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1. INTRODUCTION1. INTRODUCTION

Need for Groundwater ModelsNeed for Groundwater Models
UKUK’’s Groundwater Modeling Effortss Groundwater Modeling Efforts
Importance of Sensitivity AnalysesImportance of Sensitivity Analyses



PGDP Regional Groundwater PGDP Regional Groundwater 
Flow and Contaminant Transport ModelFlow and Contaminant Transport Model

BackgroundBackground

INTRODUCTIONINTRODUCTION

First developed in 1994 First developed in 1994 
Flow model of RGA only using MODFLOWFlow model of RGA only using MODFLOW

Revised in 1996, 1997, 1998, and 2000Revised in 1996, 1997, 1998, and 2000
Revisions made in 1998 included addition Revisions made in 1998 included addition 
of transport modeling capabilitiesof transport modeling capabilities
Latest model uses MODFLOWT for Latest model uses MODFLOWT for 
contaminant transport (contaminant transport (HydroSolveHydroSolve Inc Inc 
and and GeoTransGeoTrans Inc)Inc)



2. Model Description2. Model Description
OverviewOverview

PGDP

Ohio River

Shawnee Plant

Big Bayou 
Creek

Little Bayou 
Creek

Ohio River

PGDP



Model DescriptionModel Description

Metropolis 
Lake Road

Property Boundary Plant Boundary

Covers nearly 100 Covers nearly 100 
sq. km (38.6 sq. mi)sq. km (38.6 sq. mi)
Most model Most model 
boundaries boundaries 
coincide with coincide with 
natural boundariesnatural boundaries

Bethel Church Road

Ohio River



Model DescriptionModel Description
Geology of Regional AquiferGeology of Regional Aquifer



1st layer represents sands, 
silts and clays of the upper 
continental deposits 
(HU2A)

2nd layer represents lower 
portion of the Upper 
continental deposits 
(HU2B) and in some area 
near Ohio river it 
represents alluvial 
deposits.

3rd layer simulates the 
permeable sands and 
gravels of hydrogeologic
units HU4 and HU5 

4th layer simulates the 
McNairy Formation flow 
system (HU6)

(4 Layers)

Model DescriptionModel Description
Conceptual ModelConceptual Model



Model DescriptionModel Description
Finite Difference GridFinite Difference Grid

167 rows (about 36,000ft)167 rows (about 36,000ft)
190 columns (about 25,000 ft)190 columns (about 25,000 ft)

Variable grid sizeVariable grid size
Smaller spacing in the plant vicinitySmaller spacing in the plant vicinity
Column width varies from 45 Column width varies from 45 –– 425 ft425 ft
Row height varies from 50 Row height varies from 50 –– 425 ft425 ft

Total number of cells = 126,920 Total number of cells = 126,920 
95,215 active cells (75%)95,215 active cells (75%)

Two Stress PeriodsTwo Stress Periods



Model DescriptionModel Description
Finite Difference Grid

Ohio River

Plant Area

Finer Grid
Coarser Grid



Model DescriptionModel Description
Boundary conditionsBoundary conditions

Ohio river in the North: As constant head Ohio river in the North: As constant head 
boundary condition in Layer 3. boundary condition in Layer 3. 
Ohio river stageOhio river stage

300.04 ft in stress period 1 300.04 ft in stress period 1 
306.86 ft in stress period 2. 306.86 ft in stress period 2. 

1122 cells are used for defining this 1122 cells are used for defining this 
boundary condition in the north.boundary condition in the north.



Model DescriptionModel Description
Boundary conditionsBoundary conditions

Big Bayou and Little Bayou creeks Big Bayou and Little Bayou creeks ––
river flow boundary conditionsriver flow boundary conditions
Storm water and effluent discharges Storm water and effluent discharges 
ditchesditches
18 different outfalls 18 different outfalls 



Model DescriptionModel Description
Other parametersOther parameters

Variable Recharge in layer 1 (top layer)Variable Recharge in layer 1 (top layer)
Seven different zones Seven different zones 

General rainfall recharge zoneGeneral rainfall recharge zone
Six other zones in plant areaSix other zones in plant area
•• DitchesDitches
•• LagoonsLagoons
•• OutfallsOutfalls
•• Other impervious areasOther impervious areas



Model DescriptionModel Description
Recharge Zones Recharge Zones –– Stress Period 1 (ft/day)Stress Period 1 (ft/day)



Model DescriptionModel Description
Recharge Zones Recharge Zones –– Stress Period 2Stress Period 2



Model DescriptionModel Description
Other ParametersOther Parameters

KxKx = = KyKy = = 0.100.10 KzKz in some layersin some layers
KxKx = = KyKy = = 0.010.01 KzKz in some other layersin some other layers
Storage coefficient = 0 for all layersStorage coefficient = 0 for all layers
Porosity = 0.3Porosity = 0.3



Model DescriptionModel Description
Transport Parameters Transport Parameters 

Soil/water partitioning coefficient (Soil/water partitioning coefficient (KdKd) ) 
The The KdKd value is contaminant and medium value is contaminant and medium 
specific and indicates constituentspecific and indicates constituent’’s affinity to s affinity to 
bind with the soilbind with the soil

Bulk DensityBulk Density
Half life Half life 

For TCE For TCE KdKd =0.05L/kg, bulk density = 1.9 =0.05L/kg, bulk density = 1.9 
and half life = 9729.05 days (26.5 years) and half life = 9729.05 days (26.5 years) 



Initial ConcentrationsInitial Concentrations

1000 zones of initial concentration 1000 zones of initial concentration 
Tc99:Tc99:

For zone 1, Initial Concentration = 0For zone 1, Initial Concentration = 0
For zones between 2 to 197, Initial Concentration = 15 + Zone# *For zones between 2 to 197, Initial Concentration = 15 + Zone# * 55
For zones between 198 to 597, Initial Concentration = 1000 + (ZoFor zones between 198 to 597, Initial Concentration = 1000 + (Zone# ne# --
197) * 10197) * 10
For zones between 598 to 1000, Initial Concentration = 5000 + (ZFor zones between 598 to 1000, Initial Concentration = 5000 + (Zone# one# --
597) * 20597) * 20
Maximum concentration at source point is about 10,700.Maximum concentration at source point is about 10,700.

TCE:TCE:
For zones between 1 to 201, Initial Concentration = (Zone# For zones between 1 to 201, Initial Concentration = (Zone# ––1)*51)*5
For Zone 202, Initial concentration = 2000For Zone 202, Initial concentration = 2000
For zones between 203 to 398, Initial Concentration = (Zone# For zones between 203 to 398, Initial Concentration = (Zone# ––203) 203) 

*500 + 2500*500 + 2500
For Zones between 399 to 1000, Initial For Zones between 399 to 1000, Initial ConcenConcen. = (Zone# . = (Zone# ––399)*1000 + 399)*1000 + 

100000100000
Maximum concentration at source point is about 500,000 (Maximum concentration at source point is about 500,000 (µµg/lg/l))..

Model DescriptionModel Description



Model DescriptionModel Description
Initial TCE Concentration PlumesInitial TCE Concentration Plumes



3. Hydraulic Model 3. Hydraulic Model 
3.1 Re3.1 Re--calibration Effortscalibration Efforts

Hydraulic ParametersHydraulic Parameters
Hydraulic conductivities were adjusted based Hydraulic conductivities were adjusted based 
on observed heads in more than 100 on observed heads in more than 100 
monitoring wells monitoring wells 
Majority of the monitoring wells penetrate to Majority of the monitoring wells penetrate to 
RGA RGA –– layer 3layer 3
A few wells go all the way to layer 4. A few wells go all the way to layer 4. 
Initial hydraulic conductivities were assigned Initial hydraulic conductivities were assigned 
based on site based on site lithologylithology



Hydraulic Conductivity Zones for Layer 3



Measured and Computed HeadsMeasured and Computed Heads







MW 157

Well Location with 7.95m difference



Note the change in zone color

Adjusted Zone Boundary



3.2 Model Sensitivity to 3.2 Model Sensitivity to 
various physical, hydraulic various physical, hydraulic 

and contaminant and contaminant 
parametersparameters



Why Sensitivity Studies?Why Sensitivity Studies?

Gain confidence in modelGain confidence in model
Push for detailed water budget analysisPush for detailed water budget analysis
The findings of the water budget study The findings of the water budget study 
could significantly impact the current could significantly impact the current 
groundwater modelgroundwater model
Model sensitivity studies might help Model sensitivity studies might help 
prioritize various tasks identified towards prioritize various tasks identified towards 
water budget analysiswater budget analysis



Sensitivity Studies Sensitivity Studies 

Water Budget AnalysisWater Budget Analysis –– identify important identify important 
model parametersmodel parameters
Pumping at TVA Shawnee PlantPumping at TVA Shawnee Plant
River stage changes River stage changes 
Hydraulic conductivity in layer 3Hydraulic conductivity in layer 3
Plant shut down scenarioPlant shut down scenario
•• No outflow to Little Bayou CreekNo outflow to Little Bayou Creek
•• Reduced outflow to Big Bayou CreekReduced outflow to Big Bayou Creek



Sensitivity StudiesSensitivity Studies
Recharge ratesRecharge rates
•• Plant recharges (lagoons) Plant recharges (lagoons) 
•• Rain rechargesRain recharges

Leakage along the pipelineLeakage along the pipeline
•• Distributed Distributed 
•• ConcentratedConcentrated

Effect of Lineal elementsEffect of Lineal elements
Recharge from Shawnee Plant Ash PondRecharge from Shawnee Plant Ash Pond
TCE (TCE (Bio)degradationBio)degradation RatesRates
Model sensitivity to simultaneous changes in Model sensitivity to simultaneous changes in 
multiple parametersmultiple parameters



3.2.1 Pumping at TVA Shawnee 3.2.1 Pumping at TVA Shawnee 
PlantPlant



Pumping at TVA Shawnee PlantPumping at TVA Shawnee Plant

4 Pumping wells
(12MGD total)



Pumping at TVA Shawnee PlantPumping at TVA Shawnee Plant

Baseline Model Model with 12MGD Pumping

TCE Concentration Contours



Pumping at TVA Shawnee PlantPumping at TVA Shawnee Plant

HGL Contours - Baseline Model HGL Contours – with Pumping



Pumping at TVA Shawnee PlantPumping at TVA Shawnee Plant
Inferences Inferences 

Much of the water is drawn from Ohio Much of the water is drawn from Ohio 
River River 
Very little influence on layer 3 hydraulic Very little influence on layer 3 hydraulic 
gradeline contoursgradeline contours
Changes in TCE concentration plumes are Changes in TCE concentration plumes are 
insignificantinsignificant
Model is almost insensitive to changes in Model is almost insensitive to changes in 
pumping at TVA  pumping at TVA  



3.2.2 Changes to River Stage3.2.2 Changes to River Stage
(Olmsted Lock and Dam)(Olmsted Lock and Dam)



River stage changes River stage changes 



River stage changes River stage changes 



River stage changesRiver stage changes

McNairy 

RGA

UCRS-1
UCRS-1

Ohio River

Cross section 



River stage changesRiver stage changes
Inferences Inferences 

Ohio River stage (300Ohio River stage (300--306m) is considerably 306m) is considerably 
lower than the average ground elevation (350m)lower than the average ground elevation (350m)
Hydraulic conductivity in the top recharge layer Hydraulic conductivity in the top recharge layer 
is considerably smaller compared to RGA. is considerably smaller compared to RGA. 
Elevation of RGA at Ohio River is XXX Elevation of RGA at Ohio River is XXX 
6m change appears to have little or no influence 6m change appears to have little or no influence 
on TCE plume movementon TCE plume movement
Model is almost insensitive to changes in Ohio Model is almost insensitive to changes in Ohio 
River Stage due to Olmsted Lock and DamRiver Stage due to Olmsted Lock and Dam



3.2.3 Model Sensitivity to 3.2.3 Model Sensitivity to 
Hydraulic Conductivity in Layer 3Hydraulic Conductivity in Layer 3



Sensitivity analysis on hydraulic conductivity (K)  Sensitivity analysis on hydraulic conductivity (K)  
(RGA Layer (RGA Layer -- Layer 3)Layer 3)

PGDP model defines the hydraulic conductivity (K) in 21 zones foPGDP model defines the hydraulic conductivity (K) in 21 zones for r 
RGA Layer. In that, 10 zones had K more than or equal to 200 RGA Layer. In that, 10 zones had K more than or equal to 200 
ft/day. These 10 zones cover most of the regional modelft/day. These 10 zones cover most of the regional model



Hydraulic Conductivity Map Hydraulic Conductivity Map 
Layer 1Layer 1



Hydraulic Conductivity Map Hydraulic Conductivity Map 
Layer 2Layer 2



Baseline model  TCE concentrations after 2nd

stress period (30 Years)– Layer 3

Sensitivity analysis on hydraulic conductivity (K)Sensitivity analysis on hydraulic conductivity (K)



Sensitivity to Changes in Hydraulic Conductivity (K)Sensitivity to Changes in Hydraulic Conductivity (K)
10 % reduction in KBaseline

20 % reduction in K 30 % reduction in K



10% reduction in KBaseline model (observed : 317.26)

20 % reduction in K 30 % reduction in K
Head Variation at Well MW-147 in Different Models



RGA Hydraulic ConductivityRGA Hydraulic Conductivity
InferencesInferences

Significant slowdown in TCE plume Significant slowdown in TCE plume 
movement with reduction in hydraulic movement with reduction in hydraulic 
conductivitiesconductivities
No undue influence on water levels No undue influence on water levels 

Model is fairly sensitive to changes in RGA  Model is fairly sensitive to changes in RGA  
hydraulic conductivities hydraulic conductivities 



ObservationsObservations
An analysis performed by monitoring 10 wells in different An analysis performed by monitoring 10 wells in different 
layers indicated that the calibration suffers more by layers indicated that the calibration suffers more by 
decreasing K. However, the further fine tuning with more decreasing K. However, the further fine tuning with more 
data would be possible.data would be possible.
More reduction of Hydraulic Conductivity values More reduction of Hydraulic Conductivity values 
influences the North West plume movement towards influences the North West plume movement towards 
Ohio river. The higher contours did not move like Ohio river. The higher contours did not move like 
baseline model at the end of the second stress period.baseline model at the end of the second stress period.
Based on Water Budget Results of models, Baseline Based on Water Budget Results of models, Baseline 
model and model with 30 % reduced K are compared. model and model with 30 % reduced K are compared. 
Percentage outflow through constant head Boundary Percentage outflow through constant head Boundary 
condition (Ohio river) in 10 years reduces by 7 %.condition (Ohio river) in 10 years reduces by 7 %.
Cumulative volume of solute moving out through Ohio Cumulative volume of solute moving out through Ohio 
river is decreasing with K. On the other hand, volume of river is decreasing with K. On the other hand, volume of 
solute going out through river solute going out through river leakanceleakance increases.increases.



Influence of Hydraulic Influence of Hydraulic 
Conductivity changes on Conductivity changes on 
Volumetric Water BalanceVolumetric Water Balance



Inflow Water Budget:%  Volume of water in to the system from 
different categories - baseline model
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Water Budget:%  Volume of water out from the system from 
different categories - Baseline model
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Inflow Water Budget:%  Volume of water in to the system from different 
categories - with 30 % reduction in K
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Water Budget:%  Volume of water out from the system from different 
categories - with 30 % reduction in K
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(30% reduction in Hydraulic Conductivity)
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(30% reduction in Hydraulic Conductivity)

Outflow



Water Budget:  Cumulative Volume of water in to the system from river 
leakayance
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ObservationsObservations
For stress period 1 and stress period 2 in the For stress period 1 and stress period 2 in the 
baseline model, % contributions from different baseline model, % contributions from different 
categories were same.categories were same.
When we compare the % contributions from When we compare the % contributions from 
different categories for Baseline model and different categories for Baseline model and 
model with 30 % reduction in K, % outflow model with 30 % reduction in K, % outflow 
through constant head Boundary condition (Ohio through constant head Boundary condition (Ohio 
river) reduces by 7 %.river) reduces by 7 %.
On the other hand, % outflow through head On the other hand, % outflow through head 

dependent boundary conditions increases by 4.5 dependent boundary conditions increases by 4.5 
% % 
River River leakanceleakance also increases by 2 %also increases by 2 %



ObservationsObservations
Cumulative volume of water into the system Cumulative volume of water into the system 
through river through river leakanceleakance decreases with decrease decreases with decrease 
in Kin K
Similar trend is seen for head dependent Similar trend is seen for head dependent 
Boundary conditionsBoundary conditions
Cumulative volume of water out of the system Cumulative volume of water out of the system 
through constant head boundary conditions also through constant head boundary conditions also 
show a decrease of 15 % (30 % reduction)show a decrease of 15 % (30 % reduction)
Cumulative volume of water out of the system Cumulative volume of water out of the system 
through river through river leakanceleakance increases by 3 % ( 30 % increases by 3 % ( 30 % 
reduction). Head dependent boundary reduction). Head dependent boundary 
conditions also shows such trend (92 % conditions also shows such trend (92 % 
increase)increase)



Influence of Hydraulic Influence of Hydraulic 
Conductivity changes on Mass Conductivity changes on Mass 

Balance of Solute (TCE) in Stress Balance of Solute (TCE) in Stress 
Period IPeriod I



Solute Budget: Total Cumulative Volume of  solute in to the system 
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Input : Solute Budget:  Cumulative Volume of  solute stored in the regional model 
(water)  
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Input : Solute Budget:  Cumulative Volume of  solute decayed in the regional 
model 
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Inferences from Solute BudgetInferences from Solute Budget
Total cumulative volume of solute in the system Total cumulative volume of solute in the system 
decreases with the reduction in Kdecreases with the reduction in K
Cumulative volume of solute in water and in Cumulative volume of solute in water and in 
matrix decreases with the reduction in Kmatrix decreases with the reduction in K
Cumulative volume of solute decayed also Cumulative volume of solute decayed also 
decreases.decreases.
Cumulative volume of solute moving out through Cumulative volume of solute moving out through 
Ohio river is decreasing with K. On the other Ohio river is decreasing with K. On the other 
hand, volume of solute going out through river hand, volume of solute going out through river 
leakanceleakance increases.increases.



3.2.4 Plant Shutdown Scenario  3.2.4 Plant Shutdown Scenario  
Water Depth Changes in Big Bayou and Little Bayou CreeksWater Depth Changes in Big Bayou and Little Bayou Creeks



Plant Shutdown ScenarioPlant Shutdown Scenario

Changes the inflows to Bayou CreeksChanges the inflows to Bayou Creeks
Little Bayou gets affected mostLittle Bayou gets affected most
Big Bayou and Little Bayou Creeks were Big Bayou and Little Bayou Creeks were 
modeled as modeled as ““River BoundariesRiver Boundaries”” in baseline in baseline 
modelmodel
Uniform depth of 2.5ft for all river cellsUniform depth of 2.5ft for all river cells
Influence of complete drying of both Influence of complete drying of both 
creekscreeks
Reduced inflows Reduced inflows 



Model Runs with different water depths in Big Bayou Model Runs with different water depths in Big Bayou 
and Little Bayou Creeks and Little Bayou Creeks 

(CRSV = Creek and River Stage Variation)(CRSV = Creek and River Stage Variation)

Model Model CRSVCRSV 1 : 1 : 
reduce BBC stage to 1.25 ft (50 % reduction) reduce BBC stage to 1.25 ft (50 % reduction) 
and and 
maintain LBC stage at 2.5 ft as per baseline maintain LBC stage at 2.5 ft as per baseline 
model.model.

Model Model CRSVCRSV 2 : 2 : 
maintain BBC stage to 2.5 ft as per baseline maintain BBC stage to 2.5 ft as per baseline 
model and model and 
reduce LBC stage to 1.25 ft (50 % reduction).reduce LBC stage to 1.25 ft (50 % reduction).



Plant Shutdown ScenarioPlant Shutdown Scenario

Model Model CRSVCRSV 3 : 3 : 
reduce BBC stage to 1.25 ft andreduce BBC stage to 1.25 ft and
reduce LBC stage to 0.5 ft.reduce LBC stage to 0.5 ft.

Model Model CRSVCRSV 4 : 4 : 
reduce BBC stage to 0.5 ft  andreduce BBC stage to 0.5 ft  and
reduce LBC stage to 0.5 ft.reduce LBC stage to 0.5 ft.

All other parameters are maintained as per the All other parameters are maintained as per the 
baseline modelbaseline model..



TCE Contours at the end of Stress Period 2 ( 30 Years )

20 % reduction in K 30 % reduction in K

Baseline model
Big Bayou creek   – 2.50 ft stage
Little Bayou creek – 2.50 ft stage

Model CRSV 1
With a change in stream BC in
Big Bayou creek   – 1.25 ft stage
Little Bayou creek – 2.50 ft stage



TCE Contours at the end of Stress Period 2 ( 30 Years )

Model CRSV 2
With a change in stream BC in
Big Bayou creek   – 2.50 ft stage
Little Bayou creek – 0.50 ft stage

Baseline model
Big Bayou creek   – 2.50 ft stage
Little Bayou creek – 2.50 ft stage



TCE Contours at the end of Stress Period 2 ( 30 Years )

Model CRSV 3
With a change in stream BC in
Big Bayou creek   – 1.25 ft stage
Little Bayou creek – 0.50 ft stage

Baseline model
Big Bayou creek   – 2.50 ft stage
Little Bayou creek – 2.50 ft stage



Comparing Hydraulic Gradient Contours

Baseline model

CRSV 3

CRSV 2

CRSV 4



Comparing Baseline  and CSV4 Comparing Baseline  and CSV4 
Models using 3D PlotsModels using 3D Plots
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CRSV 4 model
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Delta difference between Baseline and CRSV 4
Plume movement in the north west is 
more denser when creek stages are decreased
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Plume movement in the north west is 
more denser when creek stages are decreased
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InferencesInferences

Changes to Little Bayou Creek (LBC) have more Changes to Little Bayou Creek (LBC) have more 
influence on the model than changes to Bib influence on the model than changes to Bib 
Bayou Creek (BBC)Bayou Creek (BBC)

Hydraulic Conductivities underneath LBC are much Hydraulic Conductivities underneath LBC are much 
higher than Hydraulic Conductivities underneath BBChigher than Hydraulic Conductivities underneath BBC

Reduction of depth in LBC influences volumetric Reduction of depth in LBC influences volumetric 
water balance considerably.water balance considerably.
Plant Shut Down Scenario Will have a significant Plant Shut Down Scenario Will have a significant 
Influence on TCE Plume movementInfluence on TCE Plume movement



3.2.5 Influence of Changes to 3.2.5 Influence of Changes to 
Recharge RatesRecharge Rates



Recharge rates Recharge rates –– Rainfall Rainfall 



Recharge rates Recharge rates –– RainfallRainfall



Recharge rates Recharge rates –– RainfallRainfall



Recharge rates Recharge rates –– Rainfall Rainfall 

Plant 
recharge 
(lagoons)

Rainfall 
recharge
(rest of 
the cells) 



Recharge rates Recharge rates –– RainfallRainfall



Recharge rates Recharge rates –– RainfallRainfall



Recharge rates Recharge rates –– Plant (lagoons)Plant (lagoons)



Recharge rates Recharge rates –– PlantPlant
25% increase in plant recharge25% increase in plant recharge

Comparison of TCE concentrations at the end of Stress Period 2 (30years)



Recharge rates Recharge rates –– PlantPlant



Recharge rates Recharge rates –– PlantPlant
100% increase in plant recharge100% increase in plant recharge

Comparison of TCE concentrations at the end of Stress Period 2 (30years)

Baseline Model New  Model 
100% increase in plant recharge



Recharge rates Recharge rates –– PlantPlant
200% increase in plant recharge200% increase in plant recharge

Comparison of TCE concentrations at the end of Stress Period 2 (30years)

Baseline Model New  Model 
200% increase in plant recharge



Recharge rates Recharge rates –– PlantPlant
400% increase in plant recharge400% increase in plant recharge

Comparison of TCE concentrations at the end of Stress Period 2 (30years)

Baseline Model New  Model 
400% increase in plant recharge



25% Increase 100% Increase

200% Increase 400% Increase

Effect of
Plant
Recharge



InferencesInferences

Model is almost insensitive to changes to Model is almost insensitive to changes to 
rainfall and other plant recharges   rainfall and other plant recharges   



3.2.6 Effect of Leakage Along Pipeline 3.2.6 Effect of Leakage Along Pipeline 
Carrying Water to PGDPCarrying Water to PGDP



Effect of Leakage Along Pipeline Effect of Leakage Along Pipeline 
Carrying Water to PGDPCarrying Water to PGDP

Two 3 foot diameter pipelines from Ohio River Two 3 foot diameter pipelines from Ohio River 
(near Shawnee Plant) to PGDP(near Shawnee Plant) to PGDP
Total Total flowrateflowrate = 11.4 MGD= 11.4 MGD
Uniform Leakage along the pipelineUniform Leakage along the pipeline
Isolated (Point) Leakage  Isolated (Point) Leakage  



Pipe line location (Layer 1)



With 10 % uniform leak 
throughout the pipe lineBaseline model



With 20 % uniform leak 
throughout the pipe lineBaseline model



Delta Difference between Baseline model and 20 % leakage 
uniform throughout the pipeline



A

B

With (10 % loss of total 
volume)  at Point B in the 
pipe line

With (10 % loss of total 
volume) at Point A in the 
pipe line



InferencesInferences
10% leakage (uniformly distributed along the pipeline) appears t10% leakage (uniformly distributed along the pipeline) appears to o 
have very little influence on TCE plumehave very little influence on TCE plume
20% uniform leakage appears to have noticeable influence20% uniform leakage appears to have noticeable influence

10% Point leakage appears to have a noticeable localized influen10% Point leakage appears to have a noticeable localized influence.ce.

Since 10% point leakage as well as 20% distributed leakage are Since 10% point leakage as well as 20% distributed leakage are 
very high values to go unnoticed, the model may be considered very high values to go unnoticed, the model may be considered 
relatively insensitive to leakages along the pipeline. relatively insensitive to leakages along the pipeline. 



3.2.6 Effect of Lineal Elements 3.2.6 Effect of Lineal Elements 
(Fracture Zones)(Fracture Zones)



Effect of Lineal ElementEffect of Lineal Element

Hydraulic Conductivity = 20000 ft/d (0.023 ft/s)



Model 1 : With Lineal Element Model 1 : With Lineal Element 
(K = 2000 ft/day)(K = 2000 ft/day)
Model 2 : With Lineal Element Model 2 : With Lineal Element 
(K = 20000 ft/day)(K = 20000 ft/day)



Effect of Lineal ElementEffect of Lineal Element

Baseline ModelBaseline Model Model 1 with Lineal Element having 
K = 2000 ft/day



Effect of Lineal Element

Baseline ModelBaseline Model Model 1 with Lineal Element having 
K = 2000 ft/day



Effect of Lineal ElementEffect of Lineal Element

Baseline ModelBaseline Model Model 2 with Lineal Element having 
K = 20000 ft/day



Effect of Lineal Element

Baseline ModelBaseline Model Model 2 with Lineal Element having 
K = 20000 ft/day



InferencesInferences
A 2000 ft/day Hydraulic Conductivity for the A 2000 ft/day Hydraulic Conductivity for the 

lineal element appears to have practically no lineal element appears to have practically no 
influence on the TCE plume. influence on the TCE plume. 

A 20000 ft/day Hydraulic Conductivity A 20000 ft/day Hydraulic Conductivity 
appears to completely alter the shape of appears to completely alter the shape of 
TCE plume. TCE plume. 

Model is almost insensitive to lineal Model is almost insensitive to lineal 
elements if the hydraulic conductivity of the elements if the hydraulic conductivity of the 
lineal elements is limited to a reasonable lineal elements is limited to a reasonable 
valuevalue



3.2.7 Recharge from Shawnee 3.2.7 Recharge from Shawnee 
Plant Ash PondPlant Ash Pond

Shawnee Plant 

Ohio River

Ash Pond



Ash pond at Ash pond at 
Shawnee plantShawnee plant

PGDP



Ash pond at Shawnee plantAsh pond at Shawnee plant

In the PGDP baseline model, the entire Shawnee plant area was In the PGDP baseline model, the entire Shawnee plant area was 
handled as river boundary condition. handled as river boundary condition. 
Using this boundary condition, the whole Shawnee plant area is Using this boundary condition, the whole Shawnee plant area is 
treated as a Lagoon with 10 ft water depth. treated as a Lagoon with 10 ft water depth. 
The elevation of Shawnee plant area was estimated to be 336The elevation of Shawnee plant area was estimated to be 336’’ mslmsl
in the model. in the model. 
The hydraulic conductivity for the area in the baseline model waThe hydraulic conductivity for the area in the baseline model was s 
kept at 2125 ft/day.kept at 2125 ft/day.
Conducted model sensitivity runs to document influence of lagoonConducted model sensitivity runs to document influence of lagoon
on model flow systemon model flow system

1.1. varying the water depth to 20 ft and varying the water depth to 20 ft and 
2.2. by eliminating the lagoon, the influences were documented.  by eliminating the lagoon, the influences were documented.  

When the water depth is increased to 20 ft, there is no influencWhen the water depth is increased to 20 ft, there is no influence in e in 
TCE contours. TCE contours. 
When the lagoon is removed completely, the north west plume is When the lagoon is removed completely, the north west plume is 
significantly affected and reaches Ohio river due to non availabsignificantly affected and reaches Ohio river due to non availability ility 
of higher head. (Stress period 2)of higher head. (Stress period 2)



Ash pond at Shawnee plant

Shawnee Plant Area



TCE Concentration Contours after 2nd Stress Period

Increasing the Lagoon depth
to 20 ft

Baseline Model



TCE Concentration Contours after 2nd Stress Period

Baseline Model Without the Lagoon



HGL contours (after second Stress Period 
– No Lagoon)

HGL contours (after second Stress period -
Lagoon depth 20 ft)



InferencesInferences
Increasing water levels in ash pond by 20ft Increasing water levels in ash pond by 20ft 
appears to have no influence on TCE plume appears to have no influence on TCE plume 
Complete removal of ash pond appears to Complete removal of ash pond appears to 
significantly impact the  north west plumesignificantly impact the  north west plume

Model is somewhat sensitive to ash pond levels Model is somewhat sensitive to ash pond levels 



3.2.8 Effect of Biodegradation 3.2.8 Effect of Biodegradation ––
defined using Half Life Period in defined using Half Life Period in 

the modelthe model



Effect of Biodegradation Half Life Effect of Biodegradation Half Life 
PeriodPeriod

Biodegradation of TCE in the PGDP Regional Biodegradation of TCE in the PGDP Regional 
Ground water model is handled using Half Life Ground water model is handled using Half Life 
Period.(26.65 years : 9729.04 days)Period.(26.65 years : 9729.04 days)
Trials were made with 5 years, 10 years,15 Trials were made with 5 years, 10 years,15 
years, with varying half Life period in two zones years, with varying half Life period in two zones 
and with varying half Life period in Four zones. and with varying half Life period in Four zones. 
Varying half life period in different zones are Varying half life period in different zones are 
experimented to simulate lesser biodegradation experimented to simulate lesser biodegradation 
near DNAPL sources.near DNAPL sources.
FarFar--field TCE concentrations do no agree with field TCE concentrations do no agree with 
calibrated model/field measurements under calibrated model/field measurements under ““no no 
halfhalf--lifelife”” scenario. scenario. 



Runs with 5 years Half Life

At the end of 10 years At the end of 20 years At the end of 30 years



At the end of 10 years At the end of 20 years At the end of 30 years

Runs with 10 years Half Life



At the end of 10 years At the end of 20 years At the end of 30 years

Runs with 15 years Half Life



Baseline model with 26.65 years Half Life
At the end of 10 years At the end of 30 years



Model with Half Life periods declared in 2 zones
(Pink – 26.65 years, Rest of the Area in 
white - 5 Years)

Model with 5 years Half Life 
period at the end of 30 Years



Model with
Half Life periods declared in 4 zones based on TCE Initial 

Concentration. 



Model with 5 years Half Life 
period at the end of 
30 Years

Model with Half Life periods 
declared in 4 zones at the 
end of 30 Years



Percentage Cumulative Mass of Solute decayed with respect to total 
Solute Mass outflow from the system
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InferencesInferences

Different model runs with varying Half Life Different model runs with varying Half Life 
Periods indicate significant variations in Periods indicate significant variations in 
the temporal domain. It needs to be the temporal domain. It needs to be 
examined further with recent plume maps examined further with recent plume maps 
with further calibration of the transport with further calibration of the transport 
model.model.



3.2.9 Model Sensitivity to 3.2.9 Model Sensitivity to 
Simultaneous Changes to Simultaneous Changes to 

Multiple ParametersMultiple Parameters



Multi-parameter sensitivity analysis 
Property / Boundary Property / Boundary 

ConditionsConditions
Ranges in the Baseline model :Ranges in the Baseline model : Completed sensitivity analysis   Completed sensitivity analysis   RemarksRemarks Plan for multiPlan for multi--parameter parameter 

analysisanalysis

Hydraulic Conductivity:Hydraulic Conductivity: 1 ft/day to 1500 ft/day is used 1 ft/day to 1500 ft/day is used 
in the baseline model.in the baseline model.

10 %, 20 % and 30 % 10 %, 20 % and 30 % 
reductions. reductions. 

Reduction of K reduced the Reduction of K reduced the 
plume movement towards Ohio plume movement towards Ohio 
river. river. 

Upper bound : 30 % redUpper bound : 30 % red
Lower bound :Lower bound :
10 % increase10 % increase

Stream boundary Stream boundary 
conditions: conditions: 

2.5 ft depth in most of the 2.5 ft depth in most of the 
stream portions (for both stream portions (for both 
Little Bayou Creek and Little Bayou Creek and 
Big Bayou Creek)Big Bayou Creek)

Reduced it in steps to Reduced it in steps to 
0.5 ft for both the creeks  to 0.5 ft for both the creeks  to 
see the influence. see the influence. 

The (2.0 ft.) reduction makes The (2.0 ft.) reduction makes 
the north west plume to the north west plume to 
move more closer to the move more closer to the 
north east plume.north east plume.

Upper bound : 3 ft Upper bound : 3 ft 
Lower bound : Lower bound : 0 ft0 ft

Recharge:Recharge: The recharge values are varied The recharge values are varied 
between 0 and 0.006 between 0 and 0.006 
ft/day maximum in ft/day maximum in 
Layer 1. (spatially Layer 1. (spatially 
varying)varying)

25 %, 100 %, 200 % and 25 %, 100 %, 200 % and 
400 % increases in plant 400 % increases in plant 
recharge run.recharge run.

Few cases of reduction Few cases of reduction 
also were studied. also were studied. 

changes were noticed in 200 % changes were noticed in 200 % 
and 400 % increase IN and 400 % increase IN 
RECHARGERECHARGE

Upper bound : 300 % incUpper bound : 300 % inc
Lower bound :Lower bound :
10 % reduction10 % reduction

Ohio river stage:Ohio river stage: 300.6 and 306.86 ft are used in 300.6 and 306.86 ft are used in 
stress periods I and II in stress periods I and II in 
the baseline model.the baseline model.

Ohio river stage varied Ohio river stage varied 
between 250.04 to 356.86 ft in between 250.04 to 356.86 ft in 
the analysisthe analysis

Less influenceLess influence Upper bound : 306.6 ftUpper bound : 306.6 ft
Lower bound :Lower bound : 290 ft290 ft

Vertical leakageVertical leakage Adopted as 1/10Adopted as 1/10thth of Kof K --

Pipe leakagePipe leakage NilNil With 1, 5, 10 and 20 % leakageWith 1, 5, 10 and 20 % leakage 20 % leakage shows slight 20 % leakage shows slight 
changes in the north changes in the north 
west plumewest plume

Uniform leakage can be Uniform leakage can be 
attempted.attempted.





Multi-parameter sensitivity analysis 

RunRun KK River River 
Boundary Boundary 
Conditions Conditions 
((IIIIndnd stress stress 
period)period)

RECHARGE RECHARGE 
((IIIIndnd stress stress 
period)period)

OHIO OHIO 
STAGESTAGE
(ft. (ft. mslmsl))

VERTICAL VERTICAL 
LEAKANCELEAKANCE
(% K)(% K)

PIPE PIPE 
LEAKAGELEAKAGE

REMARKSREMARKS

Run1Run1 30 % RED30 % RED 0.5 FT0.5 FT 10 % 10 % 
ReductionReduction

293 FT 293 FT IIstst

stress periodstress period
295 FT 295 FT IIIIndnd

stress periodstress period

1/201/20THTH 5 %5 %

Run2Run2 20 % Red20 % Red 11 100 % 100 % 
IncreaseIncrease

295 FT 295 FT IIstst

stress periodstress period
297 FT 297 FT IIIIndnd

stress periodstress period

1/181/18 1010

Run3Run3 10 % Red10 % Red 22 200 % 200 % 
IncreaseIncrease

297.5 FT 297.5 FT IIstst

stress periodstress period
300 FT 300 FT IIIIndnd

stress periodstress period

1/151/15 1515

Run4Run4 0 % Red0 % Red 2.52.5 ActualActual 300 FT 300 FT IIstst

stress periodstress period
306.6 FT 306.6 FT IIIIndnd

stress periodstress period

1/101/10 00 Base LineBase Line



Run2Run1



Run3 Run4 - Baseline



Baseline Model – TCE Concentration after Second Stress Period



Run 3 – TCE Concentration after Second Stress Period



Delta Difference between Baseline Model and 
Run 3 TCE concentrations 



MultiMulti--parameter sensitivity analysis : parameter sensitivity analysis : 
Runs performedRuns performed

With an increase of 200 % in the recharge and increase With an increase of 200 % in the recharge and increase 
in pipe leakage to 15 % (with lesser hydraulic in pipe leakage to 15 % (with lesser hydraulic 
conductivity), the TCE contours diminishes and exist conductivity), the TCE contours diminishes and exist 
around plant only. But when the calibration of 4 wells around plant only. But when the calibration of 4 wells 
were tested for this condition, (MWwere tested for this condition, (MW--075, MW075, MW--007, MW007, MW--
147 and MW201) they indicated hike of 1 m level in all 147 and MW201) they indicated hike of 1 m level in all 
the wells. It differ from the existing well observations the wells. It differ from the existing well observations 
used for the calibration. used for the calibration. 



Effect of Pump and Treat Effect of Pump and Treat 
on Contaminant Plume on Contaminant Plume 



3.3 Pump and Treat Study3.3 Pump and Treat Study

Two Stress PeriodsTwo Stress Periods
SPSP--1: 1993 1: 1993 –– 2003 (10 years) 2003 (10 years) 
•• Steady state hydraulicsSteady state hydraulics
•• TimeTime--varying TCE concentrationsvarying TCE concentrations
•• No additional pumping during this periodNo additional pumping during this period

SPSP--2: 2003 2: 2003 –– 20?? (520?? (5--50 years)50 years)
•• TimeTime--varying hydraulics and transportvarying hydraulics and transport
•• Different pumping scenariosDifferent pumping scenarios

No further release of TCE from landfills or No further release of TCE from landfills or 
other sources to the aquifersother sources to the aquifers



Pump and Treat StudyPump and Treat Study

Scenario 1Scenario 1
Number of wells 3Number of wells 3
SPSP--1: 10 years1: 10 years
SPSP--2: 20 years2: 20 years

Pumping rate
( ft3/day)

Pumping rate
(gpm)

SP-1 SP-2 SP-1 SP-2

1 45,160 0 150,000 0 779.25

2 45,170 0 150,000 0 779.25

3 45,180 0 150,000 0 779.25

Well no Grid position



Scenario 1Scenario 1 1993

Pumps

2013 2023



Pump and Treat StudyPump and Treat Study

Scenario 4Scenario 4
Number of wells 18Number of wells 18
SPSP--1: 10 years1: 10 years
SPSP--2: 20 years

Pumping rate
( ft3/day)

Pumping rate
(gpm)

SP-1 SP-2 SP-1 SP-2

1 50,150 0 90,000 0 467.55

2 45,45 0 90,000 0 467.55

3 45,60 0 70,000 0 363.65

4 45,80 0 80,000 0 415.60

5 45,95 0 70,000 0 363.65

6 45,110 0 70,000 0 363.65

7 45,100 0 70,000 0 363.65

8 45,160 0 70,000 0 363.65

9 45,170 0 130,000 0 675.35

10 45,180 0 130,000 0 675.35

11 55,35 0 80,000 0 415.60

12 55,50 0 80,000 0 415.60

13 55,65 0 80,000 0 415.60

14 55,80 0 80,000 0 415.60

15 55,100 0 70,000 0 363.65

16 55,135 0 50,000 0 259.75

17 60,75 0 90,000 0 467.55

18 70,75 0 90,000 0 467.55

Well no Grid position

2: 20 years



1993

Scenario 4Scenario 4

2013 2023



3650 days 4022 days 5489 days

6217 days 7309 days 8037 days



9125 days 10220 days

10950 days



Pumping & Recharge Pumping & Recharge –– Combined trialsCombined trials
Trial 1Trial 1

Two Recharge wells (100 GPM each)

Pumping wells



Model with Six pumping wells 
and Two recharge wells

Baseline model



Trial IITrial II

Two Recharge wells (100 GPM each)

Pumping wells



Baseline model Model with Eight pumping wells 
and Two recharge wells



3.4 Effect of Reactive Barrier on 3.4 Effect of Reactive Barrier on 
Plume MovementPlume Movement



TCE Concentration ContoursTCE Concentration Contours
Baseline Model (No reactive Barrier)Baseline Model (No reactive Barrier)

5473 days 7300 days



TCE Concentration ContoursTCE Concentration Contours
1830 days 3650 days

Reactive Barrier

5473 days 7300 days



TCE Concentration ContoursTCE Concentration Contours
1830 days 3650 days744 days

5473 days 7300 days



5. Future Direction 5. Future Direction 

Update and recalibrate the flow model Update and recalibrate the flow model 
based on the latest based on the latest LithologicalLithological datadata
Recalibration of transport model based on Recalibration of transport model based on 
2005 TCE plume data2005 TCE plume data
FEM modelFEM model
Coupling the model with optimization tools Coupling the model with optimization tools 
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