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EXECUTIVE SUMMARY  

The work reported here stems from a 10-week summer internship with the U.S. Department of 

Energy’s Office of Environmental Management (DOE-EM) Headquarter Offices in Washington, 

D.C., as part of a workforce development initiative supported by DOE. The work was conducted 

under the mentorship of David Weyant, physical scientist at DOE-EM Germantown, and Christian 

Johnson, chemical engineer at the Pacific Northwest National Laboratory (PNNL). The overall 

objective of the work was to explore modeling of amendment injection using MODFLOW 6 and 

FloPy in the context of environmental remediation of groundwater contamination. 

The work progressed with MODFLOW 6 and FloPy from learning examples to conducting 

simulations for a sequence of scenarios to evaluate the effects of injections on the distribution of 

hydraulic heads in an aquifer. Initial work was completed to gain an understanding of the 

fundamental concepts of groundwater modeling and how to set up a FloPy Python script to 

configure a model, execute simulations, and visualize results. Subsequently, the work proceeded 

to analyze the effects of injecting amendments into aquifers, with manipulation of select variables 

to represent a range of different injection scenarios. Results were assessed in cross section and 

plan view contour plots to visualize groundwater movement and understand the impact of 

injections on pressure gradients and contaminant migration. 

Overall, this internship provided the opportunity for the lead author to strengthen technical skills 

in environmental modeling, deepening the understanding of subsurface remediation strategies and 

providing skillsets that could ultimately aid in assessment of more efficient nuclear waste cleanup 

strategies. Future work could entail application of more sophisticated modeling techniques such 

as transient simulations, variable density flow outcomes, and contaminant transport analysis. 
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1.0 INTRODUCTION  

Seeking to address contamination resulting from decades of nuclear weapons production and 

processing, the U.S. Department of Energy’s (DOE) Office of Environmental Management (EM) 

has a multi-faceted approach to waste treatment across its different sites. One aspect is the 

application of advanced modeling techniques to design and optimize environmental remediation 

efforts.  An example application is injection modeling, which helps determine the optimal injection 

rate, volume, and location for introducing chemical amendments (such as oxidants, reductants, or 

other bioremediation agents) into contaminated aquifers to stimulate contaminant destruction, 

biodegradation, or sequestration, thus reducing contaminant migration in a cost-effective and 

implementable manner (Figure 1).  Software such as MODFLOW, a modular finite-difference 

flow model developed by the U.S. Geological Survey (USGS), can be used to build site-specific 

models and perform simulations to evaluate different injection scenarios. 

 

Figure 1. Depiction of a remediation system with injection of an amendment (figure adapted from the PNNL 

SOCRATES software [Johnson, 2024]). 

This report documents application of MODFLOW 6 (Langevin et al, 2017, 2025) through the 

FloPy (Bakker et al., 2016, 2025; Hughes et al., 2023) Python package for modeling amendment 

injections as part of a DOE-EM internship. The work took place in phases. The initial work was 

to gain an understanding of the fundamental concepts of groundwater modeling with 

MODFLOW 6 through the FloPy scripting interface. That included learning FloPy and running 

example models1 to illustrate how groundwater flow could be simulated under different conditions.  

Subsequently, the to analyze the effects of injecting amendments into aquifers, with manipulation 

of select variables to determine a range of different injection scenarios. That is, models were set 

 
1 “Creating a Simple MODFLOW 6 Model with Flopy – FloPy 3.10.0.Dev3 Documentation”. 

https://flopy.readthedocs.io/en/latest/Notebooks/mf6_simple_model_example.html 
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up and run as steady-state flow simulations with defined spatial and temporal discretization (grid 

cells and stress periods) and key hydrogeological parameters such as hydraulic conductivity.  

Results were assessed in cross section and plan view contour plots to visualize groundwater 

movement and understand the impact of injections on pressure gradients and contaminant 

migration. 

This modeling work directly supports DOE-EM's mission to improve the efficiency of nuclear 

waste cleanup efforts across its sites by simulating real-world scenarios and evaluating the 

different outcomes. This is essential to understand how computational tools can design and 

optimize remediation strategies, inform decision-making, and enhance environmental protection 

efforts. 
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2.0 RESEARCH DESCRIPTION 

This work involved several phases to learn the foundation for groundwater flow and transport, 

learn about the modeling tools, and conduct simulations for scenarios evaluating amendment 

injections to support DOE-EM’s remediation strategies. The learning phase consisted of 

discussions with mentors and reading MODFLOW documentation to learn about how groundwater 

flow is described and modeled. The MODFLOW 6 and FloPy manuals were also key to 

understanding model construction, running simulations, and examining results. The sections below 

describe the approaches taken to set up the model configurations and visualize simulation results. 

2.1 Model Setup and Parameters 

To build a groundwater model, the initial conditions, objects, and parameters must be established.  

For a model, the subsurface needs to be divided into a grid of cells (i.e., spatially discretized) in 

such a manner as to represent zones with differing hydrogeological properties. The model grid 

discretization allows the spatial distribution of aquifer properties, such as hydraulic conductivity 

or porosity, as well as the initial conditions for hydraulic head and any hydraulic stresses, such as 

an injection well, to be assigned. 

Creating objects in a groundwater model using FloPy requires inclusion of the specifics of these 

grid cells/layers and hydraulic heads (Figure 2) to establish the spatial context for groundwater 

flow. The model configuration includes specifying the number of rows and columns, the number 

of layers, the lengths of the model domain in X and Y directions, the aquifer thickness, the 

hydraulic conductivity, the hydraulic head boundary conditions, and the heads at the center in the 

top layer. These parameters are tracked as variables in the Python code and assigned values so that 

they can be used by FloPy routines for building the MODFLOW model. 

  

Figure 2. Example groundwater model grid cell representation (adapted from McDonald and Harbaugh, 

1988). 

FloPy’s capabilities to process the hydrogeological properties and processes within the 

groundwater system were leveraged to build a MODFLOW model.  FloPy uses functions to build 
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the necessary MODFLOW packages that describe the model.  Among the MODFLOW packages 

that were included in the simulations for this work were: 

• The temporal discretization package (TDIS), which breaks the simulation into time steps 

and stress periods that represent changes over time (though the focus of initial simulations 

was on steady-state models without changes over time).  

• The initial conditions package (IC), used to define initial hydraulic heads per cell.  

• The node property flow package (NPF), which defines groundwater flow between cells.  

• The constant head package (CHD), used to simulate specified head boundaries and define 

cells where hydraulic heads are held constant throughout stress periods.  

• The output control package (OC), used to specify and save the type of output generated 

from the groundwater model, specifically the head changes, volumetric water information, 

and whether the heads are active, inactive, or constant. 

2.2 Simulation Techniques and Visualization 

After configuring the models, simulations were conducted to assess the influence of a central 

injection well. Specifically, looking at how the pressure gradients and hydraulic head contours 

around the injection point behave. This helps to understand how water moves through the system 

during amendment injection. 

To visualize this distribution and form appropriate conclusions, different types of plots were 

explored. When studying groundwater flow, there are different elements to take into consideration.  

Figure 3 shows color gradients for simulated hydraulic head results (i.e., water elevation levels) of 

the layer being examined. This visualization helps to understand the initial conditions of 

groundwater pressure and distribution, and how it will evolve once injection takes place. 

  

Figure 3. Color-coded head distribution plot for an example layer. 
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Hydraulic heads can alternately be plotted as separate contour lines, helping visualize the flow 

direction and head gradients (Figure 4). Color-coded references for the head values, like those seen 

in Figure 3, can also be visualized. 

 

Figure 4. Color-coded hydraulic head contour plots for an example layer. 

Cross section views are also important to visualize the hydraulic heads and vertical flow gradients 

(Figure 5). This view of the head distributions across the x and z-axes provides important 

perspective of the subsurface dynamics. 

  

Figure 5. Steady-state simulation cross-sectional view. 
 

After building the model and running baseline simulations, four different scenarios were run to 

evaluate how groundwater flow responds to different remediation scenarios.  The focus was on 

manipulating variables that were compatible with the level of complexity of the model, in this 

case, the hydraulic conductivity (K) of the model.  This was done by either increasing or decreasing 

K on all layers equally and then modifying it across layers either increasingly or decreasingly to 

compare results. 
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3.0 RESULTS AND ANALYSIS 

The effects of hydraulic conductivity variations were explored, as mentioned, by running four 

different scenarios of a steady-state flow simulation of water being injected into a central well, 

where the resulting hydraulic head distribution across ten vertical layers was plotted.  An example 

demonstration can be seen in Figure 6 below. 

 
Figure 6. Example simulation - head distribution across layers. 

  



FIU-ARC-2024-800013920-04C-004                                                                          Introduction to Amendment Injection Modeling 

PNNL- 38553 

 12  

In this figure, each of the plots represents a layer, with color gradients indicating hydraulic head 

values, in which lighter colors represent higher heads than the darker ones, across a spatial 

dimension that can be measured in meters or feet (x and y-axis). 

The central dot represents an injection well, where water is added to the system. Because of this, 

higher heads form around the injection point. Once the injection takes place, the color-coded 

representations of the head values across the different layers show how the distribution of the 

gradient takes place; as pressure dissipates through the geological formation, the hydraulic heads 

will build up until they eventually even out and reach equilibrium. In the plots provided by FloPy, 

this phenomenon can be visualized in how the yellow “dot” starts to slowly fade across layers until 

the color gradients become smooth. 

The rate at which this equilibrium point is reached can be altered by factors such as the hydraulic 

conductivity in the different layers. In other words, the smoother the transition is, the faster that 

the heads around the injection point evenly distribute themselves. That is why visualizing different 

conductivity scenarios can provide insightful conclusions about its effect on groundwater 

distribution. 

3.1 Scenario 1: Constant and Low Hydraulic Conductivity (K) 

The first scenario was aimed at visualizing how a lower hydraulic conductivity affects the 

distribution of heads during injection. By inputting a conductivity coefficient of K=1.0 m/day 

across all ten layers, a comparison between the head contour distributions across Layer 1 

(represented as Layer 0 in Python) and Layer 7 was established (Figure 7). 

 

Figure 7. Scenario 1 – hydraulic head distribution for low, constant conductivity. 

This type of plotting integrates the hydraulic head contours (represented by the black lines) with 

the color-coded head distributions represented above. The grid cells were also included to have a 

spatial scale for the head distribution. 
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In this specific case, a constant, lower conductivity appeared to restrict water movement and make 

the heads change more slowly, showing sharper and less smooth contours.  This can be interpreted 

from the heads around the injection point, now represented by the black curvature, that are still 

visible in Layer 7. 

3.2 Scenario 2: Constant and high hydraulic conductivity (K) 

The second scenario focused on visualizing how a higher hydraulic conductivity affects the 

distribution of heads after an injection. By inputting a conductivity coefficient of K=20 m/day 

across all ten layers, a comparison between the head contour distributions across Layer 1 

(represented as Layer 0 in Python) and Layer 7 was established (Figure 8). 

 

Figure 8. Scenario 2 – hydraulic head distribution for high, constant hydraulic conductivity. 

In this specific case, a constant, higher conductivity appeared to facilitate water movement across 

the layers. This can be seen in how the heads are already more evenly distributed from Layer 1, 

and Layer 7 presents a state of significant uniformity, with the heads around the injection point, 

now represented by the black curvature, are barely visible in this layer compared to Scenario 1.  

This explains how a higher conductivity causes the contours to move more downgradient, or to the 

right, allowing advection, which is the physical bulk movement of groundwater. 

3.3 Scenarios 3 & 4: Variable Hydraulic Conductivity (K) Across Layers  

Geological heterogeneity is often the most realistic case when it comes to multi-layered subsurface 

systems. If the conductivity is modified across layers, these conditions can be simulated more 

accurately. In addition, different results will be obtained depending on how the conductivity is 

altered; hence, increasing or decreasing conductivity across layers was another parameter 

evaluated. 
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Scenario 3 aimed at visualizing the effects in head distributions when increasing the hydraulic 

conductivity coefficient across layers; more specifically, from K=1.0 m/day in Layer 1, to K=20 

m/day in Layer 7 (Figure 9). 

 

Figure 9. Scenario 3 – hydraulic head distribution for a low-to-high, variable hydraulic conductivity 

configuration. 

Conversely, Scenario 4 aimed at visualizing the effects in head distributions when decreasing the 

hydraulic conductivity coefficient across layers; more specifically, from K=20 m/day in Layer 1, 

to K=1.0 m/day in Layer 7 (Figure 10). 

 

Figure 10. Scenario 4 – hydraulic head distribution for a high-to-low, variable hydraulic conductivity 

configuration. 
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Scenario 3 appears to show a more gradual smoothing effect as the water is moving to a zone of 

higher conductivity. Scenario 4, however, seems to have slightly higher restrictions in hydraulic 

head distribution compared to the previous scenario. 

In these cases, the heterogeneous nature of the different aquifer systems appears to make each 

scenario more accurately analyzed individually instead of comparatively. The head distributions 

are not necessarily changing based on the trend itself, but rather the specific geological properties 

of each layer and overall configuration of the specific aquifer system being studied. Nonetheless, 

visualizing variable scenarios where conductivity changes across layers does show how the overall 

effects on head distribution are similar in terms of reaching a certain equilibrium state over time.  

These visualizations, in turn, helped understand how injected amendments influence groundwater 

movement, and how geological heterogeneity affects remediation outcomes. 
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4.0 CONCLUSION 

Remediation techniques are an essential element to achieve DOE-EM’s mission of implementing 

the most effective, optimal, and feasible cleanup strategies. Understanding MODFLOW 6 and its 

application through the Python FloPy package is a key asset to computing groundwater flow 

simulations that can be applied to real-world remediation systems. Groundwater simulations 

provide information on how injected pressure distributes across hydraulic heads under certain 

hydrogeological conditions, with the ultimate purpose of slowing contaminant flow. This can 

indicate optimal well placement and injection rates that are the most effective for the specific 

system being studied. 

Through the simulated injection of certain amendments, the behavior of groundwater flow can be 

visualized under different conditions. In addition, aquifer systems can be accurately evaluated, and 

pumping schemes can be optimally designed to support remediation efforts. 

The steady-state flow simulations developed here demonstrated how pressure gradients affect flow 

patterns in multi-layered aquifer systems. With the help of visualizations such as contour plots, 

cross-sectional views and color-based gradient distributions, the spatial dynamics of groundwater 

movement were understood in more depth, while also providing insights on the role of geological 

heterogeneity in remediation outcomes. 

Additionally, by varying conductivity across layers and running several scenarios that test the 

effect on advection (bulk movement of groundwater), the importance of characterizing subsurface 

properties was highlighted. Higher conductivity coefficients favor groundwater flow over lower 

values, and when it comes to heterogeneous conductivities in multi-layered systems, a more 

specified approach to the particular case provides a more accurate understanding of how to treat it 

more optimally. 

Overall, this internship provided the opportunity to strengthen technical skills in environmental 

modeling, deepening the understanding of subsurface remediation strategies under several 

conditions. It also opened future possibilities to engage with more sophisticated modeling 

techniques such as transient simulations, variable density flow outcomes, and contaminant 

transport analysis. 
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