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1 Summary

Bioremediation is an alternative to conventional subsurface remediation methods, as it can be applied to
degrade contaminants on site. Checking the feasibility of bioremediation is based on the assessment of
ongoing biodegradation and geochemical conditions in soil and groundwater. In this context, modelling the
fate of contaminants provides understanding of the physical, chemical and biological processes involved. It
thus provides a tool for predicting bioremediation in the field.

Detailed data analysis of field measurements, such as sampling data on contaminant concentrations,
environmental conditions (such as pH), geochemical parameters (such as concentrations of oxygen, nitrate,
sulfate etc) is the starting point for identifying the status of the site, assessing feasibility of bioremediation
and designing biostimulation measures. For instance, multivariate statistical analysis of field observation data
can provide guidance on feasibility of bioremediation by evaluating the amount of biodegradation taking
place.

Numerical simulation can provide valuable knowledge on the processes occurring in situ, or on site, like
groundwater flow and contaminant transport including geo-chemical processes like adsorption and
biodegradation. Combining simulations on groundwater flow, contaminant transport and chemical reactions
allows making predictions on amounts, locations and time scales of biodegradation as well as measures of
biostimulation. A combination of (statistical) data-analysis of observational data with predictions by
numerical simulations, is a promising option for decision support on bioremediation for field sites.

The purpose of deliverable D4.3 — Bioremediation prediction and decision tool software suite including
documentation is to summarize the implemented software suite of the prediction tool (Task 4.3). The
software suite is composed of the sub-modules that have been developed in Task 4.2 and summarized in
deliverable D4.2. The tools have been extended in functionality and documented to facilitate usage by
practitioners. The final task in WP4 includes modelling of project field sites making use of the prediction tool.
Part of that has already started and will also be presented here as valuable modelling outcome.

The document outlines:

The overview of the status quo of the software suite regarding concepts, data and processes used
during numerical modelling

The structure and software standards of the prediction tool software suite

The components of the prediction tool software suite

Examples for modelling of (pilot) field sites

The deliverable represents a significant step of development and implementation of the Prediction Tool
Software Suite (work package 4) leading to the final part of model application to project field sites. The
prediction tool will be part of the Innovation Toolbox (work package 6) and by that subject to considerations
for commercial project-based exploitation.
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2 Overview

2.1 Aim

The aim of this deliverable is to provide a summary on the implemented prediction tool (Task 4.3:
Bioremediation prediction and decision tool software suite including documentation) developed within
MIBIREM work package 4 (WP4). The tool is composed of the sub-modules that serve to study, analyse and
predict the individual bioremediation relevant biogeochemical and hydrogeological processes in
groundwater and soil.

2.2 Processes involved

Processes relevant for general biodegradation and bioremediation prediction are:

e hydrogeological flow and transport: this includes groundwater flow driven by hydraulic gradients,
advective transport of contaminant, diffusion and dispersion

e transformation and phase transition processes: dissolution, adsorption/retardation, decay

e biochemical processes: chemical reaction and microbial degradation

e microbiome evolution: spatial distribution and temporal development of bacteria actively degrading
contaminants under various and/or changing environmental conditions.

Modelling all these processes at the same time, requires a high level of model detail, spatially resolved
parameter information and knowledge on initial and boundary conditions. This is typically not feasible in the
field. Thus, we follow the approach to select and combine most relevant processes and have modelling sub-
modules which can be used for data analysis and predictive modelling of individual or combined processes.
At the same time, modules are designed to allow for coupling of processes and (modelling) sub-modules at
an advanced stage of tool development.
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2.3 Structure of prediction tool suite

The prediction tool, named “MiBiPreT” (for Micro-Bioremediation Prediction Tool), is setup as GitHub
organization (Figure 1, available at https://github.com/MiBiPreT) hosting individual repositories that cover
the functionality for data handling and modelling of the relevant processes for bioremediation prediction as
outlined in sec. 2.1, specifically:

e mibiscreen

o mibitrans

e mibiremo

e mibibio (pre-release, development currently on hold)

The individual components of MiBiPreT are shortly discussed in section 3. Extensive descriptions have been
provided for some of the repositories in deliverable 4.2. Furthermore, the complete documentations (latest
version) of the published packages, are provided in the appendix.
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Figure 1: Start page of MiBiPreT prediction tool organization on GitHub.

We set up a separate GitHub organisation for repositories focusing on data analysis and modelling of specific
field sites, such as the sites and pilots of the MIBIREM project. In these applications, the tools provided in
MiBiPreT will be applied. The GitHub organization is available at https://github.com/MiBiPreT-FieldSites (we
consider renaming it to MIBIREM-FieldSites). Find more details in section 2.5.

We evaluated the suitability of other Python packages for project specific modelling purposes:
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- flopy [Bakker et al., 2023] is a python API for numerical modelling of groundwater flow and transport
using the established software MODFLOWG6 [Langevin et al., 2024]. It is thus well suited for the
complex modelling tasks in the project. Flopy allows for setup and operation via python of
groundwater flow and transport simulations (i) in complex geometries, such as the constructed
wetland [Verhaagen, 2023, van Zoggel, 2024] or (ii) complex flow settings such as the dipole pumping
pattern in Ploufragan.

- mfértmis a recently published python repository that facilitates reactive transport modelling via the
MODFLOWSG6 and PhreeqcRM APIs. Such a tool is well suited for complex modelling of the MIBIREM
field pilots. We initiated contact with packages developer Pablo Ortega. Collaboration and use of the
package for modelling the Ploufragan pilot are planned.

2.4 Software standards

As outlined in deliverable D4.1, we followed latest standards of research software development and
management as indicated in the Practical guide to Software Management Plans of Martinez-Ortiz et al,
[2023]. The structural design of MiBiPreT, as well as that of its components, follows state-of-the-art research
software design principles, ensured through the support of the project partners from the Netherlands
eScience Center.

All components of the prediction tool are written in Python. The packages are all open-source repositories
on GitHub, registered with a standard package manager (pip) for simple installation. All packages include an
extensive documentation, containing user documentation, deployment documentation and developer
documentation.

All components follow state-of-the-art research software design standards, e.g. through use of template
packages such as NleSC/python-template. This ensures best practices for research software, such as python
setup configuration, open source software license, continuous integration with GitHub action workflows for
building, testing, link checking and linting, code style checking with ruff, usage and contribution documents,
continuous code quality and code coverage reporting using Sonarcloud, automatic creation of issues with
instructions how to pass all GitHub action workflows, integration with services like Zenodo, instructions how
to make package citable, and FAIR software recommendation badge.

2.5 Field site modelling

One goal of WP4 is the modelling of bioremediation at selected project field site, with particular focus on
Pilot field sites (link to WP5). This includes:

e Ploufragan, FR (use case PHC)

e Constructed Wetland, Griftpark Utrecht, NL (use case PHC)
e Stockach, GE (use case cyanides)

e Bitterfeld, Ge (use case lindane)

Modelling for the two first sites on PHC is ongoing. Parts of the modelling results will be presented in
section 4. Field data from other project related field sites, such as Vetgasfabriek Amersfoort [van Leeuwen
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et al., 2020, 2022], Griftpark Utrecht [Faber, 2023] and the Lumco Ghent site has been used during the
development process of the prediction tool software suite.

We decided to split modelling and prediction tool application to project field sites from prediction tool
development. Consequently, we setup a separate GitHub organization MiBiPreT-FieldSites, that will contain
repositories for each of the field sites. This has the advantage that all aspects of a site are at one place, such
as data storage, data cleaning, modelling etc, including version control. Furthermore, aspects such as
licensing and access can be handled more easily, e.g. with providing access during development to
designated project partners. Each site will make use of different packages from the MiBiPreT software
suite, as well as other existing and useful packages, such as flopy, or mfé6rtm that are handy for complex,
coupled modelling.

We created a template for setting up modelling repositories for field sites of the MIBIREM project. Based
on the template, repositories were setup for the three field site pilots (i) Ploufragan, (ii) Constructed
Wetland, Griftpark, and (iii) Stockach. A repository for Bitterfeld is in planning. The model for the latter is
currently under development. Preliminary modelling results for the first two pilots are outlined in section 4.
A model for the Bitterfeld pilot is in planning. All repositories are currently private (i.e. no public available in
contrast to the MiBiPreT software suite) due to data management regulations. The modelling data for all
sites is planned to be published along scientific publication of results.
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3 Software suite elements

As outlined in section 2.3, MiBiPreT is composed of 4 packages, each covering part of the functionality
regarding data handling, data analysis, process modelling and visualization. During Task 4.3, the tools have
been extended in functionality and for interacting with each other. Extensive documentation has also been
added. In the following, we will outline the basic purpose and functionality of each tool/package. The
extensive documentations, including examples for each tool are attached to the appendix.

3.1 Mibiscreen

Mibiscreen is designed to perform data analysis, particularly focused on data related to bioremediation of
PHC soil and groundwater contamination, i.e. measurements of contaminants (with a focus on PHCs), habitat
conditions (e.g. redox potential, pH, etc.), geochemical composition (oxygen, nitrate as important electron
acceptors, but also other elements), microbiome data (i.e. the occurrence of DNA and functional genes),
metabolite data (i.e. intermediate products of the degradation process) and measurements on stable isotope
fractions (particularly for hydrogen and carbon within the sample and/or of individual contaminant). The
complete overview on mibiscreen is provided in the extensive documentation.

Structure, aspects of data handling, specific options for data analysis and visualization have been explained
in detail in D4.2. Generally, data handling includes loading (e.g. from spreadsheets), cleaning (e.g. detecting
duplicate data), check of data (e.g. check on units) but also handling of detection limits.

Implemented data analysis methods reflect typical data screening and analysis of field sampling data
gathered during field remediation efforts. This includes: (i) Analysis of electron balance for natural
attenuation (NA) screening; (ii) identifying threshold concentrations; (iii) metabolite analysis for evaluating
the occurrence of metabolites as indicators for ongoing biodegradation; (iv) stable isotope analysis; (v)
multivariate statistical analysis. All analyses and screening are accompanied by options to visualize results.

The package has recently been extended during its application for the Constructed Wetland pilot data
analysis. In the Appendix, we provide an example script outlining the use of mibiscreen for data handling of
field measurements collected at the Constructed Wetland pilot over the course of 2025. On feature
extension here includes the handling of a larger group of contaminants (from the group of PHC) as well as
making mibiscreen more general to be used for analysis of other kinds of groundwater and soil
contaminants.

3.2 Mibitrans

The Python package mibitrans is designed for modelling reactive transport including biodegradation of
contaminants in groundwater with a focus on PHC. It is a process-based model that makes use of analytical
and semi-analytical solutions of the advection-dispersion equation, combined with linear adsorption and
linear decay, that characterizes contaminant transport in the subsurface. Options for modelling
biodegradation include first-order decay and an instantaneous field-wide reaction based on electron
acceptor concentrations. As such, mibitrans builds up and extends the functionality of the Excel based
screening tool BIOSCREEN [Newell et al., 1996, 1997] for BTEX reactive transport.
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Mibitrans provides tremendous added value to the field by offering the same functionality of BIOSCREEN but
implemented as python package rather than an excel based application. There is a clear trend of younger
generations turning mostly to programming languages like python for their data analysis. Mibitrans is an
open source package, in an open source ecosystem (python) making customization and extension very easy
and increasing trust and reproducibility for the scientific community (you can see the actual
method/calculation written out instead of having to rely on Microsoft), it integrates seamlessly with many
other scientific workflows and software packages for (scientific) visualization, and analysis. Furthermore, it
enables integrating Al/ML like data analysis components into the workflow.

Mibitrans is more extensive in its functionality, compared to BIOSCREEN, as it e.g. used a fully analytical
solution, allows for a refined source definition, provides more visualization options and more analysing
options. All functionality is tested and benchmarked against BIOSCREEN for example field data (and the
overlapping functionality) as well as results from scientific literature for other functionality.

Mibitrans contains a list of field site examples for a user to take as template for own model development.
The standard tutorial-notebook and a field site example notebook are provided in the annex to showcase the
full functionality of the package. On overview of the package structure reflecting also functionality is provided
in Figure 2.

Mibitrans is modular, fully tested, well documented and well-structured to allow for adaptation and use in
various field situations. The setup of mibitrans as python package simplifies the combination with other
packages, such as inverse estimation tools (in python). Its modular structure allows the extension of
functionality, such as

e including the option for sequential degradation, e.g. for modelling other use cases such as CHC (and
other groups of contaminants such as chlorinated solvents);
e routines for inverse parameter estimation;

The complete overview on mibitrans is provided in the extensive documentation. An application example
showing the use of mibitrans for modelling field site transport is provided as example notebook, that is also
provided in pdf-form in the annex.

Hydrological Mibitrans Line plots
Attenuation Anatrans 2D & 3D plume
Source Bioscreen Animations
Model Mass balance

Figure 2: Structure and functionalities of mibitrans.
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3.3 Mibiremo

Mibiremo can be used to perform geochemical modelling relevant for biodegradation and bioremediation
using the functionality of PHREEQC. It operates with compiled PhreeqcRM libraries including dissolution
kinetics, adsorption and chemical reactions of PHCs and BTEX. The package has been successfully
benchmarked through comparison with standalone PHREEQC results. Mibiremo allows modelling chemical
reactions kinetically, i.e. in their full time-dependence which is particularly important for biological reactions
with complex interdependencies among system constituents. This is particularly valuable when coupling with
groundwater flow and transport tools, such as MODFLOW. Established reactive-transport packages such as
GWT or MT3D (compatible with MODFLOW) do not offer this feature of mibiremo.

Mibiremo comes with three examples/tutorials:

Example 1 —Titration: simulating a simple titration in a batch, where a solution is equilibrated with a
mineral phase (calcite) and the pH is adjusted by adding HCI.

Example 2 - Benzene and Ethylbenzene kinetic dissolution: simulating the kinetic dissolution of
benzene and ethylbenzene in a batch reactor.

Example 3 - Reactive transport of BTEX after dissolution: simulating the reactive transport of benzene
and ethylbenzene in a 1D domain for equilibrium and kinetic dissolution at the source.

The complete overview on mibiremo is provided in the documentation.

3.4 Mibibio

The prediction tool was planned to include a tool for analysis of sequencing data. During MiBiPreT setup,
we initialized the package mibibio for containing a collection of microbial analysis workflows to investigate
microbiological community structure, characteristics and their degradation potential. The setup and
prerelease of mibibio ensured that technical requirements were covered, such as operation on multiple
platforms such as Window/Linux/Mac.

The purpose of mibibio is to host routines on multivariate statistics adapted to specific data format needs
from sequencing data used in the MIBIREM project, i.e. data analysing techniques for studying microbial
communities, specifically routines to process data from genomic & 16S sequencing and functional
predictive metagenomics. The tool was not aimed to process raw sequencing data, wherefor various
software packages already exist, but to start from processed data of MIBIREM project partners who
perform the genomic & 16S sequencing and functional predictive metagenomics and their raw data.

In the course of the MIBIREM project, project partners, e.g. from UHasselt and UniPi developed workflows
for genome data analysis produced in WP2. During evaluation of these workflows for integration to mibibio,
we identify that these workflows are very case-specific and do not fit well to the development of a separate
analysis package. Furthermore, advanced analysing tools such as MicrobiomeAnalyst (comprehensive
statistical, functional and integrative analysis of microbiome data) or LinDA (differential abundance analysis
package) for this type of data are already available. We thus decided to setup mibibio as a collection of
workflows that have been used for analysis of MIBIREM related genome data that would allow reanalysis of
data and if applicable adapting to similar cases. The bioinformatic workflow consists of the following steps:
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e Sequence processing and denoising: Demultiplexed raw reads are filtered, trimmed, and denoised
using the DADA2 R package. Paired-end reads are merged and chimeric sequences are removed to
obtain high-quality amplicon sequence variants (ASVs).

e Taxonomic assignment: Taxonomy is assigned using IDTAXA against the SILVA 16S rRNA reference
database. Non-bacterial sequences such as mitochondria and chloroplast reads are filtered out
prior to downstream analyses.

e Contaminant detection: Potential contaminants are identified using the decontam package
(prevalence-based method) and some blancs included in the samples.

e Community analysis and visualization: Downstream analyses are conducted in R using packages
such as microbiome, phyloseqg-based workflows, btools, and metacoder. These are used to calculate
diversity metrics, perform ordination analyses.

The integration of the workflows in mibibio was planned for summer 2025, in a working group composed of
partners from UHasselt and ESC under the lead of the PhD student from UU working mostly on WP4.
Unfortunately, the PhD became long-term sick which resulted in the decision to put the development of
mibibio on hold until their return.

4 Field site modelling

4.1 Constructed Wetland Pilot, Utrecht

The Constructed Wetland pilot (CWP) is a facility within the municipality of Utrecht, the Netherlands to
treat contaminated groundwater from the highly polluted Griftpark in Utrecht. The design reflects an
isolated artificial wetland where contaminated water is pumped in and being (bio-)remediated during
travel through the soil which is enhanced through oxygen input from vegetation [Verhaagen, 2023]. The
pilot investigates the performance of the bioremediation capacity of the setup, as well as performance of
additional measures such as adding oxygen through nano-bubbles or having segments of activated carbon
on their capacity to stimulate biodegradation. Building of the wetland was finished in September 2023 and
monitoring started from August 2024 onwards. Figures 3 displays the conceptual setup (topview) of the
three compartments of the constructed wetland.
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Figure 3: Constructed Wetland setup (topview): Blue arrows indicate groundwater flow directions.

Results of a hydrogeological model using flopy [van Zoggel, 2024] have been presented in Deliverable D4.2.
The flow and transport model reflects the setup of a tracer test performed in November 2023 at the
Constructed Wetland pilot prior to contaminant treatment operation.

In the course of 2025, 8 field sampling rounds have been conducted at the CWP with analysis of more than
20 water samples per round identifying a broad range of concentrations, including those of electron
acceptors, metals, and many contaminants (including MAHs, PAHs, mineral oil compounds) and other

geochemically relevant compounds. This extensive data set is currently analysed. Results will be presented
in the final deliverable D4.4.

For analysis of the data set, we make use of the MiBiPreT package mibiscreen, specifically for data handling.
We designed precleaning routines that allow fast transformation of raw data to the mibiscreen standard
format, e.g. translation of Dutch names to English. The cleaned data (in mibiscreen standard format as
Excel-file) is then used with mibiscreen routines to:

e check and rename compounds to standard names
e check units

e handle missing values and values below detection limit

The processed data is saved to a new spreadsheet. The workflow is provided in the appendix with a pdf-
version of the python file “data_check_mibiscreen.py”. The data is further used for result’s screening and
analysis in various plot formats. An example is provided in Figure 4.
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Figure 4: Concentrations of (left) BTEX and (right) Naphthalene VOC over time (the 8 times represent the
different sampling rounds at the CWP) for the inflow and at a specific measurement location for the three
different wetlands (coloured lines).
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4.2 Ploufragan

4.2.1 Site Overview

Located in Ploufragan, Brittany (France), the site operated as a soap manufacturing facility from 1919 until
it ceased activities in 1994. After being left unused, it was officially designated as a contaminated area by
the Ministry of the Environment in 1996. Owing to extensive pollution by petroleum hydrocarbons (PHCs),
remediation oversight was assigned to ADEME (Agency for the Environment and Energy Management). The
industrial structures on the site were dismantled in 2017, and a subsequent investigation carried out in
2021 revealed that significant levels of contamination persisted in both soil and groundwater.

PZ10]

France

© OpenStreetMap coﬁfributors

& Legend
@ Soil sampling points
: Drums possible presence
! Drums found
oD 2 . P o Jouha stream
© TXE e  /a i = Groundwater elevation (Kriging)
@ ‘ B () Wells and piezometers
> Pilot area E2] Pilot area
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Figure 5: Ploufragan site, France.

In the area (Figure 5) several point sources of hydrocarbons are present, with maximum concentrations
reaching 130,000 mg/kg (predominantly C21-C35). These high concentrations, which are mainly located in
the sandy layers, also contain volatile C5-C10 fractions, PAHs, PCBs and BTEX. This contamination originates
from buried drums found in the area. Most of this area shows no impact of the pollution in groundwater,
with the exception of piezometer ZPF2, which shows traces of black bituminous oils with concentrations of
19,000 pg/L (C5-C40). The presence of VOC was also noted in this drum deposit area, with a maximum
concentration of 1113.34 ug/L (ZPF4). The spot of highest hydrocarbons concentrations is located at the
west side of the area, at the wells ETZ4, ZPF5, and ZPF8 where concentrations of 110,000, 130,000 and
76,000 mg/kg C10-C40 were found respectively. Figure 5 shows C10-C40 concentrations at an elevation of
94 m a.s.l.
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A pilot bioremediation plant for treating contaminated soil and groundwater through biological flushing is
currently being installed (WP5) in a dedicated area located east of the main PHC hotspot, covering
approximately 15 x 25 meters. Previous sampling campaigns provided additional site characterization
information for pilot setup, such as pumping tests performed by DND Biotech in October 2024.

4.2.2 Site Model

The hydrogeological setting of the site is rather complex, with a river close by, significant elevation
differences over short distances. The contamination is more focused to the unsaturated zone with a
contaminant source being very local. Leaching of contaminant to the groundwater is limited. Consequently,
modelling of contaminant plume development in the groundwater (e.g. with mibitrans) is not done.

The planned pilot introduces a complex flow pattern to the site. Modelling is valuable to identify the impact
of the pumping and injection to the flow pattern, the contaminant redistribution and consequently
biodegradation and bioremediation. A model that is sufficiently representative, needs to account for the
geometry of the site. Consequently, a numerical grid-based software, such as MODFLOW is necessary to
setup such a complex model.

A hydrogeological model was developed using MODFLOW to support the design of the pilot installation.
The model was calibrated and validated against the pumping test results. The MODFLOW model facilitated
the evaluation of different spatial configurations of extraction and injection wells. It eventually enabled to
optimize the overall layout of the pilot plant.

Step 1. Steady state simulation
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Figure 6: Workflow for the development and calibration of the MODFLOW hydrogeological model.
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The Figure 6 illustrates the workflow used to develop and calibrate the MODFLOW hydrogeological model.
In step 1, lithological data were interpolated using the Python library GemPy to construct a 3D geological
model, while the available groundwater elevation measurements were interpolated using the Kriging
interpolation method. These interpolated data were used to define boundary conditions. A first MODFLOW
simulation was performed, producing simulated hydraulic heads under steady-state conditions. The steady-
state heads from step 1 served as initial conditions for a subsequent MODFLOW transient simulation.
Hydraulic conductivity (K) values were calibrated by comparing simulated drawdown curves against
observed pumping test data. The calibration was performed using PEST (model-independent Parameter
ESTimation and uncertainty analysis), integrated within ModelMuse, the graphical user interface for
MODFLOW. In addition to parameter estimation, PEST was employed to carry out a preliminary uncertainty
analysis of the calibrated conductivity values.

(b) Transient simulations: calibration of the hydraulic conductivity and

(a) Steady-state simulations uncertainty analysis
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Figure 7: MODFLOW model calibration, validation and uncertainty analysis.

Modelling results are shown in Figure 7. Panel (a) shows the comparison between observed and simulated
hydraulic heads under steady-state conditions. Most points cluster reasonably close to the 1:1 line,
indicating an overall acceptable model performance, though one piezometer (PZ5) exhibits a noticeable
deviation. Panel (b) presents the transient calibration results for a pumping test conducted at well
DND_Pz1 with a flow rate of 360 L/h. The drawdown curves for the test repeated twice (PT2 and PT3) are
well reproduced by the model, with the shaded uncertainty range capturing most measurements. The
calibration yielded hydraulic conductivity values of 1.0 x 10> m/s for the upper layer and 1.5 x 10 m/s for
the second layer, while the third layer remains associated with high uncertainty. These values were in line
with those observed in other areas of the site in previous studies (range 107 to 10> m/s).

Based on numerical simulations, the maximum allowable extraction flow rate for the flushing process was
determined. The model also enabled the evaluation of different spatial configurations of extraction and
injection wells. For the design of the pilot installation, a triangular well arrangement was analysed,
consisting of one central extraction well (DND_Pz1) and three surrounding injection wells (NEW_1, NEW_2,
NEW_3), with injection-extraction distances varying from 4 to 10 m, as shown in the Figure 8.
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Figure 8: Well arrangement selected for the pilot installation based on modelling results.

A solute transport model was set up using the GWT (Groundwater Transport) package of MODFLOW,
simulating the injection of a conservative tracer at a concentration of 100 mg/L over a one-day pulse at the
three injection wells, with an injection flow rate of 100 L/h and an extraction flow rate of 300 L/h. The
simulation results (Figure 9) illustrate the influence of well spacing on flushing performance. Tracer
breakthrough at the extraction well occurs after approximately 4 days for the shortest distance (4 m) and
progressively later, around 8, 13, and 25 days, for distances of 6, 8, and 10 m, respectively. The cumulative
extracted mass after 40 days decreases markedly with increasing well spacing, ranging from approximately
75% for the 4 m configuration down to 40% for the 10 m configuration. These results provided key
guidance for selecting the optimal well spacing for the pilot plant, balancing treatment efficiency with the
spatial extent of the treated zone.

In conclusion, the hydrogeological model developed in MODFLOW proved to be a useful tool for the design
of the pilot bioremediation plant at the Ploufragan site. Through steady-state and transient simulations, the
model provided a reliable characterization of the local groundwater flow regime and aquifer hydraulic
properties. The subsequent transport simulations enabled a quantitative comparison of different well
configurations, offering insights into the relationship between well spacing, tracer breakthrough times, and
flushing efficiency. These modelling results helped the selection of the optimal well layout for the pilot
installation, currently being deployed on site. Monitoring data collected during the operational phase will
serve to further validate the model and further develop the model to incorporate the contaminant
transport (PHC) and biological reactions.
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Figure 9: MODFLOW-GWT transport simulation results for the triangular well configuration with varying
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injection-extraction distances. Left: tracer concentration breakthrough curves at the extraction well
(DND_Pz1) following a one-day pulse injection of 100 mg/L at the three injection wells. Right: Cumulative
extracted tracer mass as a percentage of total injected mass at day 40 indicated for each configuration.

The model code, input data, and results are combined in the repository MiBiPreT-
FieldSites/BF pilot_Ploufragan to ensure reproducibility and transparency. The repository is organized into
dedicated directories:

e data/ - containing field measurements of contaminants, geochemical parameters, and other
environmental data; docs/ with supporting documentation in Markdown format;

e modflow/ - storing the MODFLOW model input and output files; results/ including computed
figures

e scripts/ - including Python scripts for data processing, analysis, and visualization.

The repository is currently maintained as private and will be made publicly available following the
publication of the results in a scientific journal.
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6 Annex

Table of Abbreviation

Abbreviation Meaning

API Application Programming Interface

BTEX Benzene, Toluene, Ethylbenzene, Xylenes
MAH Monoaromatic Hydrocarbons

PAH Polycyclic Aromatic Hydrocarbons

PHC Petroleum Hydrocarbons

PCB Polychlorinated Biphenyls

Provided are the following files:

‘CW_mibiscreen_data_handling’: pdf-version of the py-script showing the use of mibiscreen for
data handling (loading, cleaning, standardization) of the constructed wetland data.

‘Basic use of mibitrans’: pdf-version of the jupyter-notebook provided in the mibitrans package
(under examples) showcasing the use of mibitrans and all its functionality

‘Example Keesler Site Analysis’: pdf-version of the jupyter-notebook provided in the mibitrans
package (under examples) showcasing the use of mibitrans for specific field data analysis
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#!/usr/bin/env python3
# -*- coding: utf-8 -*-

mnn

@author: Alraune Zech
import mibiscreen as mbs
time = 6 #options 0 -- 7

### file names and pathes

B - - - < = o m e e . Hitt
file_path_cleaned = "../data/cleaned/"

file _cleaned = f"{file_path_cleaned}/CW_Contaminants_Geochemisty T{time}.xlsx"
B - < = - - - e m e el Hith
### Use mibiscreen for data loading, check and cleaning (from standard format)
B - < = - - - - - e el Hitth

### Load and standardize data
data_raw,units = mbs.load_excel(file_cleaned,
verbose = True,

#decimal = ', "',

)

### general column check & standardize column names
mbs.check_columns(data_raw, standardize = True)

#i## check units
mbs.check_units(units)

data = mbs.check values(data_raw,
dl_factor = 0.1,

)

## ALl in one go:
# data,units = mbs.standardize(data_raw,

# reduce = False,

# dl_factor = 0.1,

# # store_csv=file_standard,

# verbose=True

# )

### when choosing reduce = True, all not identified columns are removed.

s e i e Hit#
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Basic use of mibitrans

February 26, 2026

This example present the features implemented in the mibitrans package, and explains how to use
them. The parameters used here are example field data in reasonable orders of magnitude, but do
not represent any field site in paticular.

import matplotlib.pyplot as plt
import numpy as np
import mibitrans as mbt

1 Input by dataclasses

mibitrans use dataclasses to handle data input. Input is grouped into four categories, each having a
separate input dataclass: * hydrological parameters * attenuation parameters * source parameters
* model parameters

Those are required for a regular transport model. An instantaneous reaction model additionally
needs electron acceptor concentrations, this is discussed in a later section.

Units of parameters have default values, consistent between data input categories. Input values
need to be expressed accordingly to avoid mishaps. It is possible to provide input in other units, but
this requires the user to ensure that they are consistent throughout the entire modelling process.

1.1 Hydrological parameters

The data class HydrologicalParameters contains parameters that are inherent to the aquifer
properties and relevant for the conservative transport processes of advection and dispersion: flow
velocity, porosity, dispersivity and diffusion.

hydro = mbt.HydrologicalParameters(
velocity=0.08, # Groundwater flow velocity, in [m/day]
porosity=0.25, # Effective soil porosity [-]
alpha_x=5, # Longitudinal dispersivity, in [m]
alpha_y=0.2, # Transverse horizontal dispersivity, in [m]
alpha_z=0.005, # Transverse vertical dispersivity, in [m]
diffusion=1le-5 # Molecular diffusion, in [m2/day]

)

Alternatively, hydraulic conductivity and hydraulic gradient can be provided. Flow velocity is then
calculated from those.
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hydro = mbt.HydrologicalParameters(
h_gradient=0.004, # Hydraulic gradient [-]
h_conductivity=6, # Hydraultic conductivity [m/day]

porosity=0.3, # Effective soil porosity [-]

alpha_x=5, # Longitudinal dispersivity, in [m]
alpha_y=0.2, # Transverse horizontal dispersivity, in [m]
alpha_z=0.005 # Transverse vertical dispersivity, in [m]

)

Check the value of an input parameter by calling the dataclass with the corresponding attribute
name.

print("The calculated groundwater flow velocity is: ", hydro.velocity, r"m/d")

print(£"The dispersivity values are: {hydro.alpha_x}m, {hydro.alpha_y}m and
o{hydro.alpha_z}m,"
" for the x, y and z directions respectively.")

The calculated groundwater flow velocity is: 0.08 m/d
The dispersivity values are: 5m, 0.2m and 0.005m, for the x, y and z directions
respectively.

If transverse vertical dispersivity, a, and/or diffusion are not given, they default to 0.

Note that only the Mibitrans model includes diffusion in its calculations. Anatrans and Bioscreen
do not, due to assumptions taken in their derivation.

1.2 Attenuation parameters

The data class AttenuationParameters handles parameters related to attenuation by adsorption
and degradation through linear decay.

1.2.1 Attenuation: Retardation

Retardation can be simply given as a value R > 1.

att = mbt.AttenuationParameters(
retardation=1.3 # Retardation factor for transported contaminants [-]

)

Alternatively, the retardation coefficient R can be calculated from soil bulk density, partition co-
efficient and the soil organic carbon fraction - when these parameters are provided. Note that
the calculation of the retardation factor also requires porosity, which has to be provided in the
HydrologicalParameters class. The calculation of retardation is automatically performed through
the function calculate_retardation() when running the model. But this function can also be
manually called.

att = mbt.AttenuationParameters(
bulk_density=1.7, # Sotl bulk density in [g/m~3]
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partition_coefficient=53, # Partition coefficient of contaminant to,
-s0il organic matter, in [m~3/9]
fraction_organic_carbon=1e-3 # Fraction of organic material in the sotl,
«[-]
)

# Calculate the retardation factor beforehand to see its walue by specifying,
~the porosity
att.calculate_retardation(porosity=hydro.porosity)

# And then check the wvalue:
print("The calculated retardation value is: ", att.retardation)

The calculated retardation value is: 1.3003333333333333

1.2.2 Attenuation: degradation parameters

The basic concept of modelling degradation (e.g. as result of biological activity) is by a linear decay
model, independent of any geochemical and biological settings. Input for the linear decay model is
either the contaminant decay rate p or half life ¢; 5.

Both options to provide these parameters are implemented. The other corresponding parameter is
automatically calculated.

att = mbt.AttenuationParameters(
half_ 1ife=3650, # Contaminant half life, in [days]
)
print("The internally decay rate (1/days) is: ", att.decay_rate)

att = mbt.AttenuationParameters(
decay_rate=1.899e-4 # Contaminant first order decay rate in [1/days]
)
print("The internally calculated contaminant half life (days) is: ", att.
~half_life)

The internally decay rate (1/days) is: 0.00018990333713971103
The internally calculated contaminant half life (days) is: 3650.064141969169

A complete set of attenuation parameters (for the examples below) would look like:

att = mbt.AttenuationParameters(
bulk_density=1.7, # Sotl bulk density in [g/m~3]
partition_coefficient=53, # Partition coefficient of contaminant to,
-s0il organic matter, in [m~3/g]
fraction_organic_carbon=1le-3, # Fracttion of organic material in the sotil,
(—>[‘]
half_1ife=3650 # Contaminant half life, in [days]
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1.3 Source parameters

The data class SourceParameters handles all parameters related to the contaminant source. Con-
ceptually, the source is treated as a seperate phase, which dissolves into the groundwater over time.
mibitrans also makes use of source superposition that reflects the typical field observation that the
source expands over a certain width with decreasing concentrations towards the margins. Input pa-
rameters are thus: * source depth depth: extension of contaminant source in depth (z-direction); is
assumed constant over the entire width of the source * total mass total _mass: total amound of con-
taminant source in NAPL phase; can be a specific value or infinite. * width of the different horizon-
tal source zones source_zone_boundary: defined as array of boundary locations relative to source
center * the contaminant concentrations within each source zone source_zone_concentration:
array of similar shape as source_zone_boundary as it specifies the contaminant concentration
released to the groundwater within each of the source zones.

First an example for a simple source zone with no separate zones having a width of 20m, depth
of 3m, a continuous input (infinite source mass) and a release concentration of 5 g/m”3:

source = mbt.SourceParameters/(

source_zone_boundary=np.array ([20]), # Source zone extent, in [m]

source_zone_concentration=np.array([5]), # Source zome concentrations,,
<in [g/m~3]

depth=3, # Source depth extent, in [m]

total_mass="infinite" # Source mass, tn [g] or as np.
sinf / "infinite"

)

1.3.1 Source zonation

The source is assumed to be symmetrical in y-direction with the center located at y = 0. The
width of the source is divided into n zones, where n is a free choice of the user. The array
source_zone_boundary defines the boundaries between zones. The release concentration within
each zone is defined in the array source_zone_concentration. Release concentrations decrease
from the center to the fringes. The source depth is assumed to be constant over the entire width.

Second example: Consider a source of total width of 40m. It has a very high concentration in
the source center at y € [—2m, 2m/, a lower concentration up to the distance of 411 m (specifically
for y € [11m,—2m] and y € [2m, 11m]) and the lowest concentration from +11m up to +20m.
This would be entered as array of [2,11,20] for source_zone_boundary and an array of the same
shape for the corresponding source zone concentrations.

The shape of the source can be easily visualized with source.visualize()

source = mbt.SourceParameters/(

source_zone_boundary=np.array([2, 11, 20]), #[m]
source_zone_concentration=np.array([15, 4, 11), #/[g/m3]
depth=3, #[m]
total_mass=np.inf #[qg]

# Visualize what the source zone looks like to check your input:



[272] :

source.visualize()
plt.show()

Concentration distribution in the source zone
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By giving the total solid-phase contaminant source mass (total_mass) a finite amount, the source
will not stay constant in strength but deplete over time. Consequently during simulation, the source
mass and the source zone concentrations will diminish over time. This aspect is implemented as
source depletion at the rate 7, in 1/day. The rate v, depends on the flow velocity, size of the source
zone and source zone concentrations. When the source mass is considered infinite, contaminant
source concentrations will not diminish over time (i.e. 7, = 0). For more information about source
depletion, see the theory documentation.

source = mbt.SourceParameters/(

source_zone_boundary=np.array([2, 5, 10, 21]), #[m]
source_zone_concentration=np.array([13, 6, 3, 11), #[g/m3]
depth=3, #[m]
total_mass=5e6 #[lqg]
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[274] :

[275]:

1.4 Model parameters

The data class ModelParameters handles all parameters related to the spatial and temporal settings
of the domain in which the contaminant plume should be calculated, including model dimensions
and discretization parameters: * model_length is the domain extent in the (x) direction parallel
to the groundwater flow direction. * model_width is the domain extent of the model perpendicular
(y) to the groundwater flow direction. * model_time is the model duration, i.e. the final time of
plume calculation. * dx and dy handle step size of the grid at which values are calculated. * dt
handles time step sizes, i.e. time steps at which values are calculated.

The user should ensure that the source zone fits inside of the given model width. If step sizes
are undefined, default values are chosen as ratios to model dimensions with model_length/100,
model_width/50 and model_time/10.

model = mbt.ModelParameters/(

model_length=600, # Model extent in the longitudinal (z) direction imy
(—>[m_7.
model width=60, # Model extent in the transverse horizontal (y).

wdirection in [m].

model_time=20 * 365, # Model duration in [days].

dx=4, # Model grid discretization step size in they
slongitudinal (z) direction, in [m].

dy=0.5, # Model grid discretization step size in they
wtransverse horizontal (y) direction, in [m].

dt=365 # Model time discretization step size, in [days]
)

All data classes for parameter input are checked. It evaluates if the required input parameters are
present, if they are of the correct data type and if they are in the expected domain. We provide
here some examples of data input that fails the checks.

Uncomment the cells below to see results of the input check - Cells are intended to
raise an error!

# bad_hydro = mbt.HydrologicalParameters(velocity = 1)

Not all required parameters are specified; HydrologicalParameters needs the porosity, longitudi-
nal dispersivity and transverse horizontal dispersivity as well.

# bad_source = mbt.SourceParameters(

# source_zone_boundary = np.array([1,2,3]),

# source_zone_concentration = "this is a string, not an array”,
# depth = 10,

# total_mass = "inf",

# )

The given input datatype is not what is expected; source_zone_concentration expects a numpy
array of the same length as the array given in source_ zone_ boundary.
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# bad_att = mbt.AttenuationParameters(
# retardation = 0.1
# )

The parameter has a value outside its valid domain; retardation should have a value R > 1.

2 Transport simulation

2.1 Choice of transport solution

The package mibitrans offers three analytical solutions to the contaminant transport equation
ADE (with advection, dispersion, diffusion, retardation and decay) under uniform groundwater
flow in 3D and constant source supply. All three solutions implemented different equations: *
Mibitrans solution is the full exact solution to the ADE under the specified initial and boundary
conditions (Wexler, 1992; Karanovic 2007). The Mibitrans solution requires numerical integration
which causes a higher computational effort and duration of calculation. * Anatrans solution is
derived based on a small simplification for transport in transverse directions. It provides a fully
analytical (i.e. does not require numerical integration), but approximate solution to the ADE.
It is interesting for screening given speed up of calculation, particularly when concentrations in
transverse direction are of minor interest. * Bioscreen solution makes use of the approximate
analytical solution introduced in BIOSCREEN (Newell et al., 1996,1997) building up on the solution
of Domenico (1987) in various adaptions. It is a further simplification of the equation used in
Anatrans, introducing a mathematical truncation affecting correctness of calculated contaminant
concentration in flow direction, particularly for Peclet numbers lower that 100.

Each solution is implemented as separate model class, located in mibitrans.transport.models.
A model is first initialized through making the model object and passing on the model parameters
defined in the input data classes'. During model initialization, the model grid is generated and
some prior parameter are calculated. After initialization, no transport results have been calculated
yet.

Contaminant concentrations as result of transport are calculated when calling the model instance
with its class method run. This generates a results class object, which contains the concentration
distribution as a 3D numpy array (indexed as C|t,y, z]) and the parameters used for this specific
run.

Note that the input argument names for the dataclass follow snake case instead of PascalCase
(e.g. hydrological paramaters takes in the data class HydrologicalParameters) following Python
conventions.

2.2 Mibitrans model

As the namesake model of this package, it is the recommended model to use. It is the fully exact
solution to the contaminant transport equation under uniform flow and a constant contaminant
source while the other two models introduce a margin of error as consequence of taken assumptions.
The exact nature of these differences as well as the underlying equation can be found in the package
documentation.

However, since this model requires evaluation of an integral, computation time might be longer,
depending on model discretization.



[277]: | # Initializing the model object
mbt_object = mbt.Mibitrans(
hydrological_parameters=hydro,
attenuation_parameters=att,
source_parameters=source,
model_parameters=model,
verbose=False #Set to True to follow model calculation steps

[278]: | # Can use model object to request input and wvarious attributes
print ("Retarded flow velocity: ", mbt_object.rv, "r$m/day$")
print(len(mbt_object.x), "x-steps,", len(mbt_object.y), "y-steps,",.
~len(mbt_object.t), "t-steps")
print("Input source mass: ", mbt_object.source_parameters.total_mass, "g")

Retarded flow velocity: 0.06152268649064343 r$m/day$
151 x-steps, 121 y-steps, 20 t-steps
Input source mass: 5000000.0 g

[279]: | # Run the model once initialized and obtain the results object
mbt_results = mbt_object.run()

2.3 Model results

Contaminant concentrations and the input parameters used for this specific run are returned as
result object (here mbt_results) after running the model. This ensures that it is always clear
which conditions correspond with which result, even when re-running the model.

The model results object does not only contain all data, but also offers features for visualization
and analysis, such as plotting and generating a mass balance. This is further elaborated upon in
the Visualization and Mass Balance sections below.

[280]: | # Concentration distribution is contained in the czyt attridbute

model_cxyt = mbt_results.cxyt

# The Results object also contains all information of parameters used toy,
wgenerate the output contained within

print("The flow velocity of the model was:", mbt_results.
chydrological_parameters.velocity, "m/d")

# cxyt is indezed as [time, y-position, z-position]

# Thus to get the concentration at the last time step, in the center of the,
wplume for all x:

plume_center = model_cxyt[-1, len(mbt_results.y)//2, :]

print("The first 3 concentrations at the plume center are: ", plume_center[:3],,
(_}IIg/mBII)
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# The Results object has build-in visualization methods (see visualization,
wsection for more detatils).

mbt_results.centerline()

plt.show()

The flow velocity of the model was: 0.08 m/d
The first 3 concentrations at the plume center are: [12.81008252 12.02839838
11.14122013] g/m3

Centerline plot of Mibitrans Linear model, at t = 7300 days.
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2.4 Anatrans model

The Anatrans model implements a fully analytical equation speeding calculation up as no numerical
integration is needed as in the Mibitrans model. Anatrans is fully exact for transport in horizontal
(z) direction of the groundwater flow and takes assumption for transport in vertical directions
(y and z). The underlying equation can be found in the package documentation. Differences in
concentrations in vertical directions introduced through the approximation are discussed in the
notebook example_mibitrans_anatrans.ipynb.

ana_object = mbt.Anatrans(
hydrological_parameters=hydro,



attenuation_parameters=att,
source_parameters=source,
model_parameters=model

ana_results = ana_object.run()
ana_results.centerline()
plt.show()

Centerline plot of Anatrans model model, at t = 7300 days.
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2.5 Bioscreen model

This model is an exact implementation of the transport equations implemented in the BIOSCREEN
screening model of Newell et al. (1997), which is based on the Domenico (1987) analytical model.
Using a truncated version of the equation used in the Anatrans model. This model is implemented
as a method of comparison with the original BIOSCREEN software. And is included for legacy
reasons, since it is the first model implemented in the mibitrans package, serving as a basis for
the other models. However, caution should be taken when using this model, since a varying error
is introduced by using the truncated analytical solution. The error is most prominent for shorter
times and distances from the source, and depends on the ratio of flow velocity and longitudinal
dispersivity. For modelling, the Anatrans (untruncated approximate solution) and Mibitrans (exact

10
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analytical solution) models are recommended instead.

bio_object = mbt.Bioscreen(
hydrological_parameters=hydro,
attenuation_parameters=att,
source_parameters=source,
model _parameters=model

)

bio_results = bio_object.run()

bio_results.centerline()

plt.show()

Centerline plot of Bioscreen model model, at t = 7300 days.
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2.6 Instant reaction model

The mibitrans package offers another option for modelling degredation of contaminants during
transport (beside the linear decay), which is the instant reaction model. If geochemical field site
data (e.g. from observations) is available, contaminant transport and biodegradation can be mod-
eled by usage of the instantaneous reaction model coupled with transport. This model superimposes
the effect of biodegradation reactions that are limited by electron acceptor availability to the con-
servative analytical transport model. Details on the theoretical background of the method are

11



provided in the documentation, as are the details on this type of reaction model.

The data class ElectronAcceptors handles the concentrations of electron acceptors available for
degradation (oxygen, nitrate, sulfate) and metabolic by-products of the degradation reactions (fer-
rous iron and methane). The dataclass UtilizationFactors takes the utilization factor for each
respective electron acceptor.

These dataclasses are input for the instant_reaction class method of the transport class (available
for Mibitrans, Anatrans and Bioscreen). Electron acceptor concentrations are required as input.
For the utilization factor, default values for a BTEX mixture are used, unless different input is
provided.

[283]: | # For streamlined input, use the ElectronAcceptor dataclass;
ea = mbt.ElectronAcceptors(
# Difference between background ozxzygen and current oxygen concentration in,
wgroundwater, in [g/m~3]
delta_oxygen=9,
# Difference between background nitrate and current nitrate concentration
»in groundwater, in [g/m~3]
delta_nitrate=6,
# Current ferrous iron concentration in groundwater, in [g/m~3]
ferrous_iron=8,
# Difference between background sulfate and current sulfate concentration
sin groundwater, in [g/m~3]
delta_sulfate=5,
# Current methane concentration in groundwater, in [g9/m~3]
methane=4

)

mbt_object.instant_reaction(electron_acceptors=ea)

[284]: | # Can adapt utilization factors if needed
uf = mbt.UtilizationFactor(

# utilization factor of ozxygen, as mass of oxygen consumed per mass of,
wbiodegraded contaminant [g9/q].

util_oxygen=2,

# utilization factor of nitrate, as mass of nitrate consumed per mass of,
-biodegraded contaminant [g9/9].

util_nitrate=1,

# utilization factor of ferrous iron, as mass of ferrous iron generated per
omass of biodegraded contaminant [g/q].

util_ferrous_iron=4,

# utilization factor of sulfate, as mass of sulfate consumed per mass of,
-biodegraded contaminant [g9/9].

util_sulfate=3,

# utilization factor of methane, as mass of methane generated per mass of,
wbiodegraded contaminant [9/q].

util_methane=5,

12
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[286] :

mbt_object.instant_reaction(electron_acceptors=ea, utilization_factor=uf)

# Alternatively, electron acceptors and/or utilization factors can be entered,
<as a dictionary
mbt_object.instant_reaction(
electron_acceptors={
# Difference between background oxygen and current oxygen concentration
<1in groundwater, in [g/m~3]
"delta_oxygen":9,
# Difference between background nitrate and current nitrate,
wconcentration in groundwater, in [g/m~3]
"delta_nitrate":6,
# Current ferrous iron concentration in groundwater, in [g9/m 3]
"ferrous_iron":8,
# Difference between background sulfate and current sulfate,
sconcentration in groundwater, in [g/m~3]
"delta_sulfate":5,
# Current methane concentration in groundwater, in [g/m 3]
"methane":4,

)
# 0Or as a list
mbt_object.instant_reaction(
electron_acceptors=[9, 6, 8, 5, 4],
utilization_factor=[3.14, 4.9, 21.8, 4.7, 0.78]
)
# Note that using instant_reaction also resets the utilization factor to,
~default.
print("electron acceptor concentrations: ", mbt_object.electron_acceptors)
print("electron acceptor utilization factors: ", mbt_object.utilization_factor)

electron acceptor concentrations: {'delta_oxygen': 9, 'delta_nitrate': 6,
'ferrous_iron': 8, 'delta_sulfate': 5, 'methane': 4}

electron acceptor utilization factors: {'util_oxygen': 3.14, 'util_nitrate':
4.9, 'util_ferrous_iron': 21.8, 'util_sulfate': 4.7, 'util_methane': 0.78}

Running the model now would provide results using the instantaneous reaction model. You can
switch between linear degradation and instant reaction using the model object.

# Switch between instant reaction and linear model
mbt_object.mode = "linear"

print("The current model mode is: ", mbt_object.mode)

# Running now will show the results of the linear model
# Switch back to instant reaction as follows:
mbt_object.mode = "instant_reaction"

print("The current model mode is: ", mbt_object.mode)

The current model mode is: linear

13



The current model mode is: instant_reaction

3 Visualization

The mibitrans package has various ways to visualize and output the model results, including 1D
plotting and multidimensional plots. Other options to retrieve information from modelling results
are output of sample data and calculations of the mass balance. Find examples for each feature
below.

First, make some different model objects to use in the plotting, takes a couple of seconds to run.

[288]: #Mibitrans model
mbt_object = mbt.Mibitrans(hydro, att, source, model)
mbt_lineardecay = mbt_object.run()

mbt_object.attenuation_parameters.decay_rate = 0
mbt_nodecay = mbt_object.run()

mbt_object.instant_reaction(electron_acceptors=ea)
mbt_instant = mbt_object.run()

#Anatrans model
ana_object = mbt.Anatrans(hydro, att, source, model)
ana_lineardecay = ana_object.run()

ana_object.attenuation_parameters.decay_rate = 0
ana_nodecay = ana_object.run()

ana_object.instant_reaction(electron_acceptors=ea)
ana_instant = ana_object.run()

#Btoscreen model
bio_object = mbt.Bioscreen(hydro, att, source, model)
bio_lineardecay = bio_object.run()

bio_object.attenuation_parameters.decay_rate = 0O
bio_nodecay = bio_object.run()

bio_object.instant_reaction(electron_acceptors=ea)
bio_instant = bio_object.run()

3.1 Sample

Use the sample method to get the concentration at a specific location and time.

[287]: # Instead of distribution, sample a specific location at any point along the,
wplume and any point in time
concentration = mbt_object.sample(

14
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x_position=100,
y_position=0,
time=10%365)
print("The concentration at 150m downstream from the source after 10 years is:
<", concentration, r'"g/m~3")
The concentration at 150m downstream from the source after 10 years is:
6.420055571477114 g/m"~3

3.2 Centerline plot

It shows the concentration distribution C(z,y,,t,) in the longitudinal (z) direction, at a specific
vertical plume location y, and specific time ¢,. By default, the fixed vertical location is the center
of the plume (y, = 0) and the default time is the last time step model_time as defined in the data
class ModelParameters. The y,-position along the plume and point of time ¢, can be adapted with
function arguments.

Plotting can be performed either as class method, i.e. model_object.centerline(), or by calling
the centerline function with the model object as argument, i.e. centerline (model_object).

# Pass result object to plotting function, using default time and
mbt . centerline (mbt_nodecay)
plt.show()

Centerline plot of Mibitrans Linear model, at t = 7300 days.
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3.2.1 Plume location

Define arguments time and y_position to plot somewhere of the plume center and at a specific
time. If the time is not identical to a specific time step defined during time stepping (determined by
dt in the data class ModelParameters), the closest point in time is identified and the concentration
profile at that time is provided.

[290] : mbt.centerline(mbt_nodecay, time=15%365, y_position=7)
plt.show()

Centerline plot of Mibitrans Linear model, at t = 5475 days, y = 7 m.
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3.2.2 Plot modification
Plot settings can be changed to adapt appearance and combine plots.

The centerline function (transverse and breakthrough as well) accepts a list of multiple models
and can plot them at the same time. It further accepts a list of names to use for the plot legend.

[291]: legend = ["no degradation", "linear decay", "instant reaction"]
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mbt.centerline([mbt_nodecay, mbt_lineardecay, mbt_instant], time=12%365,,
~legend_names=legend)
plt.show()

Centerline plot of multiple models, at t = 4380 days.
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Can change (axis) title, figure size, plot extent, etc. like one normally would.

[292]: |legend = ["mibitrans", "anatrans", "bioscreen"]

mbt.centerline([mbt_nodecay, ana_nodecay, bio_nodecay], time=3%*365,,
~legend_names=legend)

plt.title("Better title than the one generated automatically")
plt.xlabel("I have changed!")
plt.ylabel("And so have I")
plt.x1im((-10, 150))
plt.show()
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Better title than the one generated automatically
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Calling each centerline function separately per model gives more control over plot layout. Key-
word arguments for plt.plot can be passed on through the function.

[293]: | time = 20%365 #[days]
v0, y1, y2, y3 =0, 6, 9, 20

mbt.centerline(mbt_nodecay, time = time, y_position = y0, linestyle="-",,
~color="blue", label = f"y={yO}im")
mbt.centerline(mbt_nodecay, time = time, y_position = yl, linestyle="--",,

scolor="orange", label = f"y={y1l}m")

mbt.centerline(mbt_nodecay, time = time, y_position = y2, linestyle="-.",
wcolor="green", label = f"y={y2}im")

mbt.centerline(mbt_nodecay, time = time, y_position = y3, linestyle=":",,
~color="red", label = f"y={y3}m")

plt.legend ()

plt.title("Mibitrans with no degradation at various plume locations
~$y$",fontsize =10)

plt.xlabel("Plume travel distance $x$ in m")

plt.ylabel(f"Concentration distribution $C(x,y,t={time/365}y) [g/m~3]1$")

plt.show()
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Mibitrans with no degradation at various plume locations y
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This also works with the use of the inherent plotting class method of the result objects. Loop to
make combining plots even easier.

times = np.array([365, 3%365, 5%x365, 10%365, 15%365, 20*365])

colors = ["darkblue", "mediumblue", "blue", "blueviolet", "mediumorchid",
»"violet"]

linestyles = ["-", "=", "=t t——w e o]

for i in range(len(times)):

ana_instant.centerline(time = times[i], color=colors[il,,

~linestyle=linestyles[i], label=f"t={times[i]}days")

plt.title("Concentration distribution for anatrans instant reaction, at various,
wtimes")

plt.x1im((-20, 400))

plt.legend()

plt.show()
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Concentration distribution for anatrans instant reaction, at various times
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The plotting routine transverse visualizes the concentration distribution C'(z,y,t,) at a plume
cross section, i.e. in horizontal transverse direction at a specified distance x, and time ¢,. By default
the time is the last time step model_time as defined in the data class ModelParameters.

Plotting can be performed either as class method, i.e. model_object.transverse(), or by calling
the function with the model object as argument, i.e. transverse (model_object).

[295] : mbt.transverse(mbt_lineardecay, x_position=100)

plt.show()
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Transverse plot of Mibitrans Linear model, at t = 7300 days, x = 100 m.
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3.3.1 Plot modification

Modifications to transverse plots can be done similarly to the centerline plots.

[296] : mbt.transverse(ana_nodecay, x_position=80, time=6+%365, linestyle="--",

ocolor="green", label="no degradation")

mbt.transverse(ana_instant, x_position=80, time=6*365, linestyle="-.",
~color="red", label="instant reaction")

plt.title("No degradation and instant reaction Domenico model at x=80m,,
~t=6years")

plt.legend ()

plt.show()
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No degradation and instant reaction Domenico model at x=80m, t=6years
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mbt_instant.transverse(5, label="x = 5m",

mbt_instant.transverse(20, label="x =

mbt_instant.transverse (100, label="x

mbt_instant.transverse(300, label="x

plt.x1im([-20,20])

plt.legend()

plt.title("Cross section concentration
wreaction model, $t=208y")

plt.show()

color="darkolivegreen")
20m", color="yellowgreen")

100m", color="greenyellow")

300m", color="palegreen")

at various $x$ for Mibitrans
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Cross section concentration at various x for Mibitrans instant reaction model, t= 20y
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3.4 Breakthrough curve

Breakthrough curve shows the concentration over time for a specified point in the contaminant
plume. Specifically, breakthrough visualizes the concentration distribution C(z,,y,,t) at the
plume location (z,,y,) over time. By default, the fixed vertical location is the center of the plume
(y, = 0). Total displayed time corresponds to the last time step model_time as defined in the data
class ModelParameters and intermediate points reflect the defined time stepping dt.

Plotting can be performed either as class method, i.e. model_object.breakthrough(), or by calling
the function with the model object as argument, i.e. breakthrough(model_object). In the latter
form, it can accept a list of models to be displayed in a single plot. Calling each function separately
per model gives more control over plot layout. Keyword arguments for plt.plot can be passed on
through the function.

# Concentration distribution can also be plotted in the transverse direction
mbt .breakthrough([bio_nodecay, bio_lineardecay, bio_instant], x_position=150,
legend_names=["no degradation", "linear decay", "instant
wreaction"])
plt.title("Breakthrough curve of Bioscreen model for different degradation,
settings, at x=80m")
plt.show()
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Breakthrough curve of Bioscreen model for different degradation settings, at x=80m
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[299] : mbt_nodecay.breakthrough(x_position=200,marker = 'o',mec = 'k', color="red")
plt.show()
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Breakthrough plot of Mibitrans Linear model, at x = 200 m.
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3.5 Two-dimensional plume

The function plume_2d visualizes the concentration distribution C(z,y,t,) at desired point in time
t, as color-coded 2D image. By default, concentration distribution of the last time step model_time
is shown, as defined in the data class ModelParameters. Total displayed dimensions corresponds
to the domain parameters defined in the data class ModelParameters.

Plotting can be performed either as class method, i.e. model_object.plume_2d (), or by calling the
function with the model object as argument, i.e. plume_2d(model_object). Keyword arguments
for plt.pcolormesh (on which plume_2d is based) can be passed on through the function.

[300] : mbt.plume_2d(mbt_nodecay)
plt.show()
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Plume plot of Mibitrans Linear model, at t = 7300 days.
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# Function passes plt.colormesh keyword arguments
mbt . plume_2d(mbt_lineardecay, time=20%*365, cmap="plasma")
plt.show()
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Plume plot of Mibitrans Linear model, at t = 7300 days.
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[302]: | # Once again also can be accessed through the class method
ana_instant.plume_2d(time=15*365, cmap="Spectral", shading="gouraud")
plt.title("Contaminant concentration for anatrans instant reaction model, at

-t=15y")
plt.show()
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Contaming&wt concentration for anatrans instant reaction model, at t=15y
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3.6 Three-dimensional plume

The concentration distribution can be visualized as plume in 3D view using plume_3d. Specifically,
plume_3d shows the distribution C(z,y, t,) at desired point in time ¢ in a 3D plot, with the vertical
axis representing the concentration. By default, ¢, is the last time step. Total displayed dimensions
corresponds to the domain parameters defined in the data class ModelParameters.

Plotting can be performed either as class method, i.e. model_object.plume_3d (), or by calling the
function with the model object as argument, i.e. plume_3d(model_object). Keyword arguments
for plt.plot_surface (on which plume_3d is based) can be passed on through the function.

# Plot the = and y concentration distribution for no degradation decay model,
—uses plot_surface

ana_nodecay.plume_3d(time=13%*365)

plt.title("Contaminant plume with no degradation Anatrans model, t = 6 years")

plt.show()
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Contaminant plume with no degradation Anatrans model, t = 6 years

Concentration [g/m?]

# Function passes plot_surface keyword arguments

[304] :
mbt.plume_3d(ana_lineardecay, cmap="summer")
plt.title("Contaminant plume with linear degradation Anatrans model, t = 6
wyears")
plt.show()
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Contaminant plume with linear degradation Anatrans model, t = 6 years

Concentration [g/m?]

Adopting view point of plot Functionality of plume_3d allows modification to the view point
of the plot similarly to plt.plot_surface. Call the function and store the returned ax object.
Adaptions are performed on ax as outlined below. See the documentation of plt.plot_surface

for more information.

= ana_instant.plume_3d(cmap="cividis")

[305]: |ax
plt.title("Contaminant plume with instant reaction Anatrans model, t = 20,

~years")
ax.view_init(elev=15, azim=340)

plt.show()
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Contaminant plume with instant reaction Anatrans model, t = 20 years
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3.7 Animate plots

All plots have the option to be animated, producing an animation that can be saved as file. Multiple
models can be combined in a single animation, but all models should have the same spatial and

temporal discretization.

Animations unfortunately do not work well in Jupyter Notebooks, in combination with other plots.
For examples how to make animations in mibitrans, see animate_plume_plots.py

4 Mass balance

The mibitrans package provides the feature to calculate mass balances, specifically mass within the
source and mass within the plume. It operates as method mass_balance on the results object of the
model of choice (in our example we use the results of the Mibitrans model with the instantaneous
reaction model, mbt_instant.) Each of the mass balance elements is a class property.

Examples of mass balance elements are: * plume mass for given point in time mb.plume_mass
* source mass for given time mb.source_mass * contaminant mass that has left the source zone
mb.delta_source * degraded mass over time mb.degraded_mass * change in electron acceptor
mass due to biodegradation in instantaneous reaction model mb.electron_acceptor_change

# Get mass balance for a spectified point in time
mb = mbt_lineardecay.mass_balance(time=20%365)

print (mb.plume_mass)

31



[307]:

[308]:

29206.741081958553

Call the mass balance object to change the time of the mass balance. If time is set to all (or call
is left empty), mass balance will instead show all time steps.

mb(time="all")
print (mb.plume_mass)

[ 3076.12550338 5644.31076608 8020.54256743 10229.43354719
12280.7726501 14181.75155456 15939.3848089 17561.11378776
19054 .80222332 20428.54605357 21690.46438471 22848.52725781
23910.43087054 24883.51509116 25774.71330265 26590.51848998
27336.92468271 28019.24858439 28641.70569553 29206.74108196]

These mass balance elements can be used for various plots

mb_nd = mbt_nodecay.mass_balance()

plt.plot(mb.t, mb.plume_mass, color="green", label=r"$m_{plume}$ decay")

plt.plot(mb.t, mb_nd.plume_mass, color="blue", label=r"$m_{plume}$ no decay")

plt.plot(mb.t, mb.degraded_mass, color="red", label=r"$m_{degl}$ decay")

plt.plot(mb.t, mb.plume_mass + mb.degraded_mass, linestyle="--",,
olabel=r"$m_{deg} + m_{plume}$ decay", color="orange")

plt.xlabel("Time [days]")

plt.ylabel("Contaminant mass [g]")

plt.title("Temporal change of degraded and plume mass for no decay and linear,
~decay models")

plt.legend ()

plt.show()

Temporal change of degraded and plume mass for no decay and linear decay models
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[ 1:

Here, the entire plume fits neatly in the model domain. However, the mass balance does not
give representative results if the contaminant plume does not fit in the model domain (i.e. at
the boundaries of the domain, concentrations are more than 1% of the maximum initial source
concentration), since the mass balance is only calculated inside the model domain. In such case,
creating the mass balance object will display a warning.
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Example Keesler Site Analysis

February 26, 2026

The distribution of BIOSCREEN v1.4 is accompanied by an field site example of the Keesler Air
Force Base in Mississippi, USA. This notebooks shows the analysis of the Keesler field site data
with mébitrans.

1 Site description

In 1987, during their removal, multiple underground storage tanks (UST) leaked a mixture of BTEX
and lead to the groundwater. Remediation efforts included a ‘bioventing’ system and an in well
aeration system. Monitoring wells were used to evaluate natural attenuation [2,3]. Local geology is
a fine- to medium-grained sand, underlain by a clay layer at 20ft depth. Bottom of sandy layer has
local presence of peat. Thickness and continuity of clay layer are unknown, but not every boring
showed the clay layer at 20ft. Assumption of clay continuous clay layer was made. Unconfined
aquifer with groundwater levels varying between 5 and 9 ft below ground level. Groundwater flow
is to the north-east, which eventually discharges into the Back Bay of Biloxi, 2100ft downgradient
[4]. Values of hydraulic gradient and conductivity vary, with values of 0.003 to 0.0083 ft/ft and
40, 61, 32 ft/day listed in [4]. In [1]. the values of 0.003 ft/ft and 0.011 cm/sec (31.2 ft/day) were
used. Effective porosity is estimated to be 0.25 [4], resulting in groundwater velocity of 0.8 ft/day.
Although [1] uses an effective porosity of 0.3, and results in groundwater velocity of 0.31 ft/day.
For consistency, values reported in [1] are used in the modelling. Dispersivity values were based on
estimated plume length of 280ft [1]. With 13.3ft, 1.3ft and Oft for longitudinal, transverse horizontal
and transverse vertical dispersivity respectively. After calibration, these values were changed to
32.5ft, 3.25ft and Oft respectively [1].

As the data is sourced from the USA, units are mixed imperial and metric. For the modelling
below, all parameters are converted to metric for consistency [1].

import matplotlib.pyplot as plt
import numpy as np
import mibitrans as mbt

ft = 3.281 #Conversion factor ft/m

hydro_pars = mbt.HydrologicalParameters(
h_conductivity = 0.011 / 100 * 3600 * 24, #m/d
h_gradient = 0.003, # m/m
porosity = 0.3,
alpha_x = 13.3 /ft,
alpha_y = 1.3/ft,
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[24]:

alpha_z = 0O
)
print (hydro_pars.velocity)
print (hydro_pars.h_conductivity)

0.09504
9.504

The fraction of organic carbon is 0.000057 based of lab analysis, soil bulk density is estimated to
be 1.7 (kg/L) [1]. Partition coefficient of BTEX differs by order of magnitude (38, 135, 95, 240
L/kg for B, T, E, X), [1] uses the value of benzene; 38 L /kg. Electron acceptor concentrations are
based on groundwater sampling performed in 1995. For oxygen, nitrate and sulfate, the difference
between background concentration in the aquifer and minimum concentrations in the plume are
used. For ferrous iron and methane, average concentrations in the plume area are used. Values
differ somewhat from those reported in [4] (elaborate?).

att_pars = mbt.AttenuationParameters(
bulk_density=1.7, # kg/L (note; for consistency, should use g/m3, but using,
omore intuitive kg/L instead)
partition_coefficient=38, # L/kg (units cancel out with bulk density)
fraction_organic_carbon=0.000057,
decay_rate = 0, # 1/day, for now, we do not consider linear decay Trate.
)
att_pars.calculate_retardation(hydro_pars.porosity)
print ("Retardation based on input values =", att_pars.retardation)

electron_acceptor_concentrations = mbt.ElectronAcceptors(
delta_oxygen=2.05 - 0.4, #background conc - minimum conc, [g/m3]
delta_nitrate=0.07 - 0, #background conc - minimum conc, [g/m3]
ferrous_iron=16.6, #average conc, [g9/m3]
delta_sulfate=26.2 - 3.8, #background conc - minimum conc, [g/m3]
methane=6.6, #average conc, [g/m3]

)

Retardation based on input values = 1.012274

Conditions and parameters of the contaminant source were inferred from BTEX monitoring data
and geologic logs [1]. The source thickness is estimated to be 10ft, with a total 2000kg of pure
BTEX. Total source width of 130ft, with 28ft zone of 0.057 g/m3, 30ft zone of 2.508 g/m3, 14ft
zone of 13.68, 30ft zone of 2.508 g/m3, 28ft zone of 0.057 g/m3.

source_pars = mbt.SourceParameters(
# Note; as plume is symmetric, source ts described from center outwards ing
—y-direction.
source_zone_boundary=np.array([7/ft, 37/ft, 65/ftl), #[m]
source_zone_concentration=np.array([13.68, 2.508, 0.0571), #/[g/m3]
depth=10/ft, #/[m]
total_mass=2000000, #[g/
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[26] :

Model dimensions used for the BIOSCREEN model are; length = 320ft, width = 200ft, duration==6y
[1]. In BIOSCREEN resolution is always a fraction of model dimensions, 1/10 for length, 1/4 for
width and 1/10 for time. For the mibitrans package, model resolution is freely changeable

model_pars = mbt.ModelParameters(model_length=500/ft,
model_width=200/ft,
model _time=6%*365,
dx=2/ft,
dy=1/ft,
dt=365/5)

2 Models

With the model parameters entered, the model is run with the three models implemented in
mibitrans. The Bioscreen model class performs the same calculations as those implemented in
BIOSCREEN. The Anatrans model class uses the untruncated form of the Bioscreen model, the
additional term increases accuracy for small times and distances. The Mibitrans model class uses
an analytical solution based on Wexler (1992). For further details about each analytical model, see
the ‘example_walkthrough’ notebook and the theory that accompany this package.

bio_model = mbt.Bioscreen(hydrological_parameters=hydro_pars,
attenuation_parameters=att_pars,
source_parameters=source_pars,
model_parameters=model_pars,)

bio_results = bio_model.run()

bio_results.centerline()

plt.show()
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Centerline plot of Bioscreen model model, at t = 2190.0 days.
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ana_model = mbt.Anatrans(hydrological_parameters=hydro_pars,
attenuation_parameters=att_pars,
source_parameters=source_pars,
model_parameters=model_pars,)

ana_results = ana_model.run()

ana_results.centerline()

plt.show()
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mbt_model =

mbt_results
mbt_results.
plt.show()

Centerline plot of Anatrans model model, att = 2190.0 days.
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mbt .Mibitrans (hydrological _parameters=hydro_pars,
attenuation_parameters=att_pars,
source_parameters=source_pars,
model_parameters=model_pars)

=mbt_model.run()

centerline()



Centerline plot of Mibitrans Linear model, at t = 2190.0 days.
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Comparing the three models at the first time step shows that the Bioscreen model underestimates
the source concentrations. The Anatrans and Mibitrans models start at the correct source zone
concentration, but show different behaviour along the domain.

[29]: plt.clf() #Clear any previous plots

time_point = 365/5

mbt_results.centerline(time=time_point, label="Mibitrans", color="blue")

ana_results.centerline(time=time_point, label="Anatrans", color="red",
~linestyle="--")

bio_results.centerline(time=time_point, label="Bioscreen", color="green",
~linestyle=":")

plt.x1im((-5,100)) # Reduce the z-azis limit to better observe differences

plt.legend()

plt.show()



Centerline plot of Bioscreen model model, at t = 73.0 days.
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[30]: # Needed to show animations in Jupyter Notebook
Jmatplotlib ipympl

Over time, the source concentration for the Bioscreen model increases to the expected value, and
the results resolve to that of the Anatrans model. Differences between the Anatrans and Mibitrans
model decrease when plume front is transported away from source.

[31]: anim = mbt.centerline(
[mbt_results, ana_results, bio_results],
legend_names=["Mibitrans", "Anatrans", "Bioscreen'],
animate=True
)
plt.show()
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The models above do not consider biodegradation. Using the electron acceptor concentrations, a
biodegradation capacity (BC) is determined and applied to the model.

[32]: bio_model.instant_reaction(electron_acceptors=electron_acceptor_concentrations)
ana_model .instant_reaction(electron_acceptors=electron_acceptor_concentrations)
mbt_model . instant_reaction(electron_acceptors=electron_acceptor_concentrations)
bio_results_instant = bio_model.run()
ana_results_instant = ana_model.run()
mbt_results_instant = mbt_model.run()

At the plume fringes, electron acceptor concentrations remain high enough to allow for full biodegra-
dation of the contaminant plume.

[33]: anim = mbt.centerline(
[mbt_results instant, ana_results_instant, bio_results_instant],

legend_names=["Mibitrans", "Anatrans", "Bioscreen'],
animate=True

)

plt.show()
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3 Comparison to field data

[34]: time_point = 365 * 6
plt.figure()
mbt_results_instant.centerline(time=time_point, label="Mibitrans", color="blue")
ana_results_instant.centerline(time=time_point, label="Anatrans", color="red",
~linestyle="--")
bio_results_instant.centerline(time=time_point, label="Bioscreen',
~color="green", linestyle=":")

field_data_x = np.array([0, 32/ft, 64/ft, 192/ft, 288/ft])

field_data_c = np.array([12,5,1,0.5,0.001])

plt.scatter(field_data_x, field_data_c, label="field data", color="black")
plt.x1im(0,150)

plt.legend()

plt.show()



Centerline plot of Bioscreen model model, at t = 2190.0 days.
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Prediction is off from the field data. As mentioned before, dispersivity was calibrated to better
represent observed concentrations.

[35]: new_hydrology = mbt.HydrologicalParameters/(
h_conductivity = 0.011 / 100 * 3600 * 24, #m/d
h_gradient = 0.003, # m/m
porosity = 0.3,
alpha_x = 32.5 / ft, #m
alpha_y = 3.25 / ft, #m
alpha_z = 0

)

mbt_model .hydrological_parameters = new_hydrology
ana_model.hydrological_parameters = new_hydrology
bio_model.hydrological_parameters = new_hydrology
mbt_model .mode = "instant"

ana_model .mode "instant"

bio_model.mode "instant"

bio_results_adapted = bio_model.run()
ana_results_adapted = ana_model.run()
mbt_results_adapted = mbt_model.run()

With adapted dispersivity values, model predicts contaminant distribution better. But does not
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represent the steep drop in concentration well.

[36]: time_point = 365 * 6
plt.figure()
mbt_results_adapted.centerline(time=time_point, label="Mibitrans", color="blue")
ana_results_adapted.centerline(time=time_point, label="Anatrans", color="red",
~linestyle="--")
bio_results_adapted.centerline(time=time_point, label="Bioscreen",
~color="green", linestyle=":")

plt.scatter(field_data_x, field_data_c, label="field data", color="black")
plt.title("Comparison instant reaction models to field data, t=6 years")
plt.x1lim(-5,150)

plt.legend ()

plt.show()
Comparison instant reaction models to field data, t=6 years
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Instead of comparing to instant reaction model, use linear decay model.

[37]: half_life = 0.15%365
mbt_model.attenuation_parameters.half_life = half_life
ana_model.attenuation_parameters.half_life half _life
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[38]:

bio_model.attenuation_parameters.half_life = half_life

mbt_model .mode = "linear"
ana_model .mode = "linear"
bio_model.mode = "linear"

bio_results_linear = bio_model.run()
ana_results_linear = ana model.run()
mbt_results_linear = mbt_model.run()

Linear decay model with given half life represents the field data well. Although modelled concen-
trations are lower than the field data at the latter part of the plume.

time_point = 365 * 6

plt.figure()

mbt_results_linear.centerline(time=time_point, label="Mibitrans", color="blue")

ana_results_linear.centerline(time=time_point, label="Anatrans", color="red",
~linestyle="--")

bio_results_linear.centerline(time=time_point, label="Bioscreen',
~color="green", linestyle=":")

plt.title("Comparison linear decay models to field data, t=6 years")

plt.scatter(field_data_x, field_data_c, label="field data", color="black")

plt.x1lim(-5,150)

plt.legend ()

plt.show()
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Changing the dispersivity in the linear decay model has only a slight influence on the modelled
results; the influence of contaminant decay overshadows the effects of dispersivity.

[39]: new_hydrology = mbt.HydrologicalParameters/(
h_conductivity = 0.011 / 100 * 3600 * 24, #m/d
h_gradient = 0.003, # m/m
porosity = 0.3,
alpha_x = 13.3 /ft,
alpha_y = 1.3/ft,
alpha_z = 0O

)

mbt_model.hydrological_parameters = new_hydrology
ana_model .hydrological_parameters = new_hydrology
bio_model.hydrological_parameters = new_hydrology

mbt_model .mode = "linear"
ana_model .mode = "linear"
bio_model.mode = "linear"

bio_results_linear = bio_model.run()
ana_results_linear = ana_model.run()
mbt_results_linear = mbt _model.run()

[40]: time_point = 365 * 6

plt.figure()

mbt_results_linear.centerline(time=time_point, label="Mibitrans", color="blue")

ana_results_linear.centerline(time=time_point, label="Anatrans", color="red",
~linestyle="--")

bio_results_linear.centerline(time=time_point, label="Bioscreen",
~color="green", linestyle=":")

plt.title("Comparison linear decay models to field data, t=6 years")

plt.scatter(field_data_x, field_data_c, label="field data", color="black")

plt.x1im(-5,150)

plt.legend()

plt.show()
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Comparison linear decay models to field data, t=6 years
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