
the model as a tool to evaluate future remediation scenarios and identify data gaps.

1. Groundwater flow path lines to assess the model’s ability to simulate the Northwest and Northeast
Plumes migration.

2. Hydraulic gradient across the model domain to assess the change in water level elevation from the
plant to the Ohio River.

The ability of the model to simulate the alternative site conditions defined by the validation datasets was
assessed to provide insight to potential uncertainty in model predictions.

In addition to a visual match of path lines to plume centerlines, the predicted gradient across the model
domain between the plant area and LBC in the direction of groundwater flow was evaluated.
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Plume Contour Source: DOE, 2015; Figure C.2

Figure 6.35. Source Area Flow Path Analysis
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Table 6.7. Model Validation Monitoring Events

Number of Ohio River L Annual
o . 1 Monitoring L .
Monitoring Period Water Level Stage Event Tvoe Precipitation Rationale
Targets (ft amsl) yp (inches/yr)
L Representative of steady-state conditions, initial extraction well
Sitewide

3rd Quarter 2005 110 300.0° Svnootic 375 system in operation. Use to evaluate initial extraction well system
ynop configuration.

Sitewide High relative annual precipitation, river at flood stage at conditions
April 12, 2011 212 327.2 Svnootic 74.8 that do not represent steady-state conditions. Use to evaluate
ynop extreme high river condition.

Full synoptic data set representing steady-state conditions at high

eer

October 10, 2011 202 295.5 g'tﬁglgi 74.8 annual precipitation. Use to evaluate above average rainfall
ynop conditions.
Sitewide Full synoptic data set representing steady-state conditions at low

July 17, 2012 184 290.0 27.6 annual precipitation and low river stage. Use to evaluate below

Synoptic average rainfall conditions and low river stage.
Sitewide Full synoptic data set representing steady-state conditions at high
September 24, 2013 203 292.5 Svnontic 60.3 annual precipitation. Use to evaluate above average rainfall
ynop conditions.
Sitewide High relative annual precipitation and dropping river stage prior to

September 1, 2015 205 296.7 . 59.2 monitoring event. Use to evaluate model prediction under non-
Synoptic -
steady state condition.

Sitewide T8D° Full synoptic data set representing steady-state conditions. Use to

2
August 23, 2016 216 298.0 Synoptic evaluate current conditions.

! Average Ohio River stage at the Metropolis station for 30 days prior to the water level measurement event except as otherwise noted.
2 30-day average Ohio River stage not used; see text for details (Section 3.4).
% To be determined: annual precipitation data not yet available for 2016.



6.9.1 Plume Trajectory

To assess the ability of the calibrated model to simulate alternative site conditions, the validation datasets
were imported as water level targets into the calibrated model and the Ohio River stage was revised to the
30-day average, except as noted previously (see Section 3.4), for each validation period. The results of
each validation simulation were evaluated using MODPATH to simulate the particle traces for SP1 and
SP2 in order to assess the results under the range of recharge conditions simulated in the calibrated model.
Unlike SP1, extraction wells were operating during all validation periods. To account for this site
condition in the evaluation, pumping rates of extraction wells that were operational during the validation
period were specified in SP1 and SP2. The particle traces for the seven validation periods evaluated are
illustrated in Figures 6.36 to 6.42.

Site conditions range from extreme flooding conditions in April 2011 (with the river stage at
327.2 ft amsl) to the relative drought conditions in July 2012 (with the river stage at 290.0 ft amsl) as
compared to the calibrated model river stage of 295.2 ft amsl. For all validation simulations, the plume
trajectories exhibit similar responses between SP1 and SP2. The effects of alternative river stages are
more prominent in the Northwest Plume trajectories with minimal deviation in the Northeast Plume
trajectories compared to the calibrated flow paths (Figure 6.13).

In the Northwest Plume trajectories, the effect of higher than calibrated river stages is to deflect the flow
paths westward towards the lower reach of LBC as groundwater discharge is diverted from the
Ohio River to LBC due to a shift in gradients caused by the higher river level. The most extreme example
is illustrated on Figure 6.37 for April 2011 with less extreme variations exhibited for third quarter (Q3)
2005 and August 2016 (Figure 6.36 and Figure 6.42; note that the variation in Q3 2005 is also due to
pumping at EW228 and EW229, which are the northernmost extraction wells in the Northwest Plume that
are not operational in any of the other calibration or validation periods). The effect of lower than
calibrated river stages is to shift the particle traces slightly eastward as illustrated in Figures 6.39 and 6.40
for July 2012 and September 2013. For the simulation with a river stage close to that of the calibrated
model, September 2015, the particle traces are similar to those simulated in calibrated model
(Figures 6.41 and 6.13).

6.9.2 Gradient

To assess the ability of the model to simulate the gradient from the plant area to the furthest extent of the
plume, the gradient between two monitoring wells, MW453 and MW445, was chosen to represent the
gradient across the model. These wells are located in the Northwest Plume down gradient and beyond the
influence of extraction well pumping in the NW corner of the plant area (Figure 6.43). Similar wells in
the Northeast Plume were not selected for this analysis because available monitoring well locations did
not provide for a substantial distance over which to evaluate the gradient. For the comparative analysis,
results from the calibrated model SP2 (September 2014) were evaluated because they represent more
recent site conditions than SP1 (February 1995), and SP2 represents a period of active pumping that is
consistent with the seven validation data sets. The results of the gradient analysis are summarized in
Table 6.8.
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Note: Trajectory target residuals and water level contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015; Figure C.2

Figure 6.36. 3rd Quarter 2005 Model Validation Simulation: Predicted Plume Flow Paths
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Note: Trajectory target residuals and water level contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015; Figure C.2

Figure 6.38. October 10, 2011, Model Validation Simulation: Predicted Plume Flow Paths
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Note: Trajectory target residuals and water level contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015; Figure C.2

Figure 6.39. July 17,2012, Model Validation Simulation: Predicted Plume Flow Paths
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Note: Trajectory target residuals and water level contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015; Figure C.2

Figure 6.40. September 24, 2013, Model Validation Simulation: Predicted Plume Flow Paths 139
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Note: Trajectory target residuals and water level contours are from model layer 1. Particle traces are from model layers 1 through 3.
Plume Contour Source: DOE, 2015; Figure C.2

Figure 6.41. September 1, 2015, Model Validation Simulation: Predicted Plume Flow Paths
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Note: Trajectory target residuals and water level contours are from model layer 1. Particle traces are from model layers 1 through 3.

Plume Contour Source: DOE, 2015; Figure C.2

Figure 6.42. August 23, 2016, Model Validation Simulation: Predicted Plume Flow Paths
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Table 6.8. Model Validation Gradient Analysis

Calibration Validation
Statistic SP1 SP2 SP2 SP2 SP2 SP2 SP2 SP2 SP2
Feb 1995 Sept 2014 Q3 2005 Apr 2011 Oct 2011 July 2012 Sept 2013 Sept 2015 Aug 2016
River Stage Elevation® 295.2 295.2 300.0 327.2 295.5 290.0 2925 296.7 298.0
Model Calculated Gradient” 0.00082 0.00074 0.00075 0.00071 0.00074 0.00077 0.00075 0.00074 0.00073
Observed Gradient® NA® 0.00075 NA® 0.00032 0.00068 0.00067 0.00069 0.00088 0.00083
Percent Difference®” NA® 1.5% NA® -120.0% -9.4% -13.4% -9.0% 16.4% 11.5%

! River stage elevation is in feet amsl.
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2 Gradient is calculated by dividing the distance between monitoring wells MW453 and MW445 into the calculated or observed head difference.
¥ Percent Difference = ((Observed gradient-calculated gradient)/observed gradient)*100.

* A negative percent difference denotes an overestimate and a positive percent difference denotes an underestimate.

® No observation data available for MW453 and MW445 on this date.



The model calculated gradients were compared among validation simulations, as well as to observed
gradient within each validation period. The range of the calculated gradient for all validation periods,
0.00071 to 0.00077, compares well to the calibrated model calculated gradient in SP2 of 0.00074. This is
expected because, while the recharge and hydraulic conductivity remain constant, simulated heads will
adjust to the river stage such that the gradient across the site also will remain constant to balance model
discharge with model recharge. For each validation period, comparison of the model calculated gradient
to the observed gradient exhibits a range of variation from 11.5% to 120% (observed vs. calculated).
Excluding the extreme flooding scenario (April 2011), the range of variation is -9.0% to 16.4%. The
extreme flooding case illustrates the limitation of simulating transient conditions with a steady state
model. In the transient state, there is a lag between the change in the river stage and changes in
groundwater levels which propagate from areas close to the river inland such that greater groundwater
level fluctuation will be observed closer to the river. The magnitude and rate of groundwater water level
fluctuation typically observed in the spring season prevents the system from approaching steady-state
conditions. The result of simulating the transient condition of high river levels with a steady state model
is to overestimate the head, especially in areas farther away from the river (Figure 6.37). For the
remaining simulations, with the river stage within approximately 5 ft of the river stage specified in the
calibrated model, the percent difference may be attributed to differences in recharge rates, especially
ambient recharge, between the validation periods and the calibration periods. For example, the river stage
during the September 2015 (296 ft amsl) validation period was similar to SP2 of the calibrated model
(295.2 ft amsl) but the percent difference in gradient is 16.4%. For the validation simulation, head
residuals are 1.96 and 0.69 ft, for MWA453 and MW445 (observed minus calculated), respectively. An
adjustment to increase recharge to account for higher annual precipitation in 2015 compared to 2014
(46.8 inches/year versus 59.2 inches/year, Table 3.7) would have resulted in a better match between the
observed and calculated heads and an improved match between the simulated gradient in the validation
run versus the calibration run.

In summary, the calibrated model provides an accurate representation of the groundwater flow system
within the PGDP Basin for steady-state conditions, which typically occur during the drier months of the
year. The validation simulations show that for a river stage elevation less than 298 ft amsl, the model
reasonably represents the hydraulic gradient from the Plant Area to the furthest extent of the NW Plume.
In the case of more transient periods (e.g., the flooding conditions in April 2011) when the increased
precipitation rates and higher and more variable Ohio River stages are observed, the steady state model is
a less valid representation of site conditions.

6.10 TRANSIENT CALIBRATION

A supplemental transient calibration was conducted to evaluate transient conditions using the results from
the October 2010 pumping test conducted at EW232 and EW233. The location of the 2010 pumping test
head and drawdown targets are shown on Figure 6.44. The simulation included an initial steady-state
stress period to establish initial heads followed by ten 1-day transient stress periods to simulate drawdown
measured over the 10-day test period (Table 6.9). River stage for the initial steady-state stress period was
specified based on the 30-day average of the Ohio River, and daily averages were used for the transient
stress period river stages. Ambient recharge was adjusted to calibrate the model to water level targets in
the initial stress period, and specific storage was manually adjusted to calibrate the model to the best
match between calculated and observed drawdown.

Drawdown targets are based on the Northwest Plume Extraction System performance test, which included

36 RGA observation wells, two of which comprised background wells, and two recovery wells pumping
at 110 gpm each (DOE 2011). The field event consisted of three phases:
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Table 6.9. Transient Calibration Stress Periods

.. Annual
Monitoring Period Stress Period Type Num_ll:_)er of Head | Ohio River Stage" Precipitation
argets (ftamsl) (inches/yr)
October 11, 2010 Steady-State 13 293.9
October 12, 2010 Transient 13 295.5
October 13, 2010 Transient 13 295.5
October 14, 2010 Transient 13 294.9
October 15, 2010 Transient 13 294.5
October 16, 2010 Transient 13 294.3 36.7
October 17, 2010 Transient 13 293.8
October 18, 2010 Transient 13 293.5
October 19, 2010 Transient 13 293.1
October 20, 2010 Transient 13 292.8
October 21, 2010 Transient 13 292.7
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A 30-day average Ohio River stage was used for October 11, 2010, and daily averages were used for the remaining monitoring dates.




1. Pre-shutdown monitoring for a minimum of three days;
2. System shutdown monitoring for a minimum of ten days (referred to as Phase 1); and
3. Restart monitoring for a minimum of ten days (Phase 2).

6.10.1 Transient Calibration Statistics

The model was calibrated to water level targets in the initial steady-state stress period by adjusting
ambient recharge. No other parameters were adjusted to match the target water levels. Through this
process, an ambient recharge rate of 3.9 inches/year was assigned to the model. A chart of water level
residuals versus target water levels is presented in Figure 6.45.

During the calibration process, comparison of model-predicted to observed drawdown was evaluated to
determine model predicted storage. The calibrated specific storage assigned to the model was 0.0002 ft™.
Using an approximate RGA thickness of 40 ft for the location of the October 2010 pumping test in the
Northwest corner of the plant area (see Figure 3.4), this translates to a storativity of 0.008. This value
matches the geometric mean storativity of 0.008 that was reported for the June 1996 pumping test
performed at EW231 (approximately 740 ft west of EW232). A chart of drawdown residuals versus target
drawdown is presented in Figure 6.46. A reasonable match of the drawdown targets was obtained,
although the results show some bias with drawdown being underestimated early on in the simulation
(residual mean of 0.08 ft during the first day of pumping) and overestimated later (residual mean of
- 0.06 ft during the tenth day of pumping). This bias could not be corrected by adjusting model storage
alone, and additional parameters such as recharge other than ambient would have to be modified to
achieve a better fit. The model fit of drawdown at the most distal well, MW430, is noticeably poorer than
the fit obtained for all other observation wells. It also was noted in the pumping test report that the
response at MW430 was inconsistent with the response at the remaining observation wells.
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7. CALIBRATION SUMMARY

7.1 CALIBRATION EVALUATION

The 2016 model reasonably matches target water level elevations in the plant area and across the model
domain. In addition, based on particle traces, the model reasonably reproduces the Northeast and
Northwest Plumes flow paths. Overall, this flow model honors the conceptual model with respect to
recharge and discharge rates, relative recharge and discharge volumes, and the predicted range of RGA
hydraulic conductivities. Also, the predicted RGA bulk hydraulic conductivity, as evidenced by the model
domain hydraulic conductivity (622 ft/day), is close to the estimated range of bulk RGA hydraulic
conductivity values derived from site data (713 ft/day to 2,063 ft/day) (DOE 2010, Section 4.5.2.).

Additionally, final predicted PEST sensitivities indicate that it is possible through calibration to obtain
reasonably accurate parameter values for 1,072 of the 1,093 model input parameters (including K, pilot
points). Except for the capped landfill recharge, the remaining input parameters have sensitivities that
indicate that it may be possible to obtain reasonably accurate parameter values through calibration.
Overall, the calibrated model input parameters are reasonably accurate.

The model-predicted mass balance indicates the greatest source (approximately 81%) of recharge to the
PGDP Hydrologic Basin is from precipitation. Anthropogenic recharge contributes approximately 13 to
14% of the total inflow to the PGDP Hydrologic Basin. Approximately 3% of the total basin inflow is
contributed by creek recharge and approximately 2% is contributed by recharge from the Terrace Gravel.
Most groundwater within the PGDP Hydrologic Basin discharges to the Ohio River (approximately 77%
and 65% for SP1 and SP2, respectively), with the remaining groundwater discharging to the lower
reaches of BC and LBC and extraction wells (SP2 only) during periods of average to low Ohio River
stages.

Validation simulations show that the model reasonably reproduces the observed flow direction when the
Ohio River stage is approximately 297 ft amsl or less and the site conditions are generally representative
of steady state flow. For Ohio River stages above 297 ft amsl, predicted flow at the toe of the
Northwest Plume migrates westward with increased discharge to LBC, rather than northward to the
Ohio River. Validation simulations also show that the model reasonably represents the hydraulic gradient
from the plant area to the furthest extent of the Northwest Plume, except in the case of extreme flooding
conditions.

7.2 ASSUMPTIONS AND LIMITATIONS

The updated PGDP Sitewide Groundwater Flow Model presented in this report was developed by the
MWG consisting of personnel from DOE, EPA, KDEP, KRCEE, and contractors Fluor Federal Services,
Inc., Paducah Deactivation Project, Drummond Carpenter, Navarro, ESI, and Geosyntec. During the
model development process, several items were identified as potentially affecting model uncertainty and
warrant consideration during planning of future data collection efforts. It is recognized that it may not be
possible to address all these issues; however, the following is provided to document the MWG
discussions to provide continuity for future model updates.

The configuration and calibration of the 2016 PGDP Sitewide Groundwater Flow Model is based on the
following key assumptions:
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e The groundwater flow system is steady-state for periods where boundary conditions such as the
Ohio River stage and precipitation rates are relatively constant.

e The model represents groundwater flow exclusively within the RGA as the primary conveyor of
groundwater from the PGDP Site to the Ohio River.

e The McNairy is represented as a no-flow boundary because the groundwater flow rate through the
McNairy Formation is negligible compared to the flow rate in the RGA.

e Groundwater flow in the UCRS is represented by a spatially varying recharge boundary condition to
simulate recharge originating at land surface and infiltrating to the RGA based on the predominantly
vertical flow in the UCRS.

PGDP Sitewide Groundwater Flow Model limitations include its formulation and calibration as a
steady-state model, its regional scale, and its limited domain which does not include portions of the
PGDP Site south of the RGA. Regarding use of the groundwater model for specific project needs, limits
on the application of the model for site or project-specific requirements and determinations of the
appropriate use of the model should be made by appropriate project personnel on a case-by-case basis.
The following is a list of limitations identified by the MWG. Additional data collection to address some
of the model limitations is described in Section 8.

e The basis for the maximum calibrated anthropogenic recharge values (maximum constraints between
29 inches/year and 83 inches/year) is the median UCRS vertical hydraulic conductivity based on slug
tests and assumed vertical anisotropy on the order of 10:1. Consideration of the full range of values
from the slug test data and alternative anisotropy ratios indicates potential calibrated anthropogenic
recharge values less than and greater than the specified maximum calibration constraint limits. As
with most groundwater models, the model configuration and calibrated input parameters are not a
unique solution and it is recognized that lower model-predicted anthropogenic recharge rates
potentially would have resulted if the model had used other reasonable values of lower hydraulic
conductivity. Conversely, a model configuration allowing the reasonable use of higher hydraulic
conductivity values potentially would result in higher model-predicted anthropogenic recharge rates.

o Characterization of the contact area between the Terrace Gravel and the UCRS in the vicinity of the
southern model boundary is based on a limited number of monitoring wells.

e Limited data are available to quantify the volumetric flow rates in BC and LBC to determine where
and in what quantities water enters and exits the creeks and characterize seasonal variability.

e Groundwater flow from the Terrace Gravel is an estimate from an evaluation of baseflow in upper
BC.

e Limited seasonal data are available to assess the hydraulic connection of the RGA to the Ohio River
and the nature of river bank storage to assess the impact of transient conditions.

e Limited data are available regarding plant operations and closure activities to support temporal and
spatial assessment of anthropogenic recharge.

e Limited data are available (temporal and spatial) to assess seasonal groundwater flow patterns and to
verify the occurrence of the inferred groundwater divide within the plant area.
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Some water supply systems in the plant area, including the recirculating cooling water and waste heat
system, the sanitary water system, and the plant (nonsanitary) water system, are not well
characterized with respect to potential for contribution to anthropogenic recharge.

Flow, and therefore the potential for mass flux evaluation in future transport models from the
McNairy Formation, is not explicitly accounted for in the model.

The steady state model is calibrated to periods of relatively low river stage and provides a reasonable
representation of transient conditions, but is a less valid representation of site conditions during

periods of high precipitation rates when higher and more variable Ohio River stages are observed.

Three of the five datasets that were identified as suitable for model calibration were not included in
the calibration process due to run time limitations.
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8. CONCLUSIONS AND RECOMMENDATIONS

The 2016 PGDP Sitewide Groundwater Flow Model builds on the most recent version of the model
(2012) and the knowledge gained from ongoing modeling efforts since 1990 (Section 1.3). This modeling
effort is part of a continuous process to improve and update the model as additional site information
becomes available. Future modeling efforts are expected to respond to potentially changing site
conditions or the identification of areas of improvement based on additional data collection. The
following are the key revisions included in the 2016 model:

Revised RGA layer elevations based on additional boring data and analysis;

Revised southern model boundary based on additional boring data and analysis;

Revised anthropogenic recharge zonation based on enhanced knowledge of plant operations; and
Added baseflow from the Terrace Gravel into the model domain.

8.1 CONCLUSIONS

The calibrated model provides an accurate representation of the groundwater flow system within the
PGDP Hydrologic Basin for steady-state conditions, which typically occur during the drier months of the
year. During more transient periods when the increased precipitation rates and higher and more variable
Ohio River stages are observed, the steady state model is a less valid representation of site conditions.
The calibration effort builds upon previous efforts of the 2012 model update, which included the use of up
to seven stress periods. Future model calibration activities, including the five datasets identified in
Section 3.4 as appropriate for use in calibration, may provide an even more accurate calibration.

Validation simulations show that the model reasonably reproduces the observed flow direction when the
Ohio River stage is approximately 297 ft amsl or less and the site conditions are generally representative
of steady state flow (Section 6.9.1). For higher Ohio River stages typical of more transient conditions, the
model indicates a shift in flow toward LBC rather than the Ohio River in the Northwest Plume.
Validation simulations also show that the model reasonably represents the hydraulic gradient from the
plant area to the furthest extent of the Northwest Plume, except in the case of extreme flooding conditions
(Section 6.9.2).

PGDP Sitewide Groundwater Flow Model limitations include its formulation and calibration as a
steady-state model, its regional scale, and its limited domain, which does not include portions of the
PGDP Site south of the RGA. Regarding use of the groundwater model for specific project needs, limits
on the application of the model for site or project-specific requirements and determinations of the
appropriate use of the model should be made by appropriate project personnel on a case-by-case basis.

8.2 RECOMMENDATIONS

The following recommendations and potential data collection needs were identified by the MWG for
consideration in future model revisions. In some instances, additional data collection may mitigate some
of these uncertainties, while not completely eliminating them.

e To reduce uncertainty at the contact area between the Terrace Gravel and the UCRS in the vicinity of

the southern model boundary, additional monitoring well installation may be considered to collect
water level and soil boring information.
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To quantify the volumetric rates at which water enters and exits streams, efforts may be made to gage
flows in various portions of BC and LBC to determine where and in what quantities water enters and
exits the creeks and to coordinate the stream gauging event with a sitewide water level synoptic
measurement event.

Evaluation of a more accurate method to quantify Terrace underflow to the RGA is recommended.

The hydraulic connection of the RGA to the Ohio River and the nature of river bank storage remain
important aquifer parameters potentially justifying further study to support the model and to assess
the impact of transient conditions. Continuous RGA water level records are recommended over a
period of a year in the vicinity of the Ohio River and along a transect of wells extending back to the
PGDP industrial area.

To evaluate changes in post closure site operation that may affect anthropogenic recharge in the plant
area, monitoring and documentation (including dates) of the enacted utility optimization program
(performed by others) are recommended.

To evaluate groundwater flow patterns and to verify the occurrence of the inferred groundwater
divide within the plant area, increased water level measurement events conducted during different
seasons, in addition to annual events (conducted in September for the last three years), are
recommended. The water level measurements should be synoptic and collected over a relatively short
duration, ideally within one or two days. These measurements will provide information regarding
seasonal variation and may be considered for use as calibration targets in a subsequent model update.

If possible, measurement of the water level elevation at Metropolis Lake should be included in the
sitewide water level synoptic event. Consideration also should be given to characterizing the
thickness and hydraulic conductivity of the lake bottom sediments if the lake is to be simulated using
river boundary condition in future modeling efforts.

Assessing water level and water quality data collected from the newly installed transect of monitoring
wells located east of C-400 Building is recommended. This assessment will facilitate better
understanding of the groundwater elevation contours and flow directions that indicate an apparent
groundwater divide near the new transect monitoring wells. This apparent groundwater divide is a key
feature of the current model calibration.

Two of the main water supply systems and the storm water and HPFW piping were included in the
model as discreet recharge zones based on site information (see Section 3.3.2). Assessment of the
remaining water supply systems in the plant area, which include the recirculating cooling water and
waste heat system, the sanitary water system, and the plant (nonsanitary) water system, is
recommended to evaluate potential for contribution to anthropogenic recharge.

Anthropogenic recharge rates are estimated over a wide range of values (Section 3.3). As with most
groundwater models, the model configuration and calibrated input parameters are not a unique
solution. It is recommended that continuous water level recorders be deployed in select monitoring
wells/piezometers within the plant area to assess recharge better and its impact on nearby water
levels.

Flow rate in the McNairy Formation is negligible compared to the RGA because the hydraulic

conductivity is 2 to 3 orders of magnitude lower than in the RGA; however, the McNairy Formation
may be significant for DNAPL source accumulation and contaminant transport. Future transport
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models based on the 2016 flow model will need to consider potential mass flux from the McNairy to
the RGA resulting from back diffusion.

The Olmsted Locks and Dam are scheduled to be operational in 2018. At that time, the lowest
Ohio River stage at PGDP will be the upper pool height of the dam, 302 ft amsl. Seasonally low river
stages at PGDP effectively will be increased 7 ft to 12 ft. Future groundwater modeling should
consider evaluation of the calibrated model using a synoptic data set collected under steady
conditions at the higher river stage anticipated to start in 2018.

The groundwater system in the PGDP Hydrologic Basin is in a transient state for much of the year,
except in dry periods typically experienced in the fall. The model simulates steady state conditions
and is calibrated to periods with relatively low river stage. Validation simulations indicate that during
higher Ohio River stages the Northwest Plume discharges to LBC and flows west parallel to the
creek. This is consistent with early plume depictions, based on water quality data, showing the plume
paralleling LBC (Figure 4.5 of DOE 2010). Consideration of transient seasonal conditions at high
Ohio River stages should be considered in the use of the model for evaluating remedial strategies.
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Summary of Meetings

Date

Meeting Type

Minutes

Tear
Sheet

4/29/2016

Bi-weekly call

X

5/13/2016

Bi-weekly call

X

6/3/2016

Interim Bi-weekly call

X

6/10/2016

Biweekly call

6/14/2016

Face-to-Face Meeting

6/24/2016

Bi-weekly Call

7/8/2016

Bi-weekly Call

8/5/2016

Bi-weekly Call

8/16/2016

Bi-Weekly Call - Web-Ex

8/24/2016

Face-to-Face Meeting

8/31/2016

8/24 Followup - Web-Ex

9/16/2016

Bi-weekly Call

9/30/2016

Bi-weekly Call - WebEx

10/14/2016

Bi-weekly Call

10/25/2016

Face-to-Face Meeting

12/13/2016

Bi-weekly Call

1/6/2017

Bi-weekly Call

1/20/2017

Bi-weekly Call

XXX XX XX XXX XXX
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Modeling Working Group
Meeting Minutes—April 29, 2016

Attendees: Eva Davis, Noman Ahsanuzzaman, Brian Begley, Nathan Garner, Gaye Brewer, Rich
Bonczek, Martin Clauberg, Dave Dallins, Denise Tripp, Al Laase, Jim Rumbaugh, Chad Drummond,
Kelly Layne, Ken Davis, Brad Montgomery, Craig Jones

Call for I'ssuesfrom Modeling Working Group (MWG) Members:

No issues were raised.

Remaining Fiscal Year (FY) 2016 Schedule/Work Plan

The following schedule was presented. No comments were made on presented information.

Start End Deliverable Notes

Agendaand Info

4/29/2016 4/29/2016 | Bi-weekly call Packet Sent 4/26/16

5/13/2016 5/13/2016 | Bi-weekly call

5/27/2016 5/27/2016 | Bi-weekly call

Face to Face Meeting
— Nashville—Invite
Sent

Meeting with EPA/KY to Discuss Preliminary Modeling

6/14/2016 6/14/2016
Results

End date contingent

4/2/2016 6/3/2016 | Model calibration on 6/14/16 meeting

End date contingent

4/11/2016 6/10/2016 | Draft Modeling Report (DO) on 6/14/16 meeting

6/10/2016 6/10/2016 | Biweekly call

6/13/2016 6/24/2016 | MWG Review of DO 2 weeks

6/24/2016 6/24/2016 | Bi-weekly call

6/27/2016 7/1/2016 | Incorporate MWG comments to DO 1 week

7/15/2016 7/15/2016 | Bi-weekly call

7/4/2016 7/22/2016 | DOE review of Draft Final Modeling Report (D1) 3 weeks

7/25/2016 7/29/2016 | Incorporate comments to Final Modeling Report (D2) 1 week

7/29/2016 7/29/2016 | Bi-weekly call

. Changes discussed

7/31/2016 7/31/2016 | Submit D2 to FFA managers with MWG
7/31/2016 | TBD Final Modeling report with FFA comments (D2R1)

9/1/2016 9/1/2016 | Quarterly Meeting Face-to-Face Meeting
12/1/2016 12/1/2016 | Quarterly Meeting Face-to-Face Meeting

3/1/2017 3/1/2017 | Quarterly Meeting Face-to-Face Meeting

6/1/2017 6/1/2017 | Quarterly Meeting Face-to-Face Meeting

1
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Discussion of Meeting Minutes

The MWG March 29" 2016, Meeting Minutes (Sent April 7" and April 8", 2016) and MWG April
15" 2016 Meeting Minutes were presented and opened for discussion. No comments were received
on either.

Discussion of Action Item List

TheAction Item List containsalisting of itemsthat the MWG identified as necessary. Thelist
isan effort to identify those items but also add detail asto which items are necessary to be
completed preceding calibration efforts and which are necessary as part of the sensitivity
analysis.

The MWG will also discuss how each item is dependent on other items as precur sors, etc.

Denise Tripp discussed the Action Item list (20160425 Draft Action Item List.xIsx). EPA requested
clarification on Item #9 (“Initial calibration using averaging of the lithologic information (harmonic
averaging) over the depth of the UCRS’). EPA stated that the table of values presented at the March
29" 2016, face-to-face meeti ng had not been concurred on to by EPA.

Discussion on “Slug Test” Information

Theinformation on “Slug Test” emailed on April 26™, 2016 will be discussed in detail with
participation from KRCEE.

Denise Tripp discussed the various tables regarding slug test data at the site (20160425 Draft PGDP
Sug Test_Information_0425 2016.pdf). Denise noted that if multiple wells were adjacent to each
other the deeper well was used.

EPA had a question regarding Table 3. (“ Permeameter Results for Samples with 80% or Greater Clay
Content”). Ken Davis provided clarification on how the permeameter tests were performed (6-inch
samples, Shelby tube samples, etc.). EPA voiced preference for using the data presented in Table 3
and indicated that MW127, 128, 129, and 130 are outside of the plant area and should not be used
because those monitoring wells are not in the area of anthropogenic recharge. EPA suggested the
team focus on MWs located within the plant area as well as the permeameter values presented in
Table 3, and that MW129 and MW130 control the calculated vertical hydraulic conductivity value.
EPA indicated that valuesin slide 26 (from the presentation used in the March 29" 2016, face-to-face
meeting) would be different if some values were removed.

EPA suggested using geometric mean for hydraulic conductivity.

Rich Bonczek asked for clarification regarding if the ranges are for the model domain or for just the
plant area. Al Laase stated that all model data should be used within the model domain. Discussion
ensued.

Brian Begley indicated that this step is very preliminary and he took the position that at this point in
the process, the MWG should keep a“wide” recharge range to start.

2
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Discussion ensued regarding volume of leaks. Noman Ahsanuzzaman contended that not all water
that leaks will reach the RGA. Various other members of the MWG disagreed, with afocus on
observed elevated temperatures indicating fast travel times through the RGA aswell as the potentially
likely large volumes of leakage.

DOE made afinal decision to move forward using the entire dataset as presented. Discussion with
EPA and KDEP will occur once initial simulations are performed. Resultswill be reviewed to verify
if the utilized values match known values. Brian Begley concurred with this process. Noman
Ahsanuzzaman reiterated his reservations, but concurred with the step-wise strategy to allow for
calibration to proceed and then review the validity of that assumption.

Discussion of the “1sopach Map”

Theinformation on the “Isopach Map” emailed on April 26", 2016 will be discussed in detail.
Denise provided a summary of the isopach m