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1 Summary

Conventional methods of contaminated site remediation are often costly and upkeep intensive.
Bioremediation is an alternative of particular interest, as it can be applied to degrade contaminants in situ,
or on site. Assessment of ongoing (natural) biodegradation and corresponding soil conditions is an important
step to check the feasibility for bioremediation. Similarly, modelling the fate of contaminants is key for
understanding the processes involved and predicting bioremediation (by biostimulation) 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 D4.2 — Implement Prediction Tool sub-module APIs is to summarize the
implemented sub-modules of the prediction tool (Task 4.2). These sub-modules are parts of the prediction
tool and should serve to study, analyse and predict the individual bioremediation relevant biogeochemical
and hydrogeological processes. The document outlines:

® background information on physical and chemical processes involved and targeted during the
modelling

® an update on the adapted structure of prediction tool suite

e detailed description of the core-module mibiscreen, including structure, data handling, analysis and
visualization with examples

e description of the additional modules/repositories mibitrans, mibiremo and the evaluation of other
APIs such as flopy

The deliverable represents an intermediate step during the development and implementation of the
Prediction Tool (work package 4). The prediction tool will be part of the Innovation Toolbox (work package 6)
and by that subject to considerations for commercial project-based exploitation.

Funded by the European Union. Views and opinions expressed are

however those of the author(s) only and do not necessarily reflect those

of the European Union or [EUROPEAN RESEARCH EXECUTIVE AGENCY (REA)].

Neither the European Union nor the granting authority can be held responsible for them. Funded by the
European Union




@ MIBIREM Project

D4.2 APIs of modelling sub-modules

2 Introduction

2.1 Aim

The aim of this deliverable is to provide a summary on the implemented sub-modules of the prediction tool
(Task 4.2: Implement Prediction Tool sub-module APIs). These sub-modules are parts of the prediction tool
(MIBIREM work package 4) and should serve to study, analyse and predict the individual bioremediation
relevant biogeochemical and hydrogeological processes.

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, volatilization, adsorption/retardation,
decay

® biochemical processes: chemical reaction and microbial degradation

® 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.

2.3 Adapted structure of prediction tool suite

While developing python code for the sub-modules, we refined the prediction tool structure. In collaboration
with professional research software engineers from the Netherlands eScience Center, we redesigned the
prediction tool structure and set up the frame on GitHub (an online platform for software development and
version control). We decided to name the software suite of the prediction tool “MiBiPreT” (for Micro-
Bioremediation Prediction Tool - also reflecting the project acronym MIBIREM). The GitHub organisation is
available at https://github.com/MiBiPreT.

MiBiPreT contains all functionality developed in the frame of MIBIREM (WP4). While the planned
functionality and types of routines designed in T4.1 and outlined in deliverable D4.1 remain the same, we
adapted the structure: The core module called mibiscreen is a stand alone repository. Mibiscreen contains
submodules on data handling (input, output, validation, standardisation), data analysis, visualisation and
decision support. Advanced data analysis and modelling will be included as packages implemented in
separate repositories which will also be hosted in the MiBiPreT GitHub organisation. The repository
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mibiscreen can be interpreted as an extended core module where the submodule of data analysis is
integrated. Otherwise the structural design of the software package remains as described in D4.1. The
adapted structure provides large flexibility, e.g. to integrate more types of data analysis and modelling
beyond those planned to include so far.

We further decided to 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 name MiBiPreT-FieldSites is available at
https://github.com/MiBiPreT-FieldSites.

2.4 Field data for validation

We gathered more field data from the (use case PHC) Griftpark site [Faber, 2023] for development and testing
of implemented routines on field sample data. This particularly includes the Griftpark constructed wetland
pilot which is also under consideration for serving as MIBIREM pilot site.

We furthermore included two other field sites to the pool of data used during development: (i) the field site
VetGas Amersfoort [van Leeuwen et al., 2020, 2022] and (ii) the Lumco Ghent site; both part of the selection
of MIBIREM project sites for the use case PHC (petroleum hydrocarbons). The settings and available data at
both additional sites are very different from the Griftpark which allows developing and testing routines and
modules with different focus and research aims.
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3 Modelling Sub-Modules

3.1 mibiscreen

Mibiscreen is a Python package for data screening, including data handling, basic data analysis and diagnostic
plotting. It is the central repository on data handling within the GitHub organization MiBiPreT (reflecting the
software suite of the prediction tool).

It follows, in setup and structure, state-of-the-art research software design standards. We used the template
package NleSC/python-template, which includes 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 and
documentation (Read the Docs, while we use mkdocs), instructions how to make package citable, and FAIR
software recommendation badge.

3.1.1 Structure

In structure, mibiscreen is set up as a collection of functions. The structural design however, is modular to
potentially allow constructing an applications with a user interface and an internal state, following e.g. the
software architecture design “Model-View-Controller” (MVC). The most important folders in the mibiscreen
repository are:

e The folder “mibiscreen” contains the main functionality split up into subfolders for code handling on
(i) data, (ii) analysis and (iii) visualization.

e The folder “test” contains code for testing routines of implemented functionality. When code
changes are submitted all tests are automatically run to check on code compatibility.

e The folder “examples” contains example workflows in the form of Jupyter-Notebooks outlining
application of functionality on example data from (i) Griftpark, folder “ex01_Griftpark” and (ii) Vetgas
Amersfoort, folder “ex02_Amersfoort”.

® The folder “docs” contains files for functionality and code documentation as well as instructions on
package usage [work in progress, part of later deliverable]

The adapted structure provides large flexibility, e.g. to integrate more types of data analysis and modelling
beyond those planned to include so far.

3.1.2 Data handling

We designed data handling for field sample data typical for biodegradation processes. This data includes
sample specification data, contaminant concentrations (we focus on petroleum hydrocarbons), habitat
conditions (e.g. redox potential, redox indicators (such as methane), pH, electron acceptor concentration (
such as oxygen concentration), microbiome data (i.e. the occurrence of DNA and functional genes),
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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 type of input data here is in line with data gathered in WP1 during the first sampling round. Some of the
field sample data from the MIBIREM project is also used for code testing and demonstration.

Data handling is implemented in functions in the folder mibiscreen/data. Routines handle data input, like
reading in from spreadsheets; check of input data, such as correct units provided; validation of input data,
standardisation, selection of data etc. Routines have been designed in accordance with the design of
standard data formats for field sampling data as part of the data management, WP1, task T1.4, milestone 3.

The workflow of data handling is illustrated for the Griftpark data (folder ex01 Griftpark) in the jupyter-
notebook “example_01_grift_data.ipynb”. A pdf-version of the notebook is attached as annex.

3.1.3 Analysis

Methods implemented for data analysis reflect the basic standards for data analysis and visualisation of field
sampling data typically gathered during field remediation efforts. This includes:

® Analysis of electron balance for natural attenuation (NA) screening: evaluating the potential and
extent of biodegradation going on at a site based on relating concentrations of contaminants and
electron acceptors [Sinke et al., 1998, 2001, Herrmann 2023]. When concentrations of
environmental conditions (oxygen, etc) and concentrations of contaminants (e.g. benzene,
naphtalene) are provided in tabular (standard) form the routines reductors() and oxidators() can be
used to determine the total amount electrons available for reduction and needed for oxidation are
calculated per sample. The routine electron_balance() put that into ratio and the routine NA_traffic()
provides a “traffic light” indication: Red corresponds to an electron balance below 1 where available
electrons for reduction are not sufficient and thus NA is potentially not taking place. Green
corresponds to an electron balance above 1 indicating that NA is potentially taking place. Yellow
corresponds to a case where information is not sufficient for an evaluation. Results can be visualized
in an activity plot (see next section).

e Routines for identifying threshold concentrations: This allows evaluating if a site poses a risk and
which contaminant is exceeding regulatory limits. When concentrations of contaminants are
provided in tabular (standard) form the routine total_contaminant_concentration() provides the
total amount or that of a selected subgroup of contaminants for each sample. The function
thresholds_for_intervention() identifies for each sample those contaminants that exceed
intervention thresholds. Again a traffic light system (red/yellow/green) indicates if the sample
requires intervention. It further provides the number of contaminants exceeding the intervention
value and a list of contaminants above the threshold of intervention.

e Metabolite analysis for evaluating the occurrence of metabolites as indicators for ongoing
biodegradation. When metabolite data is provided in tabular (standard) form the routines
total_concentration() and total_count() can be used to determine the total amount per sample (in
microgram) and the total amount of quantities exceeding a certain threshold value, e.g. exceeding
zero concentration for identifying the total number of observed metabolites. The gained information
can be stored in the data frame and used for visualization in an activity plot.

e Stable isotope analysis [Polerecky, 2023]:

o Keeling_regression(): Performing a linear regression linked to the Keeling plot which is an
approach to identify the isotopic composition of a contaminating source from measured
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concentrations and isotopic composition (delta) of a target species in the mix of the source and
a pool. It is based on the linear relationship of the given quantities (concentration) and delta-
values which are measured over time or across a spatial interval.

o Lambda_regression(): Performing linear regression to achieve Lambda value: The Lambda values
relates the 613C versus 82H signatures of a chemical compound. Relative changes in the ratio
can indicate the occurrence of specific enzymatic degradation reactions. The analysis is based on
a linear regression of the hydrogen versus carbon isotope signatures. The parameter of interest,
the Lambda values is the slope of the linear trend line.

o Rayleigh_fractionation(): Performing Rayleigh fractionation analysis which is a common
application to characterize the removal of a substance from a finite pool using stable isotopes. It
is based on the change in the isotopic composition of the pool due to different kinetics of the
change in lighter and heavier isotopes. The analysis is based on a linear regression of the log-
transformed concentration data against the delta-values. The parameter of interest, the kinetic
fractionation factor of the removal process is the slope of the linear trend line.

Multivariate statistical analysis (ordination): workflows for multivariate statistical analysis of
observational data (contaminant concentrations, habitat conditions, microbiome data, and/or
metabolite data) identifying correlations between these quantities. Three ordination methods are
available: Principal Component Analysis pca(), Canonical Correspondence Analysis cca() and
Redundancy Analysis rda(). Output of the ordination methods is input for diagnostic plots
(implemented in visualization).

We tested all implemented methods on Vetgas Amersfoort and Griftpark field site data (both sites part of
the MIBIREM project). While examples for visualizations of the analysis are provided in the following section,
several workflows of data analysis can be found online (folders ex01 Griftpark and ex02 Amersfoort). Pdf-
versions of condensed notebooks are attached as annex.

3.1.4 Visualization

Visualization routines have been developed for each type of available data analysis:

Funded by the European Union. Views and opinions expressed are
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Activity plot activity(): provides a visualization of the NA screening in combination with metabolite
analysis. It shows the scatter of the total number of metabolites analyzed (i.e. the count of
metabolites exceeding a threshold concentration, here zero) versus the total concentration of
contaminants per sample with colour coding of NA traffic lights: red/yellow/green corresponding to
no natural attenuation going on (red), limited/unknown NA activity (yellow) or active natural
attenuation (green).

Stable isotope plots:

o Keeling_plot(): Creating a Keeling plot based on the results of the analysis routine
Keeling_regression(). The plot shows the inverse concentration data against the delta-values
along the linear regression line.

o Lambda_plot(): A Lambda plot shows the 613C versus 62H signatures of a chemical compound.
It is based on the results of the analysis routine Lambda_regression().

> Rayleigh_fractionation_plot(): Creating a Rayleigh fractionation plot based on the results of the
analysis routine Rayleigh_fractionation().

Neither the European Union nor the granting authority can be held responsible for them. Funded by the
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e Ordination plot ordination_plot(): Creating ordination plot based on the results of the ordination
analysis routines pca(), cca(), or rda(). They provide ordination loadings and scores which are
displayed in the graph with arrows and points.

We tested all implemented methods on Vetgas Amersfoort and Griftpark field site data (both sites part of
the MIBIREM project). An example for the activity plot from the Griftpark data set is given in Figure 1. Figure
2 shows an example for a Lambda plot (stable isotope analysis) of the Griftpark data set. Figure 3 provides
an examples for an ordination plot based on PCA for the Amersfoort data set.

] ® © 3.2
] @
E : ° .; O
T 30 °" ¢
) : @
e ] [
IS 20': ® Electron acceptors:
‘g ] & @ available
= 101 © limited/unknown
] @ depleted
0 - ' P

0 2500 5000 7500 10000 12500
Concentration contaminants [ug/L]

Figure 1: Activity plot from Griftpark data: total count of metabolites
(=metabolite variety) versus the total concentration of contaminants detected
per sample with each colour coding the electron balance reflecting potential
for NA going on: red - electron acceptors depleted, NA potentially no good
option, yellow: unknown electron balance, more information needed to
decide if NA is a potential option, green: electron acceptors sufficient for
degrading contaminants, NA is potentially well suited.

Funded by the European Union. Views and opinions expressed are ki

however those of the author(s) only and do not necessarily reflect those
of the European Union or [EUROPEAN RESEARCH EXECUTIVE AGENCY (REA)]. *oxx

Neither the European Union nor the granting authority can be held responsible for them. Funded by the
European Union

* *
* *
* *




@ MIBIREM Project

D4.2 APIs of modelling sub-modules

Isotope analysis at Well B2
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Figure 2: Lambda plot of the Griftpark data set relating stable
isotope signature of 613C versus 62H of the contaminant benzene.
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Figure 3: Ordination plot based on principle component analysis
(PCA) for the Amersfoort data set. Arrows show loadings and
points show scores which indicate statistical relations/correlation
between the various quantities and the samples.
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3.3 mibitrans

Mibitrans is a Python package for modelling solute transport including biodegradation with simple analytical
methods, developed initially as anatrans [Bakker, 2025]. It is available as part open source repository
mibitrans [Bakker et al., 2025] as part of the prediction tool set in the MiBiPreT organization. It follows in
structure state-of-the-art research software design standards.

Contaminant transport is modelled physically based with (semi-) analytical solutions of the advection-
dispersion equation (ADE), combined with linear adsorption and linear decay. The implementation in
mibitrans uses the Domenico [1987] analytical multidimensional transport solution. Biodegradation can be
modelled both as simple first-order decay and as an instantaneous field-wide reaction based on electron
acceptor concentrations. Examples for modelled concentrations using mibitrans is visualized in Figures 4 and
5.

As initial step, mibitrans is designed to have the same functionality as the Excel based screening tool
BIOSCREEN [Newell et al., 1996, 1997] for BTEX reactive transport. Mibitrans was validated by comparing
example field data with results from BIOSCREEN. Similarly to BIOSCREEN, the purpose of mibitrans is initially
to serve as a screening tool for biodegradation modelling and prediction of PHCs, initially focusing on BTEX.
It does not (yet) include the option of sequential degradation. It is advantageous to BIOSCREEN given an
improved spatial and temporal resolution and corrections of flaws in the latest version of BIOSCREEN.

Concentration along plume center, t=6years

== N0 decay
linear decay
=== nstant reaction

Concentration [mg/L]

0 20 40 60 80
Distance from source [m]

Figure 4: anatrans example 1 — contaminant concentration along plume centerline for all
three model options of biodegradation: no decay, linear decay and instant reaction.
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Mibitrans is modular, fully tested, well documented and well-structured to allow for adaptation and use in
various field situations. Upcoming steps for the python package is to extend modelling options of
contaminant transport for a range of initial and boundary conditions of the ADE and biodegradation.
Additionally, we will set up a plug-in for using mibitrans in combination with flopy (the python API for
ModFlow, see also section 3.4), providing model templates representing typical situations for flow and

transport in the context of bioremediation.

I (o)} (o0}
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Figure 5: anatrans example 2 - 3D visualization of spatial distribution of a contaminant
plume for contaminant transport from continuous source and biodegradation modelled

as instant reaction.

3.4 mibiremo

We evaluated existing Python API’s for the use of the established chemical simulation software PHREEQC,
such as PhreeqPy (https://phreegpy.com/). We found that they are not well suited for the use with the
prediction tool as they are very huge and require installation of additional software, with installation

instructions that differ depending on the user’s operating system.
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We thus set up a stand-alone repository, called mibiremo, which is compatible with both Windows and Linux
operating systems. The mibiremo package is suited to perform the type of 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.

Mibiremo is part of the MiBiPreT organization. It can be pip installed and contains examples representing
typical situations for chemical reactions in bioremediation. The package is not (yet) available publicly, since
several aspects of licensing and ownership needs to be clarified before potential publication.

We present here three examples simulated with mibiremo:

e Example 1 — Titration: The example demonstrates the use of the package to simulate a simple
titration in a batch, where a solution is equilibrated with a mineral phase (calcite) and the pH is
adjusted by adding HCl. Visualization of these results are provided in Figure 6.

I N—

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
molH * added

Figure 6: mibiremo example 1 - Equilibration of a solution with a mineral
phase.

e Example 2 - Benzene and Ethylbenzene kinetic dissolution: The example demonstrates the use of the
package to simulate the kinetic dissolution of benzene and ethylbenzene in a batch reactor.
Visualization of results in provided in Figure 7.
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Figure 7: mibiremo example 2 — concentrations of benzene and ethylbenzene in NAPL
phase and dissolved during kinetic dissolution.

e Example 3 - Reactive transport - BTEX dissolution and transport: The example demonstrates the use
of the package to simulate the reactive transport of benzene and ethylbenzene in a 1D domain. The
reaction and transport equations are solved separately and then coupled through a SNIA (sequential
non-iterative approach) scheme. The reactions are computed by calling PHREEQC via the mibiremo
API, while the transport equations are solved by a separate Python function, semilagsolver.py,
included in the package. This example demonstrates how easily PHREEQC can be coupled with any
other transport simulator, including MODFLOW, through mibiremo.

o The model setting is displayed in Figure 8. The domain has a length of 50 m and is initially filled
with clean groundwater with a spot of benzene and ethylbenzene pure phases present at the left
side of the domain extending for 0.5 m. We assumed that the contaminant pure phase in the
source zone is immobile, it only dissolves (kinetically). The groundwater flows from left to right
with a velocity of 1 m/d, and dissolved benzene and ethylbenzene are transported towards the
right end of the domain. The dissolution process is modelled both kinetically and equilibrium-
based. The model is run for 100 days, and the concentration of benzene and ethylbenzene is
monitored at the right side of the domain.

Groundwater flow
_— >

Z

—» s
— Cb
— »

/

Groundwater inflow
(boundary condition)

22/

1
'
e
1
1

Y L

50 m

Figure 8: Experimental scheme for mibiremo example
3, BTEX dissolution and reactive transport
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o Three simulation runs are performed:

MIBIREM Project
D4.2 APIs of modelling sub-modules

= 1. Equilibrium dissolution of benzene and ethylbenzene simulated with PHREEQC
(standalone) for benchmarking of mibiremo results

= 2. Equilibrium dissolution of benzene and ethylbenzene simulated by mibiremo (1D transport

solver coupled with PhreeqcRM).

= 3. Kinetic dissolution of benzene and ethylbenzene simulated by mibiremo.

o Visualization of results is provided in Figure 9. Mibiremo simulation results show a very similar
pattern to experimental results obtained by Geller and Hunt (1993) (not shown).

The results from the last example demonstrate the successful validation of mibiremo through comparison
with standalone PHREEQC results. Additionally, the example highlights that results can differ significantly
depending on whether chemical reactions are described using the simplifying assumption of equilibrium or
their full time-dependence (kinetics). This is particularly true for biological reactions, where including kinetics
and the complex interdependencies among system constituents is crucial. This is something not currently
available in reactive-transport packages compatible with MODFLOW (e.g., GWT or MT3D) and it underscores

the importance of our efforts to couple PHREEQC with MODFLOW.

BTEX concentrations at 50 m distance from source: equilibrium vs kinetic dissolution

Benz. - mibiremo - eq.
O Benzene - PHREEQC - eq. o 9
Benz - mibiremo - kin. @ /7 %
Ethylb. - mibiremo - eq.
[0 Ethylb. - PHREEQC - eq.
Ethylb. - mibiremo - kin. ¢

—_

200 ~

150 1

100 -

50 1

Aqueous concentration (mg/L

50
Time (days)

Figure 9: Mibiremo example 3 - Reactive transport - BTEX dissolution and transport.
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3.5 Other APIs: flopy

We evaluated the use of existing Python APIs for use with the prediction tool. We found that the package
flopy [Bakker et al., 2023] allowing for complex groundwater flow and transport simulations with Modflow
[Langevin et al., 2024] is well suited for the project. Thus, there is no need for an alternative API
implementation.

To illustrate the use of flopy for hydrogeological modelling as part of the prediction tool, we used it to design
a detailed flow and transport model [van Zoggel, 2024] for the tracer test performed at the Griftpark
constructed wetland pilot [Verhaagen, 2023]. Figures 10 display simulation results of the flopy model
showing hydraulic head and tracer distribution in the domain of the constructed wetland.

We do not outline details on the Griftpark constructed wetland pilot nor the tracer test here, as this will be
part of task T4.4 and deliverable D4.4. Figures 11 are thus just meant to display successful simulation using
flopy in the context of the prediction tool.

0.90

Constructed Wetland Head Distribution - Layer 17 _—

088

0.87

d (m)

086 ©

Y-Coordinate (m)
He

0.85

084

0.83

X-Coordinate (m)

Figure 10: Top view of the hydraulic head distribution at bottom of the
wetland; red cells indicate injection (left) and extraction (right) of water and
tracer.
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Figure 11: Top view of bromide tracer distribution over time at the bottom
of the wetland. Tracer and water inflow left, extraction right (similar to
Figure 10).
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example 01 grift data report
March 3, 2025

1 MiBiPreT example: Data handling using Griftpark data

1.1 Background: Griftpark contaminant site

In 1840, a manufactured gas plant (MGP) was established on the outskirts of Utrecht. By the time
of its closure in 1960, the industrial site contained multiple gas factories and was surrounded by
the expanding city. In the 1980s, the extensive coal tar contamination existing at the site became
public and lead to an uproar among the neighbouring residents. Due to its urban location and the
depth range of the coal tar contamination (down to more than 30 m below ground level), excavation
or in-situ treatment were deemed unfeasible. Given the shallow groundwater table (around 2 m
below ground level in Utrecht) the dissolved plume of aromatic hydrocarbons posed a threat to
neighbouring residents. To prevent further development of the contaminant plume, a cement-
bentonite wall was built around the site in 1990. Field investigations prior to installation of the
vertical barrier revealed the aquitard to be discontinuous. As a results, the aquitard may not protect
contamination of leaking into the deeper groundwater, an important source of drinking water in
the Netherlands. Therefore, groundwater wells in the contained zone are continuously operated to
maintain a lower water table. The extracted water is biologically treated at a purification plant.

The already existing contaminant plume was addressed through a pump and treat method. Based
on calculations conducted at the time, this remediation measure was expected to need to last for
at least 100 years to reduce contaminant concentrations downstream of the Griftpark to inter-
vention levels. However, these levels were nearly achieved within 20 years. Recent advancements
in knowledge have lead researchers to attribute this rapid reduction in contaminants to natural
biodegradation processes. Natural attenuation, including dispersion, sorption and biodegradation,
can reduce the concentration and size of organic contaminant plumes over time. Monitored natural
attenuation (MNA) has become an accepted management option for low-risk contaminated sites.
These findings prompted the municipality of Utrecht to reconsider the management strategy for
the Griftpark, aiming to phase out the costly active management procedures and instead relying
on MNA as a management approach.

Source: Field investigations and reactive transport modelling of biodegrading coal tar compounds at
a complex former manufactured gas plant by S.C. Faber, Utrecht Studies in Earth Sciences (USES),
PhD Thesis

Comment optional when package is not yet pip-installed:

#!pip install mibipret

from mibipret.data.check_data import check_columns
from mibipret.data.check_data import check_units
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from mibipret.data.check_data import check_values
from mibipret.data.check_data import standardize
from mibipret.data.load_data import load_csv

1.1.1 Data handling
Load in data:

Returns loaded data as DataFrame which is reported when verbose flag is True.

file_path = './grift_BTEXIIN.csv'

data_raw,units = load_csv(file_path,verbose=False)
#print (type(data_raw))

#display (data_raw)

Check on column names:

column_names_known,column_names_unknown,column_names_standard =,
«.check_columns (data_raw, verbose = False)
#print ("\nQuantities to be checked on column names: \n",column_names_unknown)

Check on units:

check_list = check_units(data_raw, verbose = False)
#print ("\nQuantities to be checked on units: \n'",check_list)

Check on values in columns (transformation to numerical values, handling of nan-
values):

Returns DataFrame without units containing quantities in numerical type.

data_pure = check_values(data_raw, verbose = False)

WARNING: First row identified as units, has been removed for value check

Standardization of input data:

Runs all checks on data, i.e. column names, units and values in one go and returns transformed
data with standard column names and values in numerical type where possible. Keyword verbose
= True provides step-by-step description of process.

Data is reduced to those columns containing known quantities (keywork reduce = True),
i.e. columns with unknown column names are removed from the data. The routine output specifies
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which columns have been deleted. Unknown quantities can be contaminants/metabolites not yet

included in analysis scheme or quantities with typo in the name.

The data in standard form is written to a csv-file

'./grift_BTEXIIN_standard.csv' is the name of the file.

data,units = standardize(data_raw,
reduce = True,

(keywork

store_csv

store_csv='./grift_BTEXIIN_standard.csv',

verbose=True)

Running function 'standardize()' on data

Function performing check of data including:
* check of column names and standardizing them.
* check of units and outlining which to adapt.
* check of values, replacing empty values by nan
and making them numeric

Running function 'check_columns()' on data

29 quantities identified in provided data.
List of names with standard names:

sample nr --> sample_nr

obs_well --> obs_well

well type --> well_type

Depth --> depth

pH -—-> pH

EC --> EC

Redox --> redoxpot
pE --> pE

sulfate --> sulfate
ammonium --> ammonium
sulfide --> sulfide
methane --> methane
Fe II --> iron2

Mn --> manganese
Benzene --> Dbenzene
Toluene --> toluene

Ethylbenzene --> ethylbenzene
P/M Xylene --> pm_xylene

0 Xylene --> o_xylene
Cumene --> isopropylbenzene
Propylbenzene --> n_propylbenzene

M-Ethyltoluene --> 3_ethyltoluene
0-Ethyltoluene --> 2_ethyltoluene
1,2,4-Trimethylbenzene --> 124_trimethylbenzene

where



1,2,3-Trimethylbenzene --> 123_trimethylbenzene
Indane --> indane

Indene --> indene
Naphthalene --> naphthalene
metabolites_variety --> metabolites_variety

NPOC
metabolites_concentration

Not identified quantities have been removed from data frame

Running function 'check_units()' on data

Al]l identified quantities given in requested units.

Running function 'check_values()' on data

WARNING: Cound not transform 'sample_nr' to numerical values

pH

EC
redoxpot
pPE
sulfate
ammonium
sulfide
methane
iron2
manganese
benzene
toluene
ethylbenzene
pm_xylene
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o_xylene
isopropylbenzene
n_propylbenzene
3_ethyltoluene
2_ethyltoluene

124 _trimethylbenzene
123_trimethylbenzene
indane

indene

naphthalene
metabolites_variety

Save standardized dataframe to file:

./grift_BTEXIIN_standard.csv

Display of standardized data as DataFrame:

print ("Number of columns:", data.shapel[1])

display(data)

Number of columns: 29

sample_nr
2019-031-001
2019-031-002
2019-031-009
2019-031-011
2019-031-012
2019-031-013
2019-031-014
2019-031-018
2019-031-020
2019-031-004
2019-031-006
2019-031-029
2019-031-031
2019-031-033
2019-031-034
2019-031-036
2019-031-039
2019-031-028
2019-031-048
2019-031-050
2019-031-054
2019-031-044
2019-031-047
2019-031-059
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A-32mm-52,5
A-32mm-65,5
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B-MLS1-7-19
B-MLS2-1-20,5
B-MLS2-5-28
B-MLS2-7-31
B-32mm44-45
B-32mm-63-64
B2-MLS1-1-7

B2-MLS1-3-10,5

B2-MLS1-5-14

B2-MLS1-6-15,5

B2-MLS2-1-20
B2-MLS2-4-43

B2-32mm-64,5-65,5

C-MLS1-1-15,5
C-MLS1-3-19
C-MLS1-7-26

C-32mm-38,5-39
C-32mm-45,5-46

Pb1

well_type

dsn
dsn

dsn

dsn

dsn

dsn
dsn
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MLS-1
MLS-1
MLS-1
MLS-1
MLS-2
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MLS-1
MLS-2
MLS-2
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MLS-1
MLS-1
MLS-1
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NaN

depth
-52.5
-65.5
-12
-15.5
=17
-19
-20.5
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-45
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-329 5.5601
-362 6.1178
=571 9.6499
-187 3.1603
-175 2.9575
-264 4.4616
-263 4.2757
-292 4.9348
-244 4.1236
-227 3.8363
-183 3.0927
-227 3.8363
-336 5.6784
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-314 5.3066
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-182 3.0758
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1.0000 13.0000
9.0000 15.0000
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127.0000 21.0000
237.0000 13.0000
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176.0000 0.0000
42.0000 1.0000
88.0000 3.0000
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169.0000 3.0000
141.0000 3.0000
209.0000 0.0000
11.0000 29.0000
NaN 23.0000
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17 0.0
18 0.0
19 5.0
20 5.0
21 9.0
22 3.0
23 5.0
24 0.6
25 0.1
26 0.2
123_trimethylbenzene
1 1.0
2 1.0
3 121.0
4 147.0
5 134.0
6 130.0
7 112.0
8 80.0
9 2.0
10 0.0
11 0.0
12 145.0
13 49.0
14 177.0
15 12.0
16 0.0
17 .0
18 1.0
19 67.0
20 67.0
21 98.0
22 43.0
23 70.0
24 2.8
25 0.2
26 0.2

[26 rows x 29 columns]
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1 MiBiPreT example: NA screening using Griftpark data

1.1 Background: Griftpark contaminant site

In 1840, a manufactured gas plant (MGP) was established on the outskirts of Utrecht. By the time
of its closure in 1960, the industrial site contained multiple gas factories and was surrounded by
the expanding city. In the 1980s, the extensive coal tar contamination existing at the site became
public and lead to an uproar among the neighbouring residents. Due to its urban location and the
depth range of the coal tar contamination (down to more than 30 m below ground level), excavation
or in-situ treatment were deemed unfeasible. Given the shallow groundwater table (around 2 m
below ground level in Utrecht) the dissolved plume of aromatic hydrocarbons posed a threat to
neighbouring residents. To prevent further development of the contaminant plume, a cement-
bentonite wall was built around the site in 1990. Field investigations prior to installation of the
vertical barrier revealed the aquitard to be discontinuous. As a results, the aquitard may not protect
contamination of leaking into the deeper groundwater, an important source of drinking water in
the Netherlands. Therefore, groundwater wells in the contained zone are continuously operated to
maintain a lower water table. The extracted water is biologically treated at a purification plant.

The already existing contaminant plume was addressed through a pump and treat method. Based
on calculations conducted at the time, this remediation measure was expected to need to last for
at least 100 years to reduce contaminant concentrations downstream of the Griftpark to inter-
vention levels. However, these levels were nearly achieved within 20 years. Recent advancements
in knowledge have lead researchers to attribute this rapid reduction in contaminants to natural
biodegradation processes. Natural attenuation, including dispersion, sorption and biodegradation,
can reduce the concentration and size of organic contaminant plumes over time. Monitored natural
attenuation (MNA) has become an accepted management option for low-risk contaminated sites.
These findings prompted the municipality of Utrecht to reconsider the management strategy for
the Griftpark, aiming to phase out the costly active management procedures and instead relying
on MNA as a management approach.

Source: Field investigations and reactive transport modelling of biodegrading coal tar compounds at
a complex former manufactured gas plant by S.C. Faber, Utrecht Studies in Earth Sciences (USES),
PhD Thesis

1.2 Content

Data analysis “NA-screening” as quick-scan method to evaluate ongoing biodegredation and biore-
mediation potential. Method is based on relating amounts of electron-acceptors and electron-
donors. Specifically, we assess the electron balance between the contaminants and the reductors
that have been measured in the samples. Implementation currently accounts for oxigen, nitrate
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[4] :

and sulfate as reductors and BTEXIIN (benzene, toluene, ethylbenzene, xylene, indene, indane
and naphthalene) as oxidators. Additional functionality assess concentration thresholds as level for
intervention.

import matplotlib.pyplot as plt

from mibipret.data.check_data import standardize
from mibipret.data.load_data import load_csv
import mibipret.analysis.sample.screening NA as na
from mibipret.visualize.activity import activity

1.3 Data handling

e Load in data from csv-file

o standardize data: run all checks on data, i.e. column names, units and values in one go and
returns transformed data with standard column names and valueas in numerical type where
possible. Data is reduced to those columns containing known quantities.

e returns loaded data as DataFrame.

e Details will be reported when verbose flag is True.

file_path = './grift_BTEXIIN.csv'
data_raw,units = load_csv(file_path,verbose=False)

data,units = standardize(data_raw, reduce = True, verbose=False)
#display(data)

WARNING: Cound not transform 'sample_nr' to numerical values

1.4 Natural Attenuation (NA) Screening
Performing NA screening step by step.
Calculation of number of electrons for reduction

Returns pandas-Series with total amount of electron reductors per well in [mmol e-/l]:

tot_reduct = na.reductors(data,verbose = False,ea_group = 'ONS')

WARNING: No data on oxygen given, zero concentration assumed.

Calculation of number of electrons needed for oxidation
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Returns pandas-Series with total amount of oxidators per well in [mmol e-/1]:

tot_oxi = na.oxidators(data,verbose = False, contaminant_group='BTEXIIN')

Calculation of number of electron balance

Returns pandas-Series with ratio of reductors to oxidators. If value below 1, available electrons for
reduction are not sufficient for reaction and thus NA is potentially not taking place.

e bal = na.electron_balance(data,verbose = False)

WARNING: No data on oxygen given, zero concentration assumed.

Calculation of “traffic light” based on electron balance

Returns pandas-Series with traffic light (red/yellow/green) if NA is taking place based on electron
balance. Red corresponds to a electron balance below 1 where available electrons for reduction are
not sufficient and thus NA is potentially not taking place.

na_traffic = na.NA_traffic(data,verbose = True)

Running function 'NA_traffic()' on data

WARNING: No data on oxygen given, zero concentration assumed.

Red light: Reduction is limited at 7 out of 26 locatiomns
Green light: Reduction is limited at 17 out of 26 locatiomns
Yellow light: No decision possible at 2 out of 26 locations

1.4.1 Evaluation of intervention threshold exceedance
Calculation of total concentration of contaminants/specified group of contaminants
Returns pandas-Series with total concentrations of contaminants per well in [ug/]]:

tot_cont = na.total contaminant concentration(data,verbose =
~False,contaminant_group='BTEXIIN')

tot_cont.plot.bar()

plt.ylabel("total contaminant concentration [ug/1]")

plt.xlabel("sample")

Text (0.5, 0, 'sample')
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Calculation of “traffic light” for threshold exceedance

Returns pandas-DataFrame (similar to input data, including well specification) with intervention
threshold exceedance analysis: * traffic light if well requires intervention (red/yellow/green) *
number of contaminants exceeding the intervention value * list of contaminants above the threshold
of intervention

na_intervention = na.thresholds_for_intervention(data,verbose =,
~False,contaminant_group="'BTEXIIN')
#display (na_intervention)

1.4.2 Natural Attenuation (NA) Screening in one go
Performing complete NA screening and evaluation of intervention threshold exceedance.

Returns pandas-DataFrame (including well specification from input data) with NA screening results
and intervention threshold exceedance analysis: * total amount of electron reductors per well
in [mmol e-/l] * total amount of oxidators per well in [mmol e-/l] * electron balance, ratio of
reductors to oxidators * NA - traffic light (red/yellow/green) if NA is taking place based on electron
balance * total concentrations of contaminants per well in [ug/l] * Intervention traffic light per well
(red/yellow /green) * number of contaminants exceeding the intervention value * list of contaminants
above the threshold of intervention
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[11]:

data_na = na.screening_ NA(data,verbose = False)

WARNING:

No data on oxygen given, zero concentration assumed.

display(data_na)
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1.4.3 Activity plot

Create activity plot linking contaminant concentration to metabolite occurence based on NA screen-
ing

[12]: | ### run full NA screening with results added to data
na.screening NA(data,inplace = True,verbose = False)
fig, ax = activity(data,save_fig='grift NA_activity.png',dpi = 300)

WARNING: No data on oxygen given, zero concentration assumed.

Save Figure to file:
grift_NA_activity.png
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example 01 grift isotope
March 7, 2025

1 MiBiPreT example: Isotope analysis using Griftpark data

1.1 Content

Lambda plot of isotopes reproducing results of the PhD thesis of Suzanne Faber: Field investi-
gations and reactive transport modelling of biodegrading coal tar compounds at a complex former
manufactured gas plant by S.C. Faber, Utrecht Studies in Earth Sciences (USES), PhD Thesis

The data was provided on personal basis by Suzanne Faber.

[1]: import matplotlib.pyplot as plt
import numpy as np

[2]: from mibipret.data.check_data import standardize
from mibipret.data.load_data import load_csv

from mibipret.analysis.reduction.stable_isotope_regression import,,
~Lambda_regression

from mibipret.analysis.reduction.stable_isotope_regression import,,
~extract_isotope_data

from mibipret.visualize.stable_isotope_plots import Lambda_plot

1.2 Data handling

e Load in data from csv-file
o standardize data (column names, unit check, values, etc)

[3]:|file_csv = "./grift_BTEXIIN_ isotopes.csv"
isotopes_raw,units = load_csv(file_csv, verbose = False)
isotopes,units = standardize(isotopes_raw, reduce = True, verbose = False)

WARNING: Cound not transform 'obs_well' to numerical values

1.3 Isotope Analysis for Lambda-plots

o specify data: isotope measurements for the single compound Benzene observed at the well

B2
— extract data for observation well B2 (using general pandas-dataframe funcionality)



— select isotope measurements for specified compound using implemented function
extract_isotope_data()
e run isotope analysis to gain input for Lambda plot using the function Lambda_regression()

[4]: data = isotopes[isotopes["obs_well"] == 'B2']
X,y = extract_isotope_data(data,
molecule = 'benzene')
results = Lambda_regression(x,
v

validate_indices = True)

o Create Lambda-plot including linear of linear regression using the function Lambda_plot ().
Note that the input of this visualization routine is streamlined with the output (results)
produced by the analysis routine Lambda_regression().

o save figure to file

[5]: Lambda_plot(**results,
title = 'Isotope analysis at Well B2')
plt.savefig('grift_isotope_lambda.png',dpi = 300)

Isotope analysis at Well B2
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example 02 amersfoort ordination
March 7, 2025

1 MiBiPreT example: Ordination with Amersfoort data

1.1 Background: Amersfoort contaminant site

Close to the train station in Amersfoort, the Netherlands, the subsurface is contaminated with
organic hydrocarbons forming a NAPL. Contamination originates from decades of operating man-
ufactured gas plant, which dumped tar by-products in waste lagoons. The tar is a DNAPL and
has spread into the underlying shallow unconfined aquifer. Sample wells were installed to measure
various characteristics of the subsurface. The raw data contains measurements on * environmental
conditions, such as pH, redox potential, concentrations of oxygen, nitrate, etc * contaminant concen-
tration such as BTEX, indene, indane, naphtalene and multiple other (typically cyclic) petroleum
hydrocarbons * metabolite concentration, i.e. byproducts of degredation processes of contaminant
* isotope measurments for specific contaminants and samples * counts of genes (RNA/DNA) of
mibrobiota that is know to perform biodegredation as well as functional enzymes know to be re-
sponsible for biodegredation

1.2 Content
Diagnostic plots for data analysis on microbial biodegredation at the contaminant Amersfoort site.

Data based on the PhD thesis of Johan van Leeuwen, 2021 ‘Biodegredation of mono- and pol-
yaromatic hydrocarbons in a contaminated aquifer originating from a former Pintsch gas factory
site’ which is equivalent to the manuscript of van Leeuwen et al., 2022 ‘Anaerobic degradation of
benzene and other aromatic hydrocarbons in a tar-derived plume: Nitrate versus iron reducing
conditions’, J. of Cont. Hydrol. The data was provided by Johan van Leeuwen.

Loading packages and functions

from mibipret.data.load_data import load_excel
from mibipret.data.check_data import standardize, standard_names
from mibipret.data.set_data import merge_data, extract_data

from mibipret.analysis.reduction.transformation import
~filter_values,transform_values

from mibipret.analysis.reduction.ordination import pca

from mibipret.visualize.ordination_plot import ordination_plot



1.3 Analysis
1.3.1 Data loading

[2]: file_path = './amersfoort.xlsx'

Load and standardize data of environmental quantities/chemicals

[3]:  environment_raw,units = load_excel(file_path,
sheet_name = 'environment',
verbose = False)

environment,units = standardize(environment_raw,
reduce = True,
verbose=False)

#display (environment)

WARNING: Cound not transform 'sample_nr' to numerical values

Load and standardize data of contaminants:

[4]: | contaminants_raw,units = load_excel(file_path,
sheet_name = 'contaminants',
verbose = False)

contaminants,units = standardize(contaminants_raw,
reduce = False,
verbose = False)
#display(contaminants)

WARNING: Cound not transform 'sample_nr' to numerical values

Merge both data frames into one for further analysis:

[6]: data = merge_data([environment,contaminants],clean = True)

1.3.2 Data pre-processing

Specification of variables to chose for ordination. We make sure that variables selected for analysis
are in standard names.



[6]:

[7]1:

[8]:

[9]:

variables_1 = standard_names(['Sum GC'])
variables_2 =
~standard_names(['nitrate','pH','nitrite', 'sulfate', 'Redox','EC','DOC',"Mn","Fe"])

Extracting data of interest from data frame. All other quantities are removed, since only columns
of interest should be passed to ordination analysis routines.

data_ordination = extract_data(data,
name_list = variables_1 + variables_2,
keep_setting data = True)

Cleaning data, i.e. remove all sites where measurements are missing for any of the quantities

values = filter_values(data_ordination,
replace_NaN = 'remove',
inplace = True,
verbose = False)

1.3.3 Data transformation

Concentrations of contaminants (Sum GC) is log-transformed (given that concentration vary over
orders of magnitude) and then standardized. Other data is only standardized.

transform_values(data_ordination,
name_list = variables_1,

how = 'log_scale',
inplace = True,
)

transform_values(data_ordination,
name_list = variables_1,
how = 'standardize',
inplace = True,

)

transform_values(data_ordination,
name_list = variables_2,

how = 'standardize',
inplace = True,
)

display(data_ordination)

obs_well aquifer sample_nr depth EC sulfate DOC \
0 1024 2.0 1024(16) 15-16 1.390889 -0.206364 -0.683686
1 1033 2.0 1033(22) 21-22 0.994335 -0.749129 -0.583226
2 241 2.0 241(16) 15-16 0.371179 -0.115903 -0.348819
3 241 2.0 241(21) 20-21 0.150871 -0.749129 -0.315333
4 241 2.0 241(30) 29-30 -0.201621 -0.749129 -0.125575
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pH

0.450269

. 726979
.826442
.267881
.085494
.191217

2.091754

.544592
.008830
.5556991
.279280
.279280
.085494
.267881
.279280
.450269
.461668
.644055
.997430

241(36)
320(21)
323(21)
323(9)
352(9)
4016(16)
4031(17)
4031(21)
4031(30)
A003(10.8)
A003(21)
A005(12)
A005(22)
A005(31)
A005(8.5)
A010(12)
A012(8.5)
A026(10.7)
A036(7.8)
A039(21)
A044(18)
A044(22)
A044(24)
A044(30)
A044(40)
A044(42)
A044(54)

Sum GC
-1.583575
-1.583575
-1.253701

0.612042
0.501658
-1.615211
-1.482545
-1.615211
-1.583575
0.191875
-0.293664
1.190280
1.0568031
0.948410
1.016319
-1.167321
1.141707
0.782804
0.420252

9

9

| |
o O

O, Pk, Pk, ONFE ON

35-36
20-21
20-21
8-9

8-9
156-16
16-16
20-21
29-30
.8-10.8
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10-12
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30-31
7.5-8.5
2-12
7.5.8.5
.7-10.7
6.8-7.8
20-21
17-18
21-22
23-24
29-30
39-40
41-42
53-54

nitrate
.763911
.304822
.050362
.087103
.458558
.713895
.104067
.187134
.103191
.120155
.035335
.034458
.406606
.508390
.254990
.153206
.881598
.338750
.170170

.056454
.096699
.239821
.126087
.711476
.396750
.931783
.140328
.698887
.246509
.560408
.131988
.427830
.126087
. 787836
. 364885
. 749243
.007317

0.396357

.655258
.289744
.541524
.106810
.578898
.289350
.578898
.314922

iron2

.893917
.862104
.625098
. 741417
.706434
.873818
.178846
.574851
.891404
.891404
.072386
.259146
.172879
.033037
.690418
.103476
. 735640
.695443
.384762

.055157
.869305
.336401
.417000
.421931
. 788705
.296825
. 749129
. 749129
.025442
.115903
.025442
477746
. 749129
.065019
.568207
. 788705
. 749129
.512392
.568207
. 749129
. 749129
.658668
.568207
.658668
.658668
.568207

manganese

.436852
.308922
.390332
.367072
.080199
.421346
.277909
.332182
.390332
.378702
.625355
.312799
.084075
.146102
. 386456
.024471
.308922
.281786
.024471

-0.237197
-0.449279
-0.694848
-0.170224
-0.460441
-0.460441
-0.013953
-0.025115
0.778565
-0.047439
-0.516252
0.655780
-0.192548
0.454860
-0.527415
5.087180
-0.337657
0.745078
-0.047439
-0.203710
0.332076
0.343238
0.053021
-0.259522
0.482766
0.572064
0.694848

nitrite
0.587911
-0.460329
-0.267232
2.160271
0.174132
.663736
2.325783
-0.046550
0.781008
2.187856
0.781008
-0.239647
-0.543085
-0.653426
0.174132
-0.101721
-0.763767
-0.515500
-0.074135

[y
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.869270
.519812
.644865
.107322
.809543

0.396003

.211222
.191313
.967765
.997628
.136991

0.555275

.062955

.556991 O
.450269 1
.920766 O
.267881 1
.103163 ©
.096893 O
.085494 O
.096893 O
.096893 O
.997430 O
.179818 -0.
.815043 -0.
.632656 -0.

.774370
.495608
.049415

.326080 2.
.305096
.239734
.026064
577174
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1.3.4 Ordination analysis by PCA
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The correlation coefficient between PC1 and PC2 is 1.06e-16.

1.3.5 Ordination plot

fig, ax =

plot_scores = True,
plot_loadings = True,
rescale_loadings_scores = True,

title =

# plot_scores = False,

# azis_ranges =

[-0.6,0.8,-0.8,1.0],

"Unconstrained Ordination PCA",

ordination_plot(ordination_output=ordination_output,



save_fig = 'ordination_amersfoort.png',

)

Figure saved to file:
ordination_amersfoort.png
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1.3.6 Interpretation

The figure shows the results of the PCA (principle component analysis) as multi-variate statistics
tool for the geochemical parameters. The axes denote the percentage of variance explained by each
principal component. Data was standardized, with Sum GC (being the total sum of contaminants)
being logarithmically transformed as via log(x + 1).

This biplot shows two different elements of information: the variable loadings show as arrows and
the site scores shown as dots. The two plot axis represent the two main axis identified by the
ordination methods. They are scales to the minimal value of —1 and the maximum value of 1.

The direction of the arrow indicates to which ordination axis it correlates. The length of the vector is
equivalent to the extent of that correlation. Positive scores or loadings indicate positive correlation
with the axis, where negative values indicate negative correlation. For example, a variable with
negative loadings for the first two ordination axes is anticorrelated with the two largest trends in
the data. Arrows pointing in the same direction indicate that the variable are correlated. Arrows
at an right angle to one another are uncorrelated. Arrows that point in opposite directions are
anti-correlated. A vector very close to the origin shows little to no correlation with the axes.

Proximity of the site scores in the plot indicate the similarity between the sample sites.



