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1.0 PURPOSE AND SCOPE 
This calculation documents the structure and results of particle-tracking modeling completed for the 
Comanche Peak Nuclear Power Plant (CPNPP) Units 3 and 4. Particle-tracking is used to characterize the 
movement of groundwater in the subsurface at each unit following a postulated release from the Boric 
Acid Tanks (BAT).  The horizontal pathway of groundwater movement is evaluated using a single-layer 
numerical model, which limits groundwater movement to occurring only in the horizontal direction.  A 
multi-layer numerical model is used to evaluate the vertical pathway of groundwater movement.  Particle-
tracking results are used to provide pathway characteristics for input to the RESRAD model. 

 

2.0 SUMMARY OF RESULTS AND CONCLUSIONS 
The pathway characteristics of groundwater movement in the horizontal and vertical directions from the 
BATs located at Units 3 and 4 are identified.  The horizontal pathways with the shortest travel distance and 
fastest travel times from each unit are illustrated in Figure 2.1.  The vertical pathway is illustrated in 
Figure 2.2; the vertical pathway from each unit is identical, as conditions beneath each unit for evaluating 
vertical migration (hydrogeologic properties and distance to underlying formations) are identical. 

Multiple pathways for the horizontal movement of groundwater particles are identified in the model.  
However, Pathway 3-1 is identified as the key pathway of interest (Figure 2.1), as it has the fastest travel 
time at Unit 3 and only a slightly greater pathway distance than the next shorter pathway.  This pathway 
extends west from the BATs, moving through Engineered Fill on the west and then north side of the unit, 
between the Ultimate Heat Sink (UHS) basins, and then exiting to Squaw Creek Reservoir (SCR) in the 
model northeast of the unit.  This pathway has been simplified in the model using conservative 
assumptions for the pathway analysis which include extending the Engineered Fill to SCR.  The pathway 
is calculated to be 1,194 feet in length with a particle travel time of 62 days.   

 

The vertical pathway is calculated to be 186 feet long with a travel time of 8,115 days.  The pathway 
begins at the base of the excavation adjacent to the BATs and extends through the bedrock of the Glen 
Rose Formation to the top of the underlying Twin Mountains Formation. 
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Figure 2.1 Calculated paths of horizontal groundwater movement away from BATs at Units 3 and 4
with calculated heads in horizontal flow model.
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Figure 2.2 Calculated path of vertical groundwater movement away from BATs at Units 3 and 4.
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4.0 ASSUMPTIONS 
4.1 To simplify modeling efforts, sloped excavation walls are depicted as vertical walls for the 

horizontal pathway model. 

http://water.usgs.gov/nrp/gwsoftware/modpath5/modpath5.html
http://pubs.usgs.gov/ha/ha730/ch%20e/E-text8.html
http://water.usgs.gov/lookup/getspatial?rech48.grd
http://www.twdb.state.tx.us/publications/reports/GroundWaterReports/GWReports/R269v1/Figures/Figure19.pdf
http://www.twdb.state.tx.us/publications/reports/GroundWaterReports/GWReports/R269v1/Figures/Figure19.pdf
http://www.twdb.state.tx.us/publications/reports/GroundWaterReports/GWDatabaseReports/Database%20Reports/Hood/Water%20Levels.pdf
http://www.twdb.state.tx.us/publications/reports/GroundWaterReports/GWDatabaseReports/Database%20Reports/Hood/Water%20Levels.pdf
http://www.twdb.state.tx.us/publications/reports/GroundWaterReports/GWDatabaseReports/Database%20Reports/Somervell/Water%20Levels.pdf
http://www.twdb.state.tx.us/publications/reports/GroundWaterReports/GWDatabaseReports/Database%20Reports/Somervell/Water%20Levels.pdf
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4.2 The model domain for the horizontal pathway is spatially limited in area to focus on the evaluation 
of groundwater flow in and around the excavated portions of the CPNPP site adjacent to Squaw 
Creek Reservoir. The horizontal pathway flow model was defined to be a single-layer model to 
constrain groundwater flow to occur only in the horizontal direction; no vertical flow is allowed, 
providing a conservative influence on the horizontal movement of groundwater particles.  The 
dimensions of the horizontal model domain were set to cover an area of approximately 2,520 ft by 
1,910 ft (parallel to grid orientation) considered to be broad enough to allow adequate and 
unencumbered flow within the approximate area of interest around each unit. 

4.3 The engineered granular fill to be placed around the nuclear reactor building and in site 
excavations/buildups is unknown at this time.  The specifications used in this model are presented 
in the white paper “Estimation of Conservative Bounding Fill and Infiltration Cap Properties and 
Determination of Above Grade Fill Extents” (Reference 1). The highest hydraulic conductivity (K) 
value of the possible fill materials is used for the granular fill in the flow model, allowing for the 
fastest groundwater movement in the horizontal pathway. 

4.4 The head at the theoretical release points adjacent to the BATs in both the horizontal and vertical 
pathway models are assigned a value of 821 ft msl, a theoretical maximum relative to the DCD.  
This creates a maximum hydraulic gradient for the movement of groundwater particles.  This also 
creates a situation where modeled water levels are above the ground surface in some areas of the 
plant (indicated by flooded cells in MODFLOW).  The pathway model is not, however, intended 
to simulate water levels specifically associated with a theoretical release, but instead is intended to 
create a head distribution that generates a maximum rate of groundwater flow along the calculated 
flowpaths.  Thus the calculated water levels are not considered indicative of water levels which 
may theoretically occur at the site, and the flooded cells do not impact the model results.   

4.5 All elevations (groundwater and otherwise) are referenced to mean sea level (ft msl).  

 

5.0 DESIGN INPUTS 
Two models have been developed for the pathway analysis, one to simulate the horizontal pathway and 
one to simulate the vertical pathway.  The models were developed to allow conservative properties specific 
to the horizontal and vertical pathways to be assigned in each respective model.  For each of the model 
inputs, a discussion is provided in this section describing the setup of the horizontal pathway model and 
describing the setup of the vertical pathway model.  The MODFLOW and MODPATH model files 
(electronic files) are provided in Appendix A as an electronic attachment (DVD). 

5.1. Flow Model Domain 

The domain of the flow model used to simulate the horizontal pathway differs from the domain used for 
the vertical pathway model in that: 1) the horizontal pathway model utilizes a single layer and spatially 
covers the area around the power block; and 2) the vertical pathway model utilizes five layers and has a 
limited spatial extent. 

a. Domain of Horizontal Pathway Model 
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The flow model covers an area extending approximately 2,520 ft west to east and 1,910 ft 
south to north with the model domain centered on the power block area as shown in Figure 
5-1, below. The model domain is subdivided into rows and columns (Figure 5-1) using a 
variably-spaced rectangular grid necessary for the finite-difference flow equation. The grid 
spacing ranges in size from less than 5 ft in the immediate vicinity of the power block to a 
maximum of 150 ft around the perimeter of the model domain. The grid is refined in the 
power block area to allow more detailed representation of model features and better lateral 
resolution of the calculated groundwater surface elevation. 

A grid is defined across the entire model domain as outlined in Figure 5-1.   Within the 
MODFLOW model cells are identified as either active or inactive, depending on whether 
or not groundwater flow occurs within the area of the model cell.  Groundwater flow does 
not occur through buildings present in subsurface excavations (such as the Reactor 
Building, the Auxiliary Building, and the Turbine Building); thus these areas are inactive 
in the model.  Also, cells situated on Squaw Creek Reservoir beyond the contact between 
the reservoir and the saturated subsurface are inactive.  Areas of inactive cells are blank in 
the figure, while areas having active cells (used in the finite-difference calculations) are 
illustrated with outlines of individual cells.    

The flow model for evaluating the horizontal pathway is defined to have one layer; this 
constrains groundwater flow to occur only in the horizontal direction providing the 
maximum rate of horizontal movement of groundwater. 
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b. Domain of Vertical Pathway Model

The flow model for evaluating the vertical pathway covers a spatial area approximately 285 ft
by 147ft, with the model area subdivided into five layers. Within the power block area, model
cells falling within the reactor buildings for Units 3 and 4 are specified as inactive in Layer l,
since no groundwater flow will occur through these structures. However, the underlying cells
in Layers 2 through 5 are active in the model since groundwater movement can occur
underneath the building areas. The vertical pathway model has been set up at a location
situated at Unit 4; however, since subsurface conditions are the same at Unit 3, this model is
considered representative for vertical groundwater movement from both units.
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Figure 5-2. Plan View of MODFLOW Vertical Pathway Model Grid Superimposed on Planned
Site Topography.
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Figure 5-3. Plan View of Showing Detail of MODFLOW Vertical Pathway Model Grid.

5.2. Site Topography

The post-construction surface topography of the site is assigned as the top of the horizontal pathway
model, since the model covers a broad spatial area. Since the vertical pathway model covers a limited
spatial area, only a single value is needed for the top of each model layer.

a. Top of Horizontal Pathway Model

The modeled site topography represents the post-construction surface grade as shown in URS
drawings (References 3 and 4). This surface is defined as the top of the horizontal pathway
model; since there is only one layer in the model, this surface is the top of Layer I. The three
dimensional surface was digitized in the GMS software from a shape file of the land surface
contours. The electronic data files (ArcGIS shape file and GMS scatter point file) are on DVD
and described in Appendix B. The contoured surface is shown below (Figure 5-4).
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Figure 5-4. Plan View of Post-Construction Surface Topography in the Horizontal Pathway Model.

b. Top of Vertical Pathway Model

The top of the vertical pathway model is assigned an elevation of 822, the planned surface
grade elevation for the main plant area.

5.3. Model Layers

The horizontal pathway model is comprised of a single layer, while the vertical pathway model
incorporates five layers.

a. Bottom of Horizontal Pathway Model

The bottom of the single layer of the horizontal pathway model was defined to take into
account the configuration of the excavations into which Engineered Fill is to be placed, as well
as the base of the Existing Fill in two areas located on the northern and eastern edges of the
site. Excavations into bedrock are planned to range from 779 ft at the Reactor Building and
Auxiliary Building, rising to 782 ft msl around the Turbine Building and in the pipe tunnels
around the power block area of each unit. Combining the excavation elevations with the top
of rock elevations in the existing fill areas results in a combined surface as illustrated in Figure
5-5.
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Figure 5-5. Elevations of Composite Top of Bedrock Surface Across the Model Domain.

To simplify this surface for use in the numerical model, the bedrock surface outside the
excavation area was smoothed to an elevation of 782 over most of the area for representation
in the numerical model. Elevations of excavations surrounding the power block areas were
assigned at 779 or 782, representing the excavation elevation for plant construction. The
resulting surface representing the bottom of the single layer in the horizontal pathway model is
shown in Figure 5-6.
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Figure 5-6. Bottom Elevation of Horizontal Pathway Model.

b. Bottom Elevations ofLayers in Vertical Pathway Model

The vertical pathway model is set up to simulate the movement of groundwater from the base
of the excavation at the BAT through the Glen Rose Formation to the top of the Twin
Mountain Formation. Therefore, Layer 1 of the vertical pathway model represents bedrock
and engineered fill materials (where the fill is emplaced in excavations into the bedrock),
while Layers 2 through 4 represent bedrock of the Glen Rose Formation, and Layer 5
represents bedrock of the Twin Mountain Formation. The bottom elevation of each layer of
the vertical pathway model is illustrated in Figure 5-7. The bottom elevation of Layer 1 is set
at 779 ft msl, the lowest excavation elevation planned at the nuclear island. The bottom
elevation of Layer 2 is set at 740 ft msl, just below the elevations of most of the deep bedrock
wells at the site. The bottom elevation of Layer 3 is set at 675 ft msl, approximately halfway
between the bottom elevations of Layers 2 and 4. The bottom elevation of Layer 4 is set at
595 ft msl to represent the top of the Twin Mountain Formation. The bottom of Layer 5 is set
at 594 ft msl, to provide a model layer within which the head in the Twin Mountain can be
specified.
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Figure 5-7. Bottom Elevations of Layers in Vertical Pathway Model.

5.4. Aquifer Parameters

The key hydraulic parameters for each of the subsurface materials represented in the pathway models
include hydraulic conductivity (K) and specific yield (Sy). For purposes of the unconfined conditions
evaluated in these models, Sy is considered equivalent to porosity (ne). Four materials present in the
subsurface at the site are represented in either the horizontal pathway and/or the vertical pathway model:
Engineered Fill, Existing Fill, bedrock of the Glen Rose Formation, and bedrock of the Twin Mountains
Formation.

A range of values for K and Sy is provided for the Engineered Fill materials (granular materials) in
Estimation of Conservative Bounding Fill and Infiltration Cap Properties & Determination of Above
Grade Fill Extents (Reference 1). K values presented range from a low of6.31 x 10-4 em/sec (1.79 ftld) to
a high of 1.65 x to-I em/sec (468 ftld). ne is estimated to range from 0.17 to 0.2.

K values for the Existing Fill and for the bedrock are provided in Section 2.4.12.4.6.2 of the FSAR. Two
areas of Existing Fill are present, one on the northern side of the construction area and one on the eastern
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side of the construction area.  The K value for the northern area of the Existing Fill is reported to be 5.0 x 
10-4 cm/sec (1.42 ft/d); only one value is available for this area, so no range is considered.  K values for the 
eastern area of Existing Fill are reported to range from 1.7 x 10-3 cm/sec (4.82 ft/d) to 3.5 x 10-3 cm/sec 
(9.9 ft/d).  Sy (ne) values for the Existing Fill are considered to be equivalent to that of the Engineered Fill, 
since both are granular materials. 

K values for the Glen Rose bedrock have been derived from packer tests as well as from a limited number 
of slug tests at the site.  K values developed from the packer tests are very low, on the order of 1x10-8 to 
1x10-9 cm/s (2.8 x 10-5 ft/d to 2.8 x 10-6 ft/d); some packer tests reported values of zero, indicating no water 
movement through the tested zone.  K values reported for the bedrock based on slug tests ranged from 1.37 
x 10-5 cm/s (0.039 ft/d) to 6.29 x 10-6 cm/s (0.0178 ft/d).  The packer test results are considered more 
representative of the K of the Glen Rose bedrock; however, a higher K value was used in the pathway 
models to provide conservatism in the calculated pathway of groundwater movement.   

The porosity of the Glen Rose is reported to range from an average total porosity of 25.6 percent for the 
shallow bedrock (consisting of limestone and shale), to an average total porosity of 11.9 for deeper 
limestone (FSAR Section 2.4.12.2.5.1, page 2.4-80).   

An average K for the Twin Mountains Formation is reported to be 9 ft/d (USGS 2011).  Porosity of the 
sandstone samples retrieved during the 2007 CPNPP pre-COL investigation was reported as ranging from 
0.19 to 0.37, with an average value of 0.27 (FSAR 2.45.4.2.3.1.3).   

a. Aquifer Parameters for Horizontal Pathway Model 

Three subsurface materials are represented in the horizontal pathway model: Engineered Fill, 
Existing Fill, and bedrock of the Glen Rose Formation.  To provide a conservative estimate of 
the rate of groundwater movement along the horizontal pathway, maximum K values for the 
Engineered Fill and Existing Fill were used in the horizontal pathway model; this maximizes 
the groundwater flow rate calculated in the model.  For the Glen Rose bedrock, the lower of 
the K results reported from slug tests (6.29 x 10-6 cm/sec) was used in the model.  The spatial 
distribution of K values in the horizontal pathway model is illustrated in Figure 5-8. 

The lowest of the reported ne values was used for each subsurface material in the horizontal 
pathway model: 0.17 for the Engineered Fill and Existing Fill, and 0.119 for the Glen Rose 
bedrock. 
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!
Figure 5-8. K Spatial Distribution in Horizontal Pathway Model

b. Aquifer Parameters for Vertical Pathway Model

Three subsurface materials are represented in the vertical pathway model: Engineered Fill,
bedrock of the Glen Rose Formation, and bedrock of the Twin Mountains Formation. K and
Sy values for the Engineered Fill were assigned the same values in the vertical pathway model
as in the horizontal pathway model; however, because of the particle release locations (at the
base of Layer 1, described in a later section), the hydraulic properties ofthe Engineered Fill do
not exert substantial influence on the vertical pathway calculations.

For the Glen Rose bedrock, the lower of the K results reported from slug tests (6.29 x 10-6
em/sec or 0.0178 ft/d) was used for the horizontal K in the model. The value for I1e of the
Glen Rose is assigned to be 11.9 %, the same as in the horizontal pathway model.
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The numerical MODFLOW model also incorporates a vertical K, incorporated as a vertical
anisotropy in the MODFLOW setup. The vertical anisotropy is the ratio of horizontal (KH) to
vertical K (Kv), or KH/Ky, and can be related to bedding planes and laminae of the subsurface
geologic materials. Ky is generally less than KH, and values of 1 to 1000 are common in
model application (Reference 12, p. 70). Given the vertical head differences observed in
monitoring wells at the site (Reference 2), the vertical anisotropy at the site is expected to be
high. Thus, a vertical anisotropy of 10.0 was used in the vertical pathway model to be
conservative yet still account for some anisotropy.

The K and ne values for the Twin Mountains Formation are assigned at 9 ftld and 0.19,
respectively (Reference 9).

The distribution of subsurface materials represented in the vertical pathway model is
illustrated in Figure 5-9.

Engineered Fill
(blue)

Glen Rose
Bedrock (green)

Twin 1.'Iiountains ,
Formation~

,/"' .
r.&'

L.:..:.:....:.:..i;,,;,,;........_ .....

U.S, Survey Feet
6 250

Figure 5-9. Subsurface Materials Distribution in Vertical Pathway Model
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~5.ModeIBoundaMes

Model boundaries for the horizontal and vertical pathway models were assigned specifically for each
pathway model.

a. Boundaries for Horizontal Pathway Model

Squaw Creek Reservoir (SCR), a large man-made surface water body created to provide
cooling water for CPNPP Units] and 2, serves as a major hydraulic boundary for the site.
The boundary of the numerical model domain coincident with SCR was defined as either a
constant head boundary or a GHB having an elevation of 772 ft msl; the water level in SCR
has never dropped below this elevation (Reference 2). General head boundaries (GHB) were
assigned along the remaining model edges in horizontal pathway model. Additionally, the
water level at model cells adjacent to the BATs at each unit was assigned a constant head of
82], one foot below the DCD. This provides a theoretical maximum head at the theoretical
release locations, maximizing the head at the origin of the calculated pathway. Boundary
conditions are illustrated in Figure 5-] O.

I
6

u.s. Survey Feet

Surface Drain

General Head Boundary
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Figure 5-10.  Boundary Conditions in Horizontal Pathway Model 

b. Boundaries for Vertical Pathway Model 

Boundary conditions in the vertical pathway model were established to create a downward 
hydraulic gradient through the Glen Rose and into the Twin Mountains Formation to facilitate 
groundwater movement via the vertical pathway.  The boundary conditions also provide 
stability to the numerical model (leaving no-flow boundaries in layers 2 through 4 of the 
model results in a model that oscillates and does not converge).   

Constant head values were assigned at an elevation of 820 along the model edges in Layer 1, 
under the assumption there would be some limited change in head horizontally across the 
model domain.  Additional constant head cells were assigned at an elevation of 821 at cells 
adjacent to the BATs in the layer. Constant head boundaries at a value of 779.5 were assigned 
along the model edges in Layer 2, to represent a groundwater elevation slightly above the base 
of the deepest excavation.  Constant head boundaries at a value of 770 were assigned along the 
model edges in Layer 3 to create a downward vertical gradient.  General Head boundary 
conditions were assigned along the model edges in Layer 4.  Constant head boundaries were 
assigned at a value of 600 ft msl along the edges of Layer 5 to represent the head in the Twin 
Mountains Formation.  Water levels were assigned at this assumed elevation to represent 
saturation at the base of the Glen Rose Formation; water levels in the Twin Mountains 
Formation are lower than this elevation (Appendix D).  Boundary conditions assigned in the 
vertical pathway model are illustrated in Figure 5-11. 
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Constant heads at 820 (edges)
~__.~ I and 821 (interior)

I Constant head at 770 I

General head boundaries

I Constant head at 600 I
U.S. Survey Feeto 260

Figure 5-11. Boundary Conditions in Vertical Pathway Model

5.6. Particle Release Locations

Particle-tracking was completed for each pathway direction (horizontal and vertical) by releasing particles
at specific locations depending on the model being completed. Locations of particle releases are described
below.

a. Horizontal Pathway Particle Release Locations

Particles are released in the model at the water table in cells adjacent to the BATs at each unit.
One particle is released at the water table per cell, as illustrated in Figure 5-12.
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Figure 5-12. Starting Locations for Particles in Horizontal Pathway Model

b. Vertical Pathway Particle Release Locations

For the vertical pathway model, one particle is released on the bottom face of a cell (bottom of
Layer 1) situated at a location adjacent to the BATs, as illustrated in Figure 5-13.



CALC NO. TXUT-OOI-FSAR-2.4.12-
F.:J ENERCON CALCULAnON CALC-039

.(~. ":\,' :- _ !' ........ t'{'- .:'tt.. Jo:. REV. 2
PAGE NO. 26 of 39

Figure 5-13. Starting Locations for Particles in Vertical Pathway Model

6.0 METHODOLOGY

Detennination of groundwater flow paths involves first simulating the groundwater flow field for each
pathway (horizontal and vertical) using the MODFLOW model, then introducing particles at selected
locations and tracking the movement of the particles through the flow field using the MODPATH
computer program. Two separate model setups are utilized in conducting the groundwater pathway
analysis: one to simulate the horizontal pathway and one to simulate the vertical pathway. Parameters
selected for each pathway model are selected to be conservative (i.e., to maximize the rate of groundwater
flow through the pathway).

The horizontal pathway analysis model consists of a single-layer MODFLOW model. Groundwater
particles for MODPATH are introduced in the Engineered Fill material adjacent to the location of the BAT
at each Unit. MODPATH will simulate the horizontal movement of groundwater particles through the
Engineered Fill and surrounding subsurface materials under the steady-state flow field generated by
MODFLOW. The vertical pathway analysis model consists of a multi-layer MODFLOW model.
Groundwater particles for MODPATH will be introduced in the model at the bottom of the NI excavations.
MODPATH will simulate the vertical movement of the groundwater particles from the bottom of the
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excavation through the Glen Rose Formation, to the top of the Twin Mountains Formation. MODFLOW
runs are completed under steady-state model conditions.

Parameter values for K, porosity (n), and SCR water elevation are selected to maximize the flow velocity
along the subject pathway (horizontal or vertical). A constant head boundary is assigned at the particle
release locations to maximize the hydraulic gradient along the subject pathway (horizontal or vertical).
Sensitivity analyses are completed to assess the model sensitivity to changes in parameters to more
conservative values, and involved evaluating changes K and n to the pathway characteristics.

The function of each program is described below.

6.1. Groundwater Flow Simulation

MODFLOW-2005 is a computer program developed by the US Geological Survey that simulates three
dimensional groundwater flow through a porous medium using a finite-difference method. The
groundwater flow equation and explanation are shown in Figure 6-1, from the MODFLOW-2005 reference
manual (Harbaugh, 2005; Reference 6). An electronic copy of the MODFLOW-2005 manual is provided
in electronic format in Appendix C.

The three-dilllensionallllonlllent of ground ~'ater of con~tal t density t1uongh poron, earth lllatelial may be
desclibed by the pa11ial-differential equation

(Reference 6) 8( Ch) c( Oh) o( Ch) ell- K",,- +- K,·- +- K zz - +V,'=s,-
Ox ex c ' .1 ey cz l tz ct (2-1)

where
Kx.,' Kn-' and Kzz are yalues of hydraulic conducti\ity along the x. y. and z coordinate axes. which are assumed

to be parallel to the ma'or axes ofhydranlic condnctiYity (L'T):
h i;; the potentiometlic head ~L):

W is a yolu1l1euic flux per unit yolmne representing sources and/or sinks ofwater. with W<O.O
for flow out of the gr01mcl-water 'ystem. and \V>O.O for flow into the system (rl):

S, i~ the specific storage of the porous material (L·1): and
is time (T).

Figure 6-1. Explanation ofGroundwater Flow Equation

6.2. Particle Tracking Calculations

MODPATH is a computer program that tracks the movement of particles of water through a flow field
defmed from a MODFLOW model. MODFLOW simulates three-dimensional groundwater flow through a
porous medium using a finite-difference method. MODPATH calculates values of the principal
components of the velocity vector at every point in the flow field based on the inter-cell flow rates from
the finite difference model, using the information generated by MODFLOW. A schematic explaining the
basic process for the calculation is shown in Figure 6-2, from the MODPATH reference manual
(Reference 7).
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Figure 6-2. Schematic of computation of exit point and travel time
(two-dimensional flow in x-v plane)

An electronic copy of the MODPATH Version 3.0 manual is provided on DVD in Appendix C. The
MODPATH user's guide was written for version 3.0, and has not been updated for version 5.0. The major
difference between version 5.0 and version 3.0 is the file location used for reading model information.
This difference does not negate application of the User's Manual for version 5.0, and lack of a current
user's guide does not affect use of the program for the pathways calculation since the core operation of the
program has not changed.

GMS (Reference 5) is the pre-and post-processing software used to construct, run, and process
MODFLOW files for the CPNPP project. MODFLOW is one of several modeling program modules
available within GMS. GMS facilitates the input and modification of the model structure and aquifer
parameters for the creation of MODFLOW packages which MODFLOW uses to solve the groundwater
flow equations. GMS then reads the MODFLOW output files and displays the results.

7.0 CALCULATION RESULTS

For each of the directional pathways being evaluated (horizontal groundwater movement and vertical
groundwater movement), a groundwater flow model was created in MODFLOW using parameter values
for the basic pathway model setups as previously described. After each model was constructed and the
resulting pathway details were identified, sensitivity analyses were completed to evaluate the impacts on
the pathway travel time and distances associated with changes to MODFLOW model parameters.

Results presented for each simulation include a plan view of the full flow model domain with the
groundwater surface contoured via color-fill with calculated groundwater flowpaths shown on the figure.
A tabular summary of the key flowpath for each run (from Unit 3 for the horizontal pathway) is provided
in Table 7-1.
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Table 7-1 – Summary of MODPATH Runs and Results 
MODPATH Horizontal Pathway Analysis - Runs, Parameter Values, Filenames, and Results for Key Pathway

Key Pathway
(Unit 3, Pathway 3-1)

Distance (ft)

Key Pathway
(Unit 3, Pathway 3-1)

Time of Travel (d)

Filename Run ID
Engineered 

Fill
Glen Rose 
bedrock

Northern 
Existing 

Fill

Eastern 
Existing 

Fill
Engineered 

Fill
Glen Rose 
bedrock

Existing 
Fill (N and 
E Areas) Unit 3 Unit 3

FinalV2_MODPATH.gpr Base Run 468 0.01783 1.4 9.9 17 11.9 17 1194 62
FinalV2_Horiz_KBr.gpr Sensitivity 1 468 0.039 1.4 9.9 17 11.9 17 1200 62
FinalV2_Horiz_KBrLow.gpr Sensitivity 2 468 0.00181 1.4 9.9 17 11.9 17 1196 62
FinalV2_Horiz_nBr.gpr Sensitivity 3 468 0.01783 1.4 9.9 15 5 15 1194 55
SCR elevation set at 772 for all runs
Head at BAT was assigned a constant value of 821 ft msl

MODPATH Vertical Pathway Analysis - Runs, Parameter Values, Filenames, and Results
Vertical Anisotropy Pathway Time of Travel 

Filename Run ID
Engineered 

Fill
Glen Rose 
bedrock

Northern 
Existing 

Fill

Eastern 
Existing 

Fill
Engineered 

Fill
Glen Rose 
bedrock

Existing 
Fill Kh/Kv Time of Travel (d)

FinalV1_B_MODPATH_vert2.gpr Base Run 468 0.0178 na na 17 11.9 na 10 8115
FinalV1_B_vert2_nBR.gpr Sensitivity 4 468 0.0178 na na 17 5 na 10 3410
FinalV1_B_vert2_KvKhBR.gpr Sensitivity 5 468 0.0178 na na 17 11.9 na 5 1932
Head at BAT was assigned a constant value of 821 ft msl
na - not applicable

K (ft/d)

K (ft/d) Porosity (percent)

Porosity (percent)

 
7.1. Horizontal Pathway Base Run 

The water table calculated for the horizontal pathway is illustrated in Figure 7-1.  Calculated heads range 
from a maximum of 849 feet msl at the southwest corner of the model to a minimum of 772 ft msl along 
the edge of SCR.  The hydraulic gradient flattens in areas of existing fill present to the north and east of the 
two units. 

Flowpaths calculated for the horizontal pathway are illustrated in Figure 7-2.  The flowpaths move in 
multiple directions, generally through the Engineered Fill into the Existing Fill before moving into SCR.  
The calculated flowpaths have travel times that range from 62 to 1,576 days for Unit 3 (with an average of 
1,139 days) and that range from 531 to 8,855 days at Unit 4 (with an average of 2,081 days).  The majority 
of the pathways exit to the eastern area of Existing Fill.  The shortest and fastest flowpaths from each unit 
are illustrated in Figure 7-3, and a summary of these pathways is provided in Table 7-2.  The shortest and 
fastest horizontal pathways are calculated to move from Unit 3.  .     

The Base Run for the horizontal pathway incorporates parameters in an approach to create a conservative 
evaluation of the groundwater movement in the horizontal direction, based on the following: 

• The MODFLOW model simulating groundwater flow is a single-layer model, constraining 
groundwater flow to only the horizontal direction.  This prevents vertical flow of groundwater in 
the ‘z’ direction, maximizing groundwater movement in the ‘x’ and ‘y’ directions. 

• K is set at maximum values for the Engineered Fill and Existing Fill, maximizing groundwater 
flow rate and the resulting groundwater travel times (Reference 1 and Reference 11). 

• The elevation of SCR is assigned the lowest value reported for the reservoir, and the head at the 
BATs is set at a theoretical maximum value; the combined influence of these parameters creates 
maximum hydraulic gradients along the calculated flowpaths (Reference 1). 
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• The porosity for the Engineered Fill and Existing Fill materials has been assigned the lowest value 
of the potential range of values reported for these materials (Reference 1 and Reference 11). 

• The area of Engineered Fill northeast of Unit 3 has been extended to SCR to be conservative.  This 
area of Engineered Fill will be emplaced behind a retaining wall to be constructed between the unit 
and SCR.  It is anticipated that this wall will have drains along the base of the wall to prevent fluid 
buildup behind the wall.  Thus, fluid from a theoretical release flowing into the Engineered Fill 
would move not only behind the wall (and then via the subsurface to the area of existing fill to the 
south), but would also flow through the drains and out to SCR.  In terms of fluid volume, the 
amount flowing out to SCR would be only a small portion of the fluid associated with the release; 
however, the exact volume cannot be calculated at this time.  Therefore, the area of Engineered 
Fill was extended to SCR in the model to create a complete pathway to SCR through the 
Engineered Fill northeast of Unit 3. 

Pathway 3-1 originating in Unit 3 is identified as the key pathway of concern for evaluating potential 
radionuclide movement.  This pathway has the fastest travel time of any pathway (62 days), moving 
directly to SCR through Engineered Fill, with a pathway distance of 1,194 feet.  Pathway 3-2 at Unit 3 has 
a slightly shorter length (1,074 feet); however, the travel time for particles to reach SCR is 1,556 days, 
significantly greater than the 62-day travel time for Pathway 3-1.  The fastest and shortest pathways at 
Unit 4 have greater travel times and distances to SCR than the pathways calculated from Unit 3.  Thus, 
Pathway 3-1 is considered to be the most conservative pathway of interest for evaluating potential 
groundwater migration from a theoretical release.  
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Table 7-2 – Summary of Horizontal Pathways from Units 3 and 4 

Pathway Characteristic Pathway 3-1 
Unit 3 
Fastest 

Pathway 3-2 
Unit 3 

Shortest  

Pathway 4-1 
Unit 4 
Fastest 

Pathway 4-1 
Unit 4 

Shortest 

Units 

Calculated Distance from 
Particle Origination to SCR 1,194 1,074 3,966 3,392 ft 

Hydraulic gradient (821 ft to 
772 ft over path distance) 0.041 0.046 0.012 0.014 dimensionless 

Hydraulic conductivity for path 

(calculated based on velocity and 
distance for entire path) 

468 

1.55 x 10-1 

15 

5.29 x 10-3 

622 

2.19 x 10-1 

316 

1.11 x 10-1 

ft/d 

cm/sec 

Total porosity 20 20 20 20 percent 

Effective porosity 17 17 17 17 percent 

Calculated particle travel time 62 1,556 531 767 days 

 

  

7.2. Vertical Pathway Base Run 

The subsurface head distribution calculated for the vertical pathway is illustrated in Figure 7-4.  
Calculated heads are constrained by the constant head values assigned in the upper and lower layers, 
ranging from a maximum of 821 feet in Layer 1 to 600 feet in Layer 5.     

The flowpath calculated for the vertical pathway is illustrated in Figure 7-5.  The flowpath moves from 
the top of the Glen Rose Formation beneath the BATs through the bedrock, exiting into the Twin 
Mountains Formation.  The pathway is 186 feet long with a travel time of 8,115 days.  A single flowpath 
is calculated for the vertical direction of groundwater flow since subsurface characteristics of the Glen 
Rose beneath Unit 3 and Unit 4 are identical for purposes of this analysis. 

The Base Run for the vertical pathway incorporates parameters in an approach to create a conservative 
evaluation of the groundwater movement in the downward direction, based on the following: 

• The head assigned at the BATs is a theoretical maximum of 821, creating a maximum vertical 
gradient downward toward the Twin Mountains Formation. 

• The value assigned for porosity of the Glen Rose is the minimum value reported for site data, 
maximizing the rate of groundwater movement. 

• The value assigned for K of the Glen Rose limestone is the minimum value derived from slug 
tests, resulting in a vertical movement greater than if values from the packer test results were used 
to define the parameter value. 

• The head in the Twin Mountains Formation is based on water levels reported from USGS wells 
(Appendix D). 
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Head

Figure 7-1. Plan View of Calculated Water Table. Horizontal Pathway Model.
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Figure 7-2. Calculated Flowpaths, Horizontal Pathway Model.

I u.s. Survey Feelo 260 500

Figure 7-3. Key Calculated Flowpaths from Each Unit, Horizontal Pathway Model.
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Figure 7-4. Cross-sectional View (from south) of Calculated Head, Vertical Pathway Model.
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Figure 7-5. Calculated Flowpath in Cross-sectional View From South, Vertical Pathway Model.

7.3. Sensitivity Analysis for Horizontal Pathway

Three sensitivity runs were completed for the horizontal pathway, modifying parameters as listed in Table
7-1. Since the K values assigned for the Engineered Fill and Existing Fill in the horizontal pathway Base
Run were selected to maximize the rate of groundwater movement calculated along each pathway, K
values for these materials were not modified during the sensitivity analysis.

a. Sensitivity Run 1

The K value for the Glen Rose is assigned a value equal to the highest value reported from
slug tests; other parameters in the pathway model remain the same (the K for the Engineered
Fill is not changed since the highest value is already assigned in the model). The results are
illustrated in Figure 7-6, with pathway distances and travel times for the key pathway reported
in Table 7-1. There is no change to the key pathway identified at Unit 3 with the increase in
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the K value for the Glen Rose bedrock. A shorter pathway is calculated from Unit 4, going to
the west directly to a model boundary; however, the travel time for this path is significantly
longer (31,271 days) as compared to the Base Run because this path moves primarily through
bedrock.

Head

850
840
830
820
810
800
790

780

770

U.S. Survey Feel
250 600

Figure 7-6. Calculated Flowpaths for Sensitivity Run 1, Horizontal Pathway Model.

b. Sensitivity Run 2

The K value for the Glen Rose is assigned a value representing the highest K value reported
from packer tests. This parameter change results in calculated heads in the bedrock that are
unrealistic for the physical setting of the site, with the maximum calculated head for the area
between the two units approaching 845 ft msl. Additionally, there are a greater number of dry
cells created in the model as a result of the lower groundwater movement through the bedrock.

Calculated pathways for this sensitivity run are illustrated in Figure 7-7.
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Figure 7-7. Calculated Flowpaths for Sensitivity Run 2, Horizontal Pathway Model.

c. Sensitivity Run 3

The porosity values for all subsurface materials (Engineered Fill, Existing Fill, and Glen Rose
bedrock) are reduced for Sensitivity Run 3. The porosity for bedrock is changed to 5 percent
(from 11.9 percent), while the porosity for fill (both Engineered Fill and Existing Fill) is
changed to 15 percent (from 17 percent).

As expected, there is a decrease in the time of travel for each pathway, with little to no impact
on the pathway lengths; calculated pathways are illustrated in Figure 7-8.
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Figure 7-8. Calculated Flowpaths for Sensitivity Run 3, Horizontal Pathway Model.

7.4. Sensitivity Analysis for Vertical Pathway

The parameters that were varied are listed in Table 7- 1. The length and appearance of the vertical
pathway does not change for any of the sensitivity runs, since the groundwater movement is consistently
in a downward vertical path. Parameters for the Twin Mountains Formation were not varied since
movement through that unit is not tracked in the pathway length or travel time measurements.

a. Sensitivity Run 4

For this sensitivity run, the porosity for the Glen Rose bedrock is changed from 11.9 percent to
5 percent. With this change, the time of travel for the pathway is reduced to approximately
3,410 days.

b. Sensitivity Run 5

For this sensitivity run, the vertical anisotropy for the Glen Rose bedrock is changed to 5 from
10. This increases the vertical time of travel to approximately 1,932 days for the vertical
pathway, as would be expected.
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8.0 CALCULATION RESULTS 
The Horizontal and Vertical Base Run models simulate groundwater flow paths and groundwater travel 
times using extremely conservative assumptions.  Flow paths and travel times in both the horizontal and 
vertical models are calculated using the combined influence of conservative groundwater flow parameters 
and boundary conditions.  These conservative assumptions in combination create maximum groundwater 
flow rates for the subject pathways. 

The Horizontal Base Run is a single-layer model that limits groundwater flow to only the horizontal 
direction with no downward component of flow. The pathways calculated in the Horizontal Base Run are 
influenced by the physical positions of the Engineered Fill, Existing Fill, and Bedrock at the site; 
parameter values, especially the values for K and ne; and the elevations assigned to SCR and hydraulic 
head at the BATs.  Calculated horizontal pathway lengths are slightly longer for Unit 4 than for Unit 3, 
primarily because groundwater particles from both units migrate through Engineered Fill and into the 
eastern area of existing fill before exiting to SCR.  One horizontal pathway from Unit 3, Pathway 3-1, is 
identified as the key conservative pathway for evaluating the horizontal migration of groundwater.  This 
pathway is approximately 120 feet longer than the next shortest pathway (Pathway 3-2), but has a 
substantially shorter travel time of 62 days (versus the travel time of 1,556 days for Pathway 3-2). 

A single downward pathway is calculated in the Vertical Base Run, with the calculated travel time 
influenced by the assigned parameters (especially k, ne, and vertical anisotropy) as well as the assigned 
head values.  The vertical pathway is calculated to be 186 feet long with a travel time of 8,115 days.  The 
pathway begins at the base of the excavation adjacent to the BATs and extends through the bedrock of the 
Glen Rose Formation to the top of the underlying Twin Mountains Formation. 

Sensitivity runs were completed to evaluate model results with a more conservative selection of model 
parameter values.  Porosity values were reduced, K values were changed, and (for the vertical pathway), 
the vertical anisotropy was reduced.  Pathway length change very little in the sensitivity analyses, for 
either the horizontal or the vertical models.  For the horizontal pathway, a reduction in porosity of all 
subsurface materials has the greatest influence, decreasing the travel time of the Key Pathway from 62 to 
55 days.  For the vertical pathway, reducing the porosity of the Glen Rose bedrock and reducing the 
vertical anisotropy both serve to decrease the travel time of the pathway; of these two parameters, the 
vertical anisotropy has the most influence on the calculated time of travel. 

 

9.0 APPENDICES 
Appendix A – GMS model files, including MODFLOW model files for Horizontal and Vertical Pathways 
(electronic files on DVD) 

Appendix B – ArcGIS files (electronic files on DVD) 

Appendix C - The MODFLOW 2005 manual and MODPATH manual (electronic files on DVD) 

Appendix D – Information on the Twin Mountains Formation Water Levels 
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Groundwater elevation data was obtained from six nearby USGS wells completed in the TMF aquifer
(Reference 14) with recorded water levels in 2010 (Figure 1), including the CPNPP water supply well (USGS Well
3240604). Reported groundwater elevations for the five (5) identified wells and the CPNPP water supply well are
shown in Table 1 (Reference 15 and Reference 16).

Table 1
Twin Mountain Formation Groundwater Elevations

(2010 Gauging Events)

Well Groundwater Elevation
(USGS No.) (ft msl)
3242403 702.58
3250208 552.49
3242604 538.94
3242904 466.00
3243406 445.72
3243805 394.40

Figure 1
Twin Mountain Formation Aquifer Potentiometric Surface Map (2010)
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