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INTRODUCTION 
 
In response to the USEPA Final Rule to regulate the disposal of Coal Combustion 
Residuals (CCR), utilities are responsible for closing existing CCR surface 
impoundments that may contribute to adverse impacts to groundwater quality. To close 
existing CCR surface impoundments, utilities need to demonstrate that the chosen 
method of closure results in improvement of groundwater quality within a reasonable 
timeframe. Groundwater fate and transport modeling allows utilities to simulate the 
effectiveness of various proposed closure scenarios and demonstrate improvements to 
groundwater quality. A few key concepts for creating a defensible model are outlined 
herein along with examples of modeling challenges that were overcome as presented in 
case studies.  
 
CONCEPTUAL MODELS 
 
A conceptual site model was developed for each site to define the sources of infiltration, 
groundwater, and the transport mechanisms within the model domain. Each conceptual 
model was developed using site specific data and observations provided in a 
hydrogeological report generated for that site. Groundwater sources typically include, 
but are not limited to, natural recharge (percolation) outside of the CCR surface 
impoundments(impoundments), recharge within the impoundments enhanced with 
infiltration of sluiced contact water contained within the impoundments, and natural flow 
within the aquifer from upgradient features towards downgradient discharge features. 
Discharge features typically include, but are not limited to, downgradient streams and 
ponds or controlled systems such as pumping wells or drains. 
 
In addition to groundwater sources and discharge areas, the conceptual model defines 
transport mechanisms, which, in most cases assumes impoundments are constructed 
above the water table and contact water containing contaminants of concern (e.g., 
boron) percolates vertically through the base of the impoundment as recharge to the 
water table. In the case studies for discussion, boron was modeled to simulate migration 
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of all CCR constituents because: (1) boron is a primary indicator of the presence of 
CCR ash leachate in groundwater; (2) boron is relatively mobile in the subsurface 
compared to some other CCR constituents; and (3) boron is more likely to represent the 
presence of CCR ash leachate than other primary CCR indicators, such as sulfate, 
which may originate from other anthropogenic and natural sources in groundwater. 
 
MODELING APPROACH 
 
Three model codes were used in groundwater flow and boron transport modeling: 

• Groundwater flow was modeled in three dimensions using MODFLOW 
• Boron transport was modeled in three dimensions using MT3DMS based on the 

flow field calculated by MODFLOW.  
• Leachate percolation rates for active and closed impoundments were modeled 

using the HELP model. The percolation rates from HELP were used as inputs in 
MODFLOW to simulate recharge beneath active and closed impoundments. 

 
Groundwater flow and transport models were calibrated as follows: 

• Groundwater flow models were calibrated under steady state conditions to match 
observed conditions. In cases where hydraulic field varied seasonally or changed 
subject to site operations, transient models were calibrated to match groundwater 
flow during periods that overlapped with observed changes in flow direction. 
 

• Following flow model calibration, steady state models were converted to transient 
transport models that incorporate significant changes in site operations with time. 
The transient transport model calibrations typically simulated boron transport 
from initial construction of the impoundment(s) through the most current and 
complete round of groundwater sampling results. The models were calibrated to 
available boron concentration data from that latest round of sampling results and 
groundwater trends when available. 
 

• Percolation rates from HELP model simulations for active and closed 
impoundments were included as changes in recharge inputs that coincided with 
changes in site operations. 

 
The transport model calibration usually required iterative changes and recalibration of 
the steady-state flow model. The final calibrated flow and transport model provides a 
representative simulation of groundwater flow and transport conditions in the proximity 
of the sites. 
 
The calibrated models were then used to predict changes in groundwater quality 
resulting from each modeled closure scenario. Typical closure solutions may include a 
cover system consisting of a vegetative soil layer, geocomposite drainage layer and 
geomembrane designed to reduce infiltration of water through the impoundment into the 
underlying aquifer. The closure scenarios were modeled with a sufficient time period to 
determine when modeled concentrations would decrease below applicable groundwater 
quality standards. 



 
In addition to simulating the closure scenario, a baseline (no action) scenario was also 
simulated to illustrate groundwater quality if no action was taken. The baseline (no 
action) scenario was modeled with a sufficient time period to determine when modeled 
concentrations reached equilibrium.  
 
MODEL DESCRIPTIONS 
 
MODFLOW uses a finite difference approximation to solve a three-dimensional head 
distribution in a transient, multi-layer, heterogeneous, anisotropic, variable-gradient, 
variable-thickness, confined or unconfined flow system—given user-supplied inputs of 
hydraulic conductivity, aquifer/layer thickness, recharge, wells, and boundary 
conditions. The program also calculates water balance at wells, rivers, and drains. 
 
MODFLOW was developed by the United States Geological Survey and has been 
updated several times since2. Major assumptions of the code are: (1) groundwater flow 
is governed by Darcy’s law; (2) the formation behaves as a continuous porous medium; 
(3) flow is not affected by chemical, temperature, or density gradients; and (4) hydraulic 
properties are constant within a grid cell. Other assumptions concerning the finite 
difference equation can be found in McDonald and Harbaugh2. 
 
MT3DMS is an update of MT3D4. It calculates concentration distribution for a single 
dissolved solute as a function of time and space. Concentration is distributed over a 
three-dimensional, non-uniform, transient flow field. Solute mass may be input at 
discrete points (wells, drains, river nodes, constant head cells), or a really distributed 
evenly or unevenly over the land surface (recharge). MT3DMS accounts for advection, 
dispersion, diffusion, first-order decay, and sorption. Sorption can be calculated using 
linear, Freundlich, or Langmuir isotherms. First-order decay terms may be differentiated 
for the adsorbed and dissolved phases. 
 
The Hydrologic Evaluation of Landfill Performance (HELP) model was developed by the 
U.S. Environmental Protection Agency3. HELP is a one-dimensional hydrologic model of 
water movement across, into, through and out of a landfill or soil column based on 
precipitation, evapotranspiration, runoff, and the geometry and hydrogeologic properties 
of a layered soil and waste profile.  
 
FLOW AND TRANSPORT MODEL SETUP 
 
The number of modeled layers for each site was selected based on hydrostratigraphic 
units that had the most influence on flow and transport as defined in the site conceptual 
model. The number of nodes and grid spacing were selected to encompass the entire 
area of interest. In some instances, the grid spacing was refined in areas of particular 
interest, for example, in the area of the surface impoundments. In each model, flow 
boundaries were established based on the site specific hydrogeologic conditions as 
defined in the conceptual site model. Examples of flow boundaries included, general 
head (Dirichlet) boundaries to simulate incoming or outgoing groundwater flow from 



areas outside of the model domain, no-flow (Neumann) boundaries for the base of the 
model or along the watershed boundaries, MODFLOW river (Mixed) to represent 
groundwater discharge into rivers, or Constant Head (Dirichlet) boundaries to represent 
modeled areas adjacent to a lakeshore. The upper boundary of each model was a time-
dependent specified flux (Neumann) boundary, with specified flux rates equal to the 
recharge rate or the rate of percolation from the impoundment(s). A specified mass flux 
(Cauchy condition) boundary was used to simulate downward percolation of solute 
mass from the surface impoundment. This boundary condition assigns a specified 
concentration to recharge water entering the node, and the resulting concentration in 
the node is a function of the relative rate and concentration of recharge water (water 
percolating from the impoundments) compared to the rate and concentration of other 
water entering the node.  
 
The top of layer 1 approximated the elevation of the water table for each site. The 
bottom elevation of layer 1 and subsequent underlying layers were determined from a 
combination of field data and literature. In some cases, layer bottom elevations were 
determined by contouring field data collected from site borings and importing the 
contoured data into MODFLOW. This method provided a high resolution of surface 
elevation values for important layers, like clay aquitards between primarily sandy units. 
 
Hydrogeologic property values for hydraulic conductivity, storage, specific yield and 
porosity were derived from field data, laboratory data or information found in the 
literature and refined through model calibration.  
 
Recharge rates for the impoundments were determined from a combination of values 
attained through HELP modeling and model calibrations. The extent (footprint) of each 
recharge zone was held constant. The infiltration rates for each zone varied with time 
with respect to changes in use and construction of the site. 
 
Parameters for boundary conditions such as river boundaries, general head boundaries, 
or constant head boundaries were derived from field data, laboratory data, or 
information found in the literature and refined through calibration.  
 
Initial concentration for the calibration model was set at zero, implicitly implying a 
background concentration of zero, which is reasonable for boron. The concentrations 
from the calibrated model were used as the initial concentration for the prediction 
model. Boron source concentrations were established during model calibration with the 
constraint that they must be equal to or less than the maximum observed leachate 
concentration data collected from that impoundment. Source concentrations entered the 
model through recharge and varied in strength with respect to changes in use and 
construction of the site. 
 
Transverse and vertical dispersion were calibrated values that fell within ratios 
developed by Gelhar et al1. Retardation was calculated by the model based on the 
distribution coefficient (Kd). The parameter simulates a reversible adsorption and 
desorption process, which would slow down the contaminant migration without reducing 



the total mass. Kd was a calibrated parameter. Diffusion was assumed to be zero for 
the entire model domain. 
 
In each model, sensitivity testing was completed to determine the property values and 
boundary condition parameters that resulted in the greatest influence on flow and 
transport. 
 
FLOW AND TRANSPORT MODEL ASSUMPTIONS AND LIMITATIONS 
 
Simplifying assumptions are necessary when numerically representing the natural 
environment in a groundwater flow model. Assumptions specific to these models are 
listed below. The reader is referred to McDonald and Harbaugh, Zheng and Wang, and 
Schroeder et al. for assumptions inherent with the codes used to develop the model2,3,4. 
 

• Natural recharge is constant over the long term. 
• Hydraulic conductivity is consistent within hydrostratigraphic units. 
• River stage has regular and constant variability. 
• Liners are constructed instantaneously. 
• Source concentrations change instantaneously due to changes in operations 
• Leachate instantaneously migrates to groundwater (e.g., rapid migration through 

the unsaturated zone). 
• Boron undergoes a reversible adsorption and desorption process and does not 

decay. 
• Dispersion and retardation are the primary attenuation mechanisms. 
• Cap construction has an instantaneous effect on recharge and percolation 

through the underlying ash fill deposit, relative to the period of the prediction 
models. 
 

The model is limited by the data used for calibration, which adequately describe 
groundwater flow and quality for that time period. Model predictions of flow and 
concentration are less reliable with increasing distance from the sites (calibration 
points). Furthermore, the reliability of model predictions decreases with increasing time 
since changes may occur that were not accounted for in the model.  
 
FLOW AND TRANSPORT MODEL CALIBRATION 
 
To calibrate groundwater flow, the simulated hydraulic heads are compared with the 
observed range of the heads measured at or surrounding the sites. The goal for flow 
model calibration was to achieve a relative standard deviation, given as a percentage of 
standard deviation to data mean, of less than 10%. The observed heads are plotted 
versus the simulated heads. A near-linear relationship between observed and simulated 
values and the evenly distributed residuals indicate that the model adequately 
represents the calibration dataset. 
 
To calibrate transport, simulated boron concentrations were compared to observed 
data. A subset of representative wells was selected in each case for calibration based 



on their proximity to the site and upgradient/downgradient position relative to the site. 
Each model defined the calibration criterion, which typically included a combination of 
matching the general trend between simulated and observed concentrations at each of 
the calibrated monitoring wells and matching the most recent simulated concentration to 
the most recent observed concentration within a defined error limit. Calibrated transport 
models demonstrated an agreement between simulated and observed concentration 
within the defined calibration criterion.  
 
CASE STUDIES 
 
Key concepts and methodologies to develop a defensible flow and transport model were 
described above. However, each impoundment site varies in design and surrounding 
hydrogeologic conditions, presenting unique challenges for flow and transport modeling. 
The following two case studies were selected to describe instances where surface 
impoundment designs or hydrogeologic conditions presented unique challenges to flow 
and transport modeling and the methods used to address those challenges. 
 
CASE STUDY 1 - LEACHATE MASS LOADING 
 
An ash pond system (APS), consisting of multiple surface impoundments and a cooling 
pond, was simulated. The site overlies unlithified deposits (alluvium and glacial 
deposits) and bedrock. Groundwater discharges to a river west and south of the APS. 
Groundwater originates from three sources within the model domain: natural recharge 
outside of the APS and cooling pond, infiltration from the cooling pond, and recharge 
(percolation) enhanced by infiltration of sluice water within the APS. The conceptual 
model for transport assumed two mechanisms for boron leaching: leaching to recharge 
water during percolation through CCRs above the water table, and leaching to 
groundwater as it flows through ash below the water table. 
 
The model was used to predict groundwater quality surrounding the APS for a period of 
50 years after the cap was completed. The 50-year time frame was long enough to 
compare the effectiveness of different closure alternatives; however, predicted boron 
concentrations at some monitoring points exhibited a continuously increasing trend, 
raising uncertainties about groundwater quality beyond the model period. To address 
this issue, the duration of the flow and transport prediction model was extended until 
4,000 years. The endpoint of the modeling was assigned with the goal of capturing the 
entire boron breakthrough curves at all monitoring points. 
 
Re-evaluation of the model indicated that boron at some monitoring points was 
predicted to reach a maximum concentration over a period of more than 1,000 years, 
during which time boron was released from the source at full strength and migrated 
towards the stream and drain boundary cells surrounding the APS. After 1,000 years, 
the total mass of the plume represented a large portion of the available source within 
the APS; and, therefore the original assumption that the source keeps constant doesn’t. 
In such a long run, the source will be depleted and the plume will shrink after expanding 
to its maximum size.  



 
To account for both the long time frame of the prediction models and boron mass 
depletion at the source, a new prediction model was created where the modeled boron 
source concentration representing leachate from the APS was reduced over time to 
reflect the decreasing, and finite leachable mass in the solid CCRs. This modeling 
resulted in a reasonable size of the maximum plume footprint.  
 
CASE STUDY 2 - GROUNDWATER FLOW REVERSALS AND SURFACE WATER 
CONTROL SYSTEMS 
 
In this case study the modeled system was also one which included an APS, consisting 
of multiple surface impoundments. The APS in this case also overlies unlithified 
deposits (e.g., silty clay and the sand and gravel units) and bedrock. The 
hydrostratigraphy consists of a confining silty clay unit over a thick, highly permeable 
sand and gravel aquifer. At the site, groundwater originates from five sources within the 
model domain: natural recharge outside the APS; recharge (percolation) within the APS 
that varies over time with changes in use; natural flow within the uppermost aquifer from 
upgradient areas during base river stage; recharge from the landside ponding of water 
in levee seepage control systems; and, flow from the river during periods of flood river 
stage. The conceptual model for transport assumes boron leaching to recharge water 
during percolation through CCRs above the water table.  
 
Groundwater flow is transient and changes in groundwater flow direction are regularly 
observed as a function of river stage. During base river stage, groundwater discharges 
to rivers which border the property to the south and east. During flood river stage 
groundwater flow reverses direction, flowing from the rivers toward the APS. Flood river 
stage is estimated to occur annually; however, base river stage and the associated 
groundwater flow direction toward the rivers predominates. 
 
River stage fluctuates significantly between base stage and flood stage, which has a 
strong effect on groundwater flow; therefore, the calibration and prediction modeling 
were completed as transient models. Although river stage frequency and duration were 
highly variable, thirteen years of river stage observations were utilized to develop a 
simplification for modeling the two stage conditions as follows: (1) Base stage was set 
at the average mean monthly river stage for months when groundwater flow is typically 
toward the river; and, (2) Flood stage was set at the average mean monthly river stage 
elevation for months where groundwater flow reversals, away from the river, were 
regularly observed.  

 
By including the observed fluctuating changes in river stages in the model, the model 
was able to simulate groundwater flow direction reversals. In turn, the modeled changes 
in groundwater flow direction resulted in seasonal fluctuations in simulated boron 
concentrations which were also reflected in observed trends in downgradient/upgradient 
groundwater monitoring wells. 
 



In the vicinity of the site, surface water and groundwater flow was further altered by 
levee drainage improvements in the vicinity of the APS. Seepage control systems alter 
landside ponding adjacent to the site and influences groundwater flow in the immediate 
area and neighboring monitoring points. To model ponding in the seepage control 
systems, constant head boundaries were used. Constant head boundary elevations 
were determined by using target ponding elevations as initial inputs, then adjusting 
them during calibration. More accurately representing controls on groundwater flow 
direction in the model resulted in improved transport model calibration and by extension, 
a higher level of confidence in the prediction model.  
 
CONCLUSIONS 
 
Groundwater fate and transport modeling allows utilities to evaluate the effectiveness of 
various closure scenarios on groundwater quality. Once a closure option is selected, the 
model can also be used to demonstrate improvement of groundwater quality within a 
reasonable timeframe. A defensible fate and transport model starts with a 
comprehensive conceptual site model based on thorough understanding of 
hydrogeological site conditions. The processes and methodologies used to develop fate 
and transport models have a direct influence on the quality of simulated model outputs. 
The case studies presented provide examples of site specific conditions that required 
unique model inputs to achieve defensible closure predictions.  
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