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ABSTRACT 
 
Many coal ash storage facilities are located in the floodplain of major waterways. 
Investigation of the interaction between groundwater and surface water in these areas is 
critical to understanding hydrogeology, proper design of groundwater monitoring 
networks, groundwater chemistry, potential contaminant transport issues, and design of 
remedial alternatives. Considerations include transient interaction between bank 
storage, upland groundwater, and out-of-bank inundation. In this presentation, we 
discuss a two-dimensional numerical flow and transport model used to simulate the 
short-term fluctuations of river stage on mixing of surface and groundwater in the 
floodplain. We apply the model to a transect through the floodplain of a major river using 
transient river stage data and aquifer properties for both in-bank and out-of-bank 
events. The model is then used to simulate movement of hypothetical conservative 
tracers to confirm and enhance our understanding of floodplain hydrogeology.  
 
Short-term fluctuations in river stage (e.g., during river flood events) can significantly 
influence the extent of groundwater and surface water mixing within the floodplain. Our 
simulations show that river flood events can trigger influx of surface water to 
groundwater far inland from the normal stream bank. The amount of 
groundwater/surface water mixing is linked to the duration and amount of flooding, as 
well as the history of flooding events. Our results suggest that interactions between 
surface and groundwater flows in floodplain settings is complex. We conclude that both 
dynamic groundwater/surface water interaction and unsaturated zone processes need 
to be considered when monitoring groundwater and potential contaminant transport 
related to coal combustions residuals (CCR) Units. 
 
INTRODUCTION 
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In alluvial environments near rivers, there is a complex interaction between river water 
and groundwater that influences groundwater quantity, flow direction, and chemistry. 

This paper discusses processes that influence the interaction between groundwater 
and surface water and the potential influence of those processes on contaminant 

transport at CCR landfills and surface impoundments (units) adjacent to rivers. We 
developed a two-dimensional flow and transport model to simulate the mixing of 

surface water and groundwater within an alluvial floodplain. We applied the model to a 
typical transect through the floodplain of a major river using transient river stage data 

and aquifer properties for both in-bank and out-of-bank events. The model was then 
used to simulate movement of hypothetical conservative tracers to enhance our 

understanding of floodplain hydrogeology. The study provides insight related to the 
design of groundwater monitoring networks, groundwater chemistry, potential 
contaminant transport issues and remedial alternatives.  

 
BACKGROUND 
 
The U.S. Code of Federal Regulations (CFR) Title 40, Part 257 establishes prescribed 
national minimum criteria for existing and new CCR units (CCR rule; US Environmental 

Protection Agency (USEPA), 2015). Within the CCR rule there is a requirement that the 
owner or operator of a CCR unit install a groundwater monitoring network designed to 
detect the potential release of CCR constituents from the CCR units. Specifically, there 

is a requirement within the CCR rule to “accurately represent the quality of 
groundwater passing the waste boundary of the CCR unit. The down gradient 

monitoring system must be installed at the waste boundary that ensures detection of 
groundwater contamination in the uppermost aquifer.” 

  
The collection and interpretation of groundwater quality data is complicated in areas 

that are influenced by the interaction of groundwater and surface water. This is a 
frequently encountered condition at CCR units proximal to surface water bodies. Due 

to water requirement needs, most existing and closed coal plants are located along 
rivers (US Energy Information Administration (EIA), 2018).  
 

Of particular interest for this study is the area immediately adjacent to rivers that is 
influenced by the processes of bank storage. As the water level in a river rises due to 

precipitation, rapid snow melt, or release of water from a reservoir up stream, it 
becomes higher than the surrounding water table. The hydraulic pressure gradient 

causes water to move from the river into river banks where it is temporarily stored. This 
process is termed bank storage. During high water events river water is pushed into 

the river bank and becomes groundwater. When the river level subsides, the water that 
flowed into the bank reverses flow back into the river. The process of bank storage 

results in the replacement and/or mixing of groundwater and surface water proximal to 
water bodies. For groundwater monitoring wells completed within the influence of 
surface water, the location, design, collection, and interpretation of water quality data is 

complicated by the complex interaction between groundwater and surface water. 
 

Numerical modeling has been previously used to quantify bank storage and aquifer 



recharge (Squillace, 1996; Whiting and Pomeranets, 1997) and the relative importance 
of various flow pathways in shallow alluvial aquifers (Bates et al., 2000). In this paper 

we similarly apply numerical modeling techniques to evaluate the potential for 
groundwater/surface water mixing in the floodplain. 

 
METHODS 

 
Model Construction 

The groundwater flow component of the numerical model was applied to a vertically 
aligned conceptual cross section through a typical floodplain of a large river valley. 
Several other studies have shown that floodplain hydrology is predominantly a two-

dimensional (lateral) process (e.g., Claxton et al., 2003 and Welch et al, 2015). The 
orientation of the section was chosen to be parallel to the dominant groundwater flow. 

The numerical model provides a more rigorous, though still idealized, representation of 
the groundwater/surface water interaction and anticipated influence of bank storage.  

 
We constructed a two-dimensional variably saturated flow model using the three-

dimensional finite-difference MODFLOW computer code developed by the United 
States Geological Survey (Langevin et. al, 2017) coupled with MT3DMS, a modular 
transport model for simulation of advective transport of a hypothetical tracer in 

groundwater (Zheng and Wang, 1999). The model domain was variable in height 
ranging from 95 to 125 feet (ft) and 1,000 ft in length (Figure 1). A partially penetrating 

river was simulated with the river package (general head boundary). The river 
boundary was simulated at half the channel width. Inclusion of a half-width of the river 

channel facilitates interpretation of water and chemical flow through both the channel 
bed and banks. The finite-difference grid and flow boundary conditions used for the 

model are shown in Figure 1. The grid consisted of 2,394 cells with cell size below the 
saturated zone ranging from 5 ft x 5 ft near the river to 10 ft x 5 ft in the distal areas. 

Note that cells in Layer 1 were assigned a variable height representing a generalized 
ground topography in the vicinity of a characteristic CCR unit.  
 

For these simulations, spatially uniform material properties were assigned as indicated 
in Table 1. Soil parameters were prescribed based on generalized properties of a 

relatively uniform alluvial sand unit.  
Table 1 

Summary of Model Input Properties 
 

horizontal hydraulic conductivity 10 ft/d 

vertical hydraulic conductivity 1 ft/d 

specific yield 27.5 % 

effective porosity 22.5 % 

longitudinal dispersivity 1 foot 

 

The initial water table was simulated with a regional gradient 0.005 ft/ft, and the initial 
saturated aquifer thickness was 95-100 ft. To create a hydraulic gradient within the 



model, the boundary condition at the opposite side of the model from the river was set 
as a specified head to represent regional groundwater discharge. The model was run 

to steady state to obtain a head distribution throughout the model, and then this 
condition was used as the initial condition for transient simulations of bank storage 

(Figure 1). 
 

 
Figure 1. Model domain and initial conditions. Color flood indicates water table 

contours of the alluvial aquifer under base flow conditions. 
 

Simulation of Surface Water and Groundwater Mixing 
Subsurface flows during three river elevation events were simulated using the model 

as described in the previous section. The following simulations were completed: 
 

1. Simulation of a single in-bank flood event 

2. Simulation of an out-of-bank event with over-bank flooding and infiltration 
3. Simulation of a managed river event with a summer pool and winter pool 

 
For each event, the relative percentage of surface water was evaluated by simulating a 

conservative tracer entering the bank through the river boundary and, if applicable, the 
inundated floodplain surface (recharge boundary). In each case, the initial 

concentration of tracer entering the domain was set at 100.0. When the flow direction 
was reversed, the tracer concentration at the boundary could vary freely. This means 

that tracer-labeled water could leave the domain, representing the removal of the tracer 
from the system. 
 

Simulation 1 
Simulation 1 consisted of an in-bank event with maximum stage of 11.6 ft over average 

river stage. The event was based upon an actual river data set. The simulated event 
lasted 28 days with a maximum occurring on Day 14 and was based upon reported 

conditions from January 18 to February 14, 2017 (Figure 2). To simulate groundwater 
movement and bank flow recession after the flood period, the boundary conditions at 

the end of the event were held constant for a further 200-day period. While it is unlikely 
that there would be a single river rise event followed by average conditions, this 

allowed us to evaluate the event independent of prior or subsequent influences. 



 
Figure 2. Example river stage data Orange shaded area indicates Scenario 1 

simulation period. Green shaded period indicates Scenario 2 simulation period. 
 

Figures 3a-d shows the infiltration and movement of a hypothetical tracer associated 
with river water over the course of the water rise event. As the river stage rose, strong 

hydraulic gradients across the floodplain sediments allowed surface water to mix with 
and displace groundwater (Figure 3a and 3b). Although river stage later receded, the 

river water is simulated to migrate further inland and to greater depth in the floodplain 
sediments (Figure 3c). 
 

The areas of the floodplain that received the most tracer were those where the 
hydraulic gradient across the surface was highest for the longest period of time. By the 

end of the base flow period (Figure 3d), there was some evidence of tracer transport 
back in the direction of the river due to advection, but also some degree of movement 

due to dispersion which moved tracer deeper into the floodplain sediments. Figure 3d 
also shows that even after a considerable period under base flow conditions, tracer 

remained in the floodplain at significant concentrations due to the time required to 
dissipate the groundwater mound created by the water rise event and the low 

groundwater velocity conditions in the floodplain under base line conditions. The post 
flood conditions are anticipated to deviate from the simulated extended base flow 
based on specific site conditions including hydraulic gradient, river stage, and aquifer 

properties.  
 



 
Figure 3a (Day 5) 
 

 
Figure 3b (Day 10) 
 

 
Figure 3c (Day 28) 
 

 
Figure 3d (Day 200) 

 
Figures 3a-d indicates the simulated surface water concentration during the in-bank 

event at (a) Day 5 rising river stage, (b) Day 10 peak stage, (c) Day 28 falling river 
stage, and (d) Day 200 end of simulation. Concentration of tracer is indicated by a 

linear gray scale flood of tracer ranging from 1 (white) to 100 (black). 
 
Simulation 2 

Simulation 2 consisted of an over-bank event with maximum stage of approximately 25 
ft over average river stage. The simulated event lasted 83 days with a maximum 

occurring on Day 45 and was based upon actual conditions in a major river (Figure 2). 
As in Simulation 1, the boundary conditions at the end of the event were held constant 



for a further 200-day period. The out-of-bank period was simulated through infiltration 
of ponded water, as much as 3 ft in depth, through the vadose zone via the 

MODFLOW recharge package. 
 

As with the in-bank event, as the river stage rose strong hydraulic gradients across the 
floodplain sediments allowed surface water to mix with and displace groundwater 

(Figure 4a). As the river stage exceeded the bank elevation, the increased infiltration 
caused the surface water to spread greater laterally in the inland direction, with 

relatively higher concentrations extending further inland near the water table where 
there are the dual hydraulic pressures from river stage gradients and recharge through 

the unsaturated zone caused by inundation (Figures 4b and 4c). The simulation also 
indicated that the formerly unsaturated zone was close to saturation during the high-
water event as a result of the dual forces of river stage and infiltration of ponded water.  

 
Although river stage later receded, our simulation indicated that river water migrated 

further inland and to greater depth in the flood plain sediments (Figure 4d). By the end 
of the base flow period (200 days; Figure 4d), there was some evidence of tracer 

transport back in the direction of the river due to advection, but both mounding and 
dispersion processes have moved tracer deeper into the flood plain sediments 

indicating a greater mixing of the surface water with groundwater. Figure 4d also 
shows that even after a considerable period under base flow conditions, tracer 

remained in the floodplain as much as 240 ft inland from the river.  
 
Based upon the results of this simulation, when the rise in river stage overtops the 

banks and floods large areas of the land surface, widespread surface water and 
groundwater mixing can take place throughout the flooded area and further inland 

(Figure 4d). 
 

 
Figure 4a (Day 14) 

 

 
Figure 4b (Day 50) 

 



 
Figure 4c (Day 65) 
 

 
Figure 4d (Day 200) 
 
Figures 4a-d indicate the simulated surface water concentration during the out-of-bank 

event at (a) Day 14 rising river stage, (b) Day 50 peak stage, (c) Day 65 falling river 
stage, and (d) Day 200 end of simulation. Concentration of tracer is indicated by a 

linear gray scale flood of tracer ranging from 1(white) to 100 (black). 
 

Simulation 3  
In the third simulation, we investigated the bank storage characteristics of a managed 

river system. The simulation consisted of two stress periods of six months each (182.5 
days). During the first stress period river stage elevation was increased by 6 ft to 

represent a hypothetical managed high-water period. After six months of high-flow 
conditions, the second stress period represented returning the river stage to low-water 
period conditions. 

 
Figure 5 shows the infiltration and movement of a hypothetical tracer associated with 

river water over the high-water and low-water management periods. During the high-
water period, the maximum simulated inland infiltration of surface water was 

approximately 140-160 ft from the river bank (Figure 5b).  
 

Examination of potentiometric patterns predicted by the model showed the formation of 
a water table ridge, or mound, within the floodplain with stagnation point indicating zero 

gradient back to the channel and inland (Figures 5b and 5c). Figure 5d shows that after 
six months of low-water conditions, tracer remained in the floodplain due to the low 
groundwater velocity conditions in the floodplain.  

 
Based upon the results of this simulation as it was defined, base flow to the river may 

be primarily derived from bank storage rather than from the broader aquifer. Future 
investigations may seek to refine these results in the light of the complexities of surface 

water/groundwater interfaces. For example, investigations have demonstrated that the 
volume (Pinder and Sauer, 1971) and storage zone (Chen and Chen, 2003) increase in 



proportion to aquifer hydraulic conductivity and the rate of stream level rise (Li et al. 
2008) and reduce when vertical permeability reduces due to less permeable river beds, 

aquitards, or anisotropy (Chen and Chen 2003). Welch et al., 2015 have found that the 
processes of bank flow are sensitive to hydraulic gradeints.   

 

 
Figure 5a (Day 60) 

 

 
Figure 5b (Day 182.5) 
 

 
Figure 5c (Day 250) 
 

 
Figure 5d (Day 365) 

 
Figures 5a-d indicates the simulated surface water concentration during the managed 

river scenario at (a) Day 60 elevated stage, (b) Day 182.5 end of elevated stage, (c) 
Day 250 low water stage, and (d) Day 365 end of low water stage. Concentration of 

tracer is indicated by a linear gray scale flood of tracer ranging from 1(white) to 100 
(black). 



 
CONCLUSIONS 
 
This study describes the conceptual transient simulation of floodplain hydrology. Short-
term fluctuations in river stage both in managed and unmanaged rivers can significantly 
influence the extent of groundwater and surface water mixing within the floodplain. The 
simulations show that river flood events can trigger influx of surface water to 
groundwater inland from the normal river bank. The simulations suggest that the 
amount of groundwater/surface water mixing is linked to the duration and amount of 
flooding as well as the history of flooding events.  
 

In the context of CCR units completed within the floodplain, results suggest that 

interactions between surface and groundwater flows in floodplain settings is complex. 

Of note is the conclusion that, depending on the timing of recent river events, much of 

the water monitored within shallow groundwater near the river bank (within 150-200 ft) 

may contain a substantial contribution of surface water. This has major implications 

when selecting the appropriate downgradient location for monitoring as part of the CCR 

rule, selection of appropriate background monitoring well locations, interpretation of 

groundwater chemistry results and evaluation of remedial alternatives. 

 

LIMITATIONS 

 

Floodplain systems may have a heterogeneous sedimentary structure that results from 

stream processes (including channel meandering) and may contain significant 

preferential flow paths. The model simulations represent an idealized simulation of 

these conditions and care should be taken when applying to real-world environments. 

Additional complexity is added by the transient nature of the river flood events and 

groundwater flow. Application to real-world problems should include a calibration to site 

data to provide greater reliability that the modeling scenarios are appropriate for the 

system being described.  Future investigations may include evaluating the effects of 

sensitive parameters (e.g. horizontal and vertical hydraulic conductivity, heterogeneity, 

and hydraulic gradient). Additional lines of investigation may include calibration and 

application to site data and evaluation of multiple sequential flood events (as are 

common in real world situations as evidenced by the river stage data; Figure 2). 
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