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ABSTRACT

This doctoral thesis delves into the multifaceted realm of the historical exposome, encompassing the
cumulative measure of environmental exposures experienced by individuals throughout their lifespan.
The Luxembourg Time Machine (LuxTIME) project serves as the background for this interdisciplinary
exploration, incorporating elements from history, data visualization, cheminformatics, and eco-
hydrology. Its focus is on researching environmental influences on the health of the population in the
Minett region, located in the southwest of Luxembourg. The thesis comprises six interdisciplinary
manuscripts, each contributing to the overall understanding and advancement of exposomics research.
The initial focus centred on the integration of cheminformatics within the LuxTIME framework,
examining the identification of known and unknown chemicals in the environment using high
resolution mass spectrometry (HRMS) techniques. The study encompasses both external and internal
exposome factors, striving to encompass a comprehensive range of determinants influencing human
health. In parallel, an extensive data inventory was compiled, consisting of quantitative and qualitative
data from diverse sources such as archives, newspapers, and scientific institutes. To effectively explore
and communicate research findings, data visualization tools are employed, providing a visual
representation of the exposome data, and facilitating interdisciplinary knowledge sharing. Next, the
thesis highlights the importance of delving into the past, emphasizing the relevance of historical data
in understanding the impacts of chemical exposure on humans and the environment. Case studies are
conducted to simulate and visualize historical dust exposure originating from a steel factory, utilizing
mathematical models and quantitative industrial and environmental data from the Luxembourgish
past. Additionally, the past and present management and regulation of persistent chemicals is
discussed, looking at per- and polyfluoroalkyl substances (PFAS). The chemical stripes visualization,
developed in this thesis, is used to illustrate the trends of chemical use and registrations over time,
emphasizing the importance of studying chemical exposure and advocating for improved management
practices. An essential component of the thesis revolves around non-target analysis (NTA), involving
the analysis of Luxembourgish surface water samples from diverse locations using HRMS and NTA
techniques. Through classification steps and comparisons with previous studies, potential exposome-
related pollutants are identified, and recommendations are made for the development of future
governmental monitoring lists. In conclusion, this doctoral thesis demonstrates how exploring the
exposome in an interdisciplinary manner provides valuable insights and new perspectives by adding a

historical dimension to the exposome concept. By delving into the past, employing advanced analytical



techniques, and innovative data visualization methods, a more comprehensive understanding of the

exposome and its implications for human health is achieved.

LuxTIME

ZONE

Digital History

Yinett regio®

Figure 1: Interdisciplinary integration in the LuxTIME project.



AIMS AND OBJECTIVES

The primary objective of this doctoral thesis, conducted within the LuxTIME framework, was to
comprehensively explore and enhance the understanding of the historical exposome, specifically
investigating the influence of (past) environmental exposures on the health of individuals living in the
Minett region and its surroundings. This research aimed to adopt and investigate the interdisciplinary
nature of exposomics research, expanding the exposome concept to focus more on past evidence of
human impact on the natural world. A particular emphasis of LuxTIME was on the key disciplines
integrated within the LuxTIME team, namely environmental cheminformatics, eco-hydrology, history,
and data science (see FIGURE 1). The underlying manuscripts contribute to the advancement of
innovative methodologies and techniques for the analysis and visualization of exposome-related data.
Moreover, this PhD project placed a significant focus on integrating past chemical history into
exposomics workflows. Therefore, the project integrated the field of cheminformatics within the
LuxTIME framework, utilizing HRMS and NTA techniques to identify potential exposome-related

chemicals. The research in this thesis was centered on the following main objectives:

=  To (re)define the concept of the historical exposome, focusing first on the chemical perspective
and subsequently incorporating interdisciplinary viewpoints from the humanities and natural
sciences

= To explore various ways of obtaining historical environmental data, including different sample
types, archival data and analytical techniques

= To examine the use of simulations and their limitations in cases where historical data or
samples were not available

= To compile and analyse qualitative and quantitative exposomics data from diverse sources,
creating an extensive LuxTIME data inventory comprising various data from Luxembourg

=  To explore and communicate research findings and map interdisciplinary knowledge using data
visualisation as the main navigation tool

= To examine the relevance of exposomics research by investigating trends in chemical usage,
overall chemical numbers and looking at regulatory measures, particularly for persistent
chemicals

= To explore the importance of monitoring environmental pollutants in Luxembourgish surface

water samples via NTA and HRMS, complementing routine targeted efforts



In general, this doctoral thesis seeks to discover new facets of the past exposome by redefining the
concept, fostering interdisciplinary collaboration and providing insights into the historical and

contemporary implications of chemical exposure in the context of exposomics research.

(Re)define the concept

e

HISTORICAL
EXPOSOME

Explore and
communicate research Compile and analyse
findings using data exposomics data

visualization
/‘n

Figure 2: Research progression and objectives in the LuxTIME project.



SYNOPSIS

I. The Luxembourg Time Machine — LuxTIME

The Institute for Advanced Studies (IAS),! established in 2020 by the University of Luxembourg, aims to
enhance interdisciplinary research efforts. Acting as a catalyst, the IAS endeavours to overcome
barriers between scientific disciplines and sectors. One funding instrument offered by the IAS is the
Audacity program, which supports collaborative projects at the forefront of interdisciplinary science
characterized by an exploratory and audacious nature. The Luxembourg Time Machine project* named
LuxTIME is a collaboration involving the Centre for Contemporary and Digital History (C?DH) and the
Luxembourg Centre for Systems Biomedicine (LCSB) at the University of Luxembourg, along with the
Luxembourg Institute of Science and Technology (LIST). The primary objective of LuxTIME was to
investigate the feasibility of developing a national platform known as the Luxembourg Time Machine.
This platform should provide scientists and stakeholders with the means to explore the intricate history

of Luxembourg using digital tools and data from diverse disciplines and fields.

By constructing a digital dataset that incorporated information from three distinct fields and scientific
perspectives—namely eco-hydrology, environmental cheminformatics, and history—LuxTIME aimed
to employ a local case study, specifically the industrialization of the Belval/Minett region, as a testing
ground for methodological and epistemological reflections on studying the impact of environmental
changes on the local population's health. This investigation adopted a regional and long-term
perspective. By combining historical evidence from the natural science and humanities perspective,
LuxTIME enabled novel approaches to studying the past: through the combination of archival evidence
providing contextual information and scientific evidence derived from chemical, biological, or medical
investigations, the project pioneered the interpretation of 'big data of the past' within a truly
interdisciplinary framework. The Belval case study served as a critical assessment of the analytical
potential of a multi-layered research design that could potentially be expanded into a national case
study, which could culminate in the creation of a Luxembourg Time Machine incorporating diverse data
types from numerous institutions. The Luxembourg Time Machine project originated as a ‘spin-off’ of
alarger European research endeavour called the European Time Machine,® which falls under the Future

Emerging Technologies Flagship. The C2DH was among the founding members of this initiative.

Given the interdisciplinary nature of the LuxTIME project, there were methodological and

epistemological challenges in establishing a common understanding among the research team. To



address this, the project employed the concept of a trading zone and facilitated the development of
‘interactional expertise’ within the interdisciplinary team. Meetings and workshops were held to
identify ‘boundary objects’ and foster a co-design process that clarified research questions,

methodologies, and expected outcomes within this interdisciplinary context.

The initial PhD projects within LuxTIME specifically focused on the history of contamination and
environmental impact associated with industrialization in the Minett region. This specific doctoral
project — undertaken within the LuxTIME initiative — examined the presence of historical contamination
in the environment of Luxembourg through chemical analysis under the title ‘Historical Exposomics’.
Non-target high resolution mass spectrometry techniques, in combination with open source
cheminformatics tools, were employed to identify contaminants of particular relevance in various
contexts. The outcomes were visualized and interpreted using (historical) data visualization tools in
collaboration with Aida Horaniet Ibanez, the doctoral candidate from C2DH. The project website can

be found at https://luxtimemachine.uni.lu/.

Il. The Exposome

The exposome concept refers to the cumulative measure of all environmental exposures,
encompassing external and internal factors, to which an individual is subjected throughout their
lifespan.? It takes into account various factors such as chemical substances, biological agents, physical
agents, lifestyle factors, and socioeconomic factors that can impact human health. By adopting an
exposome perspective, researchers aim to gain a holistic understanding of the entirety of

environmental exposures and their interplay in relation to health outcomes.

The term ‘exposome’ was first introduced by Christopher Wild in 2005* to expand the focus of research
beyond genetic factors and investigate the broader environmental influences on human health. Since
then, the exposome framework has gained significant attention in the field of environmental health
research.® Gary Miller and Dean Jones extended the concept in 2014° to its commonly used definition

today:

“The cumulative measure of environmental influences and associated biological responses throughout

the lifespan, including exposures from the environment, diet, behaviour and endogenous processes” ®

There are two main components of the exposome: the external exposome and the internal exposome.
The external exposome includes exposures from the external environment, such as air pollution, water

quality, diet, physical activity, and occupational exposures.® In contrast, the internal exposome

9


https://luxtimemachine.uni.lu/

comprises the biological responses and modifications that occur within the body as a result of
exposure, such as metabolic products, DNA adducts, and oxidative stress markers.” The exposome
concept aims to capture the complexity of environmental exposures and their potential interactions,
recognizing that individuals are exposed to multiple factors simultaneously and that these exposures
can have cumulative effects over time. Exposure signals, which may be transient in nature, pose the
possibility of health responses emerging years after the initial exposure. By considering the entirety of
an individual's environmental exposures, the exposome concept provides a more comprehensive

understanding of the determinants of health and disease.”

lll. The Historical Exposome

The exposome framework aims to capture the totality of environmental exposures throughout an
individual's life, including past exposures, and their potential impacts on health. The extension of the
concept acknowledges that historical exposures influence health outcomes in the present and

emphasizes the importance of considering long-term cumulative effects.

To delve deeper into the historical aspects of the exposome, researchers often rely on retrospective
assessments, such as historical records, archival data, and biomarkers in preserved samples, to
reconstruct past exposures and understand their potential health implications. By integrating historical
data and environmental exposures, researchers can gain insights into the relationships between past

exposures and current health outcomes.

LuxTIME aimed to study the so-called ‘historical exposome’ of the local population in the Minett area.
The first (review) paper included in this thesis represents the first publication arising from the LuxTIME
project, which aimed to investigate the chemical perspective of the historical exposome. Therefore,
further introduction of this aspect, including state of the art literature at the time, is given in the
respective manuscript (RESULTS, CHAPTER |) “Historical exposomics and high resolution mass

"9 is the second paper of this

spectrometry”.® The commentary “Historical Exposomics: A Manifesto
thesis (RESULTS, CHAPTER II), which provides insights into the interdisciplinary discussion around the
‘historical exposome’ that took place within the LuxTIME framework, suggesting an interdisciplinary
approach to study the Anthropocene, making use of natural and social archives. It also includes a

concept criticism looking at the scientific development in exposomics research.

10



IV. Cheminformatics

The field of cheminformatics plays a crucial role in connecting the chemical perspective into exposome
research. Cheminformatics involves the application of computational and data-driven approaches to
analyse chemical data, including the identification, characterization, and prediction of chemical
compounds and their properties.’ In the context of exposome research, cheminformatics provides
valuable tools and methods for analysing and interpreting the chemical exposures that individuals
experience.’ One important aspect of exposome research is the identification and quantification of
chemical substances to which individuals are exposed. Cheminformatics techniques, such as chemical
structure elucidation, spectral analysis, and database mining, can aid in the identification and
classification of chemical compounds present in environmental samples, biological matrices, and other
sources.!® These techniques enable researchers to link specific chemical entities to exposure events

and understand their potential health implications.

Cheminformatics also facilitates the integration and analysis of large-scale chemical data generated in
exposome studies. With the advancements in high-throughput screening technologies and the
availability of large, open chemical databases like PubChem,'? researchers can employ
cheminformatics approaches to process and analyse massive datasets containing information on
chemical structures, properties, and activities. These datasets also encompass valuable information
from patents and literature (used in RESULTS, CHAPTER IV and V),'3* presenting a significant challenge

due to the substantial size of patent files and the diverse nature of literature data.

In the context of cheminformatics, the open exchange of data is of high importance as open data
fosters transparency and reproducibility, allowing the scientific community to openly access and
validate the underlying information, methods, and results. Moreover, open data encourages
collaboration and accelerates scientific progress. This collaborative approach promotes
interdisciplinary insights, fosters innovation, and enables the discovery of new patterns and
correlations that may have gone unnoticed otherwise. Furthermore, open data promotes efficiency
(possibility to build upon prior work) and avoids duplication of efforts, saving time and resources. Given
the history of closed data systems, such as the Chemical Abstracts Service (CAS) with limitations in
terms of accessibility and availability, open data initiatives like PubChem have revolutionized the field
by providing a vast and openly accessible database for chemical information. This openness
democratizes access to (chemical) data, enabling researchers worldwide to contribute, access, and

leverage the collective knowledge, leading to more comprehensive and robust research outcomes.
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The addition of the cheminformatics perspective to the LuxTIME team has provided significant
contributions to both interdisciplinarity and exposome research, as this PhD project was carried out
within the Environmental Cheminformatics (ECI) group at the Luxembourg Centre for Systems
Biomedicine (LCSB). The ECI group specifically concentrates on the identification of known and
unknown chemicals in the environment using open source cheminformatics tools to examine their
impact on human health. This research focuses not only on the internal exposome but also on the

external exposome, aiming to study a comprehensive range of factors.

V. High Resolution Mass Spectrometry and Non-Target Analysis

High resolution mass spectrometry (HRMS) is a powerful analytical technique that has gained
significant prominence in cheminformatics (and in exposome research) and is the predominately used
method in the ECI group. HRMS offers a comprehensive and sensitive approach for the identification
and quantification of a wide range of chemical compounds, enabling the assessment of the (chemical)

exposome at a high level of detail.!!

HRMS utilizes the principles of mass spectrometry to measure the
mass-to-charge ratio (m/z) of ions generated from analytes in a sample. More details on the technique
itself can be found in the REsSULTS, CHAPTER | “Historical exposomics and high resolution mass
spectrometry”.® The high resolution of the mass spectrometer allows for precise determination of the
exact mass of ions and their fragments, enabling accurate identification and differentiation of chemical
compounds. This capability is particularly valuable in exposomics research, where the complexity and
diversity of environmental exposures necessitate the analysis of numerous chemical species. In the
context of exposome research, HRMS can be applied to various sample types, including biological
samples, environmental matrices, and archival materials, as introduced in RESULTS, CHAPTER |.8 By
coupling HRMS with advanced data analysis and (open source) cheminformatics tools, both known and
unknown chemicals present in the samples can be identified and characterized. The obtained mass
spectral data can be further processed using databases such as PubChem?'? and spectral libraries like
MassBank® to aid in compound identification and annotation (for a detailed discussion of databases,
see the RESULTS, CHAPTER I8). One of the key advantages of HRMS for a wide range of research is its ability
to provide a comprehensive coverage of the growing chemical space (204 million substances in the CAS
registry in 202316). It allows for the detection of various classes of chemicals, including environmental
pollutants, human metabolites, pharmaceuticals, and natural products. Moreover, HRMS can facilitate
retrospective analysis of stored samples,” enabling the investigation of historical exposures and their

potential long-term effects on human health, which was of interest for this project.
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There are different ways to screen for chemicals using HRMS. In addition to targeted analysis, non-
target analysis (NTA) is an important approach in exposomics research. Its application in LuxTIME can
be seen in RESULTS, CHAPTER VI “Non-Target Screening of Surface Water Samples for the Identification of
Exposome-Related Pollutants: A Case Study from Luxembourg”.*® NTA involves the detection and
identification of unknown compounds present in a sample, without prior knowledge or specific
targeting of particular analytes. This approach allows the exploration of the exposome beyond the
known chemicals, potentially uncovering new environmental contaminants — and even their health
implications — that may have been overlooked in targeted approaches.? This information is crucial for
an improved understanding of the exposome (the complete picture is nearly impossible to obtain), for
hypothesis generation (often applied in metabolomics approaches) and developing strategies for
exposure reduction and risk mitigation.?° NTA using HRMS involves the acquisition of full-scan mass
spectra, capturing a wide range of ion signals across the selected mass range. These spectra contain
valuable information about the molecular composition and structure of the detected compounds.
Advanced data processing techniques, such as mass spectral deconvolution, peak alignment, and
spectral matching algorithms, can be employed to process and analyse the complex mass spectral
data.?! NTA also poses certain challenges, as the complex interpretation and identification of unknown
compounds require extensive databases, spectral libraries, and advanced cheminformatics tools.1%%
Moreover, the workflows are neither straightforward nor standardized and there remains a need for
harmonization in the field.?>?* In addition, the high complexity and dynamic nature of environmental
samples can lead to the presence of numerous interferences and matrix effects, which can affect the
accuracy and reliability of compound identification.?? For this thesis the R package patRoon, developed
by Rick Helmus,?%* was mainly applied to perform NTA.®® It offers a fully customizable workflow,
integrating different NTA tools into one package to serve as an open source software platform available

for a range of instruments and different study needs (see RESULTS, CHAPTER VI8),
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VI. Data Visualisation

Data visualization plays an important role in interdisciplinary research by fostering collaborations and
serving as a valuable tool for effective communication and knowledge integration. Interdisciplinary
research projects like LuxTIME often involve complex and diverse datasets from multiple disciplines
(here: cheminformatics, history, eco-hydrology). Data visualization helps to simplify complex
information and improve understanding by presenting it in a visually appealing and intuitive manner.
Visualizations provide a means to distil large volumes of data into meaningful patterns, trends, and
relationships, enabling researchers from different disciplines to grasp and interpret the information

more easily.

One illustrative example of simplifying scientific data complexity through a minimalist visualization
approach are the warming stripes or climate stripes introduced by Ed Hawkins.?>?” These stripes offer
a straightforward and intuitive yet impactful means of conveying the concept of global warming, relying
solely on common colour associations (red = warm; blue = cold). This visualization idea was developed
further in this project, visualizing chemical patent or literature data summarized in PubChem as
‘chemical stripes’.** The numbers of chemicals present in the environment are on the rise as global
chemical use, production and trade increases.** Obtaining reliable and openly accessible data on global
chemical usage over time is exceedingly challenging and historical concentrations of environmental
pollutants are limited to a small number of targets only. This is why patent data or data from
consolidated references can serve as valuable surrogate sources of information. By quantifying the
number of patents (FIGURE 3A) or references (FIGURE 3B) published for a given chemical per year, an
estimate of its use and potential environmental release can be derived. The traffic light colour scheme
(or alternatively the colour-blind friendly version replacing green with blue, see FIGURE 3C) was
employed to signify the severity of the situation, with higher numbers depicted in red as a warning
indicator (potential environmental threat). To enable the research community to generate their own
chemical stripes for their desired chemicals, the R-package chemicalStripes was developed.? FIGURE 3
shows three examples of the chemical stripes for perfluorooctanesulfonic acid (PFOS) using patent and
literature data. Modifications of the chemical stripes and further information on the visualization can
also be found in REsULTS, CHAPTER IV “How can Data Visualization Support Interdisciplinary Research?
LuxTime: Studying Historical Exposomics in Belval”,®> CHAPTER V “Avoiding the Next Silent Spring: Our

Chemical Past, Present, and Future”** and in the GENERAL DISCUSSION AND FUTURE PERSPECTIVES part.
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Chemical Stripes for Perfluorooctanesulfonic acid

PubChem CID: 74483

IUPACName: 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluorooctane-1-sulfonic acid
Molecular Formula: C8HF1703S

Exact Mass: 499.9374938

First patent: 1913 First reference: 1981

.
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Figure 3: Chemical Stripes example for PFOS (1980-2019) generated using the ‘chemicalStripes’ R
package® (CID: Chemical Identifier); (A) stripes based on patent data (B) stripes based on literature
data (C) colourblind-friendly version.
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Effective communication is crucial in interdisciplinary research, where researchers from different
backgrounds like humanities or natural sciences may have varying levels of domain-specific knowledge.
Data visualization enabled LuxTIME participants to present their findings in a visual format that
transcends disciplinary boundaries (e.g. with the chemical stripes), which was especially important
within the LuxTIME framework. Moreover, since collaboration and the exchange of ideas across the
different disciplines was one of the main goals, data visualization served as a common language that
enabled participants to communicate and share their findings, irrespective of their disciplinary
backgrounds. By providing a (visual) representation of data, visualizations promoted interdisciplinary
discussions and fostered mutual understanding within LuxTIME. Data visualization techniques also
offered the opportunity to explore and analyse multidimensional datasets from multiple perspectives,
promoting creativity and innovation. By visualizing data in different ways, hidden patterns,
relationships, and insights that may not have been apparent through traditional analytical methods

alone were uncovered.

Throughout the LuxTIME project, an extensive digital dataset capturing the historical aspects of
Luxembourg was compiled, encompassing diverse quantitative and qualitative data obtained from
sources such as archives, newspapers, and scientific institutes. Data visualization tools were employed
to delve into this data repository, leverage the accompanying metadata, and effectively communicate
research findings and project progress (see RESULTS, CHAPTER IV13). Interdisciplinary projects like
LuxTIME offer a platform to showcase the vast array of available data visualization techniques and
concepts, which are often used very sparsely within specific disciplines. Novel approaches involving the
combination of visualization tools or the exploration of unconventional visualizations within a given
field are seldom attempted, hindering the exploration of new frontiers in data presentation and
interpretation. Therefore, CHAPTER IV “How can Data Visualization Support Interdisciplinary Research?
LuxTime: Studying Historical Exposomics in Belval”*® presents a data visualisation toolbox, suited for all
disciplines and involving several different visualization tools and concepts. This toolbox was created to

serve as an initial collection to be extended in future interdisciplinary efforts.
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VII. Thesis Scope

This interdisciplinary cumulative thesis encompasses a wide range of subjects, including history, data
visualization, cheminformatics, and eco-hydrology. It comprises six manuscripts (in the RESULTS section)

that highlight the scope of the LuxTIME project, showcasing its progress and outcomes.

The manuscript in CHAPTER | “Historical Exposomics and High Resolution Mass Spectrometry”® is a
review paper, published in 2021 in the Exposome journal. It aimed to explain the basic principles of the
(chemical) historical exposome and create a foundation with state of the art literature upon which to
build the latter work of this thesis.® The review discusses chemical approaches required to capture the
complex nature of the historical exposome. Different sample types, analytes, analysis techniques, and
data interpretation methods are discussed in the context of chemical exposures, with a specific
emphasis on their connection to health. The paper concludes with perspectives and challenges
studying the historical exposome, revealing that there were not any suitable data types for true
historical exposomics research via HRMS within the Minett region, and presenting the need for

alternative approaches and more interdisciplinary collaboration.

The interdisciplinary perspective of the historical exposome is then explored in CHAPTER Il “Historical
Exposomics: A Manifesto”,® published in 2023 in the Exposome journal. This manifesto like paper
emphasizes the need for an interdisciplinary approach and introduces the historical exposomics
concept to create a “trading zone” between exposome, history and data science. The possibilities and
limitations of using natural and social archives to assess the historical exposome within the LuxTIME
framework are presented. Moreover, the article discusses definitions of the environment, issues
related to significance, visualization, and availability of suitable material (natural archives) and
introduces ways of creating new historical narratives to support exposome research. Reconstructing
history and historical exposures without available data or material seems to be extremely difficult to

impossible.

The next manuscript in CHAPTER Ill titled "Exploring the Simulation and Visualization of Historical Data
in Environmental History: Airborne Dust Concentration from the Belval Factory", submitted to the
Journal of Digital History, showcases an effective approach to simulate past dust exposure originating
from a steel factory in the Minett region using a mathematical model. This study utilized quantitative
and qualitative industrial and environmental data from Luxembourg's historical records as input

parameters to calculate an estimation of airborne dust concentrations during the last century.
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Subsequently, an assessment was conducted to evaluate the chemical contamination and health
effects associated with the simulated dust, along with a comparison to actual dust measurements
conducted in the past. The resulting dust values were then visually represented through a video,

illustrating the extent and temporal variation of atmospheric pollution surrounding the steel plant.

Besides visualising historical dust data, the subsequent paper in CHAPTER IV titled "How can Data
Visualization Support Interdisciplinary Research? LuxTime: Studying Historical Exposomics in Belval",*
published in 2023 in Frontiers - Big Data, further extends the exploration of data visualization
techniques. This study focused on visualizing the exposomics data collection, available metadata, and
the progress of the LuxTIME project. Various visualization tools were presented to facilitate knowledge
sharing, track the evolution of interdisciplinary topics, and represent the data contained within the
LuxTIME inventory. The data inventory is a collection of different qualitative and quantitative data

sources connected to the exposome.

The significance of investigating historical (chemical) developments is also stressed in CHAPTER V
“Avoiding the Next Silent Spring: Our Chemical Past, Present, and Future”.** This viewpoint paper —
published in Environmental Science & Technology 2023 — delves into the topic of persistent chemicals,
specifically per- and polyfluoroalkyl substances (PFAS), which accumulate in the environment over
time. It highlights the potential for earlier regulation, drawing parallels with the regulation of the
pesticide dichlorodiphenyltrichloroethane (DDT). Furthermore, the manuscript explores the
management and regulation of these substances and proposes strategies for improvement. The
chemical stripes visualization (see introduction in Synopsis Chapter VI. DATA VISUALISATION and further
use in the RESULTS, CHAPTER IV and V)% is also incorporated and discussed in this manuscript. The
included stripes showcase the trends in (estimated) chemical use of DDT and selected PFAS, along with
the overall increase in chemical registrations in the CAS registry. A timeline of (increasing) chemical use
is presented, showcasing the first use (according to patent data) and the first regulations (Stockholm
Convention) for persistent chemicals. The viewpoint stresses the topicality and importance of

investigating (past) chemical exposure aligning with the primary objectives of the present PhD project.

Finally, this exposomics research — conducted since the inception of LuxTIME — is presented in CHAPTER
VI titled “Non-Target Screening of Surface Water Samples for the Identification of Exposome-Related
Pollutants: A Case Study from Luxembourg”,*® published in Environmental Sciences Europe 2023. This
research paper specifically concentrates on the utilization of cheminformatics within the LuxTIME

framework, highlighting its role in advancing exposome research. Due to the lack of suitable historical
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samples (identified in CHAPTER 18), a proof of concept was performed on water samples as an exploration
of what is possible and how current research can also influence the future. A HRMS and NTA analysis
(using patRoon) was conducted on a total of 271 surface water samples collected from 20 diverse
sampling sites across Luxembourg. Subsequently, a series of classification procedures were carried out,
accompanied by comparisons to previous studies and target monitoring efforts. A special focus was on
the Minett region, examining specific issues in the region. Furthermore, a list of 41 chemicals of
potential significance for inclusion in governmental monitoring lists is presented. This final research
paper serves as the conclusive component of the doctoral thesis, illustrating the contribution of

(chemical) exposomics research as one disciplinary part within the LuxTIME project.

Following the six preceding manuscripts, the thesis closes with a dedicated section for overall GENERAL

DISCUSSION AND FUTURE PERSPECTIVES looking at potential future steps.
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I.  Historical Exposomics and High Resolution Mass Spectrometry

Authors:

Dagny Aurich, Owen Miles and Emma L. Schymanski

Manuscript type:

Review

Contribution statement:

DA and ELS conceptualized the review. DA was responsible for writing (original draft preparation) of
all chapters except for the ‘Water’ chapter, which was written by OM. DA, ELS and OM did the review
and editing. ELS was responsible for funding acquisition and supervision. Visualizations 1 and 4 were
reproduced with permission from the respective sources. DA modified Figure 3, indicating the original

source. Figures 2 and 5 were created by DA.

Submission status:

Published in the Exposome journal on 31 December 2021. (DOI: 10.1093/exposome/osab007)

Short summary/ Contribution to the field:
This review examined the exposome more closely from an historical and chemical perspective, setting
the focus on the chemical part. The (interdisciplinary) concept of the ‘historical exposome’ is described

further in CHAPTER II.

Different sample types, analytes, analytical methods and data analysis techniques are presented,
summarized and evaluated critically based on state of the art literature. The data analysis of HRMS
data is explored, emphasizing the importance of selecting appropriate tools. Limitations in HRMS for
historical exposome research are highlighted, including inconsistent interpretation and terminology.
Moreover, the manuscript shows that the Minett region lacks suitable data types for true historical

exposomics research using HRMS, which had a major influence on the course of the LuxTIME project.
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Abstract

Awareness of the exposome and its influence on health has increased in the last decade. As past exposures can cause changes in hu-
man health many years later, delving into the past is relevant for both diagnostic and prevention purposes, but remains a challeng-
ing task. Lifestyle, diet, and socioeconomic information of the past should be well documented and compatible with modern data sci-
ence methods. While chemical analysis nowadays makes use of high resolution mass spectrometry (HR-MS) for highly sensitive and
comprehensive coverage of samples plus retrospective analysis, these data archives are in the very early stages. Since past measure-
ments are often only available for a limited set of chemicals, adding to this knowledge requires careful selection of sample types and
sampling sites, which may not always be available. The choice of analytes and analytical methods should be suitable for the study
question which is not always clear in advance in exposomics. Data interpretation and the use of appropriate databases are indis-
pensable for a proper exposure assessment, and as databases and knowledge grow, re-analysis of physically or digitally archived
samples could enable “continuous monitoring” efforts. This review focuses on the chemical analytical approaches necessary to cap-
ture the complexity of the historical exposome. Various sample types, analytes as well as analyses and data interpretation methods
are discussed in relation to chemical exposures, while the connection to health remains in focus. It ends with perspectives and chal-
lenges in assessing the historical exposome, discussing how we can “learn from the past” to build a better future.

Keywords: exposome; high resolution mass spectrometry; history; health; cheminformatics; pollutants

factors are acting on the genome since conception onward, with
environmental changes being much faster than genetic ones.'**?
Both present and past factors have to be considered in assessing
the exposome, as exposures fluctuate over various timescales:
minutes to hours (eg, mealtimes and daily activities), weekly
(working hours versus free time), seasonally (eg, changes in sun-
light and rainfall hours or chemical application of pesticides, see
eg, Wang et al.’”), annually or even over decades (eg, industriali-

Background

The combination of the human genome and the exposome yields
the phenotype, often represented as G x E=P." However, the ma-
jority of health research so far has focused on genomics, with the
Human Genome Project” building the foundation. In fiscal year
1991, 2.7 billion US dollars were invested in this project alone.’
However, evidence is increasing that the environment (expo-
some) deserves greater attention, as several studies show that

just 5%-10% of cancers and other diseases, for example, cardio-
vascular disease (CVD) can be attributed to genetic influences.*®
Many diseases are primarily influenced by the environment, also
known under the terms nurture, the exposome or the envirome as
J.C. Anthony called environmental factors influencing human
health in 1995 In 2020, the European Human Exposome
Network®—funded with over 100 million euros—was launched to
answer the need for research in this area. The exposome concept
as first introduced by Wild in 2005 and later revised by Miller
and Jones® directed the focus for the first time on nurture not just
on nature. For those unfamiliar with the nature versus nurture con-
cept, nature can often be misunderstood to mean the natural en-
vironmental factors, although in this context it actually means
the genetic composition, while nurture covers all external factors.
The exposome definition expanded by Miller and Jones considers
not only environmental influences by chemical exposure, diet, or
behavior, but also the associated biological responses.® All these

zation or decommissioning of activities in an area). Pre-natal
exposures during pregnancy—summarized as the maternal expo-
some—can play a major role and influence the health outcome
of a child."

The environment was divided into three subsections by
Bhatnagar, visualized in the first figure of his article
“Environmental Determinants of CVD."'® The natural environment
contains geographic and ecoclogical conditions such as sunlight
exposure, altitude, or living in green spaces.'® The next subsec-
tion includes the social environment, containing culture, socioeco-
nomic status, or social networks as well as the built environment
with structures of houses or cities.”® This could also be consid-
ered as the urban exposome concept.’” Senier et al.'® showed the
facets of the socio-exposome in greater detail. Lastly, the personal
environment deals with the important factor of lifestyle as well as
income, physical activity, and habits such as smoking."”
Nutrition plays an important role when considering the
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exposome. In 2017, Cifuentes' elaborated on the concept of the
foodome that is being addressed by many approaches including
metabolomics as shown by Borzouie.? Other approaches make
use of machine leaming and text mining algorithms, for example,
“FoodMine™* that aims at building databases containing the
complete chemical composition of food. Most scientists agree
that for assessing the whole exposome, an interdisciplinary and
long-term approach is required taking together all internal and
external factors including “Big Data” sources.?***

Taking a look at the so-called Anthropocene described, for ex-
ample, by Karlsson®* in 2020, planetary health comes into focus,
not only human health. Beginning with industrialization, human
beings noticeably changed the environment.”® To find and prove
the origin of past pollution, historically relevant samples must be
found, for example, sediment cores showing historical profiles of
polychlorinated biphenyls (PCBs)?*® or chlordecone (CLD)?” or ice
cores showing lead pollution thousands of years ago.”® This is
needed for prevention of exposures and the related risks for dis-
eases. In these cases, the assessment of the intemal exposome
using biomonitoring or untargeted metabolomics is likely of lim-
ited applicability.* The source or the route of exposure as well as
spatial and temporal aspects are more likely to be found in envi-
ronmental samples, as Turner et al.”® demonstrate. However, in-
formation regarding the internal exposome—if present—can
complement external exposomics data,”**! as some compounds
can only be found in one matrix (eg, blood) and others in another
(eg, water and ice).*” While multi-omics techniques are needed to
explore the relationship between internal and external exposome
and to fully understand the exposome as a whole, these are not a
specific focus of this article. For both environmental and biomo-
nitoring, challenges such as accessibility and degradation of sam-
ples have to be considered as well as sample analysis and data
interpretation. While exposomics research can be performed to-
day using sensors or wearables,””*? this data are not (yet) avail-
able for the past. Questionnaires as well as literature on exposure
from, for example, accidents, population data and health records
can help to obtain an approximate picture of the historical expo-
some, but can be incomplete or inaccurate (as discussed further
below).

Assessing any kind of exposure leading to disease outcomes is
a quite challenging task. Most diseases, for example, neurodegen-
erative diseases as Parkinson disease show first effects years after
possible exposures.” In the past such research was mainly re-
stricted to patient questionnaires, trying to get any causalities
out of patient’'s memories, as Coggon™ shows. However, those
questionnaires are highly subjective and some chemical expo-
sures might not be recognized as such by patients, for example,
the use of “Roundup”, a glyphosate-based weed killer, in the gar-
den is not always connected with pesticide exposure by patients.
In addition, questionnaires are potentially of limited use for peo-
ple already dealing with cognitive defects.??

To join all these factors together, this review focuses mainly
on the chemical and data analytical challenges associated with
the external historical exposome. The internal exposome is also
briefly discussed in terms of historical relevance, with the knowl-
edge that it can only provide partial information on external
exposures of the past. Different sample types and approaches
used in exposomic research are presented, as well as the chal-
lenges and potential for historical research. A focus is placed
here on chemical analysis using high resolution mass spectrome-
try (HR-MS) and its data interpretation as it is a state-of-the-art
technique for the detection of environmental pollutants.”” The
limitations currently faced in assessing present-day exposures
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also apply to the exploration of past exposures. This is covered
later in the section “Comparability and quantification issues”.

Selecting samples for historical exposomics

To obtain a complete picture of the “historical exposome”, one
has to consider all factors that contribute to the human expo-
some—a near impossible task. Besides lifestyle, diet, or socio-
economic factors, chemical pollution has a major impact on the
development of certain phenotypes, especially diseases.’®?
Chemical pollution is also, in many ways, a more tangible con-
cept than many other exposomics factors and as such, a wide ar-
ray of samples and techniques is available for use. In the
following section, various sample types are examined more
closely for their suitability and potential for exposomics research,
especially regarding their historical information content. The in-
fluence of different pollution sources, such as agriculture, indus-
try, or medicine in deciding which sample types may be
appropriate is also discussed.

Human subjects

In the past, exposures leading to diseases in humans were mainly
assessed by questionnaires, which can be problematic as men-
tioned above.>* It may be possible to at least partially counteract
this challenge by looking for environmental samples with
“historical relevance” indicating exposure, as shown in one of the
next sections or just looking at human samples. Some govern-
mental institutions collect and store human samples in biobanks
over a period of time. Countries have been collecting and storing
samples over 100years without necessarily knowing the appro-
priate storage conditions or sample handling, especially for ex-
ample, for methods in use now that were not available in the
past.** The establishment of standards for storing different hu-
man samples began during the last 30years, around the time
when the term “biobank” was first used.*® Using proper docu-
mentation of the samples makes dating much easier than itis for
other sample types. However, for extremely old samples, such as
mummies, other dating methods must be applied. Major issues
of biobanks are sample degradation and missing long-time bio-
banks in many countries, as many efforts have just started col-
lecting samples in the last few years.

Human samples contain a lot of information.” However, it
should be kept in mind that due to different metabolic processes,
each sample matrix also reflects a different picture of the inter-
nal exposome, which in combination can give an overall picture
(discussed further below). The most common samples, such as
urine or blood, provide very transient signals for non-persistent
chemicals, but can provide long-term information on environ-
mental exposure for some persistent chemicals. Moreover, they
have in the meantime well-established analytical protocols and
standard materials available for analytical method development.
Feces is a similarly non-invasive but relatively short-term sample
type with a very complex matrix of increasing relevance given
the attention to the microbiome; however, standard materials
are still rare. Due to differences in diet, there is a high variability
in stool samples; therefore, pooled samples have to be considered
to perform individual or population studies. In the field of foren-
sic toxicology, hair is used to provide valuable evidence on many
aspects such as drug consumption that occurred, for example, up
to weeks before *® Calafat et al.*’” show that baby teeth, amniotic
fluid, and meconium can provide information on pre-natal expo-
sures. Frye et al.*® studied the connection of pre-natal metal ex-
posure and autism looking at baby teeth. Spinal fluid and
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vitreous fluid, which is often used for post-mortem analyses, are
two valuable but invasive sample types to mention; other sample
types such as various tissues may also be available but are even
more invasive. The main challenges with human samples are ac-
cessibility in sufficient quantity and the complex matrix that
contains compounds such as endogenous metabolites in much
higher concentrations than environmental pollutants.*
Appropriate sample preparation and highly sensitive analytical
techniques such as HR-MS are needed to analyze such samples.
In Figure 1, the challenge of low concentrations of pollutants in
biological samples is demonstrated compared with concentra-
tions of drugs, endogenous, or food compounds. Another major
issue is the comparability of different samples and measure-
ments, as there is no standardized method to perform corrections
for, for example, urinary dilution.***! Moreover, there is no stan-
dard for reporting concentrations based on the different routes of
elimination. These issues still need to be addressed in the context
of exposomics, even before historical studies are performed.
Rappaport suggested to use a top-down approach in exposo-
mic studies defining exposures as “biologically active chemicals”
in the internal environment of a human organism.” The original
exposure, as well as its fingerprints in the form of metabolites
and even detectable biomarkers are very valuable traces. Thus,
even years after a smoker has stopped smoking, this past activity
can be identified by certain changes in the human organism.*?**
Unfortunately, this is not the case for all exposures. While
metabolites can act as potential indicators for a certain disease
or exposure (ie, functioning as biomarkers), they are not always
new or sufficiently unique compounds. In many cases, exposure
biomarkers may refer to elevated concentration of some com-
pounds in the part of a population exposed to certain chemicals
compared with lower levels in unexposed organisms as shown by
Xu et al** Not all exposures may have sufficiently specific

biomarkers or associated changes in biochemical signals.
However, the accessibility of “historical” human samples is a
problem, as mentioned above: There are not always cohort stud-
ies or biobanks present that reach back to times of initial expo-
sure; for instance, Luxembourg started to collect samples in
2009.** Moreover, not all types of exposures can be detected over
a long time period in humans as for smokers, as metabolism is a
very dynamic process such that most levels decrease over time,
and metabolites are further transformed or eliminated.

Today, exposure assessment can be done efficiently by using
wearables as shown by Hammel et al.*® They can either function
as sensors for environmental data or as monitoring devices for
health data of the carrier.”” The human organism is a complex
sample itself, as it is influenced by many factors besides environ-
mental pollutants; the biological response is a measure that can
indicate such influences. Other factors as lifestyle, social factors,
or other variables in the surrounding ecosystem play a major
role, shown by example of cardiovascular risk factors as obesity
or hypertension. 8

Other organisms
Other organisms may carry useful information about the present
health or pollution state of the (aquatic) environment they are
living in, for example, as demonstrated in mussels.** However,
not much is known about backdating contaminants found in
other organisms to the time of exposure, while not all species live
sufficiently long. Some cetacean species live for several hundred
years and have been shown to be exposed to environmental pol-
lution from persistent chemicals many times over via biomagnifi-
cation.”® However, such studies mainly reflect the status and
pollution levels of marine organisms.

When looking for representative plant species, trees stand out
as promising specimen when it comes to finding historically
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Figure 1. Concentration levels of small molecules and metals in human blood, taken from Rappaport et al.** Reproduced with permission from

Environmental Health Perspectives.
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relevant samples. Dendrochronologists can classify the exact age
of trees via rings very accurately. It could be postulated that tree
rings may yield data on air or soil pollution in chronological sec-
tions. Some studies deal exactly with this assumption, for exam-
ple, Perone et al.°’ showed in 2018 the temporal and spatial
variability of air pollution from a wide range of sources in oak
tree rings looking at tree cores. However, a study by the
University of Gottingen in 2006 shows how problematic this as-
sumption is.>” The enrichment of heavy metals in soils and the
accompanying rising acidity increase the cation take-up of
plants. Other factors such as growth rate and redistribution of
elements determine element concentrations in each ring as
well,*? confounding the interpretation. Some studies are also in-
vestigating the use of tree needles or leaves for biomonitoring of
environmental pollution.”*** With the help of botanical collec-

tions even spatial and temporal trends can be found.

Environmental samples

For environmental samples, so-called environmental specimen
banks (ESBs) were established in many countries during the last
40years.*® In combination with this, there are digitally archived
sample measurements available on repositories for HR-MS data
such as Global Natural Products Social Molecular Networking
(GNPS)*° and NORMAN Digital Sample Freezing Platform (DSFP)*’
allowing retrospective analysis for recent years.”® However, this
will help future research, whereas historical environmental sam-
ples are most of the time not accessible any more.

The three most frequently examined sample types are soil/
sediment, water, and air. Figure 2 shows the connection between
these sample types and different contamination sources.

Air pollution
Outdoor

There are many different ways to detect air pollution. However,
there are few studies that indicate air pollution in the past and
most studies are based on theoretical models. Today there are
many governmental institutions monitoring air quality of
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Figure 2. Interconnection of pollution sources, soil, water, and air.

different countries in terms of ozone, particulate matter (PM;s;
PM,0), nitrogen dioxide (NO,) and other nitrogen oxides (NOx),
lead (Pb) in PM, benzene (CgHg), sulfur dioxide (SO,), and carbon
monoxide (CO) concentrations regulated by the Ambient Air
Quality Directive in Europe.* Many regulations still focus on at-
mospheric particles of a given size, although nanoparticles re-
quire attention as their toxicity is often underestimated due to
the lack of data.®” Monitoring stations usually make use of pas-
sive samplers that collect pollutants over weeks up to 1 month
looking at population scale pollution.*® Other methods also exist
to detect air pollution, for example, Hissler et al.® looked at a li-
chen species in 2008 to examine local impact of steel production
on pollutant concentration in atmospheric deposition in an in-
dustrial region of Luxembourg at community scale. Again, there
is—for many countries—just data covered from the last decade
due to technical facilities not being available in the past and the
fact that regulations have just been introduced for many com-
pound classes starting with air pollution acts in the 1950s.% In
contrast, air pollution awareness and its impact on human
health dates back to ancient Rome.’

Community scale studies on connecting industrial air pollu-
tion to diseases exist, focusing on recent years, for example, on
respiratory illness in Valenti et al.°® In the Global Burden of Disease
Study by the Institute for Health Metrics and Evaluation (IHME),
air pollution is shown to be a leading risk factor for diseases and
death, causing an estimate of 5 million or 9% deaths in 2017 glob-
ally (see Figure 3).°

The State of Global Air 2020 report by the IHME and the Health
Effects Institute summarizes different burden of diseases caused
by air pollution, namely fine particulate matter and ozone.®® In
2019, 40% of chronic obstructive pulmonary disorder (COPD)
deaths and 30% of lower-respiratory infection deaths were due to
air pollution.® Air pollutants such as sulfur dioxide originating
from industry were addressed in many articles, such as in the ar-
ticle of Calderén-Garciduenas et al.®” on air pollution causing
brain damage. However, during COVID-19 shutdowns in 2020, air
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Figure 3. Number of deaths by risk factor, modified from “Our World in Data"®*.

Source: The IHME.®* Note the logarithmic scale.

pollution levels decreased temporarily as another report of the
State of Global Air shows. Moreover, there are indications that
long-time exposure to air pollution increases the COVID-19 sus-
ceptibility as the body's immune defense is affected.®® Most expo-
somics studies on air pollution are at population or community
scale, presenting an overall picture of pollution issues. However,
individual studies can help in case of, for example, occupational
diseases to track the workers exposures directly. Personal air
monitors have been gaining increased interest over the past few
years, although concerns remain regarding data protection and
privacy.

Indoor

Dust is a promising sample type for measuring environmental
pollution, as many atmospheric pollutants accumulate in dust.*®
Through examining windowsill dust, Han et al.°® showed that in-
dustrial activities lead to severe air pollution by potentially toxic
metals or PTMs causing serious harm, for example, internal or-
gan damage to a population in China. The analysis of dust on old
documents would be therefore quite interesting, as old dust sam-
ples could provide information on air quality in the past. There
are already quite a few studies on household dust, such as the
NORMAN collaborative dust trial,”” providing information on ex-
posure to chemicals via different sources.®® Those studies repre-
sent just a few possible ways to look at air pollution. Indoor dust
plays a major role in chemical exposure as it is present every-
where and contact is unavoidable, especially as a lot of time is
spent indoors.”! It serves as a repository for many chemicals,
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such as plastic additives, pesticides, heavy metals, cigarette
smoke, or personal care products coming from various sources
(cooking and cleaning) and individual exposure differs.”*’

Water

Water can dissolve, store, and transport chemicals through the
environment, making it a versatile sample type.”® Most of the wa-
ter on earth is present in the oceans as saltwater or stored in ice,
and therefore unavailable for human consumption without mod-
ification.”® The remainder is fresh liquid water and is commonly
classified into groundwater and surface water. Surface water is
flowing or standing at the surface, and groundwater exists in the
pores between soil grains or in fractures in rock formations.

Both groundwater and surface water are consumed by
humans and used in agricultural and industrial processes. In
Europe, approximately 24% of water is extracted from groundwa-
ter and the remainder from surface water resources.”” Most wa-
ter is used in agriculture for irrigation and processing food (40%),
while around 18% is used in industrial processes.””

Water in different flow systems has different residence times,
such that these can be useful stores of historical environmental
information.”®’® For example, a groundwater aquifer can trans-
port chemicals over a period of years, decades, or centuries.”®5°
Residence times for different water systems are summarized on-
line in Table 8b-2 of Pidwirny's “Hydrologic cycle.”®

By understanding the source of water and using different
chemical signatures, the so-called “age” of water can be esti-
mated, which is usually defined as the average time that the
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water entered the flow system from the atmosphere or was re-
leased from human activities.”®”® Care needs to be taken when
using the term “age,” as water is mixed in the environment, so
any sample of water is really a distribution of water molecules of
different ages, usually referred to as an average or mean resi-
dence time, or MRT.**

Groundwater MRT has been studied using environmental trac-
ers such as isotopes or chemical signatures and combining that
information with studies of the flow system with hydraulic meas-
urements, often with the aid of numerical or analytical models.”
This can be used to determine historical contamination at a site
for tens of years. Radioisotope dating of the unstable isotopes
carbon-14 and trittum are most commonly used in these studies,
though other tracers can be used.”® Uncertainty does exist in the
dating, as groundwater flow is mixed with preferential pathways
(areas of higher flow in the soil or rock) and radiocarbon dating
can be confounded by geochemical changes in the soil and rock
that can alter the carbon-14 ratios.

Deeper groundwater can also be of so-called “fossil age,”
where the water is on the order of thousands of years old. This
water can still be mixed with more modern water, making assess-
ment of groundwater MRT very challenging in some environ-
ments, Understanding the interactions between new and old
groundwater in a deep groundwater flow system are needed to
interpret the MRT of groundwater samples, and ultimately the
presence and concentrations of chemicals in the systems.

Groundwater can experience chemical concentration changes
as the water interacts with the chemicals in the rock and soil
grains, organic material, redox conditions, and biological organ-
isms.”*® Chemical signatures can be changed or transformed by
these chemical or biological processes, which must also be con-
sidered when analyzing groundwater samples.

Surface water tends to have MRTs of days to years depending
on the flow systems and MRTs are often more easily estimated in
surface water systems than groundwater systems, owing to the
ability to direct observe flow. Due to the shorter MRTs, stable iso-
tope analysis is more easily performed on surface waters.””
Surface waters are more rapidly mixed than groundwaters and
are exposed to the sunlight and the atmosphere, which can make
interpretation of chemical signatures difficult in respect to con-
centration and transformation effects.

With both surface water and groundwater, it is important to
understand the hydraulic conditions that drive the flow and mix-
ing as well as geochemical and biological reactions when assess-
ing water samples.

Wastewater

Urban wastewater is usually treated in treatment plants and re-
leased to surface water or groundwater by means of direct flow,
injection, or infiltration. Rural wastewater is usually treated in
holding tanks or ponds and allowed to infiltrate to groundwater.
Wastewater treatments usually rely on filtration followed by bio-
logical treatment to reduce organic compounds. Industrial pro-
cesses often have specific wastewater treatment plants to treat
the specific pollutant loads from the processes. Wastewater
plants can have long records of their influent and effluent sam-
ples as part of regular plant operations.

Wastewater also has great potential for pollution assessment
at the community scale.®® In the context of historical exposo-
mics, it is particularly interesting when it comes to inferring cur-
rently relevant diseases from medicines or industrial pollution
from certain substances at a population level. Wastewater-based
epidemiology (WBE) uses the potential of wastewater to monitor
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drug consumption and abuse of, for example, narcotics,* life-
style factors such as personal care products and environmental
influences such as temperature change or pollutants ®*8¢%
Wastewater also serves as a repository for viruses and bacteria
that can indicate the presence of such diseases in a population (a
prime example being SARS-CoV-2 WBE).”! Archiving wastewa-
ter samples over time would potentially provide a comprehensive
picture of the health and lifestyle of a population in a multi-omic
manner, avoiding data protection issues and offering a cost-
efficient model of population-based monitoring.*® Wastewater
contains a lot more information than surface or groundwater,
however, its matrix is inhomogeneous and thus it is not as com-
parable as water (but better than feces).

Sediment and soil

Sediment sampling can yield historical information about pollu-
tants found in different layers.”*** Many personal care products,
biocides, or additives accumulate in sediment cores,” represent-
ing a complementary picture to the pollutants found in water or
marine organisms and providing insight into the lifestyle aspect
of the exposome (Figure 4).°*% Pollutants getting from surface
water into sediments and even further to groundwater can en-
danger human health via different routes of exposure (direct or
indirect ingestion and dermal contact).”® However, there is the
big limitation of having suitable water bodies with stable sedi-
mentation patterns present in the area of interest. Turbulence
and bioturbation often play a decisive role in sediments, which is
why lake rather than river sediments are used.”

Soil samples prove to be even more problematic as backdating
through the different layers is complicated. Soil evolution is a
complex process and there is also bioturbation and mixing of the
deposition layers taking place. Natural peat bogs could be used
for backdating of samples,”” however, geographically these are
rather rare to find. Sediment as well as soil contamination in gen-
eral can be monitored quite efficiently using the appropriate ex-
traction or digestion sample preparation techniques. The best
technique to use depends on the analytes of interest, for exam-
ple, heavy metals, persistent organic pollutants (POPs) or emerg-
ing pollutants. Han et al.®® or Yang et al”® showed the great
potential of analyzing soil in the context of industrial pollution in
China. Industrial pollutants migrate into soil via diffuse atmo-
spheric depositions, sediment particle deposition during flood
events in alluvial areas, waste or wastewater disposal, or direct
pollution events and thus threaten the soil ecosystem health.*

Limitations and future strategies

For all sample types, there are limitations: For water and sedi-
ment analysis, suitable water bodies are required. To look at hu-
man samples of the past, cohort studies must exist with suitable
biobanks for the respective country or region. Other samples may
not be sufficiently representative to monitor industrial pollution
over a time period. Industrial pollution in soil, water, and air orig-
inating from past industries could be the reason for many dis-
eases present nowadays. However, to connect those pollution
events in the past to disease outcomes years later is a difficult
task. Most of the time a combination of many factors plays a role
in disease development, not just a handful of chemical com-
pounds.”® Exposomics research focuses on making these kinds of
connections, which is a very challenging task that, in the context
of historical exposomics, may require making the best of avail-
able information. Today, with the data and samples available
presently, historical exposomics will involve estimating a reason-
able exposure assessment for the past. For the future, proactively
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Figure 4. Heatmap showing the occurrence of different pollutants in different media (fish, water, and sediment), adapted from NORMAN-REACH DSFP*’

based on EMBLAS-1I project.”

organized sampling campalgns could be used to gather and store
all kinds of possible sample types at an early stage, to enable and
simplify retrospective analyses. This type of sample retention
should be in the interest of every population group, because the
actual environmental cause of many diseases is often detected
far too late and can then no longer be traced. If one also looks at
the individual case, work-related illnesses, for example, in the
military, can be traced hack through previous exposure. In case
one sample type i3 not present in & specific area, one can switch
to other specimen indicating exposure, however, the comparabil-
ity of different sample types is limited. Some pollutants only ac-
cumulate in certain media, like, for example, sediment, water, or
fish (see Figure 4).

Analytes and analysis for historical
exposomics

Environmental pollutants can be anything, from metals to mac-
ronutrients through to trace concentrations of organic com-
pounds and organometallic compounds (often termed
“micropollutants”). In the past, mostly only contaminations of a
limited set of chemicals that exceeded a regulated threshold
value were considered, Many other pollutants were likely present
in low concentrations, but not yet regulated or monitored at that
time. This was mainly due to the techniczl possibilities and regu-
latory aspects, which made analysis difficult in the past.*® Today,
techniques such as HR-MS can detect the smallest amounts of
contamination in environmental samples where requirements
such as ionization properties (ie, if a compound icnizes at all or
how efficiently) or compensation of matrix effects and thus good
sensitivity are met (see the section “Comparability and quantifi-
cation issues”). Using the appropriate technique even fraces at
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atto-gram level can be detected, such as for hydroxycholesterol,
which is related to breast cancer.’™

Metals and organometallics

Metals are typical inorganic industrial contaminants. Their toxic-
ity depends among other things on their total concentration as
well as from the speciation of elements in the system.”" Even
small amounts can bicaccumulate and have an influence on
health. Many neurotoxins are metals such as aluminium (Al), ar-
senic (As), or mercury (Hg).*%* Lead (Pb) contamination is a major
issue especially in developing countries as its use is not regulated
there.'® It is persistent, widely used (eg, paints and cars) and
therefore accumulates in the environment quickly, causing seri-
ous hazards all over the world. Organometallics have a broad
range of applications in plastic manufacturing or as an additive
to petrol in the past.'® Tributyltin (a biocide) and methyl mer-
cury (MeHg, formed by microbes or as a byproduct in industry)
are just two high profile organometallic environmental contami-
nants to be mentioned. Organometallics possess a very high tox-
icity (eg, Minamata disease caused by MeHg'""), which is
problematic as they are detectable in a variety of environmental
samples through past or present use. An inductively coupled
plasma (ICP) can be very useful as an ion source when analyzing
metals via mass spectrometry (MS) and coupled to liquid chro-
matography (LC), even organometallics can be analyzed,'”

Organic compounds

A larger number of organic contaminants are only relatively re-
cently coming inte focus, the so-called emerging pollutants:
Pesticides like chlorpyrifos, per- and polyfluoroalkyl substances
(PFAS), surfactants, pharmaceuticals or persistent, mobile, and
toxic (PMT) substances in general, just to mention some groups.
However, when investigating historical contamination, it is often
difficult to determine the original concentration of some organic
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compounds and many might not be detectable any more. Other
compounds, termed POPs accumulate in the environment over
decades, such as the pesticide and insecticide dichloro-diphenyl-
trichloroethane (DDT), which was banned in many countries in
the 1970s.’” However, regulation and therefore replacement of
those chemicals often led to new emerging pollutants accumu-
lating in nature,” with different transformation products that
are not yet monitored (so-called regrettable substitution).
Organic micropollutants at trace levels (pg/L to ng/L) have been
released via anthropogenic activities to the environment over
centuries and new substances are being discovered all the time.
In a comprehensive annual 2020 review PFAS, replacement flame
retardants, iodinated and nitrogenous dibutyl phthalates (DBPs),
and antibiotic resistance genes (ARGs) were highlighted as groups
of concern.’® Many of the above mentioned analytes are associ-
ated with neurodegenerative diseases such as Alzheimer and
Parkinson disease or certain cancers.’® These connections were
only found due to new technical improvements and methods.

Analysis

The choice of the right method for each class of analytes is cru-
cial to find contaminants even at trace levels. After sample prep-
aration, chromatographic methods such as LC or gas
chromatography (GC) are usually used to separate compounds of
interest. MS is the detection tool of choice in most laboratories.
Using different ion sources and mass analyzer modules such as
Orbitraps can increase the sensitivity many times over. Before
the actual analysis, the acquisition type must be determined. A
distinction is made between targeted and non-targeted (NT) anal-
yses.”® Targeted analyses focus on a limited set of substances to
be detected, where the reference standards are available in house
in advance for method development. Some instruments are gen-
erally only used for targeted analysis (eg, triple quadrupole
instruments), while others can offer both targeted and NT acqui-
sition methods. For more details on analytical methods, several
recent reviews, overviews, and comparisons exist.'****

Comparability and quantification issues

Exposure can be calculated based on concentration values.
However, for example, for biological samples correction methods
to report concentrations are not (yet) harmonized and the values
are therefore often not comparable.* For difficult matrices such
as wastewater or feces, correction for matrix effects is essential
to obtain reliable results.”™ Moreover, an inter-batch correction
compensating for varying signal intensities in a study is needed
to compare measurements. Using signal intensities to quantify
compounds measured with HRMS is highly problematic, since
each compound ionizes differently (ionization efficiency can vary
by up to six orders of magnitude)!'>'"7 and thus intensities are
not directly comparable. Semi-quantification approaches such as
structural similarity, parent—transformation product proximity,
close eluting, ionization efficiency, or combined approaches can
be used instead.’® Another major problem lies in the compara-
bility of pollutant concentrations found in different media, as
some pollutants only accumulate in specific matrices™ (see
Figure 4) and concentrations in organisms strongly depend on
different metabolic processes. For exposomics studies, it is neces-
sary to look at all types of pollutants and samples as, for exam-
ple, viruses or bacteria in wastewater mirror the health status of
a community® and consumer products in sediments® reveal in-
formation about the lifestyle, each reflecting different sides of
the exposome.
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Using targeted methods with reference standards to quantify
compounds does not necessarily cover the full range of substan-
ces in a sample, as important transformation products or pollu-
tants that are not yet monitored may be omitted. However,
HRMS is not required to perform targeted analysis. Targeted
analysis on lower resolution instruments can be both cost and
time efficient for routine analyses. Routine monitoring of, for ex-
ample, certain rivers in targeted mode is needed to control if reg-
ulation values are met.''”® While NT analysis covers more
compounds and is more conducive to retrospective screening, is
also not yet sufficiently harmonized and/or standardized for rou-
tine applications. For both historical exposomics and exposomics
in general, precise definitions on how to measure each sample
(number of repeats, choice of internal standards, or column, etc.)
are necessary. Taking a critical look at the variety of existing
methods in exposomics, there is some way to go before harmoni-
zation is sufficient for current studies, let alone for implementa-
tion into past studies. Some efforts at standardization of NTS are
underway, which may pave the way for future harmonization
efforts.?®

Data analysis and interpretation

For NT MS data (hereafter NT-data), there are different data
analysis options to consider: Targeted, suspect and NT screening.
For targeted screening of NT-data, reference standards are re-
quired and matching MS data and retention time, preferably
along with fragmentation (MS/MS) data are needed for identifica-
tion of a compound.'*® Suspect screening is the next potential
step: A suspect list of several compounds, for example, pharma-
ceuticals is used and a search is made for matching MS and—if a
library is used—MS/MS. However, if this list becomes too large
one easily ends up in a NT approach, where peak-picking is per-
formed, followed by identification efforts.**®

Databases

There are many compound databases present for use in exposo-
mics, which can be combined with spectral libraries that include
spectra and thus fragmentation information for each compound
for increased identification confidence.’?? The largest compound
databases now contain over 100 million entries, including CAS
(184 million),’”? PubChem (111 million),'”* and ChemSpider (114
million)."?* One example of a medium sized compound database
that is often used in NT-HR-MS screening approaches, particu-
larly in metabolomics is the Human Metabolome Database
(HMDB), with HMDB4.0 containing 115 398 metabolite entries
linked to 5702 protein sequences.”®’*> Major sources for suspect
lists include the CompTox Chemical Dashboard with >300 lists
and the NORMAN Suspect List Exchange with >80 lists, with indi-
vidual lists containing 10s up to >100 000 chemicals.'?%"1?% Using
information of existing databases to generate new exposomic
resources can be a useful approach to limit the number of chemi-
cals considered in exposomics studies. The Blood Exposome
Database was constructed using text mining and information
from various databases, resulting in approx. 65 000 entries.*?®
The Exposome Explorer, on the other hand, is a much smaller
database of approx. 1000 entries.'*® Health-related databases us-
ing, for example, cohort studies or exposome databases like the
Toxin-Toxin-Target Database (T3DB)'*! can help to find a con-
nection between exposures and health or specific phenotypes. As
a database, T3DB is unique in that it shows mechanisms of toxic-
ity as well as target proteins for each toxin, thus linking toxins
(3678) and toxin targets (2073)."*' PubChem are integrating many
resources and presenting the interlinking of gene, protein,
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enzyme, disease, and chemical information as knowledge pan-
els.’ Building a suspect list on, for example, industrial pollu-
tants can be done by patent search of the PubChem'” database
and reducing the overlaps between different fields. The choice of
the database always depends on the study question and often
databases are too big. For some databases such as PubChem,#*
subsets exist to limit the number of compounds, for example,
PubChemLite for Exposomics'** contains the most relevant and
annotated subset of chemicals in PubChem for exposomics.
Besides compound databases, there are spectral libraries contain-
ing either experimentally or in silico predicted spectra of different
compounds. Examples of databases containing compound and
spectral information are GNPS,*® MassBank of North America
(MoNA),*** National Institute of Standards and Technology
(NIST)," METLIN,"™® and MassBank'*"** with NIST 20 having
for example 1.3 million tandem spectra compared with MoNA
with 200 000 spectral records. More detailed numbers can be
found in other articles on the topic.~>*

A general issue lies 20125202 3¢ catabases: Using large
databases yields many candidates per mass, providing many new
ideas for possible chemicals, or leaving users juggling interpreta-
tions of various scoring terms. However, smaller databases con-
taining just substances related to, for example, a disease or
industrial use bear the risk of containing just “old knowledge”
and not revealing any new knowledge. Thus, there is still a lot of
work remaining until complete and comparable exposomics re-
search is feasible, especially since harmonization and standardi-
zation is required in terms of terminology, methods, and
reporting.

Software

[n untargeted analysis or suspect screening, there is the chal-
lenge of peak picking or feature detection, followed by annotation
efforts to decipher the identity of the chemicals causing the fea-
tures. A typical feature count can be of the order of tens of

thousands of features per sample using NT-HR-MS.""” There are
several tools enabling (partially) automated data analysis, for ex-
ample patRoon,'" XCMS,"*” or MS-DIAL'* (see Figure 5) that
can be used to look for specific masses or compounds present in
a sample. In 2019, Wang et al.'*° presented PAVE, a peak annota-
tion and verification engine for metabolomics, which includes
the “cleaning” of the data and results in the matching metabolite
formula. However, this approach requires stable isotope labeling,
which is not feasible for most specimen in exposomics.

One speaks intentionally of peak annotation instead of identi-
fication as a full identification of a chemical can only be achieved
using reference standards (ie, confirmation with target com-
pounds).”® However, as many standards are difficult to obtain,
feature annotation using different computational tools is an al-
ternative approach to tentatively identify chemicals of interest
for further confirmation efforts. Feature annotation and com-
pound identification are based on different parameters: The ex-
act mass of the compound paired with its fragmentation pattern
can be compared, for example, to experimental or in silico spectra
using open source software such as MS-DIAL'* or MetFrag.'* In
addition, retention time can improve identification, depending
strongly on the method and instrument used.* Blazenovi¢ et al.
used for their analysis of urinary metabolites a combination of
several computational tools as CSI: FingerID™*® or NIST hybrid
search'® in order to annotate all metabolites found.** There are
many other ways to annotate features; the software approaches
provided by vendors of MS devices are also a good option for
many, but are not covered in detail here. Figure 5 shows various
ways of analyzing NT MS data resulting in the different identifi-
cation levels.'**

Usually, a statistical analysis follows after annotation (some-
times even before), including uni- and multivariate analysis as
well as a validation of the study design and the interpretation of
the results. The statistical evaluation methods will not be further
elaborated here.**® Statistics can be used to understand the
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individual, community, and ecological exposome changes over
time and the resulting health outcomes by interconnecting differ-
ent data types and analyzing exposure values. This is required in
order to understand environmental influences and their impact
on health better (eg, for occupational diseases) and to act accord-
ing to precautionary principles with regards to certain prevention
measures (regulations, etc.). Typical strategies in exposomics
studies include risk-based prioritization of chemicals and esti-
mating the environmental disease burden.*? Models for expo-
sure risk and hazard assessment can then be applied in
environmental policies and regulations.

Further exposome resources

There are computational tools in development to enter exposure
data and analyze it using standard methods from, for example,
Bioconductor.'*® The R-package “rexposome” can be used to con-
nect exposures to phenotypes in exposome association stud-
ies.’®! The input data in such tools can be acquired by many
disciplines, not just chemically using HR-MS. HExpMetDB was de-
veloped as a risk-prioritized human exposome database contain-
ing physiochemical properties and risk prediction with a
graphical user interface (GUI) which enables searching '
Finding the connection to health is quite challenging. Health-re-
lated databases—as the ones mentioned above—can assist in
finding this connection. Health records can be of great value
when looking at past events. However, it is not just about doing
an epidemiological study looking at several pollutants in connec-
tion to a health risk.

Association studies

The interconnection of exposures in chemical networks as well
as other factors influencing the health of an organism have to be
analyzed.”’ Therefore, environment-wide association studies and
even exposome-wide association studies are appropriate ways of
finding the connection between exposure and health.?'%?
Metabolome wide association studies find connections between
metabolic profiles and disease risk, look for biomarkers of expo-
sure, and even predict future disease onset. However, for all
those studies, it is challenging to find relationships between
thousands of molecular markers and disease phenotypes with
minimal false positive associations.'** Analytical techniques
such as HR-MS or nuclear magnetic resonance enable metabolic
profiling and exposure assessment. This makes association stud-
ies, metabolic pathway enrichment as well as looking at molecu-
lar networks possible.!®®> Machine learning can help recognize
patterns and make predictions thereafter. However, the limita-
tions of all those approaches have to be considered: Dealing with
thousands of features per sample, annotation and identification
(with a certain confidence) become difficult and there is still a
lack of automation. Moreover, the diversity of chemicals and
chemical mixtures has to be taken into account with many un-
known variables remaining.'*® Today, it is no longer a problem to
measure the samples with sufficient sensitivity in a short time,
but rather to draw the right conclusions from the results.
Another issue is the terminology that differs between the re-
search fields and the urgent need for harmonization. Association
studies require strong international collaborations and high level
networking, which is nearly impossible without establishing
common terminology.'*®
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Geographical information systems-based
exposomics

Spatial and geographic data can be used in many ways for expo-
somics purposes. Geographical information systems (GIS) can
connect different types of information that seem completely
unrelated.” For exposomics it can be helpful to look at various
sample types as presented above, at literature and health records
to derive facts about historical exposure from those sources and
link them geographically. Historical maps or aerial photographs
often provide a good source of information on possible contami-
nated areas to establish connections to industrial sites, landfills,
main traffic routes, and bigger cities as these may be more likely
to have high levels of pollutants.”® GIS helps in combining these
different information sources by overlaying maps or aerial
photographs, integrating data of environmental exposures and
health-related data, and analyzing changes over time.”” Distances
between the source of exposure, for example, a closed landfill and
affected people can be monitored,'’ as well as mobility of people
and factors such as the density of grocery stores offering healthy
options.’*® GIS can help in risk assessment and future planning as
well as with environmental models.'*® Presenting information on
environmental issues in a spatial and graphical way makes analy-
sis easier and enables planning for future needs.

Conclusion

This review covers just a few studies from exposomic research to
demonstrate how challenging a historical, retrospective study of
the human exposome can be. Sample types have to be chosen
carefully as their inter-comparability and suitability for the re-
search question and their availability are limiting factors. If there
is no cohort study or no representative sampling site, one has to
choose a different sample type to determine exposure in the past.
Moreover, analytes and finding the right method for analysis are
important as well as the choice of databases for identification
efforts. NT-HR-MS is often used for looking at environmental
samples and their chemical composition even at trace levels.
There are many possibilities to interpret experimental data and
various computational toocls can be applied. However, the choice
of method is often a matter of availability at the institute, or per-
sonal preference. Harmonization efforts will be needed in the
coming years to increase the comparability between methods.

To fully assess the human exposome, an interdisciplinary ap-
proach is required including also other efforts beyond the work-
flows presented here. In order to obtain an estimate of the
historical exposome, a database containing environmental pollu-
tants from different sample measurements, geographical, histori-
cal, sociceconomic, and population data as well as health records
would be needed to find networks and interconnections and de-
velop prevention strategies for the future. Changes in lifestyle,
neighborhoods, and environment can decrease the risk of several
diseases when the risk is recognized as such.' Thus, it is impor-
tant not only to monitor health and pollution sources nowadays,
but to pay attention to the past influencing factors on health as
well. Such infrastructure is a major investment that is only possi-
ble at a high level (beyond a single institute) and the recent an-
nouncement of a dedicated European Infrastructure for the
Exposome (EIRENE) is a very positive sign for this growing field.'*°

A possible topic for future research based on exposomic data-
bases would be the implementation of an Exposome Risk Score.”
This could be a measure indicating, for example, higher risks for
CVD. All in all, as the European Human Exposome Network®
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demonstrates, research is well on the way to shifting the focus to
the exposome as well, not just the genome.
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Abstract

The exposome complements information captured in the genome by covering all external influences and internal (biological)
responses of a human being from conception onwards. Such a paradigm goes beyond a single scientific discipline and instead
requires a truly interdisciplinary approach. The concept of “historical exposomics” could help bridge the gap between “nature” and
“nurture” using both natural and social archives to capture the influence of humans on earth (the Anthropocene) in an interdisciplin-
ary manner. The LuxTIME project served as a test bed for an interdisciplinary exploration of the historical exposome, focusing on the
Belval area located in the Minett region in southern Luxembourg. This area evolved from a source of mineral water to steel produc-
tion through to the current campus for research and development. This article explores the various possibilities of natural and social
archives that were considered in creating the historical exposome of Belval and reflects upon possibilities and limitations of the cur-
rent approaches in assessing the exposome using purely a natural science approach. Issues surrounding significance, visualization,
and availability of material suitable to form natural archives are discussed in a critical manner. The “Minett Stories” are presented as
a way of creating new historical narratives to support exposome research. New research perspectives on the history of the
Anthropocene were opened by investigating the causal relationships between factual evidence and narrative evidence stemming
from historical sources. The concept of historical exposome presented here may thus offer a useful conceptual framework for study-
ing the Anthropocene in a truly interdisciplinary fashion.

Keywords: exposome; environmental history; historical exposomics; digital history; social archives; natural archives

Introduction approach. The “Luxemburg Time Machine” (LuxTIME) project is
such an interdisciplinary setting—a “trading-zone” between dif-
ferent disciplines to find a common language between humani-
ties and natural sciences. For this we propose the concept of
“historical exposomics”, aiming at interrogating the “trading
zone™ between the exposome, history and data science to cap-
ture human influence on the natural world.

It is rare to find publications written from the perspective of

The nature versus nurture debate is one of the oldest philosophical
debates, dating back to ancient times (eg, Plato’s Protagoras).’
Nature is the genetic and biological “predetermination” of a hu-
man being, whereas nurture comprises all extemal factors
influencing the individual from conception onwards. Today, this
debate is—it seems—once more reframed as a scientific contro-
versy opposing genomics to the concept of exposomics. With the

highly funded Human Genome Project, next generation sequenc- both humanities and natural sciences due to the disciplinary spe-
ing methods and genome-wide association studies (GWAS), geno- cialization of each field. In general, both genome and exposome
mics is both more mature and better financed than exposomics. research is dominated by the natural sciences so far. Yet involv-
However, interest in exposomics is increasing as many diseases ing humanities in this research area, and more specifically add-
cannot be traced back to genetics alone, but rather to the inter-  ing a historical view, offers interesting perspectives for the
play of genetics and many other factors, which are captured un- ~ exposome. Historical sources can help reconstruct the human

der the exposome concept. The exposome covers all external exposome by revealing a multitude of historical data typically
influences and internal (biological) responses of a human being unexplored by the natural sciences. Exposomics evidence from
from conception onwards.? This paradigm? cannot be covered by the past is difficult to find in “natural archives” (the focus of nat-
just one scientific discipline; it requires a truly interdisciplinary ural sciences) present today. However, looking at “social archives”
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opens new possibilities to detect historical evidence (see Evidence
section with an explanation of natural and social archives). By
combining “hard” and “soft” facts, a more complex understanding
of past processes of environmental change is possible. This arti-
cle explores this based on the example of the interdisciplinary
LuxTIME project from the University of Luxembourg.*

The LuxTIME project as an interdisciplinary
framework

The LuxTIME project aims at exploring new ways of analyzing
and interpreting factual evidence of the past by building an inter-
disciplinary framework for the investigation of “big data” of the
past. Building on the conceptual premises of the “European Time
Machine” Flagship project,” that is to bring together High
Performance Computing (HPC) facilities, the analytical capacities
of Machine Learning and Artificial Intelligence, and “big” and
complex historical data, LuxTIME includes information from
three different fields and scientific perspectives, namely eco-
hydrology, environmental chemistry and industrial history.
LuxTIME uses a local case (the industrialization of Belval in the
Minett region of Southern Luxembourg)® as a testbed for method-
ological and epistemological reflections on how to study the long
term impact of environmental changes on the health of the local
population. By mixing “contextual information” based on archival
evidence with “scientific evidence” derived from chemical, biolog-
ical, or medical investigations, the project explores new grounds
for interpreting big data of the past in a truly interdisciplinary
setting.

Environmental history and the
anthropocene

LuxTIME is inspired by the rapidly growing field of environmental
history, which aims at analyzing and describing the co-evolution
of human society and the natural environment.” The interde-
pendence of humans and other living and non-living systems on
Earth is recognized, and the unfolding of history is studied in the
framework of the natural world. Recently, the human influence
on the development of the ecosystem is being discussed and de-
bated under the label of the “Anthropocene™—a new temporal
regime and ecological period marked by the human imprint on
the natural world, including the “Critical Zone", the Earth’s
skin which sustains nearly all terrestrial life including
humanity.? 1213

For most of the time since the origins of humankind, the popu-
lation was too small, spatially scattered and technologically
undeveloped to markedly influence the environment. With the
Neolithic Revolution (~10 000 BCE) and the change from a hunt-
ing and gathering lifestyle to one of agriculture and settlement,
the human species learnt new ways to modify the environment
to serve their purposes. Deforestation, irrigation,14 the develop-
ment of systematic sowing methods and the use of fertilizers
drastically increased food production, allowing for a surge in the
human population size. In 10100 BCE the population rose above 5
million. With this came the development of trading networks and
complex societies.”” Ecosystems were brought out of their natu-
ral balance.’® Soil erosion and salinization, the depletion of
nutrients or a rise in infectious diseases were some of many con-
sequences accompanying these technological advancements.'7-1%
From the Roman Era to the Middle Age, new technological devel-
opment of iron metallogeny and intense mining activities also

enriched in heavy metals the local atmospheric deposition all
over Europe.'®??

Since then, the scientific (~1540s) and industrial revolution
(~1780s) have resulted in countless inventions, which have left
their environmental traces on Earth. This process, ideologically
framed as era of “modernization” and narrated as a history of
“progress”, has left a long-lasting toll on the planet.”’ It is esti-
mated that humans have transformed 20 to 100% of all land sur-
faces.””?* The release of pesticides, fertilizers and other chemical
contaminants is interfering with natural ecosystems, resulting in
large-scale biodiversity loss and deterioration of soil and water
quality.”® Recent extinction rates are estimated to be 100 to 1000
times higher than the average rate on geological time scales.”
Chlorofluorocarbons (CFCs) have spread to the upper layer of the
atmosphere and depleted the ozone layer, which protects the
Earth from ultraviolet radiaton coming from the sun.?®
Microplastics have been detected in various environments, in-
cluding the air, oceans and freshwater eco-systems.”” The after-
math of anthropogenic activities affecting the natural
environment is expected to persist for long time periods (>50 000
years).

The various developments arising from the wasteful and
harmful treatment of the environment by the human species
stimulated the rise of preservationist and conservationist philos-
ophies?®?? in the late 19th and early 20th century, acknowledging
the boundaries of nature and advocating a wise and efficient use
of resources where humans should see themselves as an integra-
tive part of the natural environment, rather than the conquerors
thereof. This has evolved to the global environmental movement
of today, which includes a wide range of activist organizations,
political parties, scientific organizations, and governmental poli-
cies focused on promoting environmental values, and combatting
detrimental behavior, such as the emission of greenhouse gases,
deforestation and pollution.*”

The United Nations assumed a key role in debating climate
change and global environmental issues in the political sphere.
The 1972 United Nations Conference on the Environment in
Stockholm was the first international conference connecting eco-
nomic growth and human well-being to environmental aspects
such as the pollution of air, water and the oceans.’’ The 1992
United Nations Conference on Environment and Development
(UNCEP), held in Rio de Janeiro, composed a declaration of 27
principles aimed at guiding countries to a sustainable future,
where “human beings are entitled to live healthy and productive
lives in harmony with nature”.*” The Montreal Protocol of 1987
aimed at phasing out ozone depleting substances such as CFCs.**
It is, to date, the only environmental treaty ratified by all 198 UN
member states and is regarded as a benchmark in multilateral
environmental regulation. The Kyoto Protocol of 1997 and the
Paris Agreement of 2015 aim at reducing greenhouse gas
emissions and limiting global warming to 2°C compared to pre-
industrial levels.*** In 2001 the Stockholm Convention on
persistent organic pollutants (POPs) was signed, a global treaty to
minimize the risk posed by POPs to the environment.*® The initial
list of 12 (“the dirty dozen") compounds prepared by the intergov-
ernmental negotiating committee (INC) is extended regularly and
to date covers 23 unique compounds (including the commercial
mixture of decabromodiphenyl ether, c-decaBDE) and 8 com-
pound classes (including compounds that are listed with their
salts, isomers or esters) to be eliminated or restricted.
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History and the exposome: a conceptual
discussion

Critique of current approach

In his famous 2005 paper, the epidemiologist Christopher Wild
was one of the first to give the complementary concept to the ge-
nome a name: the exposome. According to Wild, the exposome
includes “life-course environmental exposures (including lifestyle
factors) from the prenatal period onwards”.*” Gary Miller and
Dean Jones extended the concept of the exposome in 2014, shift-
ing the focus of the exposome beyond solely the exposures.’
They expanded the concept adding the aspects of diet, behavior
and endogenous processes, with a particular focus on the biologi-
cal responses to exposures. Even genetic and genomic alterations
serve as evidence of past exposures.’ The resulting shift in expo-
somics research from exposure-focused (introduced by Wild)*” to
more metabolomics focused approaches® to capture biological
endpoints has been accompanied by several changes. Of course,
the study of internal metabolic changes and the search for bio-
markers in exposomics research is highly necessary, but not the
sole goal of exposomics. The last years showed a trend to using
increasingly expensive resources and sophisticated techniques,
rather than focusing on the initial research question. Research is
driven by metabolomics approaches using databases that contain
mostly “known" knowledge, necessary to ensure workflow
efficiency, yet at the same time trying to find new discoveries
and improve the understanding of metabolic pathways. However,
with the rapid pace of innovations in the age of the
Anthropocene, new synthetic compounds (and their related
transformation products) are appearing at an alarming rate with
up to 20 million new registrations a year,*” which can cause new
problems and influence the human metabolism very differently.
Although it is possible to create dynamic workflows and data-
bases to profit from “new” knowledge generated via high through-
put exposomics (eg, PubChemLite for Exposomics*?), this requires
concerted efforts at FAIR and Open data exchange,*”* for which
resources and infrastructure are still under development. The ex-
change of information will be vital to support reinterpretation of
older data (eg, retrospective screening®**) or large community
initiatives for large scale discovery such as the Global Natural
Products Social Molecular Networking (GNPS) ecosystem.®®
However, while modern analytics and monitoring techniques can
help capture relatively recent perturbations in the exposome,
even using natural archives to an extent to investigate past pollu-
tion, there is a limit to the availability of suitable samples. The
historical exposome concept can give additional perspectives to
this technologically driven bio-exposome. Looking at environ-
mental history as such, especially focusing on developments in
the Anthropocene, can show many interconnections of environ-
ment and health, where expensive technological studies using bi-
ological samples of today may fail to find these connections.
Historical archives can, for instance, reveal if currently perceived
extreme events such as drought or flooding (relative to written
records of ~100years) were in fact observed centuries earlier.
Closer to the exposome, anecdotal, written documents (letters,
newspaper articles) can also reveal the catastrophic side-effects
of industrial pollution in factories, which is only partially cap-
tured in scientific literature (and if covered, often in foreign lan-

guages).

Definitions of the environment

One way to approach the exposome from a more holistic perspec-
tive is to embed it into the wider framework of what has been

called “the environment” since the early post-war years. As dem-
onstrated by the three environmental historians Paul Warde,
Libby Robbin, and Sverker Sérlin in their book “The Environment.
A History of an Idea”,”® the term gained prominence as a political
concept as a result of the success of popular science writers such
as William Vogt (“Road to Survival”, 1948)*® and Rachel Carlson's
best-seller “Silent Spring” (1962).%° Although the term had been
around for more than a century (“milieu” in French, “Umwelt" in
German), a transformation of meaning from “a world where man
was molded by environment to him being able to alter the nature
of his world"*® ® # only occurred with the “environmental revo-
lution” in the 1970s.** Sparked by new academic interventions
such as the “Limits to Growth" report to the Club of Rome in
1972°° and the first “oil crisis” in 1973, ecological thinking became
a mainstream concern for both scientists, environmental or eco-
logical movements, and world politics. The problem of “the envi-
ronment” became both scaled (ie, local problems of pollution or
waste were interpreted as a subset of a planetary issue) and the
result of a complex interplay of past, present, and future tempo-
ralities.”!

To handle the growing complexity of issues at stake, new con-
cepts such as the “ecosystem” were put forward to highlight the
holistic nature of environmental changes. Inspired by the post-
war boom of “systems theory” and “cybernetics”, and long before
climate science would emerge as a new interdisciplinary field,
even Eugene and Howard Odum introduced the metaphor of bal-
ance between the living (organic) and nonliving (abiotic) environ-
ment in their textbook “Fundamentals of Ecology” (1953).°
Ecosystem science became an important framework for setting
up large-scale intermational research projects, shaping the
thinking of the environment as a dynamic interplay between
“nature” and “nurture” in a system called “earth” at a planetary
scale.® (PP 154-158) gince the introduction of the concept of the
“Anthropocene” by Paul Crutzen and Eugene Stoermer in 2000,*
the human factor has entered the equation: according to recent
scholarship, both the living and the nonliving environment has
been radically affected by human activity on earth, crossing plan-
etary boundaries.””** With the human being acknowledged as an
ecological factor in history (as had been suggested by historian
long before),*® the concept of environment as a tripartite dy-
namic system has emerged, combining the “natural” environ-
ment with the “human built” or socio-technical environment and
the subjective environment of the individual.

This “holy trinity” of natural, individual, and social factors
that form “the environment” suggests that the physical sur-
rounding in which life takes place, which is comprised of the
atmosphere, the biosphere, the hydrosphere and the litho-
sphere,*® P 1% is fundamentally interconnected with human ac-
tivities on earth. We cannot grasp the full complexity of one
element without considering the impact of the others. The inter-
connected, dynamic relationships render “the environment” an
incredibly complex system that seems hard to grasp—even from
a truly interdisciplinary perspective. Yet it is this “maelstrom” of
temporalities, scales, and uncertain causalities that challenges
mono-disciplinary approaches and interdict mono-causal scien-
tific explanations.®® What is needed are new questions, concepts,
and narratives aiming at forging an understanding of past and
present environmental challenges, starting with a new search for
evidence in and significance of existing data from both natural
and social archives. Combining evidence from historical and nat-
ural sciences and thereby bridging the “two scientific cultures” is
a key condition for performing historical exposomics research.
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Finding significance in a different way

The search for significance is a common factor across all disci-
plines. Experts from the fields of humanities, natural and social
sciences aim to make significant contributions in their areas of
research. In a more general sense, significant contributions have
the quality of being important, of being worthy of attention be-
cause they answer relevant questions and have meaningful
results. In practice, the mindset, practices, and evaluation meth-
ods of assessing significance are often specific to each discipline,
with a diverse range of views also present within each discipline.

One reason may be the nature of the information sources in
each discipline. Focusing on the fields of history and natural sci-
ences, a historian works more frequently with primary sources
such as historical manuscripts or photographs, while a re-
searcher in natural sciences often works with numerical data
resulting from measurements. The inherent difference in the na-
ture of the sources, as well as the a priori impossibility of making
measurements in the past or repeating an experiment, lead to
different approaches to the assessment of significance.
Additionally, an apparent widespread dualism can be perceived,
where natural sciences more often try to prove a theory that can
be generalized for a larger population, whereas history is more
frequently concerned with specific knowledge about a particular
fact or occasion, with the consequent differences in the research-
er’s approach to significance.

Statistical hypothesis testing is an inference method widely
used in natural and social sciences to determine a possible con-
clusion between two hypotheses. A null hypothesis is defined
against an alternative hypothesis and the P-value is defined as
the probability, calculated under the null hypothesis, that a test
statistic is as extreme or more than its observed value. If the
P-value is less than the selected significance level, then the null
hypothesis is rejected. Traditionally, a P-value <0.05 has been
considered a reasonable significance level, but in some fields
such as genomic studies, more stringent levels are adopted. The
criticism of this method is extensive across fields of research,>’-*
including technical limitations such as the difference between
the characteristics of the scientific data as opposed to the
assumptions upon which the significance tests are defined, sam-
pling issues regarding size and randomness, the arbitrary level of
significance, the dichotomous reject/not-reject, the misinterpre-
tation of P-values and the lack of reproducibility. However not
only technical issues have been raised, but the actual scientific
value of the tests has repeatedly been questioned, pointing out
weaknesses in the use of isolated tests, the difficulty to generalize
results and to integrate previous knowledge, causing erroneous
scientific reasoning.

Numerous options have been proposed over decades of re-
search, from the use of stricter P-values to the total abandon-
ment of statistical significance, as well as a wide range of
alternatives,®>®® but the statistical significance in hypothesis
testing is still a widely used method due to its intuitive interpre-
tation, ease of calculation with existing tools, and facility given to
the choice of the research path with yes/no questions. Bayesian
approaches, older than frequentist statistics, gained popularity
with the advances in computational methods. Bayesian methods
depend on a prior and on the probability of the observed data,
allowing the sensitivity of the experiment result to be measured
for different priors.®*®® In Bayesian inference, the uncertainty or
“degree of belief” with respect to the parameters is quantified by
probability distributions.

Controversy about statistics at a more general level includes
the opposition of two attitudes to the question of reality, one real-
istic or objectivist (ie, pre-existing); and the other, relativistic or
historicist (ie, constructed),°® very present when bringing to-
gether history and natural sciences. In Trust in Numbers,
Theodore M. Porter challenges the ubiquity of quantification in
the sciences of nature, highlighting that only a small proportion
of the numbers and quantitative expressions “make any pretense
of embodying laws of nature, or event providing complete and ac-
curate descriptions of the external world".?”

There is an increasing interest in qualitative research methods
across disciplines, such as research techniques that rely on non-
statistical or numerical methods of data collection, analysis and
evidence production. Qualitative research allows to retain com-
plexity and nuance through data collection methods that adapt
to the context and make it possible to explore emergent issues;
and they present a reflexive approach that acknowledges the per-
spective of the researcher in the process.®® They are used in the
social sciences and the humanities, but they can also comple-
ment quantitative approaches in the natural sciences.®®
Qualitative research can be used independently to uncover topics
that are not amenable to quantitative research. Furthermore, it
can be used as the preliminary of quantitative research, that is to
uncover ambiguities and misunderstandings regarding terms
and definitions, to help understanding the reasons behind certain
results, or to validate quantitative research by providing a differ-
ent perspective on the same phenomena, sometimes forcing ma-
jor reinterpretations of quantitative data.”’ Despite the many
potential applications, qualitative methods are often evaluated
according to quantitative measures of rigor and dismissed as un-
scientific and unreliable.”

Criteria of significance in history includes two main questions:
what is important to learn about the past and how do historians
know what they know. The first refers to deciding which events
or people resulted in a change that had deep consequences. The
second is about the historical interpretation based on inference
made from sources: what questions turn a source into evidence,
who created it, when and for what purpose, what is the historical
context and w the inferences can be corroborated.”” Partington’*
identifies three criteria of significance. First, the importance to
people in the past “if we use the egalitarian principle of counting
heads to establish priorities here we are in difficulty, because we
have unequal access to the opinions and judgements of different
social and ethnic groups [...]."”* Second, objective criteria that
includes profundity, as whether an event profoundly changed
people’s lives; quantity, as the number of lives impacted; and du-
rability of the event in time. Thirdly, criterion is relevance, or
how an event contributes to an increased understanding of the
present.

An interdisciplinary approach to historical exposomics blurs
the boundaries between discipline-specific approaches to signifi-
cance and makes it possible to study the past from new perspec-
tives. Historical sources like pollution measurements included in
official reports, complaint letters from the citizens about the dust
from the factories and contaminated water, newspapers publish-
ing about new labor laws, innovative industrial techniques, or
disease outbreaks, can be used to test hypotheses about pollution
concentration or the impact on health in the past, while assess-
ing at the same time for historical significance. The historical
archives are filled with scientific and non-scientific, numerical,
and non-numerical sources, that together with current scientific
knowledge and measurements about water systems or use of
chemicals, allow to simulate and validate hypothesis about the
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past. The dualism “specific” versus “universal” between science
and history is replaced by a combination of close and distant
reading from a historical and scientific point of view adapted to
the source and specific analysis, which allows access to much
more information, to analyze it from different points of view, and
to use multiple approaches to assess significance.

Evidence from social and natural archives

A historical exposomics approach requires the combination of a
great variety of historical and current data. As shown here using
data collected for the research project “LuxTIME" as an example,
the information gathered comes from both “natural” and “social”
archives. Natural archives are physical objects which have been
collected, processed and deposited in the environment under nat-
ural circumstances (ie, without the interference of the human
species), and preserve information about the characteristics of
the surroundings from the time and place where deposition took
place.”* Through various analysis techniques, this stored infor-
mation can be extracted from the archive, enabling the recon-
struction of environmental conditions far beyond the period
where direct measurements have taken place. This helps deter-
mine the baseline conditions at the time, as well as spatial and
temporal changes, allowing researchers to relate these to natural
or anthropogenic influences.”

Social archives

Social archives refer to archives that are the result of a conscious
and directed collection of past evidence, be it for cultural (reli-
gious, artistic), political (administrative, governmental, legisla-
tive), or economic (companies, trade) purposes. Information
stored in such archives (be it textual, audio-visual, or material
remains/objects) provide documentary evidence of past activities
that have shaped the environment, be it through new production
and consumption processes, regulatory or legal procedures, or
political and cultural discourses on scientific or technological
progress, nature protection or market and trade regulation.
Based on methods of historical source criticism, social archival
records are important to contextualize the development of sci-
ence, technology, industry production, agriculture, energy con-
sumption and all other human activities that have shaped our
contemporary environment.”® The information or data that can
be extracted from social archives contains different kind of evi-
dence, such as narrative data (eg, weather reports on newspa-
pers), long series of quantitative proxies (eg, by procedures
related to census or fiscal data), illustrative sources (photo-
graphs, drawings, maps), and instrumental measurements (eg,
research diaries).”® Such sources have been used extensively for
the production of a rich historiography on Luxembourgish steel
industry and the industrialization of the Minett region more gen-
erally.””® Comparative studies on the emergence of coal and
steel industries in various European regions have highlighted the
specificities of the Luxembourgish development, both in terms of
availability of natural resources and its dependencies on technol-
ogy and capital transfers (especially from the Ruhr region), eco-
nomic alliances (such as the adherence to the German
“Zollverein” [customs union] until the end of the Great War), and
political constellations (such as the creation of the European
Community of Coal and Steel [ECCS] in 1951).5%*

The LuxTIME research efforts included consultation of many
different archives in Luxembourg, including national and local
archives, libraries, museums, and deposits of public administra-
tions (see Figure 1).%° The sources from these archives were cate-
gorized and indexed, specifying the temporal and spatial

coverage as well as the exposome category that the sources are
referring to (eg, physical/chemical; ecosystem; lifestyle, etc.). The
analysis of this data inventory of the social archives has been
turned into a treemap showing the number of datasets covering
exposome categories and subcategories, see Figure 2.

By means of example (without any claim for comprehensive-
ness), the following sections describe several natural archives
that have been studied or were considered in the framework of
the LuxTIME project.

Historical groundwater reserves

Groundwater serves as an archive for historical climatic and hy-
drological conditions. When aquifer recharge takes place, the
ambient environmental conditions are stored in the precipitated
water as chemical and isotopic signals, which preserve sequential
changes as the groundwater moves away from the point of re-
charge.® Extracted groundwater samples, once related to a
proper chronology, for example through radiocarbon dating (*C),
have been found to provide indications about the temperature,
air-mass circulation and rainfall intensity of the past.***° In its
simplest sense, the mere presence of dated groundwater can be
an indicator for prolonged wet periods, while absence thereof is a
sign of no recharge, possibly due to a period of drought or ice
cover.®?° The concentration of dissolved noble gases in ground-
waters is a function of the temperature and salinity at the time of
recharge (Henry's Law). The concentration decreases with in-
creasing temperature.”’ Since these concentrations are largely
unaffected in groundwater bodies, this relationship can be uti-
lized to establish historical temperature records.””***? The stable
isotopes of water (H and O) are separated into heavier and lighter
compounds as they move through the hydrological cycle. This
creates an isotopic ratio characteristic to the air temperature and
humidity at the time of groundwater recharge, as well as environ-
mental processes such as evaporation and condensation.” These
isotopic ratios have been utilized to reconstruct air-mass circula-
tion and temperatures of the past.**? Age dating uncertainties
and mixing of different waters in the aquifer over time creates a
smoothing of the signal fluctuations. Groundwater thus serves as
an archive which stores an average of the conditions at glacial/in-
terglacial time scales.”

Freshwater bivalves

Stable isotopes of oxygen and hydrogen in precipitation and
stream water are used for conceptualizing and modeling
hydrological, ecological, biogeochemical, and atmospheric
processes.*” However, their full potential—for example in cli-
mate change impact studies’ or climate and earth system
modeling®—cannot be leveraged due to short and truncated
time series.'?1%! A promising way forward for reconstructing the
history of flowing waters is the conceptualization of rivers as liv-
ing entities.'°?1%* past changes in eco-hydrological catchment
functions and their impacts on freshwater habitats may eventu-
ally be recorded in natural archives (and vice versa). This feature
qualifies trees and freshwater bivalves as (biotic) sensors for
reconstructing chronologies of past climate and flowing waters
into pre-instrumental times. During the growth process, bivalves
(or mollusks) record environmental data in their shells in the
form of variable geochemical and microstructural properties, as
well as variable increment widths, like tree rings. Controlled by
biological clocks, the shell growth process occurs periodically and
eventually results in the formation of growth patterns (represent-
ing periods of fast and slow growth) that can then be placed in a
precise temporal context. By archiving in-stream environmental
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SUMMARY STATISTICS ABOUT THE LUXTIME DATA INVENTORY

In this visualization we use statistical graphs to summarize some of the characteristics of the data found.

DATASETS PER CATEGORY AND SPECIFIC SOURCE

By "dataset" we refer to any information found including datasets, photographs, maps, etc

Category Specific Source
National and Local Luxembourg National Archive
Archives

Archive of Esch-sur-Alzette

Archive Sanem

CVCE (Luxembourg National Archive)
STATEC Archive

STATEC Website

Administration de I'environnement

Public Administrations

Libraries Nainuwa
Luxembourg National Archive
Biblioteque National de Luxembourg
Research Centers LIST

LIH

Digitized Newspapers eluxemburgensia.lu

Geoportals Geoportail.lu & Geoportail.lu and AGE
Museums CDMH
Musée National des Mines de Fer du Luxembourg
Pubchem PubChem Website
Missing Missing

DATASETS PER LANGUAGE

The information found often contains fragments in
different languages, mostly a combination of French
and German.

French

German

English

French and
German

Luxembourgish |l 3

Figure 1. Summary Statistics Data Inventory for the LuxTIME project.

conditions,'©*1% freshwater bivalves thus show considerable po-
tential for complementing stream water isotope records. By form-
ing their shells near equilibrium with the oxygen isotope value of
ambient water, changes in isotope values in the shell (repre-
sented as 3'°0 values) can serve two different purposes. They
may help in reconstructions of both stream water temperature (if
water §'®0 values are known) and 8'°0 values (provided water
temperature during shell formation is known or can be recon-
structed by other means). While stream water temperature
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reconstructions have been extensively used,'® hydroclimate
reconstructions have received considerably less attention.'®®
Recent proof-of-concept work has demonstrated the potential for
freshwater mollusks to solve the problem of limited 3'®0 isotope
records in stream water.'°*'%” New analytical protocols based on
Secondary lon Mass Spectrometry have revealed the previously
untapped variability in stream water 3'®0 signatures over nearly
200years and their connection with changes in atmospheric cir-
culation patterns.
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TREEMAP DISPLAYING THE EXPOSOME CATEGORIES AND SUBCATEGORIES COVERAGE [NUMBER OF DATASETS]

Exponome

N ccosystems

B Utestyie

W Prarctyoe

B PriyvcalChemical
- socal

Figure 2. Treemap visualization of exposome categories and subcategories covered by the data inventory.

| Bioindicators vs. Biosorbents

- Accumulation of
contaminants

- Optimum:
herbarium samples

©

- Dendroclimatology

- Dendrochemistry

- Dendrochronology
(pollution events)

L]

Figure 3. The function of trees as bioindicators versus biosorbents.

Botanical samples

Many studies show that botanical samples can serve as evidence
for the impact of man in the age of the Anthropocene.'%®!?
Plants, as sensitive organisms, respond strongly to anthropogenic
influences such as air pollution. The susceptibility of plants to air
pollution can be evaluated by their Air Pollution Tolerance Index
(APTI), which is determined by the parameters ascorbic acid,
chlorophyll, relative water content, and leaf-extract pH."** The
APTI is often used studying the potential of plants as biosorbents

- Anthropogenic
influence on biodiversity

- Spatial/temporal
differences

Co,
NO,

Pesticides

S0,

Heavy metals
Pharmaceuticals

Organic pollutants

)115.116

(remediation activities Vkaied
of pollution (Figure 3).

Plants, such as trees, can be considered as evidence for
historical events and thus as natural archives. Trees can provide
accurate information about climatic conditions in the past,*® us-
ing  dendrochronology information (dendroclimatology).
Additionally, those measurements can help to differentiate be-
tween natural and anthropogenic causes (increase of CO,
and other gases) of changing environmental conditions.'"

or bioindicators (biomonitors;
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The population of specific species in certain areas is often con-
nected to human activities. For example, tree species such as
birch and alder grow well at post-mining sites, even in highly
“contaminated” mine soils, and can even change the microbial
properties of the soil.'?*'?! As the biodiversity of an area depends
directly on factors such as soil, air or water contamination, any
changes in plant species may correspond directly or indirectly to
an (anthropogenic) change in the direct ecosystem. Analyzing the
age of those species could even provide information about the
date of these environmental changes, for example, the time of re-
forestation in post-industrial areas. While looking at historical
documents about the influence of air pollution on plants, geo-
graphical mapping of species can be found, even if no measure-
ment data is available.'” If one examines plant species for
environmental contamination, one can—under favorable cir-
cumstances—make statements about the health of an ecosystem
(even in the past). This can be done, for example by analyzing
lichens,?**¥?% which act as a chemical filter for air pollution, ac-
cumulating contaminants over many years. The same applies for
tree bark and leaves,'?® however, the time point of pollution is
not analyzed in most studies. In the optimal case, one can resort
to archived plant samples from herbaria, for example, for the
analysis of per- and polyfluoroalkyl substances (PFAS) in pine
needles,'?’ although samples need to be stored suitably to allow
for this analysis. Moreover, using state of the art techniques like
matrix-assisted laser desorption ionization—imaging mass spec-
trometry (MALDI-IMS) allows the monitoring and localization of
the contaminant uptake and distribution pathways through the
plant.'?®'?° There are some studies using tree rings as archives of
atmospheric pollution, which can be analyzed in a temporal and
spatial manner (dendrochemistry).'°®**? However, there are sev-
eral limitations and uncertainty factors, such as soil acidity or
growth rate to be considered.’**'*! In general, looking at botani-
cal samples always has some uncertainty factors due to plant
metabolic processes altering concentrations, as well as external
influences (eg, sample handling) influencing all research out-
comes—but could nonetheless reveal interesting information
about the past that may not otherwise be accessible.

Data visualization

Both natural sciences and humanities use data in their research,
whether they are historical or modern texts, measurements from
observations or experiments, elements of a photograph, time se-
ries, geographical data or many more. Data is the connecting ele-
ment in interdisciplinary research. Various disciplines often
share data analysis methods, but also share the same challenges,
such as how to discover what is relevant for their specific re-
search question when dealing with a large volume of data, how
to validate the data, or how to communicate the results to read-
ers according to their specific needs. They also face fundamental
differences in the definition and use of data and the required
communication objectives. Data visualization supports multiple
scenarios including discovery and communication. It helps to
navigate large volumes of data, whether to perform an initial ex-
ploratory data analysis to define the line of research, or to make
discoveries that form part of the project results. It is also essen-
tial for communicating results, which allows creation of the de-
sired user experience in each case.

Especially in the context of interdisciplinary projects, it is im-
portant to understand the different approaches to data visualiza-
tion since a combination of these might be required for the
analysis of data from the point of view of different disciplines. In
the case of the natural sciences, data visualization is generally

used as a tool to simplify a complex topic, to make data-driven
decisions about the best path of research, to build upon previous
scientific knowledge by integrating references and benchmarks,
and to communicate a clear message to an audience. Scientific
data visualization is largely based on statistical graphics which
are characterized by the principles of abstraction, reduction,
standardization, representation, and legibility. The user is
expected to be familiar with the visual elements—the statistical
charts, for example, bar charts, line charts—and to ask prede-
fined questions to get formatted answers, to apply filters, and to
drill down to predefined levels of aggregation. In the case of the
humanities, the use of data visualization often aims at showing
the complexity of the subject of research, to engage the user in
the interpretation and to present multiple narratives. The data
visualization is defined by its granularity, specificity, and full cov-
erage.

To study historical exposomics, data visualization techniques
such as concept maps can be used to understand the specific
contributions of each field and the joint area of work, see
Figure 4.5°

During the exploration of the data, the use of data visualiza-
tion allows identification of the types of data available—time se-
ries, geographical, texts, images—the geographical area and the
period covered, the variety of sources—historical archives, sam-
pling campaigns, web archives—the domains—air, water and soil
pollution, demographics, health, industry, urbanism, green and
blue areas—and the percentage of sources digitized, among
others. This facilitates the identification of gaps, areas of interest
and future challenges. Lastly, one of the most frequent use of
data visualization is to share the research output. A combined
approach to data visualization, scientific and humanistic, allows
integration of representative analyses to understand the general
impact of the main environmental exposures on health and ex-
ploration of the different narratives by integrating individual
cases, when relevant.®

New historical narratives

In studying historical evidence of human traces on the environ-
ment by applying both scientific and hermeneutic methods of in-
terpretation, LuxTIME aims at contributing to a new form of
data-driven scholarship on the Anthropocene by experimenting
with digital forms of historical storytelling, such as animations of
dust pollution in Esch-sur-Alzette over nearly one century (1911~
1996) shown in the website “minett-stories” and in Figure 5.

The animation that was produced within the virtual exhibition
“Minett Stories"**—an interdisciplinary public history project in
the framework of the “Esch22/Capital of Europe” initiative,** was
the result of a collaboration between historians, metallurgy
experts and chemists. Based on a data set including information
about the production output of the Belval steel plant throughout
the 20th century, the type of production process (eg, LD-AC or
Thomas for steelmaking), the typical usage of filtering systems,
and the prevailing wind directions in Luxembourg over time, the
animation offers a plausible approximation of how the dust
emissions of the Belval iron and steel complex might have af-
fected local air quality over the decades. Even if the animated
map can only offer a hypothetical approximation rather than an
exact reproduction of past reality, such temporal visualizations
can trigger our historical imagination and open new paths for
further historical investigation.
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Figure 4. LuxTIME Concept Map including History, Data Visualization, Environmental Cheminformatics and Eco-hydrology.

Figure 5. Screenshots from the Minett Stories Website (https://minett-stories.lu/en/story/air-pollution-visualized)

Conclusions

Bridging the gap between “nature” and “nurture” by bringing a
great variety of different historical sources and datasets together
is an exciting and challenging exercise in interdisciplinary collab-
oration. While the LuxTIME project was conceived as a testbed
for data-driven scholarship in the field of environmental history
with a focus on the Minett region, the interdisciplinary collabora-
tion in the team has opened new research questions and
approaches beyond the field of environmental humanities. In ex-
ploring the concept of “historical exposomics”, this article hopes
to make a convincing argument for enlarging the scope of current
research on the exposome by enriching it by historical evidence

from “social archives”. In contextualizing the data from both nat-
ural and social archives and investigating the causal relation-
ships between factual evidence from the sciences and the
narrative evidence stemming from historical sources, new re-
search perspectives on the history of the Anthropocene can be
opened, challenging classical forms and formats of historical sto-
rytelling and interpretation.’** The concept of historical expo-
some, such is our hypothesis, might offer a useful conceptual
framework for studying the Anthropocene in a truly interdisci-
plinary fashion.

Future efforts in this field require research and training in
“digital hermeneutics”, looking critically at the use of digital tools
and (big) data of all kinds (as covered by the Digital History &
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Hermeneutics Doctoral Training Unit DTU of the C’DH).'*
Interdisciplinary collaboration is required for the testing of hy-
potheses and scientific interpretation of evidence studying the
historical exposome. Finding a common language to discuss past,
present and future exposomics-related developments is required
to tackle this challenging topic.

The historical exposome is presented here as an interdisciplin-
ary approach to address the exposome. Adding value from both
perspectives, natural sciences and humanities to study this
highly complex paradigm opens new possibilities for present and
future research. Instead of solely performing expensive cohort
studies looking at the present state, looking at past digital data
already present can provide valuable insights. If scientists wish
to learn from the past, they must dig into the past, as physical ev-
idence often is not present to be analyzed today. Social archives
provide a wealth of soft and hard data sources of information. It
is worth investing time to look at historical documents, perform
simulations to estimate the past state and even go one step fur-
ther and simulate future developments. In terms of environmen-
tal pollution, looking at past evidence might often prove to be
more useful to find for example connections to present day dis-
eases, than analyzing present evidence (eg, looking at past expo-
sure to pesticides studying present day Parkinson's disease'*®).
Combining it with today’s state of knowledge and tools can help
to improve the understanding of the exposome and may help
prevent further environmental contamination and disease.
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Abstract

Luxembourg’s industrial history can be reconstructed using primary sources containing quantitative
and qualitative industrial and environmental data, which can then be analysed and visualised digitally.
This research combines current scientific knowledge and historical data to model the airborne dust
concentration generated by the Belval steelworks in Esch-sur-Alzette between 1911 and 1997. The
calculations are based on a model of atmospheric dispersion, using parameters such as production
volumes, the presence of filter systems and meteorological data. Visualisation of the simulated data
offers insights into the extent and variability of dust concentrations over time, along with the
underlying reasons (e.g. wars or technical innovations). An interdisciplinary approach allowed the
integration of chemical and health perspectives, which were then embedded into a historical context.
Simulations, a form of data generation widely used in engineering, open new opportunities for the
recreation of historical data, which can be compared with scientific research. These historical data can

also be re-analysed and visualised on the basis of new and/or current perspectives.

53


mailto:dagny.aurich@uni.lu
mailto:aida.horanietibanez@uni.lu
https://journalofdigitalhistory.org/en

This research is a collaboration between the REMIX project (an interdisciplinary project focusing on the
history of the Minett region in connection with Esch-sur-Alzette — European Capital of Culture 2022)
and the interdisciplinary LuxTIME project (which attempts to build and visualise historical datasets with
the aim of studying the impact of environmental changes on Belval’s population). The aim is to explore
new ways of generating, validating, analysing and visualising past data through interdisciplinary
collaboration, rather than to validate a model for the study of historical dust pollution. This work
discusses (a) the model, (b) the parameters used, (c) the results of the dust simulation, (d) the impact
on health, (e) the historical sources, and (f) the limitations of the model and the challenges involved in

visualising and simulating historical data.

Introduction

Air pollution has a history. In today’s society, this historicity is most commonly perceived in the context
of global warming, where the ‘weight’ of billions of tonnes of carbon dioxide released in the past has
become a factor of major importance for our global ecosystem. The mechanism behind this has been
elegantly described by Malm, who observed that our climate has essentially become a ‘product of past
emissions’, while the ‘emissions produced by cars [today will generate] their greatest impact on
generations not yet born’. For Malm, present-day emissions are effectively ‘invisible missiles aimed at
the future’ (Malm 2016). The adjective ‘invisible’ is rather important here. After all, the peculiar
interrelationship between past, present and future is not the only paradoxical characteristic of air
pollution history (on this interrelationship, see also (Uekotter 2020)). Another paradox is the fact that
the ongoing global warming is caused by a gas that, when encountered under everyday circumstances,
is both invisible and odourless. This lack of perceptibility does not imply, however, that pollution
problems went completely unnoticed by previous generations. Prior to the scientific and societal
problematisation of the greenhouse effect, other manifestations of air pollution — such as dust, dark
smoke, soot particles and stench — were particularly palpable in cities and industrial regions, and as
such were a regular source of indignation (for two classic studies on this indignation, see (Brliiggemeier

and Rommelspacher 1992; Mosley 2001)).
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The southwest of the Grand Duchy of Luxembourg, an important iron and steelmaking region from the
1870s onward, was one of those places where people were constantly faced with air pollution that was
as omnipresent as the industrial plants themselves.! In the Minett, as Luxembourg’s metallurgical
region is called, the soot and smoke of the steelworks were part of a ‘sensescape’ that could be seen
and smelled on a near-permanent basis (on the notion of sensescape, see (Pritchard and Zimring
2020)). To borrow the words of an elderly inhabitant of Dudelange, who recently reminisced about his
life in Luxembourg’s industrial region: day in, day out, ‘the dust and dirt fell from the skies’ (Back-
Hoffmann 2021). In order to objectify the severity of this problem, several scientific studies were
carried out in the Minett towns of Differdange and Esch-sur-Alzette between the late 1930s and the
early 1970s, with the specific aim of measuring the typical quantity of airborne dust particles at or near
industrial sites. Yet these measurements — which we discuss in section 8.2 — only lasted for a limited

period (e.g. three months), and thus only provide a snapshot in time.

In this contribution, we attempt to create a long-term picture of past dust pollution levels by using the
Belval iron and steel complex in Esch-sur-Alzette — the informal capital of the Minett (hereafter: Esch)
— as a test case (Figure 1). For this purpose, historians, metallurgy experts, chemists and data
visualisation specialists have collaborated to analyse a major metallurgical pollutant: dust. We present
a simulation and visualisation of the diachronic evolution of local airborne dust concentrations in the
vicinity of the Belval plant, using various parameters as input for our model. These include the
production numbers of the plant throughout the 20th century, the production process (e.g. LD-AC or
Thomas for steelmaking), the typical usage of filtering systems, and the prevailing wind directions over
time. Based on this data set, we offer a plausible approximation of how the dust emissions of the Belval
iron and steel complex might have affected the local air quality between 1911 (the first year of

operation) and 1997 (when the last blast furnace was shut down).

! For the economic and social history of Luxembourg’s metallurgical industry, see the six-volume series Terres
Rouges: Histoire de la sidérurgie luxembourgeoise, published from 2009 to 2018 by the National Archives of
Luxembourg.
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Figure 1: Smoking chimneys of the Belval steel plant. Slide from around 1960. Source: Archives de la

Ville d’Esch-sur-Alzette.

An important precedent for modelling in environmental history can be found in the work of Tarr, who
has investigated emissions of man-made components such as pesticides, herbicides and heavy metals
in the estuary of the Hudson and Raritan rivers between 1700 and 1980. To achieve this aim, Tarr
worked together with physicists and environmental engineers ((Tarr 1996); see also (Tarr 2021)).
Likewise, in their 2021 study on climate change and its effects on people, Pfister and Wanner
attempted to reconcile the scientific cultures of the natural sciences and the humanities: ‘Scientists
explain how natural systems work, while (environmental) historians tell stories of people who grapple
with the effects of weather and climate’ (Pfister and Wanner 2021). As such, the research by Pfister
and Wanner is in line with the approach outlined by Guldi and Armitage, who have discussed the role
of history in the process of understanding ‘the multiple pasts which gave rise to our conflicted present’.
Regarding climate change, Guldi and Armitage have argued that ‘history, with its rich, material
understanding of human experience and institutions and its apprehension of multiple causality, is re-
entering the arena of long-term discussions of time where evolutionary biologists, archaeologists,

climate scientists, and economists have long been the only protagonists’ (Guldi and Armitage 2014).

Similar to the way in which environmental history and the history of technology have become more
entangled in the last decade (resulting in the development of a crossover field known as ‘envirotech’,

e.g. (Pritchard and Zimring 2020)), interdisciplinary endeavours between the human and natural
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sciences are indeed essential if one wants to adequately evaluate environmental changes that have
occurred in the past. This has been made explicit by Massard-Guilbaud:
How can we write a history of climate without contacting climatologists? A history of pollution without
touching on chemistry? A history of sanitation systems or energy resources without taking an interest in
technology? Let us note, moreover, that it is not only historians who are discovering this need for

interdisciplinarity; specialists in other disciplines [..] are also approaching historians [...] on
environmental issues because [...] they feel the need to do so. (Massard-Guilbaud 2007)?

The research questions that motivate our own interdisciplinary research are as follows. Throughout
the 20th century, how were people living near the Belval iron and steel complex affected by dust
pollution? Can this pollution from the past be quantified and displayed on a map? And how did it evolve
over time? Using modelling and simulation with historical data as input, we generate new data allowing
us to analyse such questions, thus uniting the points of view of exact sciences (e.g. the health impact
of various concentration levels) and history (e.g. the industrial development of the region and the
societal narratives about pollution). We hypothesise that the pollution generated by the Belval plant
affected many (if not all) of the inhabited quarters of both Esch and the surrounding municipalities

(including some on French territory, which would make Belval a case of cross-border air pollution).

It must be emphasised that our contribution offers only an estimation of pollution values, due to the
limitations inherent in any simulation. In the current study, such limitations include the lack of
adequate corporate sources on the presence and efficiency of filtering systems, forcing a reliance on
assumptions (based on data in non-Luxembourgish secondary literature on ideal typical metallurgical
filtering systems). Another important limitation of our model is the omission of other pollution sources,
such as iron and steel complexes other than Belval (including two more plants in Esch), non-
metallurgical industrial complexes, traffic and domestic heating. As such, we agree with a warning
recently posited by Joy Parr concerning interdisciplinary work. While Parr endorsed collaborations
between ‘researchers in environmental history and the history of technology’ and scientists from fields
like ‘metallurgy [and] bio-chemistry [...]", she pointed at possible incompatibilities between historical
science and the natural sciences, due to the latter’s tendency to ‘simplify’ for the purpose of
experimentation, as well as to ‘derogate knowledge and reasoning that is not readily represented in

symbols and signs’ (Parr 2010). In our interdisciplinary contribution, we take a rather modest view on

2 All translations throughout have been done by the authors.
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this matter, by explicitly pointing at the potential of our research as well as the lacunae and possibilities

for future improvement.

The structure of our article can be summarised as follows. In section 2, we discuss the terms ‘modelling’
and ‘simulation’, their history and application across disciplines, and their largely untapped potential
in the humanities. Section 3 explains the general impact of dust pollution on health, in order to provide
a basis for the subsequent analysis of our results. Section 4 establishes the historical context of the
metallurgical industry in Luxembourg, the Minett region and Esch, while also briefly exploring the
societal narratives about pollution. In section 5, we introduce steelmaking production techniques as
well as their evolution and impact on dust pollution. In section 6, we explain the actual simulation
process by focusing on the data generated by the dispersion model. Here, we discuss in detail the data
basis and the model specifications, to explore the hypothesis presented (regarding the impact of
pollution on the inhabitants of Esch and the surrounding area). In section 7, we explore the data
visualisation process. Section 8 contains an analysis of the results including the validation of the model
used, a basic Gaussian dispersion model that has already been proven through its use in similar
scenarios (in various contexts) (Leel@ssy et al. 2014); this section is focussing on our way of applying
the model. Further, a comparison of the model results against available measurements is presented in
section 8.2, and the limitations and potential ways to improve the model in future research in 8.3 and
8.4. For future research on historical dust pollution, the model could be used with alternative data
sources for new simulations, or new models could be tested adding new variables. Our conclusions are

offered in the final section (9).

Modelling and simulation

Since modelling and simulation are key elements in our research, a brief introduction of terms and
usage across disciplines is appropriate. Banks defined simulation as ‘the imitation of the operation of
a real-world process or system over time’ (such as the generation and dispersion of dust pollution of a
steel plant) that can model both existing and conceptual systems (Banks 1999). As such, simulation is
used for a variety of purposes including prediction, performance, training, entertainment, proof and
discovery. While induction can be used to find patterns in data and deduction to find consequences of

assumptions, simulation generates data that can be analysed inductively (Carson Il 2005).
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Initiated during the Second World War ‘to address problems too complex for theory and too remote
from laboratory materials for experiment’ (Galison 1996), simulation spread through the social
sciences by the end of the 1960s, where it was (and still is) often used for modelling artificial
populations and investigating human behaviour (Lebherz et al. 2018). However, ‘it has remained
almost unknown to the humanities’ (McCarty 2016), notwithstanding a few exceptions. Apart from the
environmental historical research mentioned in the introduction, Lebherz et al. have presented a case
of text mining by scientific workflows and computer simulation, with the aim of investigating potential
influences on the author’s literary productivity. In this context, they have identified four prerequisites:
a solid data basis, the specification and construction of a model, the definition of hypotheses to answer
research questions, and the reuse of proven models in similar scenarios (Lebherz et al. 2018).
Simulation is also frequently used in certain fields of archaeological research, such as evolutionary

archaeology and the study of human evolution (Lake 2014).

Champion has discussed the distinction between model (‘a physical or digital representation of a
product or process’) and simulation (‘the re-configurative use of a model to reveal new and potential
aspects’) (Champion 2016). In the context of the humanities, McCarty has referred to modelling as ‘the
analogical bridge between computing and the interpretative disciplines’ that ‘keeps the digital
construct separate, informing humanistic research both by what it discovers and especially by what it
cannot’. The defining moment of simulation occurs ‘when it becomes the only way to know something

or to form a coherent picture from fragmentary knowledge’ (McCarty 2016).

Dust pollution from a chemical and health perspective

Pollution caused by dust (atmospheric particulate matter) is a global problem, both historically and in
the present (Butte and Heinzow 2002; Han et al. 2021). Dust coming from various anthropogenic
sources such as industry, households and traffic is a major source of chemical contamination of entire
regions and has a negative impact on health. Dust particles can also come from natural sources, like
pollen, microorganisms and the natural erosion of soils. The size, origin and chemical composition of
dust particles play a major role when looking at health effects. Airborne dust comes in all shapes and
sizes, which are either visible or invisible to the naked eye (aerodynamic diameter 1 to 400 um) (Kumar

and Kumar 2018).
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Large dust particles settle quickly (> 100 um) or are trapped in the nose, mouth and larynx region when
inhaled (inhalable fraction < 100 um), as shown in Figure 2 (Wippich et al. 2020). Smaller particles stay
for longer in the air, while very small particles can penetrate the respiratory system. The respirable
dust fraction that can enter the alveolar region is defined to be below an aerodynamic diameter of 10
um, independent of the particle’s length (WHO n.d.). Small particles that remain in the gas-exchange
region of the lungs can cause allergic reactions, cancer and other serious diseases or disorders (Wippich

et al. 2020; WHO n.d.; Bala and Tabaku 2010).

Nose and
mouth - -----
passages

@ Non-inhalable, > 100 um
‘e Inhalable, < 100 pm
% Respirable, < 10 pm

Figure 2: Respiratory system with different dust fractions and their aerodynamic diameter

Dust sources can be either point or area sources, from where particles (having long lifetimes) can
spread over many kilometres (Leel8ssy et al. 2014). Their chemical composition is essentially linked to
their origin: during the extraction and processing of minerals, for instance, dust containing silica is often
released in the air, which can result in permanent health damage (e.g. diseases such as silicosis) (Mlika,
Adigun, and Bhutta 2022). Likewise, metallic dusts (e.g. lead and cadmium) from smelters cause harm
to fauna and flora, as do chemical dusts created in agriculture (e.g. pesticides), vegetable dusts (e.g.
wood, cotton), moulds and spores (WHO n.d.). Other air pollutants are created by the reaction of
sunlight with atmospheric compounds, leading to photochemical smog (sunlight reacting with volatile

organic compounds and nitrogen oxides).
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The iron and steel industry is known to be a major contributor to air pollution. In the past, burning coal
for steel production produced vast amounts of black coal dust, resulting in fine particles covering entire
cities and regions. Such particles often contain silica and various metals; those with a diameter below
2.5 um can easily enter the alveoli (i.e. the gas-exchange regions of the lungs) (Figure 2) and cause
serious harm (Su, Ding, and Zhuang 2020). Early types of filtering devices based on cyclone techniques
only removed larger particles, thus leaving smaller fractions uncaptured (‘The Steel City and a Brief
History of Dust Collection’ 2019). In the Western world, with the rise of environmental regulation and
technical advances from the mid-20th century onward, it became possible to significantly decreased
dust emissions as long as steel companies were prepared to make the necessary investments. The
decrease was mainly enabled by improved filtering techniques, including shaker bag collectors, reverse
air or pulse jet baghouses, and (later) cartridge collectors (‘The Steel City and a Brief History of Dust
Collection’ 2019). However, even today many iron and steel plants continue to rely on coal fuel (the
‘dirtiest’ but also cheapest option available), with little concern for the environmental effects and the
availability of cleaner techniques (‘Do We Really Need Coal to Make Steel?’ 2020). As well as producing
greenhouse gases like nitrous oxide (N20), steelmaking generates other airborne contaminants
(Koponen et al. 1980). Metals like cobalt, lead and chromium are released into the atmosphere (Nurul,
Shamsul, and Noor Hassim 2016) when not filtered appropriately, and so are concentrations of
polycyclic aromatic hydrocarbons (PAHSs), iron oxides and sulphur dioxide (SO>) (Bala and Tabaku 2010).
Historically as well as in the present, respirable particle emissions from the iron and steel industry pose

risks to human health (Valenti et al. 2016).

Esch-sur-Alzette and the Belval metallurgical complex: a brief historical overview

Measured per capita, Luxembourg was the world’s foremost iron and steel producer throughout the
20th century (for global production trends, see (Hemmer 1953)). While all of the Minett’s towns were
severely affected by air pollution, Esch had the specific characteristic of being surrounded by iron and
steel complexes. The local historians Assa and Pagliarini have rightfully noted that ‘Esch and its factories
formed one unity; their evolution occurred along parallel lines’ (Assa and Pagliarini 1998). From the
moment the first blast furnace in Esch started operating, the urban infrastructure of this ‘mushroom
town’ (Knebeler and Scuto 2010) indeed developed almost exclusively to serve the metallurgical

industry. An engraving from the 1920s shows that iron and steel complexes could be found to the
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southwest of Esch (the Terres Rouges plant, established in 1872), to the east (the Esch-Schifflange
plant, 1871) and to the west (the Belval plant, 1911). Other polluting factories, such as a cement
factory, a brewery and a coal-fired power plant (which supplied electricity to the steelworks) were also
present in the town throughout much of industrial era (for a general overview, see (Scuto 1993)). A
scale model of the Minett, made for the 1937 World’s Fair in Paris, clearly illustrates how Esch was
‘embraced’ by factories and, consequently, by industrial smoke and dust (on Luxembourg’s

participation at the 1937 World’s Fair, see (Millim 2014)).

ARBED
@ Terres-Rouges

Figure 3: Engraving by G. Peltier showing the three iron and steel complexes surrounding Esch: Esch-

Schifflange (left), Terres Rouges (centre) and Belval (below right). Source: (Knebeler and Scuto 2010).
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Figure 4: Scale model of Esch exhibited at the 1937 World’s Fair in Paris, showing the three iron and
steel complexes surrounding Esch: Esch-Schifflange (bottom), Terres Rouges (top left) and Belval (top
right). Source: Archives Nationales de Luxembourg, Fonds ARBED, File AES-U1-54.

Contrary to present-day popular belief (e.g. (Moia 1998; Logelin-Simon 2006; Back-Hoffmann 2021)),
the air pollution caused by the metallurgical complexes of the Minett was not uncontested by the local
population. From the early 20th century onwards, inhabitants voiced their criticism about dusty factory
smoke through articles in newspapers and magazines, readers’ letters and interventions in parliament
and municipal council meetings. This paragraph will shortly explore a few criticisms concerning the
Belval complex from the period when the plant was established. A more in-depth analysis of complaints
from inhabitants about air pollution in the entire Minett region is offered in a separate article, which
focuses on the period of the Trente Glorieuses (c. 1945-1965) and conceptualises the role of
newspapers, politicians and scientists as ‘mediators’ in the public debate on air pollution (Van de Maele

forthcoming).

From around 1900, about three decades after the dawn of industrialisation in Luxembourg, the
country’s press began to report on the so-called ‘plagues’ of dust and smoke (in German: Staubplage,
Rauchplage). These ‘plagues’ were reported to soil clothes and buildings, irritate lungs and eyes, and

affect animal and plant life. As early as 1899, for example, the newspaper Luxemburger Wort published
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a remarkably lucid analysis of air pollution in industrial regions (for the history of this newspaper, see
(150 Jahre Und Kein Bisschen Alt: 150 Joér Wort, 1848-1998 1998)). Despite its conservative, pro-
business profile, the newspaper offered a remarkably modern-sounding, holistic approach towards
both human and non-human nature, thus offering a rather bleak picture of the industrial era:
No more than fifteen years ago, everyone took for granted that a chimney should smoke, and every
stranger who came to a factory town looked in admiration at the myriad of smoking chimneys [...]. Even
those who were directly harmed by the smoke considered this to be so inevitable that they hardly ever
complained about it, and when they did, they were told — with a shrug — that nothing could be changed.
And so for decades, the vegetation in industrial areas withered, entire forests had to be cut down

prematurely [...], and soot particles and poisonous gases inhaled by human lungs slowly but surely

planted the germ of many a deadly disease.?

Already around this time, awareness about the detrimental side effects of metallurgical dust also
existed on a governmental level. This becomes evident in a 1910 investigation undertaken at the
instigation of the Luxembourg Prime Minister in response to the construction request for the Belval
plant submitted by the German corporation Gelsenkirchener Bergwerks AG. At that time, the
corporation had recently acquired a plot of forested land just to the west of Esch. Conceived as a
vertically integrated plant, the Belval complex was to include two blast furnaces (later supplemented
with a third), steel converters, a sintering plant and rolling mills. In a letter to three engineers (who
were most likely state-employed), the Prime Minister expressed reservations about the addition of yet
another metallurgical factory in the Minett: ‘[...] [It] is necessary to investigate all [technical] methods
to curtail noise [...] and dust [...].”* Consistent with the legal framework of the time (Parmentier 2008),
the Prime Minister’s reservations were mainly driven by a desire to minimise damage to the private
property of adjacent landowners; a true ‘environmental’ awareness (as can be seen embryonically in
the very avant-garde 1899 newspaper article mentioned above) was not yet part of the politicians’
intellectual habitus. In response, the experts offered a highly ambiguous evaluation of the prospective
plant. Although they acknowledged the existence of a pollution burden, this burden was considered to
be a ‘normal’ phenomenon in industrial regions:

The inconveniences these kinds of establishment can have for certain [neighbouring] owners in terms of

their enjoyment of the tranquillity and pure air of the countryside are not to be denied. These

inconveniences stem from the vapours and dust that detract from the purity of the air, as well as the
noise caused by the machines and the movement of workers [...]. Such inconveniences are common in

3 ‘Die Rauchplage und ihre Beseitigung’, Luxemburger Wort fiir Wahrheit und Recht, 13 May 1899, p. 1.
4 Archives Nationales de Luxembourg, Ministére de la Justice Collection, File J-090-00804, Letter from the Prime
Minister, March 1910.
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industrial centres; everyone experiences them in Esch, Differdange, Rodange, Dudelange, etc. Yet they

cannot be invoked as a reason to refuse authorisation.”

This discourse was typical of the professional ethos of late-19th and early-20th-century engineers, who
typically saw themselves as expert organisers, both within and beyond their technical sphere of
competence (on the role of engineers in Luxembourg society, see (Glesener and Wilhelm 2009)). As
such, the engineers also gave advice about the moral economy in which the steelmaking was to take
place: in their view, the imperative of economic development outweighed the time-honoured right of
neighbouring inhabitants to ‘pure’ air. The engineers’ opinion proved to be decisive: shortly after the
governmental enquiry, a green light was given to the Gelsenkirchener Bergwerks AG, and in 1911 the
two blast furnaces of the iron and steel complex (which would later become known as Belval) were
fired up. Soon enough, newspapers would again voice concerns about the increasing dust problem in
Esch. In April 1914, just three months before the start of the First World War, another conservative
newspaper, the Obermosel-Zeitung, for instance voiced concerns about the worsening ‘smoke plague’:

If any town far and wide suffers greatly from the smoke plague, it is Esch. No fewer than 30 to 40 blast

furnace chimneys in the town’s immediate vicinity spew their contents on the Minett’s capital day and

night. If a resourceful person were to come up with an effective invention against the smoke plague, he

should certainly file a patent in Esch. It is only a small consolation for the people of Esch to hear that the

smoke plague is also known to be a great evil in other places, and that in many cases desperate efforts

are being made to combat it [...].°

Still in 1914, the Esch-based architect Paul Flesch declared in a municipal council meeting that Esch
should keep a corridor without industry in the north, to allow the town’s 30 000 inhabitants ‘to breathe
some clean air for at least a few days a year’. With his call for the incorporation of public hygiene
principles in urban planning policies, Flesch sought to pair economic development with a more decent
quality of life for the town’s inhabitants (Scuto 2005). As it turned out, the north of Esch would
effectively remain industry-free — even though the ‘right to produce’ (and, consequently, the right to
pollute) of the existing iron and steel complexes would never be called into question by local and
national authorities. Using a term from German historiography (e.g. (Geissler 2016)), it can be said that
these authorities consistently affirmed the Ortsiiblichkeit (‘geographical appropriateness’) of industry.
This principle was further underpinned by the powerful political and economic position of the ARBED

company (Aciéries réunies de Burbach-Eich-Dudelange), which took over ownership of the Belval

5 Archives Nationales de Luxembourg, Ministére de la Justice Collection, File J-090-00804, Letter from
Noppeney, Haardt and Jaans, 6 May 1910.
6 ‘Chronik aus dem Erzbassin’, Obermosel-Zeitung, 10 April 1914, p. 2.
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complexin 1919 (Knebeler and Scuto 2010). In this constellation, the plant would thrive: between 1911
and 1997, a total of almost 80 million tonnes of iron was produced at the Belval site — or about one
third of Luxembourg’s total production during that period. Belval’s corresponding steel production
amounted to approximately 75 million tonnes —a number that is continuing to grow to this day, as the
steelworks are still in operation even after the closure of the last blast furnace in 1997 (for production

numbers, see (Knebeler and Scuto 2010)).

Steelmaking techniques in Luxembourg

As steelmaking techniques developed, the degree of dust pollution resulting from the steel industry in
the Minett varied over time. Initially, at the onset of industrialisation in the 1870s, Luxembourg’s plants
used the Bessemer process, the first industrial method to produce steel from molten pig iron, which
was invented in the 1850s and complemented in 1864 by the Siemens-Martin process (Knebeler 2011;
Metz 1972). Impurities were removed by oxidation, i.e. by blowing air through the molten iron.
However, as the iron ore found in the Minett is high in phosphorous, only low-quality steel could be
manufactured (Knebeler 2011). This changed with the modification of the Bessemer process by Sidney
Gilchrist Thomas, who used dolomite, which is basic, as the converter lining (instead of packed sand,
which is acidic), thereby removing the phosphorous from the steel into the slag (Knebeler 2011; Metz
1972). In Luxembourg, the first Thomas steel was produced in 1886; the process was complemented
by electric arc furnace (EAF) steelmaking after 1900. From the 1950s onwards, pure oxygen processes
like the LD-AC process (Linz-Donawitz — ARBED — Centre national de recherches métallurgiques de Liége)
were predominantly used to produce higher quality steel with fewer impurities compared to Thomas

steel (Metz 1972; Knebeler 2011).”

The LD-AC method was reported to generate less dust (‘Compte-rendu Chambre des Députés, volume
1 - 1975-1976’ 1976). In a 1972 article, Metz signalled that the steelworks in the Minett used two
principal techniques to perform dedusting: electro-static purification with negatively charged dust
particles collected on a positive collection plate, and wet processes which retained dust with water

(Metz 1972). The efficiency of these processes seems to have been limited, however. According to

7 Other techniques replacing Thomas steel were the Lance Bubbling Equilibrium (LBE), ARBED Ladle Treatment
(ALT) or LD Kaldo, and Rotovert. (Metz, Knebeler)
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Hoffmann (1974), who based her findings on an undisclosed source, dust pollution levels in Esch
regularly exceeded 1.8 g/m3/day, which was well beyond the West German environmental limits of the
time (0.42 g/m?/day for urban zones and 0.85 g/m?/day for industrial zones) (Hoffmann 1974). Yet even
though she was a critic of the steel industry, Hoffmann stressed that 90% of the air pollution in
Luxembourg resulted from households (oil heating) and traffic, and not from the iron and steel works
— a position in line with the steel industry itself (Metz 1972). A number of measurements undertaken
between the mid-1950s and the early 1970s, which we discuss below (section 8.2), indicate that this
estimation was most likely too flattering for the metallurgical industry, and that the airborne iron oxide

load caused by steel processes was probably much higher.

By the time Metz and Hoffmann published their articles, governmental awareness about the
environmental impact of the iron and steel industry was on the rise. This rise was spurred by multiple
factors, including decades of public complaints, the international emergence of the ‘modern’
environmental movement in the second half of the 1960s, and the ongoing scientific research on
metallurgical pollution conducted in the transnational framework of the European Coal and Steel
Community (Van de Maele forthcoming). As a result, in the mid-1970s, the demand for the ‘polluter
pays’ principle became stronger, eventually requiring Luxembourg’s industry to minimise its
environmental impact ((Hoffmann 1974); on the worldwide rise of environmental policy-making during
the 1970s, see for instance (Jarrige and Le Roux 2017; Buelens 2022; Uekétter 2020)). The iron oxide
content in the Minett’s atmosphere was addressed in a 1976 parliamentary debate, when an MP stated
that the ‘red clouds’ of iron oxide were predominantly a result of Thomas steel production, while the
LD-AC process (which was usually operated with pre-installed filters) was reported to generate less
dust (‘Compte-rendu Chambre des Députés, volume 1 - 1975-1976’ 1976). In Luxembourg, the last
Thomas steel was produced in 1977 (Metz 1972; Hoffmann 1974).
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The simulation process

The calculation of our dust simulation model — estimating dust concentrations from 1911 to 1997 —
was performed at our request by Inspyro, a technical consultancy company assisting metallurgical
enterprises.® The various sources (and their limitations) used as input data for the Gaussian model are

explained below.

There are several ways to create the atmospheric dispersion models needed to understand and predict
air pollution. Gaussian, Lagrangian, Eulerian and computational fluid dynamics models all offer
possibilities,® differing in their mathematical complexity and field of application. All models require the
input of parameters like meteorological data, emission parameters and terrain information. To develop
such a model, an interdisciplinary approach including disciplines like meteorology, chemistry and
physics is often the best option. The output data is usually plotted on maps indicating areas of

higher/lower air pollution concentrations and therefore higher/lower health risk.

In our case, a basic Gaussian dispersion model, as shown by LeelGssy et al. — known for its fast response
time in the application of long-term average loads for distances between 1 and 100 km — was used
(LeelGssy et al. 2014). The equation used (1), based on the Gaussian plume model for atmospheric

dispersion modelling, is shown below.

c(x,y,2z) = Zn;ﬁ exp (;Ty;) (exp (_(Zz?)z) + exp (_(%f)z)) (1)

A detailed formula derivation can be found in Stockie’s ‘Mathematics of atmospheric dispersion

modelling’. Stockie defines dispersion as the ‘combination of turbulent diffusion and advection by the

8 The metallurgical experts (civil engineers) who performed the calculation were Sander Arnout, Yannick Cryns
and Cem Tekin.

9 Gaussian models assume a normal statistical distribution (parabolic behaviour near the origin of the
coordinates, “bell curve”) and are typically used for buoyant air pollution plumes. This approach historically
dominated dispersion models with a number of simplifications to be taken in the advection-diffusion equations.
Lagrangian models use trajectories — calculated using ordinary differential equations — of air pollutants
determined by e.g. wind field, buoyancy and turbulence (LeelGssy et al. 2014). Pollutant particles are followed
in time and space along their trajectories. Eulerian models use a fixed coordinate frame providing a
spatiotemporal evolution of pollutant concentration at each time step and point in the grid. For environmental
and health protection measures, computational fluid dynamics models are often used in complex geometry
where a fine grid resolution is required to calculate turbulence effects (Lagrangian and Eulerian: coarse grid).
This model does account for flow velocities and turbulence in a complex 3D terrain, unlike the Gaussian
approach (Tripathi et al. 2018). For more information and a detailed comparison see Leel&ssy (LeelGssy et al.
2014).
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wind’ (Stockie 2011). Atmospheric contaminant concentrations can therefore be explained using the
advection-diffusion equation. Using the simplified model of a Gaussian plume, it is assumed that air
contaminants come unidirectionally (given the wind direction) from one point source — here one

chimney of the Belval steel plant —, as outlined in Figure 5.

Turbulence/

Figure 5: Schematic demonstration of the three main contributors to dust transportation: advection,
diffusion and deposition at the Belval steel plant (photo taken in 2003) indicating the release height h.
Photo modified by the authors. Source of the photo: www.agora.lu/

In formula (1) ¢ is defined as the time-averaged concentration at a given position, Q represents the
constant emission rate [kg/s] and (x,y,z) stand for the wind directions (downwind, crosswind, vertical
direction) with the standard deviations g,, and g, . i is the time-averaged wind speed at contaminant
release height h (see Figure 5). Moreover, a homogeneous steady-state flow at the point source (0;0;h)
is assumed (LeelGssy et al. 2014).

For the Belval case only one chimney of the steel plant was assumed to be the point source. To calculate
the amount of dust produced per month, the various steelmaking processes were categorised; in
relation to ironmaking, sintering and crushing of iron ore were the main processes contributing to dust
production. Consequently, the average amounts of dust produced by the three steelmaking processes

were used to calculate the amount of dust generated during the production of raw iron. For electric
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steel production (using an electric arc furnace (EAF)), the average amount of dust was multiplied by
the amount of steel produced (see Figure 6). The same approach was applied to Thomas steel and LD-
AC steel. Annual steel production data at the Belval plant was retrieved from a table reproduced in a
study by Knebeler and Scuto (Knebeler and Scuto 2010). This table includes the production data of steel
in tonnes per steelmaking technique (Thomas, LD-AC, EAF, total steel) per year, shown in Figure 6. As
the simulation output shows, the dust concentrations are calculated as averages per month. (The
annual production values turn out to be a limitation, since monthly data would generate a more exact
output of the model.) The hypothetical average dust values generated per process (blast furnace,
sintering furnace, EAF and LD-AC) were taken from Schueneman, as summarised in Table 1
(Schueneman 1963). Schueneman offered typical values for steel plants in the US in 1963; as such, our
hypothetical average dust values offer only an estimation of dust-producing steel processes in

Luxembourg from 1911 to 1997.
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Figure 6: Steel production at the Belval plant from 1911 to 1998, in t per technique
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The hypothetical installation date of filters (with varying efficiencies) was likewise taken from
Schueneman (Schueneman 1963) (Table 1). Based on this hypothesis, steel production techniques in
Belval after 1963 were assumed to have state-of-the-art filters installed. Again, the installation dates
are typical estimates for US steel plants until 1963, which will not correspond 1:1 with our case study
on Luxembourg. We used these assumptions because of the lack of literature on the historical presence
and efficiency of filter systems in the European iron and steel industry. Table 1 summarises the filters
installed per technique (based on Schueneman); the amount of dust caught by a filter was subtracted
from the total amount produced. Afterwards the calculated amount of dust in t/year was converted

into g/sec.

Table 1: Average dust produced and filters installed per technique and year, adapted from

Schueneman (Schueneman 1963)

Average dust Installation
Technique Filter Efficiency [%]
production [g/t] year
1911 Preliminary 97
Blast 90718.5 1948 High efficiency 99.50
furnace
1976 State of the art 99.90
Sintering Centrifugal
9071.85 1931 90
furnace separators
EAF 48080.79 1938 No filters -
LD-AC 18143.7 1967 State of the art 99.50

To determine the wind directions and velocities per year and month, weather data from the yearly
meteorological reports for Luxembourg City (about 20 km from Esch) (‘Annuaire météorologique et
hydrographique’ 1949) were used and converted from the Beaufort scale to m/s. Since weather data
for the years 1911-1949 were not available in digitised form, an average wind profile consisting of
speed and direction — taken from the 10th and 20th day of each month —was created and used for all

years, based on the data for the 1949-1997 period (see Figure 7).
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Figures 7 a and b from left to right: (a) Cover of and (b) excerpt from the yearly meteorological report
for Luxembourg (in this case showing the data for Luxembourg City, including the average wind
speeds and directions in January 1949). Source: (Annuaire Météorologique et Hydrographique 1949

1951)

Using this input data, the dust concentration (g/m?3) of all 15m x 15m x 1m cells — in a 2.5 km radius
around the Belval plant — was calculated, using a MATLAB (‘MATLAB - MathWorks’ 2022) script based
on equation (1). The code was generated by metallurgical experts'® and is therefore not included here.
Nevertheless, we show the input, output (csv files) and further processing (data visualization) of the
MATLAB script. MATLAB is a computing environment and a programming language used by engineers
and scientists, aiding with data analytics, linear algebra, signal processing, etc. MATLAB language is a
matrix-based language that includes many specialized libraries to solve engineering and scientific

problems. Although it also includes plotting capabilities, we have decided to use Python for the data

visualization, to have more flexibility.

[Data is included in Jupyter notebook (JDH), example matrix below just for illustration — not an actual

image]

10 The metallurgical experts (civil engineers) who performed the calculation were Sander Arnout, Yannick Cryns
and Cem Tekin.
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The visualisation of the model was generated using a Python in Jupyter notebook, from 1044 generated
matrices of 302x302 values, saved in separate csv files. Each file corresponds to a month and a year
between January 1911 and December 1997. The data is not geocoded; instead, the reference point (or
source point) is one hypothetical chimney of the steelworks, located at the centre of the matrix, from
which concentration values are calculated. The visualisation process of the data is explained in section

7.
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[Actual visualisation is included in the Jupyter notebook (JDH), images are just for illustration — not

actual images]

It can be said in advance for our study that the calculated concentration values are most likely to be

underestimations, since only one emission source in southern Luxembourg was considered (thus
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eliminating many others). As such, our analysis serves as an experiment and can be taken as a basis for
further research (e.g. calculating the dust concentrations from all industrial plants in the entire Minett

region). Other limitations and improvements of our model are discussed in sections 8.3 and 8.4.

Data visualisation

As introduced above, the data visualisation was generated using a Jupyter notebook with Python for a
multi-layered approach, which allows us to share not only the narrative layer but also the data and the
code. The data was not geocoded, since explicitly assigning coordinates to each concentration pointin
each dataset would have increased the volume of data considerably. Instead, the data was kept in the

form of multiple matrices and positioned on the map using Google Earth to calculate the distance

covered by the density matrix (see Figure 8).
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Figure 8: Screenshot of Google Earth'! demonstrating how the distance from the Belval plant is

measured.

11 https://www.google.com/intl/de/earth/
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Initially, the option of using a historical map (see Figure 9) was considered. This was discarded in favour
of facilitating more accurate calculation of distances and generating a view with the steelworks at the

centre.

Figure 9: 1923 map of Esch. Source: (Hansen 1923)

The dust concentrations around the Belval plant (in g/m3) were visualised using a contour map with
ten predefined levels. We used the extent parameter to plot the concentrations on the map, and a
customised sequential colour palette to indicate the presence of dust and emphasise a higher

concentration near the plant.
[Code to generate the contour map using the extent parameter and colour palette, see JDH]

Contour maps were generated for every month and year between January 1911 and December 1997
in English, French and German. For this purpose, the names of the main localities were translated;

using Figma, they were added to the base maps extracted from Google Earth (see Figures 10 a and b).
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Figures 10 a and b from left to right: (a) English and French version of the map, (b) German version of

the map.

The visualisations were subsequently animated to show evolution over time.
[Code to generate the animation, see JDH]

To visualise the impact of pollution in the inhabited quarters of Esch, we repeated the process with a

zoomed-in map, thus highlighting the immediate vicinity of the Belval plant.
[Code to calculate the contour plot and the new extent, and the video, see JDH]

The videos were integrated into a dedicated page of the Minett Stories virtual exhibition, which was

launched in May 2022. Produced by the Centre for Contemporary and Digital History (University of
Luxembourg) in connection with Esch-sur-Alzette — European Capital of Culture 2022, the exhibition
offers twenty-two stories, outlining various transformations of landscapes, places and people, from the
region’s industrialisation in the late 19th century to the crisis of the 1970s and the subsequent
deindustrialisation. Instead of focusing on the often-told stories about the growth and success of the
steel industry, Minett Stories explores everyday life in the Minett, with attention to questions such as
environmental pollution.

Our visualisation helps us to answer the initially formulated questions about the geographical
distribution of dust pollution. By using various historical maps of Esch (see Figures 11 a,b,c) and
comparing them to the data visualisation for the same year, we can analyse which neighbourhoods
were most affected over time. July has been chosen, as this is the month when the pollution typically

reached the farthest in the town of Esch.
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Figure 11 a,b,c: from left to right: (a) 1956 map of Esch, (b) simulation of dust pollution around the
Belval plant in July 1956 showing the entire region, and (c) simulation of dust pollution for the same

month and year with a focus on the centre of Esch. Source: (Buchler et al. 2020)
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Figure 12: 1958 map of Esch, showing the location of various urban quarters. Source: (‘Esch-Sur-

Alzette Nouveau Plan 1958. Répertoire Des Rues et Places’ 1958)
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It is clear, for example, that high dust levels were often prevalent in the centre of Esch; unsurprisingly,
the western part of town was the most severely affected. Using a 1958 map of Esch as a reference, the
affected areas primarily included the neighbourhoods of Uecht, Clair-Chéne, Al-Esch and Wobrecken.
Moreover, from the outset, Belval’s dust pollution was a cross-border phenomenon, with the French
villages of Rédange, Russange and Audun-le-Tiche (the latter itself the site of an ironworks from the
1880s to the 1960s) sharing the pollution burden with small Luxembourgish locations such as Soleuvre,

Ehlerange and Belvaux.

Final analysis

To conclude, we perform a critical evaluation and interpretation of the dust simulation. We explore
the plausibility of the calculated values, comparing them to historical and current air pollution
legislation, as well as to historical measurements. Limitations and possible ways to optimise the model

are also discussed.

8.1 Validation of the model

Figure 13 shows the summarised (total) amount of dust calculated by year versus steel production in
tonnes, with dust in blue and production data in red. Important events like the (hypothetical)
installation of filters are indicated. The graph further indicates a number of historical dates (such as the
installation of filters, changing techniques, World War | and Il, and the steel crisis from the second half
of the 1970s onward), which all correspond to visible changes in the production and/or dust curves.
This effect is for instance highly visible after 1965, with steel production increasing and the dust curve
decreasing, owing to more intensive use of oxygen-based steelmaking and the hypothetical installation

of ‘state-of-the-art’ filters (see section 0 and Table 1).
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indicated

As well as checking the plausibility of the data, it is necessary to look at the actual meaning of the
calculated dust values (with the highest calculated value being about 3 mg/m?3in October 1929). To
understand the effects of such values on human health, we will compare them to present-day

regulatory limit values.

Directives and measures regarding air quality were first introduced by the European Economic
Community in the 1970s. In subsequent decades, air pollution resulting from industry decreased
significantly (European Environment Agency EEA 2013). In Luxembourg, the first legislation regarding
air pollution was the ‘Loi du 21 juin 1976 relative a la lutte contre la pollution de I'atmosphére’. No
limit values were laid down in this Act. In the more recent context of EU law, Directive 2008/50/EC
(European Union 2008) postulates limit values for different atmospheric pollutants to protect human
health, including values for PM,s (25 pg/m?3) and metals like Cd (5 ng/m?) (European Parliament.
Directorate General for Parliamentary Research Services. 2021). Such fine-grained values not only
indicate recent improvements in measuring methods; they are also indicative of an increase in

awareness among legislators in recent decades.

Our model, however, does not distinguish between the various dust fractions or different pollutants.

When comparing the simulation model with the current EU legislation values, the calculated maximum
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(3 mg/m?) clearly exceeds the limit related to particulate matter concentration (25 pm/m? for PMys).
Furthermore, the EU directive from 2008 is under revision following the recent proposal of more
stringent values by the World Health Organization (WHO). In 2021, the WHO indeed put forward a
maximum value of 5 pg/m3for long-term PM,s exposure in order to protect human health (World

Health Organization 2021).

Specific legislative values have also been established for industrial producers. Relevant EU laws include
the 2001 ‘Directive on the limitation of emissions of certain pollutants into the air from large
combustion plants (2001/80/EC)’, followed by the 2010 ‘Directive on industry emissions (2010/75/EUY’,
which focuses particularly on industrial pollution. Summarising the various sector-specific directives, a
dust limit concentration of 30 mg/Nm?3for coal and other solid fuels (lower values apply for gaseous
fuels and higher thermal nominal power) is valid in all EU Member States. The N in the concentration
unit emphasises an important point to consider. Since dust values depend on pressure and
temperature, a comparison with other values requires standardised conditions (N: 25°C, 1 atm). This is
another limitation of our model, as temperature and pressure data were not included. Compared to

the simulated dust concentrations, the limit value is much higher.

Decision (EU) 2017/1757 of the Council of the European Union defines separate dust limit values for
the iron and steel industry: 50 mg/m?3 for sintering, 15-20 mg/m?3 for pelletising plants, 10 mg/m?3 for
hot blast stoves in blast furnaces (> 2.5t/h), 30 mg/m?3 for oxygen steelmaking and casting (> 2.5 t/h),
and 5 (new ovens) to -15 (existing ovens) mg/m?3 for steel production and casting using the EAF process
(> 2.5 t/h) (European Union 2017). In comparison, our calculated dust amount is below these limits.
These values, however, define steelmaking processes of today, not of the past; moreover, they are

process specific.

Regarding workplace exposure limits measured in time-weighted averages, pollutant-specific levels can
be found in legislation; in Luxembourg they are regulated by the ‘Réglement Grand-Ducal du 14
novembre 2016 concernant la protection de la sécurité et de la santé des salariés contre les risques liés

a des agents chimiques sur le lieu de travail’ (Le Gouvernement du Grand-Duché de Luxembourg 2016).

In general, it can be said that it is difficult to compare the simulated dust values with legislative limit
values. First, our values do not include information on external conditions like temperature and
pressure that is necessary to perform an exact comparison. Second, and even more important, the

calculated dust concentrations reveal neither the composition of dust and the type of pollutants, nor
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the dust generating process in steelmaking. Therefore, limit values for specific dust fractions or
processes cannot be applied. Moreover, when looking at dust concentrations in legislation, it clearly

makes a difference whether one looks for general or sector-specific directives, as illustrated above.

Nevertheless, there is evidence for the health impact of air pollution coming from the iron and steel
industry in Luxembourg and other countries. Of course, other factors such as climate, noise, vibrations
and other types of pollution (e.g. soil, water) had an influence, too. Regarding health effects analysed
in Luxembourg, Molitor and Mosinger published a research study on the effects of atmospheric dusts
on human health in 1960 (Molitor and Mosinger 1960). They found evidence for the connection of
industry dust with pulmonary diseases like silicosis and siderosis. In 1975 there was a medical
symposium (industrial medicine) taking place in Luxembourg, collecting several studies on the effects
of industry emissions on respiratory diseases and proving the impact of dust emission on health
(Comission of the European Communities ECSC 1976). A special focus of researchers was on the
occupational health of steel workers, which were exposed to even higher amounts of pollution than
the citizens around the steel plant (occupational medicine (Gochfeld 2005)). Other studies
demonstrating the impact of atmospheric steel pollution on human health were conducted e.g. in
England, studying mortality effects (Beach and Hanlon 2018), in China, looking at heavy metals -
representing a carcinogenic risk above certain limits - (Qing 2015) or in Albania (Bala and Tabaku 2010)

and Brazil (Valenti et al. 2016) studying chronic obstructive pulmonary disease.

In combination with time witness reports (‘Compte-rendu Chambre des Députés, volume 1 - 1975-
1976’ 1976) and dust measurements conducted in other countries (see above) this information
supports the assumption that the dust pollution in the area around Luxembourgish steel plants

exceeded most legislative limit values introduced until today.

8.2. Comparison of the model results with air pollution measurements from the late 1930s to the early

1970s

To compare the simulated dust levels with real conditions, it is important to scrutinise historical
documents on dust measurements in the Minett region. We were able to retrieve data on four
measurements performed between the late 1930s and the early 1970s: 1939 (Schifflange, undertaken

by the ARBED steel company) (‘Etude sur le dépoussiérage des gaz des hauts-fourneaux a I'usine
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d’Arbed-Esch’ 1939), 1956-1957 (Differdange, undertaken by the government) (Molitor and Barthel
1958), 1966-1969 (Esch, undertaken by the municipality) (‘Retombées de poussieres: Rapport sur les
mesures de retombées en poussiere effectuées de 1966 a 1969 a Esch-sur-Alzette’ 1972), and 1970-
1971 (Belval, undertaken in an academic context) (‘Les Composes du Fluor dans la pollution
atmospherique’ 1971). In all cases, dust was collected for a specified period through passive samplers
(known as Bergerhoff devices). Both the motivation for the measurements and the methodological

framework for the subsequent interpretation differed over time, as we will outline below.

In 1939, ARBED undertook dust measurements on the premises of its Schifflange iron and steel
complex, located directly to the east of Esch (about 2.5 km from the Belval plant, which was owned by
the same company) (‘Etude sur le dépoussiérage des gaz des hauts-fourneaux a I'usine d’Arbed-Esch’
1939). Investigated parameters included the amount of dust generated by the blast furnaces, particle
sizes and the iron (Fe) content of the samples. This analysis was conducted for economic reasons only,
with the aim of studying the potential for reusing blast furnace gas after the removal of dust particles.
The analysis pointed out that very small dust particles (ranging from 0 to 10 um) constituted about 25%
of the total emitted dust mass; as noted in section 3, such particles can penetrate the respiratory
system and pose a threat to human health. In addition, around 48% of all dust released was reported
to be made up of Fe: a very high iron content that was not unusual in the context of the Thomas
steelmaking process. Even though the 1939 corporate investigation concluded that recycling and
filtering techniques would be too expensive to implement, it is clear — in retrospect — that the
installation of a dedicated filter could have resulted in significant health gains for both the local

population and factory employees.

About two decades later, the scientists Molitor and Barthel conducted a government investigation of
the dust concentration in the vicinity of the Differdange iron and steel complex (1956, published in
1958) (Molitor and Barthel 1958). Six passive samplers were placed for a period of about three months
in a 2 km radius around the plant, allowing the amount of dust in g per m? per month to be calculated
and a compositional analysis to be performed. Molitor and Barthel claimed that insoluble particles such
as Fe;0s, SiO;, Ca0 and SO4 did not have harmful effects, regardless of particles sizes. However,
pulmonary diseases like siderosis (caused by iron dust) were identified decades before this study was
published, indicating that this claim was incorrect even at the time of publication (Doig and Mclaughlin

1936). Dust fractions below 0.03 mm (inhalable fraction, see section 3) were observed in the samples,
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including silica, which indeed poses a risk for respiratory diseases and other health issues.!? The
Differdange analysis further indicated that dust concentrations dropped rapidly as the distance from
the factory increased, starting with 140 g/m?/month near the centre of pollution and falling to about
40 g/m?/month at a 2 km distance. With the decreasing dust mass, the iron content decreased as well,
dropping from 75% to 38.4% (Molitor and Barthel 1958). These measurements once again show the
high contribution of steelmaking to dust pollution levels in the Minett, especially near blast furnaces.
However, the values measured by Molitor and Barthel cannot be compared directly to the simulation
presented in our analysis, since the passive sampler was unable to capture the smallest fractions of
dust (below 5 um (Heyart 1958); in addition, the measurement units and production site are not the
same. The measured values in 1956 nevertheless seem to be far higher than the simulated ones, which

indicates that the dust concentrations in our simulation are probably underestimated.

In 1966-1969, Barthel was again involved in dust measurements, this time commissioned by the
municipal administration of Esch (‘Retombées de poussiéres: Rapport sur les mesures de retombées
en poussiere effectuées de 1966 a 1969 a Esch-sur-Alzette’ 1972). Barthel’s new observations were
publicly released in 1972, a year marked by intense worldwide interest in environmental pollution
problems — not least with the publication of the Club of Rome’s report Limits to Growth (Buelens 2022).
Compared to the Differdange analysis, the number of measurement points was increased to 52 (spread
over the entire surface area of the town), resulting in 16 samplers per km?2. This allowed for a more
fine-grained analysis of the accumulated dust generated by multiple iron and steel complexes (Belval,
Terres Rouges and Schifflange). The measurements were subsequently compared to the West German
limit values for atmospheric dust pollution, which were a maximum of 0.42 g/m?/day in urban zones
and 0.85 g/m?/day in industrial zones (‘Retombées de poussiéres: Rapport sur les mesures de
retombées en poussiere effectuées de 1966 a 1969 a Esch-sur-Alzette’ 1972). Over half of the
measurement points were reported to exceed the West German dust limits for urban regions (34 in
1966-1967, 35 in 1967-1968 and 28 in 1968-1969), while several points even showed values above the
industrial limits (9, 6 and 7 respectively). When compared to the simulation model, the measured
values are significantly higher (dimensions of measurements in g/day and for the simulation in

mg/month). The dust composition showed an iron oxide content of about 65%, varying with distance,

12 Molitor and Mosinger even published a study themselves on industry dust resulting in silicosis and siderosis
in 1960 (Molitor and Mosinger 1960).

Knowledge about respiratory diseases caused by dust was even present in ancient times. See: (Rosen 1993,
459-76)
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indicating a clear link with the steelworks. Even though Barthel (incorrectly) stressed that the dust
concentrations had no significant effect on human health, he did call for technical improvements that

could bring the pollution levels down to the West German norm for industrial zones.

Lastly, in 1971, Christiane Conter wrote a dissertation on atmospheric pollution, based on
measurements performed in 1970-1971 as part of an academic research project at the Belval plant
(‘Les Composes du Fluor dans la pollution atmospherique’ 1971). Conter’s work clearly presented an
environmental point of view, with a focus on various sources of pollution (steelworks, households and
traffic). The dust samples at the Belval steel complex were specifically analysed with regard to fluorine
compounds, known for being released during various industrial processes and for their toxic effects on
vegetation and animals. Sampling stations were placed near various points in the production chain; the
average dust concentration measured was 6 g/m?/day, which exceeded not only the West German
legislative limits but also the measurements undertaken by Barthel in the years before. Just like Molitor
and Barthel (Differdange, 1956-1957), Conter analysed dust composition in terms of soluble and
insoluble particles. However, her specific focus on fluorinated compounds yielded no concrete results,
as possible trace amounts were superimposed by the dust matrix; additionally, the methods used (X-
ray spectroscopy and electron microscopy) were not sensitive enough to detect fluorinated

compounds (‘Les Composes du Fluor dans la pollution atmospherique’ 1971).

Despite the lack of comparability between the simulated values and the available measurements, our
simulation allows us to isolate the dust pollution potentially generated by a single steelworks in the
past and to understand how far it reached overtime. From this point, the analysis could be extended
to other industrial plants and other types of pollution, which would probably bring us closer to the
existing measurements. Furthermore, the lack of detail in historical measurements, which obviously
cannot be measured again (e.g. a precise type of pollution created by a particular plant at a specific

point in time), creates an opportunity for the use of modelling and simulation.

8.3. Limitations and lacunae of the dust simulation

Throughout this research, we have presented different decisions taken during the process of
simulation, validation and visualization of the data. These decisions simplify and reduce the complexity

of the problem, but they have been consciously made to serve a specific purpose. This was to simulate
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industrial dust pollution from a single factory in a given period, based on historical data; above, we
have presented the results of these decisions. This simulation can change perspectives on the past, e.g.
with looking at the seasonal changes of wind directions and therefore changes in dust distribution
(which is often omitted in historical literature). In future steps, we could modify the model variables
(e.g., using data from other sources), or include new variables and use a different model (see section
8.4). In any case, we have proven that data simulation based on historical data offers the option not
only to recreate situations in the past, but also to isolate effects that would not be possible to analyse

even with real measurements.

Nevertheless, we want to present a final analysis of the main limitations and gaps of our simulation, to
which we have already alluded in previous sections. Such limitations become relevant if we seek to
understand the total pollution to which the analysed area was exposed. First, not all dust emitting
sources in the Belval region were considered; obviously, the steel industry was only one contributor to
atmospheric pollution (albeit a very important one) (Metz 1972; Hoffmann 1974; ‘Compte-rendu
Chambre des Députés, volume 1 - 1975-1976’ 1976). Pollution from households, industrial heating and
traffic (motor vehicles and trains) accounted for some of the dust particles as well. Second, regarding
the mathematical formula (1) used (presented in section 6), a few parameters must be analysed
critically. The choice of a Gaussian model in itself involves simplifications. The model assumes that the
contaminants come unidirectionally from one point source (one of several chimneys) at a constant
emission rate Q, with the wind direction always aligned in one axis, considering the time frame of one
month (Stockie 2011; LeelGssy et al. 2014). This assumption does not cover intramonth variations and
only considers one metallurgical plant (from a total of three in Esch alone). The model is not suitable
for low wind speeds, and in terms of meteorological data only averages for Luxembourg City (the 10th
and 20th of each month), which is about 20 km from Belval, were used. In Gaussian plume models used
in the calculation of atmospheric pollution, the specific features of the surrounding terrain are usually
considered (Stockie 2011). As such, our formula could be extended to involve terrain information and
a greater radius could be covered to better observe long-range effects. State-of-the-art Gaussian
models like AERMOD, CTDM and ADMS try to extend the basic equation to make it more accurate and
include more factors like a complex terrain (LeelGssy et al. 2014). Other dispersion models like the

Lagrangian, Eulerian or CFD models are more suitable for different scales and applications.

Another factor influencing the results is our use of US data from 1963 (Schueneman 1963) on average

dust values for different steelmaking techniques and typical filter installation dates. Steelmaking and
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filter use vary between individual steel plants. The production data used covered only annual values,
so data on monthly production would make the simulation more precise. To better interpret the
calculated dust values with regard to regulatory limit values and to determine a possible health effect,
it would be useful to identify the dust fractions and pollutants contained therein. This is complicated,
however, as historical dust samples have not been preserved and documents on measurements
performed in the past (see 7.2) only study a small set of pollutants. Dust pollution values are usually
standardised using temperature and pressure, which presents another limitation for interpretation.
Lastly, the dust values identified using the model are technique specific (e.g. for Thomas steel) and do
not relate to dust generation processes (e.g. sintering) used to set limit values for current EU

regulations.

To summarise, the dust simulation of the Belval complex between 1911 and 1997 is just a starting point
towards modelling the operation of a real-world process: the total generation and spread of pollution
to which the inhabitants of Esch and the surrounding area were exposed. In Section 8.4, we offer a few

possible ways of optimising the simulation in future research.

8.4. Optimisation and improvement of the model

Some of the lacunae mentioned in section 8.3 can be improved, thereby opening possibilities for
further research. Other emission types like traffic, heating and other industrial plants could be
considered, as well as the terrain around the point sources. The overlap of multiple dust generating
sources and the resulting plumes, however, involves the risk of making the visualisation too complex
and therefore confusing. As we state above, the model and used parameters were chosen on purpose,

simulating an isolated phenomena.

The model area could be expanded, and temperature and pressure data could be considered. All these
changes would increase the complexity of the mathematical formula. The meteorological data for the
years 1911-1948 could be digitised to access additional weather data such as the wind directions and
speeds for all months. Moreover, subdividing dust particles into different pollutants and fractions
would enhance accuracy, while the generation of dust for each individual ironmaking and steelmaking
process could be an interesting parameter to analyse further (especially with regard to the health

impact of dust). However, the latter extension of the simulation is at the limit of what is practically
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feasible, since past dust samples (or contemporary analyses) from the respective processes are
required for a precise investigation of the dust, its fractions and its origins. For several short periods, a
composition analysis of the dust particles was performed; for other periods, the amount of dust
created by different processes in the plant was measured, as explained in section 8.2. Using these data
points is a possible way to extend the simulation, even if only for these specific years. Finally, it would
be beneficial to look for average dust values produced by Luxembourg’s steel industry, monthly
production data, filter installation dates and filter efficiency rates. Such data is most likely present in
the corporate archives of ARBED, which are unfortunately not completely accessible for researchers.

The optimisation possibilities outlined above would take our study beyond its initial scope.

8.5. Conclusion

Air pollution has a long history: it is not only a problem of the past but also an issue affecting the
present and the future. Especially in industrialised regions, atmospheric pollution is not only annoying;
it can also be a dangerous companion of daily life. Dust particles in the respirable fraction pose the
most worrisome threats to human health, as they can lead to lung diseases. In many parts of the world,
the steel industry has contributed significantly to the total mass of airborne dust. Improvements in
production techniques and the installation of filters, as well as legislative measures and economic

crises, have influenced air pollution over the years.

Our analysis outlines the evaluation of dust production from a single plant in terms of plausibility and
health effects. The simulated dust concentrations were compared to measurements and observations
from the past, representing the ‘scientifically proven reality’ during a specific time period. For the
simulation, a Gaussian plume model was used; the inserted parameters were analysed critically in
terms of their limitations and possible improvements. Given the lack of availability of data regarding

the dates of filter installations in Belval, secondary literature on the US case was used.

When the results are compared with dust measurements performed in the past, a clear deviation can
be seen. Measurements from the period between the 1930s and the 1970s show that the dust
concentration in the Minett was much higher than the simulation shows. Even limit values for industrial
zones —taken from West Germany —were exceeded. Moreover, a high iron content and smaller particle

fractions were identified. However, only a partial comparison with measured values is possible, since
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there are differences in terms of units, techniques and measurement area. One of the challenges of
modelling and simulation is to find the right balance between complexity (and therefore precision) and
interpretability. In this case, given the already added complexity of the interdisciplinary approach, we
decided to use a simplified model, which serves as a precedent for creating new ways of generating
historical data. At the same time, it allows us to present evidence (albeit on just a fraction of the dust
to which inhabitants were exposed) and to understand the impact on health in a specific historical

context.

The decision to visualise the pollution as coming from just one chimney also has benefits, as adding
multiple dust sources might overload the visualisation (in the latter case, it would no longer be possible
to discriminate between the origins of the dust). Furthermore, it has never been possible to measure
the isolated dust concentration of a single plant using samplers, since there are always other dust
sources. Hence, a simulation provides a suitable heuristic tool for generating this non-existent
(historical) data. In sum, our model serves as a basis for studying atmospheric pollution released from

one selected source and offers the potential to be extended by looking at other contributing factors.

Acknowledgements and funding

We would like to thank Sander Arnout, Yannick Cryns and Cem Tekin from the metallurgical consultancy
company Inspyro (Leuven, Belgium), who built the initial simulation. Our thanks also go to all the REMIX
and LuxTIME team members who took part in discussions about our research, as well to Sarah Cooper

for her language proofreading.

This research has been funded by Esch-sur-Alzette — European Capital of Culture 2022 and the
University of Luxembourg Institute for Advanced Studies Audacity Programme for the Luxembourg

Time Machine (LuxTIME).

88



References

150 Jahre Und Kein Bisschen Alt: 150 Joér Wort, 1848-1998. 1998. Luxembourg: Saint-Paul.

‘Annuaire météorologique et hydrographique’. 1949. Annuaire météorologique et hydrographique.
Luxembourg: Service météorologique et hydrographique.
https://www.agrimeteo.lu/Internet/AM/inetcntrLUX.nsf/cuhome.xsp?src=WY1BE977UP&p1=Q0
BOB9JITQ&p3=9VXLIWMS7M.

Annuaire Météorologique et Hydrographique 1949. 1951. Luxembourg: Service météorologique et
hydrographique.

Assa, Guy, and Luciano Pagliarini. 1998. Esch-Uelzecht Géscht an Haut. Esch-sur-Alzette: Schortgen.

Back-Hoffmann, Jean. 2021. ‘Allgegenwartige ARBED! Forum, no. 419: 4245,

Bala, Silvana, and Afrim Tabaku. 2010. ‘Chronic Obstructive Pulmonary Disease in Iron-Steel and
Ferrochrome Industry Workers’. Central European Journal of Public Health 18 (2): 93-98.
https://doi.org/10.21101/cejph.a3548.

Banks, Jerry. 1999. ‘Introduction to Simulation’. In Proceedings of the 1999 Winter Simulation
Conference, 7.

Beach, Brian, and W. Walker Hanlon. 2018. ‘Coal Smoke and Mortality in an Early Industrial Economy’.
The Economic Journal 128 (615): 2652—75. https://doi.org/10.1111/eco0j.12522.

Briiggemeier, Franz-Josef, and Thomas Rommelspacher. 1992. Blauer Himmel Uber Der Rubhr:
Geschichte Der Umwelt Im Ruhrgebiet, 1840-1990. Essen: Klartext.

Buchler, Georges, Jean Goedert, Antoinette Lorang, Antoinette Reuter, Denis Scuto, Christof Weber,
and capybarabooks. 2020. Esch-sur-Alzette Guide historique et architectural.

Buelens, Geert. 2022. Wat We Toen al Wisten: De Vergeten Groene Geschiedenis van 1972.
Amsterdam: Querido Facto.

Butte, Werner, and Birger Heinzow. 2002. ‘Pollutants in House Dust as Indicators of Indoor
Contamination’. Reviews of Environmental Contamination and Toxicology 175: 1-46.

Carson I, John S. 2005. ‘Introduction to Modeling and Simulation’. In Proceedings of the 2005 Winter
Simulation Conference, 8.

Champion, Erik Malcolm. 2016. ‘Digital Humanities Is Text Heavy, Visualization Light, and Simulation
Poor’. Digital Scholarship in the Humanities, November, fqw053.
https://doi.org/10.1093/llc/fqw053.

Comission of the European Communities ECSC. 1976. ‘Medical Symposium: Researches on Chronic
Respiratory Deseases - Industrial Medicine’. 18. Industrial Health and Medicine Series.
Luxembourg.

‘Compte-rendu Chambre des Députés, volume 1 - 1975-1976’. 1976. 53. Luxembourg.

‘Do We Really Need Coal to Make Steel?” 2020. Wildsight (blog). 1 June 2020.
https://wildsight.ca/2020/06/01/do-we-really-need-steelmaking-coal/.

Doig, A.T., and A.l.G. Mclaughlin. 1936. ‘X RAY APPEARANCES OF THE LUNGS OF ELECTRIC ARC
WELDERS'. The Lancet 227 (5875): 771-74. https://doi.org/10.1016/50140-6736(00)56868-8.

‘Esch-Sur-Alzette Nouveau Plan 1958. Répertoire Des Rues et Places’. 1958.

‘Etude sur le dépoussiérage des gaz des hauts-fourneaux a I'usine d’Arbed-Esch’. 1939. Written by
ARBED ingenieurs. Luxembourg. Bibliotheque Nationale Luxembourg.

European Environment Agency EEA. 2013. ‘Rechtsvorschriften zur Luftqualitdt in Europa’.
https://www.eea.europa.eu/de/signale/signale-2013/artikel/rechtsvorschriften-zur-luftqualitaet-
in-europa.

89



European Parliament. Directorate General for Parliamentary Research Services. 2021. EU Policy on Air
Quality : Implementation of Selected Legislation : European Implementation Assessment. LU:
Publications Office. https://data.europa.eu/doi/10.2861/808342.

European Union. 2008. Richtlinie 2008/50/EG liber Luftqualitdt und saubere Luft fiir Europa.
https://eur-lex.europa.eu/legal-
content/DE/TXT/PDF/?uri=CELEX:32008L0050&qid=1419250736800&from=DE.

———. 2017. Beschluss (EU) 2017/1757 Des Rates. Vol. 2017/1757. https://eur-lex.europa.eu/legal-
content/DE/TXT/HTML/?uri=CELEX:32017D1757&from=FR.

Galison, Peter. 1996. ‘Computer Simulations and the Trading Zone’. In The Disunity of Science:
Boundaries, Contexts, and Power, edited by Peter Galison and David J. Stump, 118-57. Stanford
University Press.

Geissler, Stephanie. 2016. Wem Gehért Die Stadt? Umweltkonflikte Im Stédischen Raum Zur Zeit Der
Friih- Und Hochindustrialisierung in Aachen Und Duisburg. Minster & New York: Waxmann.

Glesener, Jeanne E., and Frank Wilhelm. 2009. ‘L'image de La Sidérurgie Dans Les Romans Des
Luxembourgeois Francophones Joseph Leydenbach Willy Gilson et Nicolas Ries: Des Années Fastes
a La Crise Des Années 1970’. In Terres Rouges: Histoire de La Sidérurgie Luxembourgeoise, 1:71-
95. Terres Rouges: Histoire de La Sidérurgie Luxembourgeoise. Luxembourg: Archives Nationales.

Gochfeld, Michael. 2005. ‘Chronologic History of Occupational Medicine’: Journal of Occupational and
Environmental Medicine 47 (2): 96—114. https://doi.org/10.1097/01.jom.0000152917.03649.0e.

Guldi, Jo, and David Armitage. 2014. The History Manifesto. Cambridge, United Kingdom: Cambridge
University Press.

Han, Qiao, Yang Liu, Xixi Feng, Pan Mao, Ang Sun, Mingya Wang, and Mingshi Wang. 2021. ‘Pollution
Effect Assessment of Industrial Activities on Potentially Toxic Metal Distribution in Windowsill Dust
and Surface Soil in Central China’. Science of the Total Environment 759: 11.
https://doi.org/10.1016/j.scitotenv.2020.144023.

Hansen, J. 1923. ‘Esch et Ses Usines’. Esch-sur-Alzette: Kremer-Miiller.

Hemmer, Carlo. 1953. L’économie Du Grand-Duché de Luxembourg: Deuxiéme Partie — La Production
Secondaire (L’industrie Sidérurgique). Luxembourg: Joseph Beffort.

Hoffmann, Sylvie. 1974. ‘Kritik in Punkto Umweltschutz - “Elo... Um Richtege Wé...?"”" Democratie 80,
1974, N 74 edition, sec. Eine personliche Meinung.

Jarrige, Frangois, and Thomas Le Roux. 2017. La Contamination Du Monde: Une Histoire Des Pollutions
a I’ége Industriel. Paris: Le Seuil.

Knebeler, Christophe. 2011. ‘Wichtige technische Beitrage der ARBED zur Stahlherstellung’. forum 304
(ARBED): 36-38.

Knebeler, Christophe, and Denis Scuto. 2010. Belval: Passé, présent et avenir d’un site luxembourgeois
exceptionnel (1911-2011). Esch-sur-Alzette: Le Phare.

Koponen, M., T. Gustafsson, K. Kalliomaki, Pirkko-Liisa Kallioméki, M. Moilanen, and L. Pyy. 1980. ‘Dusts
in a Steel-Making Plant’. International Archives of Occupational and Environmental Health 47 (1):
35-45. https://doi.org/10.1007/BF00378326.

Kumar, Dilip, and Deepak Kumar. 2018. ‘Chapter 12 - Dust Control’. In Sustainable Management of Coal
Preparation, edited by Dilip Kumar and Deepak Kumar, 265-78. Woodhead Publishing.
https://doi.org/10.1016/B978-0-12-812632-5.00012-4.

Lake, M. W. 2014. ‘Trends in Archaeological Simulation’. Journal of Archaeological Method and Theory
21 (2): 258-87. https://doi.org/10.1007/s10816-013-9188-1.

Le Gouvernement du Grand-Duché de Luxembourg. 2016. Réglement grand-ducal du 14 novembre
2016 concernant la protection de la sécurité et de la santé des salariés contre les risques liés a des
agents chimiques sur le lieu de travail. Vol. A235.
https://legilux.public.lu/eli/etat/leg/rgd/2016/11/14/n1/jo.

90



Lebherz, Daniel S., Christian Zeyen, Jan Hess, Ralph Bergmann, Ingo J. Timm, Thomas Burch, Vera
Hildenbrandt, and Claudine Moulin. 2018. ‘Towards Scientific Workflows and Computer Simulation
as a Method in Digital Humanities’. https://doi.org/10.18420/INFDH2018-03.

LeelSssy, Adam, Ferenc Molnar, Ferenc Izsak, Agnes Havasi, Istvan Lagzi, and Rébert Mészéros. 2014,
‘Dispersion Modeling of Air Pollutants in the Atmosphere: A Review’. Open Geosciences 6 (3): 257—
78. https://doi.org/10.2478/s13533-012-0188-6.

‘Les Composes du Fluor dans la pollution atmospherique’. 1971. Doctoral Thesis. Luxembourg. 2048.
Luxembourg Archives de I'Etat.

Logelin-Simon, Armand. 2006. ‘Differdange: Le Décryptage d’une Ame’. Nos Cahiers 27 (3-4): 81-104.

Malm, Andreas. 2016. Fossil Capital: The Rise of Steam Power and the Roots of Global Warming.
Brooklyn: Verso.

Massard-Guilbaud, Geneviéve. 2007. ‘Quelle Histoire Pour |’environnement?’ Responsabilité &
Environnement, no. 48: 30-36.

‘MATLAB - MathWorks’. 2022. 2022. https://www.mathworks.com/products/matlab.html.

McCarty, Willard. 2016. ‘Fictions of Possibility: Simulation for the Humanities from Its History in the
Technosciences’. Journal of Siberian Federal University. Humanities & Social Sciences 9 (7): 1553—
61. https://doi.org/10.17516/1997-1370-2016-9-7-1553-1561.

Metz, M. Paul. 1972. ‘Recherche et dévelopment en sidérurgie’. In Revue Technique Luxemburgeoise
1972, 175-91.

Millim, Anne-Marie. 2014. ‘Schooling the Gaze: Industry and Nation-Building in Luxembourgish
Landscapewriting, 1900-1940’. Journal of European Studies 44 (2): 151-69.

Mlika, Mouna, Rotimi Adigun, and Beenish S. Bhutta. 2022. ‘Silicosis’. In StatPearls. Treasure Island (FL):
StatPearls Publishing. http://www.ncbi.nlm.nih.gov/books/NBK537341/.

Moia, Nelly. 1998. Fiir Die Katz’. s.l.: Nelly Moia.

Molitor, Leon, and Josy Barthel. 1958. ‘Etude sur la pollution atmosphérique au Grand-Duché de
Luxembourg’. Ministére de la Santé Publique Luxembourg. Bibliotheque Nationale Luxembourg.

Molitor, Leon, and Michel Mosinger. 1960. ‘Les Poussieres industrielles en pathologie humaine et
expérimentale (Silicose et Silico-Anthracose, Sidérose et Sidéro-Silicose)’. 1. Plan et Premiére
Partie 1. Bulletin de la Société des Sciences Médicales. Luxembourg: Haute Autorité de la
Communauté Européenne du Charbon et de I'Acier. Bibliotheque Nationale Luxembourg.

Mosley, Stephen. 2001. The Chimney of the World: A History of Smoke Pollution in Victorian and
Edwardian Manchester. Cambridge: White Horse Press.

Nurul, Ainun Hamzah, Bahri Mohd Tamrin Shamsul, and Ismail Noor Hassim. 2016. ‘Assessment of Dust
Exposure in a Steel Plant in the Eastern Coast of Peninsular Malaysia’. Work (Reading, Mass.) 55
(3): 655-62. https://doi.org/10.3233/WOR-162433.

Parmentier, Isabelle. 2008. Histoire de I’environnement En Pays de Charleroi 1730-1830: Pollution et
Nuisances Dans Un Paysage En Voie d’industrialisation. Brussels: Académie Royale de Belgique.

Parr, Joy. 2010. ‘Our Bodies and Our Histories of Technology and the Environment’. In The Illusory
Boundary: Environment and Technology in History, 26—42. Charlottesville & London: University of
Virginia Press.

Pfister, Christian, and Heinz Wanner. 2021. Climate and Society in Europe-The Last Thousand Years.
Bern: Haupt.

Pritchard, Sara B., and Carl A. Zimring. 2020. Technology and the Environment in History. Baltimore:
Johns Hopkins University Press.

Qing, Xiao. 2015. ‘Assessment of Heavy Metal Pollution and Human Health Risk in Urban Soils of Steel
Industrial City (Anshan), Liaoning, Northeast China’. Ecotoxicology and Environmental Safety, 9.

91



‘Retombées de poussiéres: Rapport sur les mesures de retombées en poussiere effectuées de 1966 a
1969 a Esch-sur-Alzette’. 1972. Esch-sur-Alzette: Institut d’Hygieéne et de Santé Publique,
Laboratoire des Eaux. 637.3.

Rosen, George. 1993. A History of Public Health. Revised Expanded Edition. Baltimore: Johns Hopkins
University Press.

Schueneman, Jean J. 1963. Air Pollution Aspects of the Iron and Steel Industry. U. S. Public Health
Service, Division of Air Pollution.

Scuto, Denis. 1993. Industriekultur in Esch: Eine Stadtgeschichtliche Wanderung Durch Die Luxemburger
Minettemetropole. Esch-sur-Alzette: Le Phare.

Scuto, Denis. 2005. ‘Paul Flesch’. In 100 Joer Esch, 1906-2006, 60—71. Esch-sur-Alzette: Ville d’Esch-sur-
Alzette.

Stockie, John M. 2011. ‘The Mathematics of Atmospheric Dispersion Modeling’. SIAM Review 53 (2):
349-72. https://doi.org/10.1137/10080991X.

Su, Xianbo, Rui Ding, and Xinguo Zhuang. 2020. ‘Characteristics of Dust in Coal Mines in Central North
China and Its Research Significance’.  ACS  Omega 5 (16): 9233-50.
https://doi.org/10.1021/acsomega.0c00078.

Tarr, Joel A. 1996. The Search for the Ultimate Sink: Urban Pollution in Historical Perspective. Akron:
University of Akron Press.

Tarr, Joel A. 2021. ‘Land Use and Environmental Change in the Hudson-Raritan Estuary Region, 1700-
1980, With an Addendum to 2018’. In Coastal Metropolis: Environmental Histories of Modern New
York City, 10—38. Pittsburgh: Pittsburgh University Press.

‘The Steel City and a Brief History of Dust Collection’. 2019. Imperial Systems, Inc. (blog). 19 June 2019.
https://www.isystemsweb.com/the-steel-city-and-a-brief-history-of-dust-collection/.

Tripathi, A, C Souprayen, A Stanley, and N Warrilow. 2018. ‘Computational Fluid Dynamics or Gaussian
- Is There a Right Way to Model Gas Dispersion ?’ In Proceedings of the 10th IMA International
Conference on Modelling in Industrial Maintenance and Reliability. Institute of Mathematics and
its Applications. https://doi.org/10.19124/ima.2018.001.26.

Uekotter, Frank. 2020. Im Strudel: Eine Umweltgeschichte Der Modernen Welt. Frankfurt/Main:
Campus.

Valenti, Carla, Paolo Pozzi, Alessandra Busia, Roberto Mazza, Paolo Bossi, Cinzia De Marco, Ario Alberto
Ruprecht, Alessandro Borgini, and Roberto Boffi. 2016. ‘Respiratory lliness and Air Pollution from
the Steel Industry: The Case of Piquia de Baixo, Brazil (Preliminary Report)’. Multidisciplinary
Respiratory Medicine 11 (1): 41. https://doi.org/10.1186/s40248-016-0077-9.

Van de Maele, Jens. forthcoming. ““We Swallow the Dirt.” Popular and Governmental Perceptions of
Metallurgical Air Pollution in Luxembourg During the Trente Glorieuses’. In Rethinking the History
of Deindustrialization: Mediating the Transformation of Industrial Cities in Postwar Europe.
Routledge.

WHO. n.d. ‘Hazard Prevention and Control in the Work Environment: Airborne Dust’. WHO
Publications. Accessed 21 June 2022. https://www.who.int/publications-detail-redirect/WHO-
SDE-OEH-99-14.

Wippich, Cornelia, Jorg Rissler, Dorothea Koppisch, and Dietmar Breuer. 2020. ‘Estimating Respirable
Dust Exposure from Inhalable Dust Exposure’. Annals of Work Exposures and Health 64 (4): 430—
44. https://doi.org/10.1093/annweh/wxaa016.

World Health Organization. 2021. WHO Global Air Quality Guidelines: Particulate Matter (PM2.5 and
PM10), Ozone, Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide. Geneva: World Health
Organization. https://apps.who.int/iris/handle/10665/345329.

92



IV. How can Data Visualization Support Interdisciplinary Research? LuxTime: Studying

Historical Exposomics in Belval

Authors:

Dagny Aurich, Aida Horaniet Ibanez

Manuscript type:
Method paper

Contribution statement:

DA and AHI contributed to the conceptualization and the review and editing of the manuscript. DA and
AHI were responsible for writing (original draft preparation) of all chapters. AHI gave major input on
the data visualization theory and DA helped with sections on the interdisciplinary work and
visualization examples. Figures 2, 3, 4, 5, 6, 7, 10 and 11 were co-designed by both authors and were
then created by AHI based on data collected by DA and AHI. DA inserted the screenshot shown in Figure

1 and created Figure 8 and 9.

Submission status:
Published in Frontiers Big Data: Visualizing Big Culture and History Data on 29 September 2023.
(DOI: 10.3389/fdata.2023.1164885)

This manuscript will be also part of the PhD thesis by co-first author Aida Horaniet Ibanez.

Short summary/ Contribution to the field:

In this article the Luxembourg Time Machine (LuxTIME) data visualization toolbox is introduced, a set
of data visualization concepts and techniques from epistemologically distant disciplines. The use of
such a toolbox is discussed through several data visualizations co-designed by the authors from the
different disciplines involved. The aim was to explore and communicate the project data and metadata
and to analyze data visualization as a process in itself. One example is the chemical stripes visualization
based on chemical patent data, which demonstrates a simple yet effective way of communicating via
visualization. The data visualization toolbox opens new disciplinary perspectives and facilitates
interdisciplinary work and could therefore serve as a starting point for other interdisciplinary projects

that employ data visualization as a navigation tool.

93


https://doi.org/10.3389/fdata.2023.1164885

? frontiers | Frontiers in Big Data

L) Check for updates

OPEN ACCESS

EDITED BY
Florian Windhager,

University for Continuing Education
Krems, Austria

REVIEWED BY

Georgia Panagiotidou,

King's College London, United Kingdom
Reza M. Salek,

Bruker, Germany

*CORRESPONDENCE
Dagny Aurich

4 dagny.aurich@uni.lu

Aida Horaniet Ibafiez

& aida.horanietibanez@uni.lu

'These authors have contributed equally to this
work and share first authorship

RECEIVED 13 February 2023
ACCEPTED 04 September 2023
PUBLISHED 29 September 2023

CITATION
Aurich D and Horaniet Ibafiez A (2023) How
can data visualization support interdisciplinary
research? LuxTIME: studying historical
exposomics in Belval.

Front. Big Data 6:1164885.

doi: 10.3389/fdata.2023.1164885

COPYRIGHT
© 2023 Aurich and Horaniet Ibafiez. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiersin Big Data

TYPe Methods
PUBLISHED 29 September 2023
ool 10.3389/fdata.2023.1164885

How can data visualization
support interdisciplinary
research? LUxTIME: studying
historical exposomics in Belval

Dagny Aurich**' and Aida Horaniet Ibafiez?*!

*Luxembourg Centre for Systems Biomedicine, University of Luxembourg, Esch-sur-Alzette
Luxembourg, ?Luxembourg Centre for Contemporary and Digital History, University of Luxembourg,
Esch-sur-Alzette, Luxembourg

The Luxembourg Time Machine (LuxTIME) is an interdisciplinary project that
studies the historical exposome during the industrialization of the Minett region,
located in the south of Luxembourg. Exposome research encompasses all external
and internal non-genetic factors influencing the health of the population, such
as air pollution, green spaces, noise, work conditions, physical activity, and diet.
Due to the wide scope of the interdisciplinary project, the historical study of the
exposome in Belval involved the collection of quantitative and qualitative data from
the National Archive of Luxembourg, various local archives (e.g., the communes
of Esch-sur-Alzette and Sanem), the National Library, the Library of National
Statistics STATEC, the National Geoportal of Luxembourg, scientific data from
other research centers, and information from newspapers and journals digitized in
eluxemburgensia.! The data collection and the resulting inventory were performed
to create a proof of concept to critically test the potential of a multi-layered
research design for the study of the historical exposome in Belval. The guiding
navigation tool throughout the project was data visualization. It has facilitated
the exploration of the data collected (or just the data) and the metadata. It has
also been a valuable tool for mapping knowledge and defining the scope of the
project. Furthermore, different data visualization techniques have helped us to
reflect on the process of knowledge sharing, to understand how the relevance
of certain topics changed throughout the project and why, and to learn about the
publication process in different journals and the experience of the participants.
Data visualization is used not only as a means to an end but also to embrace
the idea of sandcastles using a speculative and process-oriented approach to
advance knowledge within all research fields involved. LuxTIME has proven to be
anideal case study to explore the possibilities offered by different data visualization
concepts and techniques resulting in a data visualization toolbox that could be
evaluated and extended in other interdisciplinary projects.

KEYWORDS

data visualization, historical data, interdisciplinary research, exposome, digital history

1 https://eluxemburgensia.lu/de: eluxemburgensia is a collection of digitized newspapers created by

the Bibliotheque nationale du Luxembourg
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1. Introduction

Interdisciplinary collaboration, especially in projects involving
researchers across the natural and applied sciences and the
humanities, presents many challenges, including the multiplicity
of research questions, the use of different methodologies, and
the varying underlying assumptions based on different epistemic
cultures. Bridging these epistemological and methodological
differences to establish a shared understanding requires a
substantial intellectual commitment from all participants. In an
ideal scenario, such collaboration has the potential to produce
new research questions, foster interdisciplinary approaches for
the analysis of complex issues, and generate new knowledge
based on interactional expertise (Fickers et al, 2022). Data
visualization can play a significant role in facilitating such
interdisciplinary collaboration.

Data visualization is widely used in research for exploring
quantitative data, validating hypotheses, and communicating
results, primarily using statistical charts such as bar charts, line
charts, or scatter plots (Glivinska, 2021). It is less frequently
used to study the research process itself. It is a process through
which ideas are explored and a collective discourse is constructed
using data visualization to critically observe different mediations
(Hinrichs et al,, 2019). In this article, we reflect on some of
the data visualizations designed during the Luxembourg Time
Machine (LuxTIME) project discussed in section 2. Based on
the experience obtained during 2.5 years of interdisciplinary
collaboration, working with a team of historians, hydrologists,
chemists, and data visualization experts, we want to demonstrate
that interdisciplinary research can benefit from an “extended”
data visualization toolbox. We refer to a toolbox as a set of data
visualization concepts and techniques, and we want to “extend” it,
as opposed to only applying techniques frequently used within each
specific field.

Specific disciplines can develop certain data visualization
conventions. Considering visualization in interdisciplinary projects
can help break out of these conventions and create new insights.
Statistical graphs are used mostly in the natural, social, and applied
sciences with the objective of exploring data to discover trends,
patterns, and outliers, and to validate hypotheses or communicate
results quickly for decision-making. Visualizations that emphasize
esthetics and use metaphors and non-standard visual vocabularies
are often found in journalistic, educational, and artistic contexts,
while the study of interpretive practices and non-representative
approaches predominate in the humanities. Each discipline can
benefit from different practices. This becomes even more evident
in the case of interdisciplinary research.

Combining these concepts and techniques predominant in
different disciplines and applying them in the same context,
we developed the LuxTIME data visualization toolbox exploring
standard statistical graphs and variations thereof, concept maps,
visual rhetoric, data humanism, multivariate data glyphs, non-
representational approaches and visual elements of interpretation,
and data storytelling. The use of different types of visualizations
helped to map and exchange knowledge, thereby defining the
project scope and the contributions of different disciplines, track
timelines, and project deliverables. It also framed the participants’
experiences along the way, inviting them to self-reflect on changes
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throughout the project and to explore the iterative research process.
The toolbox aims to inspire a wide range of projects, especially
those involving different disciplines. It describes and discusses
the application of a set of epistemologically distant techniques
and concepts from which to begin the exploration, and then add
or remove tools, adapting the toolbox to each project. Foremost,
it extends an invitation to explore and integrate other ways to
visualize data, diverging from the traditional techniques commonly
employed in each respective discipline.

In the current article, we start with a description of the
LuxTIME project. Next, we discuss the methods, including the
data collection process, the participants and their roles, the
research questions addressed in the interdisciplinary context, the
visualization concepts and techniques included in our project,
and their application in the results section. We finish with a
discussion of the frictions experienced as part of working on an
interdisciplinary project with data visualization, how the idea of
data visualization as a sandcastle (Hinrichs et al., 2019) has been
present throughout the project, and finally, how other projects can
benefit from our experience.

2. Case study

The Luxembourg Time Machine Project (LuxTIME) is an
interdisciplinary research project funded by the Institute for
Advanced Studies (IAS) of the University of Luxembourg.? Three
research institutes engage in this so-called “Audacity Project”,
namely, the Center for Contemporary and Digital History (C*DH),
the Luxembourg Center for Systems Biomedicine (LCSB), and
the Luxembourg Institute of Science and Technology (LIST). The
main objective is to explore the potential implementation of a
national platform (“Luxembourg Time Machine”) that would allow
scientists and stakeholders to “dive” into the complex past of this
country using digital tools and data from different disciplines and
fields. It is a subsidiary project of the European Time Machine
project® adding a new dimension to the past.

By building a digital dataset including information from
three very different fields and scientific perspectives, namely, eco-
hydrology, environmental cheminformatics, and history, LuxTIME
is using a local case (the industrialization of Belval and the
Minett region) as a testbed for methodological and epistemological
reflections on how to study the impact of environmental changes
on the health of the local population, with a regional and long-term
perspective. “Contextual information” based on archival evidence is
mixed with “scientific evidence” derived from chemical, biological,
or medical investigations as the project explores new grounds in
interpreting “big data of the past” in a truly interdisciplinary setting.
The Belval case study is a pilot project, preceding a project at the
national level, the LuxTIME INITIATE.*

2 https://luxtimemachine.uni.lu/

3  https://www.timemachine.eu/

4 LuxTIME INITIATE aims at building a consortium with the main
stakeholders of historical data in Luxembourg (archives, libraries, museums
statistical offices, research institutions, governmental bodies, and private
associations) to study the past in aninterdisciplinary inter-institutional setting,
with both intellectual and technical impact
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The above-mentioned impact of environmental changes on
human health is covered by the exposome concept (Miller, 2020).
Global and local changes have severe impacts on environmental
systems and their inhabitants (Karlsson et al,, 2021). The analysis
of those changes and their impacts is a challenging task that
can, however, be of help to understand and therefore prevent
potential future outcomes. This could be, for example, any case
of environmental pollution happening in an area resulting in
an increase in disease cases as a phenotypic response. Human
phenotypes, being a set of observable characteristics or traits, are
mainly influenced by two factors and their interactions: the genetic
factors described by the genome and all non-genetic factors covered
by the exposome concept. Measuring the genome is difficult, but it is
limited to the combination of four nucleotides that are stable over
time. The exposome of an individual, however, is the measure of
environmental influences (e.g., lifestyle, diet, and behavior) and the
associated biological responses (Miller and Jones, 2014), changes
within the course of a lifetime, and historical developments.
Consequently, the exposome is influenced by many factors that vary
over time and influence each other. Interdisciplinary efforts and
data sources are required to come as close as possible to covering
the whole picture.

The focus of this article was on how the use of a variety
of data visualization concepts and techniques has supported our
interdisciplinary (exposome) research.

3. Methods

3.1. Data collection

In this article, we refer to data as any collection of values
conveying information, whether to represent abstract ideas
(e.g., knowledge exchange and relevance of a topic), specific
measurements (e.g., concentration of chemicals and number
of articles published), or statistics (e.g., census data and steel
production). We collected quantitative and qualitative data,
mostly from secondary data sources (e.g., statistical archives,
existing research), but also included some primary sources (e.g.,
observations from historical sources and reflections on the process
itself). The collection for the LuxTIME project was done through
observation, measurement, simulation, and analysis.

The Minett region is known for its past in the iron and
steel industry, which was accompanied by many regional changes
in terms of environment, socioeconomy, and health (Knebeler
and Scuto, 2010). Some of the initial questions of the LuxTIME
members included the following: where to look for data (e.g., local
and national archives); where to set the geographical and time
limits; which topics to focus on (e.g., environmental pollution);
and how to obtain scientific data. For example, in the case of
performing new chemical analyses, which sample types could be
used? The initial objective was to find links between environmental
pollution and other influencing factors of the past and disease
patterns in the population by looking at archival sources combined
with information received by scientific or governmental institutes
and current chemical analyses, revealing facts about past exposures.
This includes information related to the historical exposome in
Belval such as datasets, images, text, events, and maps. For each
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dataset, relevant metadata was also collected, including title, source,
reference from the source if available, author, publication date,
the team member who collected the information, language(s),
description, number of files, digitization status, class, format,
type, period covered, geographical area covered, access rights,
and the categories and subcategories of the exposome covered.
Furthermore, we collected information about the process, such as
the relevance of the different topics, disciplines involved, period
of validity and reasons for change, relation to other disciplines,
the amount of information found, and its potential for further
analysis. We also collected data about the project deliverables such
as the number of publications, the type, the disciplines involved,
the different steps in the process (e.g., work starts, submission, and
publication), the time, and the experience.

All these quantitative and qualitative data allowed us to
study the research questions stated in section 3.3, using two
data collection methods. First, a structured and normalized data
inventory was created, where we included all the pieces of
information found through the sources. To date, this table contains
121 records from 17 different information sources, each of them
registered with the metadata described above. Second, for the
evolution, reflection on the process, and experience, we used the
visualization directly to generate the data (that could be extracted
later if necessary).

The first steps included contacting governmental and scientific
institutes to access past data already collected in the area (e.g.,
scientific measurements of parameters such as soil or air pollution
resulting from industry or other anthropogenic sources). Moreover,
measures taken by the industry or the government to enhance
life quality and health were investigated. Historical data—not only
about environmental pollution but also social and economic data—
were retrieved from archives. Newspaper articles, scientific reports
and books, pictures, and contemporary witness reports were
included. For chemical measurements generating scientific data,
sampling campaigns of surface and groundwater were discussed
as well as looking at dust samples and soil or biological samples
such as mussels, trees, or even teeth. Based on the research on this
topic from a chemistry point of view, a review article was published
in 2021 (Aurich et al, 2021), helping to plan further project work
packages in terms of, e.g., sampling campaigns. One example is
the discussion of analyzing human samples to get to know more
about past steel-pollution exposure and its health effects. However,
the sample bank located in Luxembourg does not provide samples
dating back to the steel industry times as it is a fairly new facility.
The outcomes of the review showed many possibilities for how
to access the historical exposome in terms of data and chemical
analyses; however, none of them was available or feasible within the
project scope and timeline.

3.2. Participants and roles

The core of the research described in this article was
conducted during the collaboration between a researcher in data
visualization and a researcher in environmental cheminformatics,
with occasional feedback and participation from the overall
project team that included other researchers in environmental
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cheminformatics, eco-hydrology, and history. The researcher
in environmental cheminformatics already had disciplinary
knowledge of data visualization and functioned as a domain
expert in the field of the exposome, together with the rest of
the environmental cheminformatics team. The data visualization
researcher collected and studied many techniques and concepts
used across different disciplines and then proposed an initial
toolbox to discuss and experiment with during the visualization
sessions are described in section 3.5. The researcher in data
visualization also participated in the work of the target domain,
historical exposomics, and the environmental cheminformatics
researcher participated in visualization research. The collaboration
was based on a design-by-immersion approach with reciprocal
immersion, where both the visualization researcher and domain
expert engaged with and participated in the work of the other
domain, and knowledge emerged from the experiences and
interactions (Hall et al., 2020). They not only participated in each
other’s research approaches and practices but also did archival
work, collecting and analyzing historical sources. As discussed in
section 5, this approach shapes and enriches the research team and
also changes both participants’ perspectives on their own fields.

3.3. Research questions

With data visualization as a navigation tool, our goal is to
analyze the research questions outlined below.

Question #1: How could we map knowledge and knowledge
sharing to define the project scope? The first question aims
at exploring the knowledge gap, resulting from the different
backgrounds and expertise in the project, e.g., history, design, and
chemistry (Van Wijk, 2006). To create a “trading zone”, i.e., “a space
for interactions and negotiations between different knowledge
domains” (Fickers and van der Heijden, 2020), we first needed to
understand the knowledge within the group and what needed to
be shared to define the project scope. In this research question,
we explored how to arrive at an initial space, which exists at the
boundary of four disciplines in which research can begin; a space
in which diverse voices can speak and be heard and differences
can be examined to mutually validate diverse perspectives, creating
opportunities for mutual learning (Mao et al,, 2019).

Question #2: How did the project evolve in terms of scope,
relevance of the topics, the information available, and blending of
the disciplines in each of these topics? The scope of the project was
not permanent, nor was the knowledge or interest of the different
disciplines in the different topics, which blended with different
intensities throughout the process; as the project progressed, new
sources of information appeared, and others were discarded. In this
research question, we were interested in the evolution of how, from
aseries of central themes defined in the previous question, the scope
changed throughout the project: which topics gained importance,
which ones appeared or disappeared, and why.

Question #3: How could we explore the data and metadata
respecting the priorities of the different disciplines? To synthesize
disparate datasets in a visualization, especially in a project
involving epistemologically distant disciplines, data frictions
emerge regarding discipline-specific interpretation of the data,
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methodological approaches, ways of handling uncertainty, and
scale and granularity in the datasets (Panagiotidou et al,, 2022).
Without analyzing in detail the different causes of such frictions,
in this research question, we explored how the use of visualization
techniques from other disciplines reveals the different priorities,
and how through co-construction and exchange throughout the
process, a common space of data and metadata visualization can
be reached.

Question #4: How could we monitor the project deliverables,
including the different steps of the process, the contribution of
the different disciplines, and the experience of the participants?
In addition to the knowledge gap discussed in the first research
question, there is often an interest gap, caused by the different
aims of the researchers, e.g., participation in different types of
conferences and publication requirements (Van Wijk, 2006). These
differences not only have an impact on the deliverables and,
therefore, on the project timeline but also on the experience
of the participants. In this research question, we explored the
representation of the different steps in the process in time vs. in
the experienced temporality.

We have explored each of these questions through visual
means. In section 3.4, we introduce the concepts and techniques
that we have included in our toolbox throughout the project
followed by a discussion of the visualizations in which they are
applied, in section 4.

3.4. The LUxTIME data visualization toolbox

We refer to data visualization as the graphical representation of
data, using a variety of visual encoding methods (a representational
approach), as well as the use of a graphical representation,
to model interpretation and generate or augment data (a
non-representational approach). The applications vary (e.g.,
exploratory analysis, data validation, hypothesis validation, and
communication), and the techniques used depend on the intended
purpose (e.g., quick decision-making vs. in-depth exploration of
multiple narratives). Data visualization (or Dataviz) encompasses
other terms including information visualization (InfoVis),
information design, scientific visualization (SciVis), information
graphics (Infographics), statistical graphics, or exploratory data
analysis. The difference between these terms has been largely
discussed in previous research (Rhyne et al., 2003; Manovich, 2011;
Lankow et al., 2012; Kim et al., 2016).

In this section, we discuss several data visualization concepts
and techniques that have been fundamental to our project
and, therefore, essential elements of our data visualization
toolbox.> The selection of “tools” for our toolbox is based on
an extensive literature review and the study of numerous data
visualization examples from different disciplines. It aims at
integrating the perspectives on the field of the different disciplines
(discussed below in relation to each concept) and above all

5 The theory behind the concepts and techniques mentioned below might
overlap but each of them has in some way proven to be useful during our
project, and therefore, we considered it worthwhile including them all in

our toolbox

frontiersin.org



Aurich and Horaniet Ibafiez

to experiment with concepts and techniques originating from
epistemologically distant disciplines, which are rarely applied in
the same context. The toolbox is built with an inclusive approach,
integrating visualizations frequently used across disciplines (e.g.,
statistical charts) and potential variations, which also led to rich
conversations and outcomes.

Some of these elements may be wuseful for other
interdisciplinary projects; therefore, we present below a brief
description and discussion of each of them, including examples
from other projects. These methods and techniques are then
applied in section 4 to answer our research questions.

3.4.1. Statistical graphs

The most frequently used data visualization techniques across
disciplines are all types of statistical charts, such as bar charts
to compare magnitudes, line charts to show evolution in time,
or scatter plots to analyze relationships (Glivinska, 2021). The
main purpose of these graphs is to summarize, validate, and
communicate a message effectively. The use of statistical graphs
assumes that the audience is data literate, i.e., has some basic
knowledge of descriptive statistics; and that the designer® is aware
of the extensive existing research on the subject.

Statistical graphs have a long history, and there is extensive
literature about how to use them correctly to explore and
summarize data effectively. However, academic and non-academic
data visualization practitioners from different disciplines often fail
to apply these theoretical principles. One of the frequent pitfalls is
the wrong selection of charts despite the literature about graphical
perception and suitability for analytical purposes (Lockwood, 1969;
Cleveland and McGill, 1984, 1986; Evergreen, 2017). Other errors
include the inappropriate use of colors based on color perception
or cultural differences (Rogowitz and Treinish, 1998; Ware, 2004;
Silva et al., 2007, 2011), the use of misleading graphs (Cairo,
2019), or poor storytelling (Nussbaumer Knaflic, 2015; Dykes,
2020). Moreover, the frequent lack of polish on elements such as
axes, labels, gridlines, annotations, legends, descriptions, and titles
(Schwabish, 2021) can create distractions from the core message
(Tufte, 1999). These are just a few examples among many other
considerations to be examined when creating statistical graphs (e.g.,
layout, context, transparency, accessibility, and interactivity).

Applied cases of statistical graphics to the LuxTIME are
demonstrated in sections 4.3.1 and 4.3.2.

3.4.2. Variations of statistical graphs

We refer to the variation of a statistical graph when, knowing
the theory mentioned in the preceding section, the designer decides
not to apply one or more of these rules deliberately, e.g., to
meet a specific use case requirement. Examples of such variations
include duplicating the encoding (i.e., overencoding) to highlight
a particular aspect of the graph (e.g., position and color encode
the same information), changing the orientation, or overlapping
graphs to favor a particular visual effect (e.g., crowdedness).
Other options include removing axes, measures, gridlines, or titles

6 Designer refers to the person who designs the visualization (i.e., statistical

charts), independent of their main area of expertise.
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to focus the audience’s attention on the visualization; replacing
predefined geometric shapes with other elements with a rhetorical
value (e.g., using the representation of an object instead of
rectangles in a bar chart); or any other type of visualization that
starts from a statistical graph and modifies it with a purpose,
beyond the one initially established for such a graph. It is often
a combination of several modifications. Such variations of the
conventional statistical graphs open numerous possibilities for the
designer, especially in terms of communication.

The climate stripes by Ed Hawkins are a variation of a
statistical graph, showing a simplified heatmap that has a strong
influence on the climate change debate around the world.
ShowYourStripes.info’ registered 89,000 unique visitors to the
site worldwide for 30 days during the summer of 2022 (Santoro
and Kirkland, 2022). Hawkins emphasized the need for a range
of ways of communicating the “climate crisis” because different
people learn and experience in different ways and, therefore,
justified the need for a range of climate visualizations to talk
to different audiences. Another example is the visualization of
Chinas overseas investments by Alberto Lucas Lopez and Cédric
Sam® where the bars of a bar chart are replaced by semicircles
whose area represents the value of the deals and is displayed for
many countries, overlapping in the layout. Laura Bronner, Anna
Wiederkehr, and Nathaniel Rakich visualized the election night
in 2020 What Blue And Red “Shifts” Looked Like In Every State®
using simplified area charts in a tile map of the United States
for FiveThirtyEight.”® Kim Albrecht explores the randomness of
success in scientific publications'! using overlapping timelines in
which only the maximums are highlighted. Another visualization
example by Alberto Lucas Lépez in collaboration with Ryan
Williams and Kaya Berne is Migration waves,'> where variations
of area charts are used, through minimalism (no grids, no
axes, and no measures), color (to emphasize positive and
negative currents), and the superimposition of the graphs for the
different countries.

3.4.3. Concept maps

Concept mapping is a visualization technique that uses
hierarchical networks of nodes (concepts) and links (relationships)
to represent visual knowledge (Romance and Vitale, 1999). The use
of a concept map allows the inclusion of cross-links to map the
links between concepts in different domains and represent creative
leaps in knowledge production (Novak and Canas, 2008). Joseph
D. Novak and Alberto J. Canas identified two features of concept
maps that are important in the facilitation of creative thinking: the
hierarchical structure and the ability to search for and characterize

7 https://showyourstripes.info/s/globe

8 https://multimedia.scmp.com/china-overseas-investments/

9 https://fivethirtyeight. com/features/where-we-saw-red-and- blue-
mirages-on-election-night/

10 https://fivethirtyeight.com

11 http://sciencepaths kimalbrecht.com/

12 https://www.nationalgeographic.com/magazine/graphics/graphic-
shows- past- 50-years- of - global- human- migration?sf215829698=1&
sf217104276=1
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new cross-links. In addition to the purpose of enhancing creativity,
concept maps are used as a design tool to generate structural
organization, for communication purposes to overcome the
limitations of the linear nature of the text, to stimulate the learning
process by making the interrelationships between concepts explicit,
and as an assessment tool to identify misconceptions (Lanzing,
1998). Johannes Wheeldon and Jacqueline Faubert argued that
traditional definitions of concept mapping should be expanded
to include more flexible approaches to the collection of graphic
representations of experience, using concept maps to gather
qualitative data from research participants (Wheeldon and Faubert,
2009).

In an interdisciplinary context where mapping knowledge of
the different stakeholders is key to understanding the possibilities
and developing the project, concept maps are a data visualization
technique that helps to navigate the complexity, in terms of the
variety of topics and subtopics and how they interrelate (see applied
for LuxTIME in section 4.1).

3.4.4. Visual rhetoric

Rhetoric is the study of the communication techniques used
to inform, persuade, or motivate a given audience in a particular
situation, modifying their conceptions and attitudes toward the
object of communication. Visual rhetoric (as an artifact) is the
purposeful production or arrangement of colors, forms, and
other elements to communicate with an audience (Hill and
Helmers, 2009). One case of visual rhetoric in the context of data
visualization is mapping rhetoric, which refers to “manipulating the
information presentation via the data-to-visual transfer function,
the constraints that determine how a piece of information will be
translated to a visual feature” (Hullman and Diakopoulos, 2011).

A metaphor is a rhetorical figure, which refers to the cognitive
process humans engage in when they reconceptualize a concept
from a target domain in terms of another; and, therefore, when
visual language is used to perform these functions, it is a
visual metaphor (Steen, 2018). Despite the predominance of a
minimalist data visualization approach that favors high data-ink
ratios,'* the data visualizations that use visual rhetoric—to engage,
communicate, and be memorable using visual metaphors, and
elements of embellishment—are still very present, especially in
the fields of journalism, information design, or data art. Often
these types of visualizations use organic forms, associated with
nature, such as plants or rocks. Lima (2014) devoted an entire
book to the study of trees in visualization, where he analyzes
how throughout history, their trunks, branches, leaves, and fruits
have served to represent connections between entities, through
different domains of knowledge (e.g., family trees, systems of law,
and biological species like trees, see application to LuxTIME in
section 4.2).

An example of mapping rhetoric is What’s Cookin?'* by Sarah
Emery Clark, where she used the metaphor of preparing a meal

13 The data-ink ratio is a concept introduced by Tufte (1999) as the
proportion of ink that is used to present actual data compared to the total
amount of ink (or pixels) used in the entire display.

14 https://www.sarahemeryclark.com/work/whats-cookin
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to explore and analyze the state of the data visualization industry.
Other examples of visual rhetoric include the visualization Apparel
Exports to the US by Liz Bravo, where she visualized trends in
the clothing industry using area charts shaped as sewing patterns;
One Angry Bird by Periscopic,’ displaying emotional arcs of the
past 10 U.S. presidential inaugural addresses; or The Great War
by Valentina D’Efilippo,’® visualizing the fatalities during World
War I as a poppy field. In A View on Despair,’’ Sonja Kuijpers
visualized suicide in the Netherlands in 2017, representing the
different categories in a landscape.

3.4.5. Data humanism

In Data Humanism: The Revolutionary Future of Data
Visualization, Giorgia Lupi advocated for the connection
of numbers to knowledge, behaviors, and people as data
represent real life; making data unique, contextual, and
intimate (Lupi, 2017). To do so, she promotes embracing
a certain level of visual complexity, i.e., high-density data
visualizations containing multiple attributes; and moving
beyond standards, away from conventional graphics, and out-
of-the-box solutions, to expand the “data-drawing vocabulary”.
She stated that "data is a tool that filters reality in a highly
subjective way” and, therefore, it is important to reclaim a
personal approach to how data are captured, analyzed, and
displayed, as data are imperfect. She urged a paradigm shift to
“always sneak context in”, in which data visualization embraces
imperfection and approximation, “allowing ways to use data to
feel more empathetic, to connect with ourselves and others at a
deeper level”.

In their book Data Feminism, Catherine D’Ignazio and
Lauren F. Klein stated that “refusing to acknowledge context
is a way to assert authoritativeness and mastery without
being required to address the complexity of what the data
actually represent” (D'Ignazio and Klein, 2020). Based on the
concept of “situated knowledge”, initially raised by Donna
Haraway in the 1980s, they stated that the responsibility of
ensuring that the situatedness of data is considered is with the
person evaluating the knowledge or building upon it. Yanni
A. Loukissas referred to errors in data collection as “signifiers
taken out of their original interpretative texts” (Loukissas, 2019).
Hannah Schwan, Jonas Arndt, and Marian Doérk (Schwan et al.,
2022) identified key aspects of disclosure, i.e., the aspiration
to be conscious of the potential effects of the designer’s
assumptions. They invited “the viewer into exchanges with the
designer, reflections about the visualization, and engagement
with an issue” (Dérk et al, 2013) and proposed several
representation forms to integrate the disclosure information into
the visualizations.

Some examples of visualizations that use information-rich
designs and custom visual vocabularies, and highlight the relevance
of details and the imperfection of the data include Data Items:

15 https://emotions.periscopic.com/inauguration/
16 http://poppyfield.org
17 http://www.studioterp.nl/a-view-on-despair- a- datavisualization-

project- by-studio-terp/
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A Fashion Landscape,'® visualizing the role of fashion connecting
people and cultures, and Bruises—The Data We Dont See,*
depicting a sensorial picture of a personal journey with a disease,
both by Giorgia Lupi. In Trending seeds®® Valentina d’Efilippo
and Lucia Kocincova analyzed and visualized the Twitter social
movement #MeToo to understand if social media could become
a vehicle to foster social change and reshape traditional views.
In Data Selfi?* Kadambari Komandur explored intersectional
feminism. These are just a few examples among many others.
Moreover, the concept of data humanism has been discussed
in research articles over the last few years. Kim et al. (2018)
presented an interface that enables designing and personalizing
visual vocabulary to represent data, and they explored how to
enable people to determine the representation of their data based
on the Dear Data project (Kim et al., 2019).22 Cordell advocated
for exploratory, iterative, and dialogic data humanism to foster
humanistic engagement with data in an academic context (Cordell,
2019). This concept is applied in several visualizations in section 4.

3.4.6. Multivariate data glyphs

A data glyph is a visual representation of data where the
attributes of the graphical entity are defined by the attributes
of the data record. It is a visualization technique often used
for multivariate data because patterns involving more than two
dimensions can often be perceived more easily in this manner
(Ward, 2008). Multivariate or multidimensional data consist of
a list of records, with multiple columns (variables), which may
be either numerical or categorical values. The encoding can
map one data attribute to one single graphical attribute; or
use redundant mappings (e.g., using tone and shape to display
the same variable) to facilitate the interpretation or reinforce a
message. Small multiple data visualizations contain several small
graphs arranged on a grid, where every representation follows
the same structure; and leverages visual constancy, economy of
perception, and uninterrupted visual reasoning (Chuah and Eick,
1998). Small multiples can be based on conventional graphs, but
also on information-rich glyphs that encode data attributes using
customized visual vocabularies. Glyphs can be displayed in a layout
based on data variables, data structure (e.g., time and hierarchies),
or any other layout (e.g., predefined shape and screen size). The
use of glyphs allows the designer to define the level of aggregation,
where each glyph is the level of detail selected. They are often used
to explore details (e.g., people, objects, and cases) as they allow us
to visualize multiple characteristics about each subject (see applied
in section 4.3.1).

Take a walk down Fifth Avenue”® by Molly Morgan uses data
glyphs to represent the physical characteristics and the ecological
benefits of every tree along Fifth Avenue in New York. Alberto

18 http://giorgialupi.com/data- items-a- fashion-landscape- at-the-
museum-of-modern-art

19 http://giorgialupi.com/bruises- the- data- we-dont- see

20 http://metoomentum.com/trending.html

21 https://kadambarik. myportfolio.com/data- selfi

22 http://www.dear-data.com

23 https://www.5avestreettrees.com
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Lucas Lopez in Our daily faces®* depicts every page of the South
China Morning Post newspaper over a year, encoding the subjects
covered or the length in small glyphs. Representation of women in
politics®® by Frederica Fragapane visualizes the top 40 countries in
the world by political parity score, using a combination of graphical
attributes to represent multiple variables for each country, such as
the percentage of seats held by women in local government bodies,
in lower and upper houses of national legislatures; the number
of female candidates in the most recent elections; the number of
elected or appointed heads of state or the geographical area.

3.4.7. Non-representational approaches and
interpretation

Inspired by the work of Thrift (2008), Johanna Drucker defined
non-representational approaches to modeling interpretation in a
graphical environment “as the use of graphical means as a primary
method of modeling human-authored interpretation rather than
to display preexisting data sets” (Drucker, 2018). In contrast
to representational approaches, the existence of data or other
representations is not assumed before the interpretative work; the
relationship between data and visualization is not unidirectional.
Visualization can be the starting point, where we add, for example,
connections or annotate reflections and use any visual vocabulary
to encode high-level concepts (e.g., contradiction and comparison).
This could be later captured as data. As already discussed in
previous sections, situated, experiential, and embodied forms of
knowledge have been largely researched (in contrast to observer-
independent empirical approaches). “A humanistic approach is
centered in the experiential, subjective conditions of interpretation”
and, therefore, it requires a shift toward non-standard metrics,
where the challenge is to design graphical expressions that display
interpreted phenomena (Drucker, 2011). Time, for example, is
modeled not to imitate its physical dimension but to provide
a model that reflects the phenomena under consideration to
support a given set of analyses (Aigner et al., 2011). Conventional
approaches to timelines are linear, unidirectional, continuous, and
structured with a single standard metric unit because they take their
structure from the temporal models used in the natural sciences. In
humanities, temporality is experienced as asynchronous, variable,
broken, and heterogeneous (Drucker, 2021).

There are several examples of data visualizations being used
as the starting point to collect and visualize data, for example,
in participatory projects using street data walls such as the Mood
Test?® by Domestic Data Streamers to analyze people’s attitudes
toward life; or in data physicalization projects such as the Data
Badges (Panagiotidou et al., 2020) that invited participants of a
conference to make their own customized expressions of their
academic profiles. However, examples of interpretive exercises
through visualization where graphical attributes are designed to

24 https://www.lucasinfografia.com/Front- pages- analysis

25 https://www.behance.net/gallery/138862771/Women- in-politics?
tracking_source=search_projects%7Cinformation%20visualization%20data
%20art

26 https://domesticstreamers.com/projects/the-mood-test/
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show subjective conditions of interpretation are practically non-
existent, beyond the theoretical study presented above and some
tool prototypes such as the 3DH project.”

When we want to approach analysis from a more humanistic
perspective, for example, to analyze an experience, the use of a non-
representational approach to data visualization using standard and
non-standard metrics, as required, can facilitate the interpretative
exercise. In the case of the LuxTIME project, we use this
technique to reflect on the evolution of the projects topics in
section 4.2 and to understand the participants’ experience in
section 4.4.

3.4.8. Data storytelling

Data storytelling is a powerful mechanism for sharing insights
that involve data, narrative, and visuals to explain, i.e., narrative
couples with data, explain; visual couples with data, enlighten; and
narrative coupled with visuals, engage (Dykes, 2020). Storytelling
makes data interesting, facilitates the understanding of complex
subjects, encourages action, and is memorable (Vora, 2019). Brent
Dykes identifies nine main tasks as part of the storytelling process:
identifying key insights, being aware of biases, having extensive
background knowledge, understanding the audience, curating the
information, assembling the story, providing narration, choosing
the visuals, and adding credibility (Dykes, 2020). Edward Segel
and Jeffrey Heer developed a framework of design strategies for
narrative visualization in the context of journalistic storytelling,
where they placed the visualizations along a spectrum of author-
driven, i.e., linear structure, heavy messaging, and no interactivity,
and reader-driven approaches, i.e., highly interactive with no clear
path to the story (Segel and Heer, 2010). “Narrative information
visualizations rely on rhetorical techniques, to convey a story to
users as well as exploratory, dialectic strategies aimed at providing
the user with control over the insights gained from interaction.”
(Hullman and Diakopoulos, 2011).

Framing Luxembourg,®® a timeline tracing the history of public
statistics in Luxembourg, is an example of data storytelling, where
the narrative is divided into different chapters (e.g., migration,
family, and employment), and scrollytelling® is used to facilitate
the navigation through text, images, and charts.

3.5. Data visualization and feedback
sessions

The visualizations presented in section 4 have been co-created
by the two main participants, integrating the feedback from the
other participants. The work has been developed over more than
2 years of the project, during monthly work sessions. The different
types of sessions were not initially defined but were designed
during the monthly meetings as the project progressed. We have

27 https://threedh.net
28  https://www.framingluxembourg.lu, the C2DH in

collaboration with STATEC

developed by

29 Scrollytelling, from “scrolling” and “storytelling”, is a way to display

content that unfolds as the user scrolls
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identified retrospectively 5 types of sessions that took place during
the project and have named them to facilitate their discussion and
future application.

- Individual and collective preparation sessions, where the
participants reviewed the data available to date and validated
the initial research questions (or reformulated them based on
available information). Major advances in the data collection
process were discussed in a meeting with the entire team,
followed by individual preparation sessions and a final group
session to agree on the data and the variables to be used and,
in some cases, to reformulate the research questions.

- Data visualization toolbox discovery sessions: The data
visualization researcher introduced the less-known concepts
and techniques during these sessions. Additionally, possible
improvements or alternatives were discussed when the session
was used to review visualizations already created during the
sketching and pilot sessions (e.g., the use of statistical graphs).

- Sketching sessions: During these sessions, both participants
experimented with different visualization ideas, using R,
Python, Excel, or Tableau for more standard charts, and paper
and markers to design tailor-made visual vocabularies. Miro
was also used for concept maps and brainstorming.

- Pilot session: In these sessions, the selected ideas were refined
and completed. The result was the data visualizations that were
ready to share with the rest of the team. The tools used remain
the same as for standard charts, and Adobe Illustrator was
used for static visualizations with custom visual vocabularies.

- Feedback sessions: Feedback from the rest of the team was
collected during these sessions. These exchanges also brought
to light the friction between the different disciplines, as we will
discuss in section 5.

All these sessions contributed to the creation and application
of our data visualization toolbox. The types of data available and
the research questions that were developed during the individual
and collective preparation sessions were the basis for the search
for suitable visualization techniques. Once these techniques had
been collected by the researcher in data visualization, the data
visualization toolbox discovery sessions allowed the presentation and
discussion of these techniques with other researchers. During the
sketching and pilot sessions, the selected tools were applied in a
practical way to the project. Finally, the results were discussed
during the feedback sessions with the entire team. These steps were
part of an iterative process that moved back and forth as new data
became available, new techniques were added to the toolbox, or new
feedback was received.

4. Results

4.1. Working in an interdisciplinary team

Working as an interdisciplinary team and learning how to
exchange ideas, data, and experiences were at the core of this
research. In this section, we discuss how, with the support of data
visualization, we laid the foundations for dialog and defined the
main themes of the project and the role of the different disciplines.
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FIGURE 1
LuxTIME project concept map developed using the Miro online visual collaboration platform

We, therefore, focus in this section on research question #1: How
could we map knowledge and knowledge sharing to define the
project scope?

Our first interdisciplinary challenge was to map the knowledge
in the team to understand the skills of each team member
and how they could contribute to the project. The initial team
consisted of three PhD students, three supervisors, and five
supporting researchers from the different research centers involved.
The foundation of any interdisciplinary project is the interest
in understanding other disciplines and finding out what level
of learning and collaboration is required to produce new “joint
knowledge” [trading zone concept, see (Kemman, 2021)].

To support this process, we used a concept map, where
we mapped the knowledge of the different disciplines and the
“joint knowledge” and how they related to each other. The
concept map was used to add literature about the different
topics, as a starting point for the other participants to familiarize
themselves with the topics, and to collect the references to the
first datasets. This visualization also served as both an internal
and external communication tool. The interactive online platform
Miro* was used for this purpose. Figure I shows an example
of this collaborative platform, which was also used in interactive
workshops such as the UniTalks LuxTime Machine: Back to the
future, where the participants (e.g., researchers from other areas,
librarians, and other university stakeholders) were encouraged to

30 https://miro.com
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complete the concept map by adding terms and links, after reading
a list of guiding questions such as “what exposures would you
consider understanding the exposome of the population in the
Minett region over the last 200 years?” and “where would you look
for information?”. The result of the workshop was an enriched
version of the concept map that helped us to identify new ideas and
points of view.

The final version of the concept map is shown in Figure 2.
In the initial versions, we only mapped three disciplines: history,
environmental cheminformatics, and eco-hydrology, displayed in
different colors; and the interdisciplinary project “overlap”, in gray.
In later versions, we decided to map data visualization as a fourth
discipline, since it is not only a tool that helps to achieve a technical
task but a branch of knowledge that also contributes at a theoretical
level. Certain topics moved from outside “specific knowledge” to
inside “joint knowledge”, such as “the exposome”, which originated
in the domain of environmental cheminformatics but became
the central focus of the project; or the industrial history of the
Minett region, which initiated exclusively under the expertise of the
historians and evolved to become a major area of joint knowledge.

4.2. Analyzing the process: topics,
information available, and participation

As discussed above, the project involves several disciplines,
with a broad area of joint overlap. Once the contributions of the
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FIGURE 2
Final LuxTIME project concept map.
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participants were understood, the project scope was defined and
revised throughout the project. In this section, we reflected on the
process: which topics were the most relevant at each moment and
why, which disciplines participated in different topics, which topics
had sufficient information for further development, and which ones
fell out of the project scope. Thus, here, we focus on research
question #2: How did the project evolve in terms of scope, relevance
of the topics, available information, and blending of the different
disciplines in each of these topics?

The concept map allowed us to see independent snapshots of
the topics at different points in time in the project, but it did not
allow us to compare their evolution throughout the project in the
same view, in terms of the appearance and disappearance of certain
subjects, to what extent they had been integrated into the different
disciplines, how relevant they were considered at each time, and
what were the reasons behind these changes. The data to do this
analysis were not collected during the project in a structured way,
since, in this case, we wanted to use the visualization directly as a
reflection tool (which could generate data later, if necessary).

The result of this exercise was the visualization in Figure 3,
where we created a timeline with three checkpoints (January 2021,
January 2022, and January 2023), around which we randomized
the themes. We included a separation line “inside/outside” of the
project, which allowed us to visualize which topics and around what
time had been excluded. Each circle represents a topic, and the size
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(3 levels) indicates how important it was considered at a certain
point of time in the project. The circles have a black border at the
last check point before being excluded from the project scope. The
color represents discipline (this color is kept consistent throughout
the different visualizations in which the discipline variable is
displayed). In addition, we added annotations on the lines linking
topics over time to explain how a topic is integrated into different
disciplines, why a topic is excluded, or how it is merged into a
different topic.

In the visualization, we observed that at the beginning of
the project, there were many different discipline-specific topics
with lower relevance, except for the data and the tools that were
common to all disciplines from the beginning. In the second
checkpoint, topics such as the field investigation integrated both
eco-hydrology and environmental cheminformatics with increased
relevance, but then, it was excluded from the scope due to
changes in the team. We also saw how the concept of historical
exposomics became more important, integrating the historical
and hydrological perspectives, thanks to the research seminars,
literature review, and writing workshops.** At the last checkpoint,

31 LuxTIME Seminar Series organized throughout the project to facilitate
the exchange of knowledge and stimulate the discussions within and outside
the https://luxtimemachine.uni.lu/#1620717521789-
01362bff-416e

working group
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FIGURE 3
Evolution of main topics of LuxTIME

only a few topics remained, with higher relevance and a blend  knowledge transfer, and shifting contributions among the project
of history, environmental cheminformatics, eco-hydrology, and ~ members, representing the functioning interdisciplinarity aspect of
data visualization. Overall, we saw a prioritization of topics,  the project.
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BLOOMING TREE: VISUALIZING THE
PROJECT FINDINGS IN DIFFERENT
BRANCHES OF INTEREST

FIGURE 4
LuxTIME tree visualizing the project developments.

This visualization applied the principles of a non-representative
approaches are explained in section 3.4.7, where data are not
collected before the visualization is created. We used graphical
features such as shapes (e.g., circles and lines), size, color, and
annotations; to reflect on the evolution of the project. We drew
a line connecting circles when we noticed a connection and
increased or decreased the size of a circle after discussing the
relative relevance of a topic at a given point in time. The
existence of these elements can be registered as data, but such
data did not exist beforehand, and the exercise started with the
interpretative process.

After defining the topics of interest, we collected all the
information found through public entities, research centers,
libraries, historical archives, and other sources presented in
section 3.1. In the visualization in Figure 4, the objective was
to display the areas with the most potential based on the
information found, i.e., the “flourishing branches” (see visual
rhetoric is described in section 3.4.4 at a given moment). We
defined three levels: The first was just the branch, which stated
that the topic had been considered and researched; the second
level was illustrated with a leafy branch, indicating that some
information had been found (e.g., historical sources mentioning the
topic, existing previous research, and literature available); and the
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third one, a flowering branch, depicted the possibility of further
analysis to extend the research (e.g., data can be extrapolated
to the Minett region, it concerns the period of interest, or a
projection can be done). The tree, at the same time, allowed
us to separate the branches into themes and sub-themes and
to represent the roots of the project, the four disciplines. As
we can see in Figure 4, the most developed branches, at the
time of visualization, were pollution, data humanism, historical
exposomics, environmental history, and the discovery of social
archives about the history of the Minett region. Other topics
for which some information had been found but was not yet
sufficient for further analysis included other areas of the exposome
(e.g., urban exposome, lifestyle, and biological responses) or
the sampling campaigns. This visualization could be annotated
to explain why these areas had been further developed, which
types of data had been found, where, and what analyses they
allowed. It could also be combined with a second visualization
showing the details, an animation (e.g., showing a tree whose
leaves appear, the flowers bloom and then wilt, and the leaves fall
off), or adding interactivity that has been neglected in this first
visualization phase.

The use of the tree allowed us to use multiple visual
metaphors, the roots representing the disciplines, support, and
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DATASETS PER CATEGORY AND SPECIFIC SOURCE

Category Specific Source
National and Local Luxembourg National Archive
Archives

Archive of Esch-sur-Alzette

Archive Sanem

CVCE (Luxembourg National Archive)
STATEC Archive

STATEC Website

Public Administrations

Administration de I'Environnement
Libraries Nainuwa
Luxembourg National Archive

Biblioteque National de Luxembourg

DATASETS PER LANGUAGE

The information found often contains fragments in
different languages, mostly a combination of French
and German.
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FIGURE 5
Summary statistics about the LuxTIME data inventory.
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nourish the project; the branches grow and branch out as the
project progresses, and the leaves and flowers bloom due to
multiple factors. This visualization showed the progress of the
project without using any conventional numerical or graphical
charts and could be used to communicate with all kinds of
audiences. It also showed which branches of the project were
“blooming” at first glance, as a starting point to discuss how to
move forward.
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4.3. Exploring data and metadata

One of the most challenging aspects of the project was the data
collection. In addition to the complexity due to the wide range
of topics, there were also different types of sources (e.g., texts,
images, and maps) and archives. The inventory of the information
continues, as well as the analysis of the different datasets. This
section focuses on research question #3 using selected examples:
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FIGURE 6

TREEMAP DISPLAYING THE EXPOSOME CATEGORIES AND SUBCATEGORIES COVERAGE

Treemap displaying the data inventory by exposome category and subcategory.
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B Ecosystems

W ufestyle

W Phenotype

B Physical/Chemical
W Social

How could we explore the data and metadata respecting the priorities
of the different disciplines?

4.3.1. Visualizing metadata of the information
collected

The wuse of statistical graphs, such as bar charts
allowed us to explore individual variables of the inventory,
answering questions such as How many datasets per source
did we have? This question could be easily answered

using summary statistics (Figure5), as the inventory
contains 21 datasets from the Luxembourg National
Archive, 18 from STATEC, 16 from the Archive of

Esch-sur- Alzette, etc.

How many datasets covered every category and subcategory of
the exposome? We did a subdivision of the exposome into five
categories (Ecosystems, Lifestyle, Social, Physical/Chemical, and
Phenotype) and 43 subcategories. In Figure 6, we visualized this
using a treemap, with the number of datasets related to the different
categories and subcategories. Most datasets belonged to several
classification categories, which are not displayed in the treemap.
The analysis of this overlap would require a different visualization.
In the graph, we could see that the categories with the most
information were physical/chemical and ecosystems, followed by
social and lifestyle.

The visualizations in Figures 5, 6 allowed us to summarize the
metadata, an analysis that could be extended to all the collected
metadata in the inventory (e.g., time period, geography, and
authors). However, we could not include multiple variables in the
same view and still see the details of each of the collected datasets.
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For this purpose, we used multivariate data glyphs (see Figure 7).
One of the principles of data humanism (Lupi, 2017) already
introduced in section 3.4.5 is the use of dense and unconventional
data visualizations to promote exploration, as it requires the reader
to become familiar with the visual encoding, and it layers multiple
visual narratives for the readers to follow their own interest “since
clarity does not need to come all at once”.

As we see in Figure 7, we selected a series of graphical
attributes customized to the visualization. The color of the outer
pentagon represents the source. In the inventory, we collected 121
datasets from 17 sources, which we grouped for visualization into
national and local archives, museums, libraries, research centers,
the geoportal, public administrations, and eluxemburgensia. The
inner pentagon, in gray, represents the areas of the exposome
covered in the dataset. The outer square with a thick gray border
indicates that the source has been digitized, and each corner of
the inner square indicates in which language it is available. At
the bottom of the pentagon, the period covered by the data was
indicated, with the base coinciding with the period of interest of
the project, between 1,850 and 1,950. The concentric triangles at the
top right indicate from the inside out the geographical area covered
by the data, from the Minett (smallest triangle) to a global scope
(largest). This visualization, despite requiring more time to explore,
would allow us to see different aspects at the same time, without
losing sight of the granularity of the dataset. Further iterations of
glyphs and layouts will be evaluated before final implementation.*

32 All visualizations are prototypes developed throughout the project,
at the end of which, a final version will be integrated into the project
website https://luxtimemachine.uni.lu/
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MULTIVARIATE DATA GLYPHS
TO VISUALIZE METADATA

FIGURE 7
Multivariate data glyphs.

How to read...

4.3.2. Exploring a dataset: number of chemicals
registered over time

After having explored the metadata of the data inventory, we
started to analyze the datasets. Given the variety of datasets in the
inventory, each required a particular analysis to define the required
data visualizations. We have chosen, as an example, a set of data
about the number of chemicals registered in the Chemical Abstracts
Service (CAS) registry** over time.

Figure 8 shows a classical representation of quantitative
(chemical) data using a line chart. As an alternative, in
Figure 9, chemical stripes (Arp et al, 2023) (inspired by the
warming or climate stripes discussed in section 3.4.2) are shown,
presenting trends of chemical registrations in the CAS registry
since 1965, with low numbers in light red and high numbers
in dark red. In Figure9, the color hue was chosen to alert
about the situation of increasing chemical numbers, while the
color values (from light to dark) allowed the use of red and

33 https://www.cas.org/cas- data/cas-registr
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made it possible for readers with color deficiencies to see the
differences.

The numbers of chemicals registered in the CAS registry do
not correspond directly to the number or amount of chemicals in
use. The stripes could be created for different compound classes
or a group of several chemicals, having the registration numbers
for these individual requests. The general trend remains the same,
irrespective of the view or data: The number of chemicals in use
and present in the environment increases along with the number of
chemicals. The total number of registered unique substances in the
CAS registry lies over 200 million substances currently, with 10-20
million new entries added per year. As in the case of the climate
stripes, this simplified heatmap conveyed a clear message about the
increasing number of chemicals. As discussed in section 3.4.2, this
is an example of a variation of a statistical graph, a heatmap, where
the graph elements (e.g., axes, legend, and tick marks) are removed
to draw attention to a single message, the increasing or decreasing
values through the color hue. The objective is not to provide exact
values to the reader but to show a noticeably clear trend through
minimalism in the visualization.
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FIGURE 8

NUMBER OF SUBSTANCES REGISTERED PER YEAR IN THE CAS REGISTRY
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Line chart: Number of unique substances registered in the CAS registry per year. Source: CAS registry.

FIGURE 9

Stripes: Number of unique substances registered in the CAS Registry per year. Source: CAS registry.

4.4. Monitoring project deliverables and
experience

Publications are a fundamental part of the results of a
research project, including the various parts of the publication
process and the experience of the participants. However, the
analysis of this process was not only to optimize the logistics
of the project but to embrace a hermeneutic analysis based on
interpretation, to understand how the publication processes differ
among disciplines, what kind of publications predominate and why,
and how it changes in more or less interdisciplinary, individual,
or shared publications. We used data visualization not only for
the purpose of quantitative analysis (e.g., how many papers had
been published) but as a tool for close reading, to develop a deeper
understanding of the process itself. In this last section of the
results, we focus on research question #4: How could we monitor
the project deliverables, including the different steps of the process,
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the contribution of the different disciplines, and the experience of
the participants?

In previous examples, we have discussed two time-based
visualizations: the evolution of the project scope around three
checkpoints throughout our project (Figure 3), and a simplified
heatmap to visualize the change of a variable (e.g., CAS registration
numbers; Figure9) over time. Next, we were interested in
monitoring the progress of planned publications during the project.
We wanted to know the start date of the work, the date of
publication, and also the intermediate steps (e.g., when it is
submitted and the progress toward acceptance). We also wanted to
know which disciplines participated in each publication, whether
authors from outside the project team were involved, and what
type of publication it was (e.g., article, poster). The visualization
technique most frequently used to represent time intervals is Gantt
charts. However, a simple Gantt chart did not allow us to represent
all the variables of interest in this analysis.
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In Figure 10, we can see how we could enrich the information
shown in a temporal diagram. By combining multivariate data
glyphs and placing them at specific points on the timeline, we could
divide the process into different steps between the time of starting
the work and the publication. We displayed a timeline for each
publication, with a triangle at each stage of the process, rotating to
the right when the process moves forward (e.g., submission), and
to the left when it “goes backwards” (e.g., rejection/revision leading
to a restart of the submission process). The color of the triangles
indicates that there are individual publications for each discipline,
as well as combinations of two or more disciplines. Publication
types for environmental cheminformatics (green) include three
posters (dashed triangles), seven articles, and an encyclopedia
entry. We can also see that in five publications, authors from
outside the project are involved. This visualization allows us to
see at which moments work accumulates and why. The rotation
effect of the triangle helped us to understand parts of the process,
for example, the effect of “going backwards” even as time moved
forward, due to a rejection that required a restart. At the same
time, the rotation of the triangle prevented us from seeing
when the event occurred with precision (i.e., vertex or center),
but as in this visualization, we did not need exact dates; we
chose to keep the triangular shape and take advantage of the
rotation effect.

The time scale could be visualized in more detail (e.g.,
with monthly details), adding more steps to the process (e.g.,
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differentiate acceptance and publication), or factoring in the time
perception of different participants, using non-standard intervals.
For example, one of the authors might have perceived the initial
time spent working on a publication differently from the time
spent working after the rejection of the initial version (see
Figure 11). The visualization in Figure 11 highlights the difference
between time and temporality, the latter being relational. It opens
the visualization techniques to graphical methods that represent
experiential temporality, a subjective experience that depends
on many psychological and physiological factors. If different
participants of the project were to repeat the visualization for
different publications, the challenges related to the different points
of view of the multiple sources would need to be accounted for
as discursive temporality. The visualization of time—based on
experience—allows us to explore how the different participants
experience the project (e.g., which moments are perceived as most
stressful). This visualization technique, where the timeline is not
standard, is probably the one that takes epistemological differences
the furthest.

5. Discussion

In this article, we have presented the LuxTIME data
visualization toolbox, including several data visualization concepts
and techniques from epistemologically distant disciplines.
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This teolbox has facilitated an interdisciplinary collaboration
among researchers in history, environmental cheminformatics,
eco-hydrology, and data visualization, learning and applying
concepts and techniques that reflect the paradigms of the other
disciplines (e.g., integrating the use of rhetoric or temporality
in natural sciences). Through the data collection process, the
numerous exchanges on data visualization, the sketching and
prototype development sessions, and the feedback collection
and implementation, we have experienced and learned about the
frictions inherent in interdisciplinary work.

First, the different perspectives on the level of granularity
are worth noting, a friction already described by Panagiotidou
et al. (2022). Especially, in the visualization process, we had
several discussions about how important the details were in the
visualizations (i.e., how we reached the results through several
iterations with positive and challenging experiences: failure, team
changes, and learning opportunities) vs. just visualizing the
result. Second, by integrating the ideas of data humanism and
interpretation into our toolbox, we increased the time needed
to explore some of the visualizations, which often triggered the
“discomfort” of not being able to immediately arrive to a clear
conclusion. For example, in multivariate visualizations, there are
several levels of information that cannot be extracted at first glance,
but they allow us to show many facets of the metadata in a single
view if we are willing to spend more time in the exploration.
Third, the most accepted concepts were the integration of rhetorical
mapping, and the variations of statistical graphics, notably the
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minimalist approach (i.e., no axes, tick marks, or grids), probably
because it already had a strong precedent with the climate stripes.
Finally, one of the elements that we added to the toolbox
at a later stage, because the need emerged, was the correct use
of statistical graphics. Although statistical graphics were often
used in all the disciplines involved, the visualizations generated
did not always respect established theories on data visualization
research. These discussions (e.g., color theory) highlighted the
need to collaborate with researchers in data visualization so as
not to perpetuate errors within the disciplines. Moreover, the
fact of including concepts and techniques that serve different
objectives (e.g., drawing quick conclusions using perception theory
vs. exploring in-depth multiple narratives through multivariate
visualizations with custom visual vocabularies) in our toolbox,
created a series of discussions about how blurred the lines are
between such “tools” and the paradigms they come from.
Throughout the research, the idea of data visualization as
a sandcastle has been very present, especially the use of data
visualization as part of the speculative process, and not just to
present the results once the work is done (Hinrichs et al.,, 2019).
This research is an attempt to use data visualization not only to
explore and communicate about the domain data and metadata
but also to collect and explore forms of thinking and creating
knowledge through visual means. To make this visual means
more specific, we have collected a series of existing concepts
and techniques, our toolbox, to encourage participants to rethink
what they already know but also to defamiliarize themselves with
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the usual methods and use data visualization as an aesthetic
provocation (Hinrichs et al., 2019) to open up new perspectives for
their own disciplines and the interdisciplinary work at LuxTIME.
Throughout the process, visualization in its role as a mediator
promotes an open and critical discourse (Hinrichs et al,, 2019).

All the visualization concepts and techniques discussed in this
article are just a proposal for a data visualization toolbox suitable
for many research fields. Such concepts and techniques are not new
but are rarely combined across disciplines or within the framework
of a single project. In LuxTIME, we wanted to experiment with
different data visualization techniques in a practical way, through
our own process of interdisciplinary learning and exchange, during
the definition of the project, and to explore the data and metadata
found in relation to our main theme: historical exposomics in the
Minett region. The aim was to extend the “go-to” data visualization
toolbox and to explore, validate, and communicate, benefiting
from techniques researched and applied across different disciplines.
The use of a variety of techniques allowed us to look at data
from different perspectives, analyzing the process quantitatively,
qualitatively, and in an interpretative manner (e.g., combining
Gantt charts with more flexible and detailed views, using non-
standard timelines to express the experience of participants),
and alternating and combining the use of statistical graphs with
the use of metaphors or other graphic elements, whose aim is
not necessarily to communicate quickly and accurately but to
foster emotions.

This combination of statistical graphics and their variations,
the use of information design elements generally present in the
so-called data art, as well as the integration of interpretative
elements gave us an extended data visualization toolbox to navigate
our project. Probably because of the interdisciplinary nature of
the project, this combination was more obvious, but we believe
it could be useful for projects of all kinds. Such a playground
is necessary to be able to formally evaluate the combined use
of these techniques in future. This exploratory practice refers to
the notion of “thinkering”, composed of the verbs tinkering and
thinking that describes the action of playful experimentation with
digital tools for the interpretation and presentation of history
(Fickers and van der Heijden, 2020). There is no one-size-fits-
all toolbox for every research project, as the toolbox concept is
built on the idea of flexible rearrangements of tools depending on
the research questions, needs, and aims of a project. The toolbox
is therefore the result of a “co-design” process based on situated
knowledge practices.

The visualizations presented in this article are prototypes that
will evolve further toward the end of the project, incorporating
other techniques (e.g, interactivity, direct visualization,
and enhanced ways of storytelling). Moreover, after having
experimented with several types of visualizations separately to
address different research questions, future steps will include a
review of the connections between different visualizations and how
they are linked in the overall narrative.
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This viewpoint paper — published 60 years after the release of Rachel Carson’s ‘Silent Spring’ — discusses
the importance of using precaution and improving the management of persistent chemicals like per-
and polyfluoroalkyl substances (PFAS). Looking at past developments of (reactionary) regulatory
measures and the rapid increase of the chemical space and chemical use, the need for action is
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Rachel Carson’s Silent Spring,' published just more than 60
years ago, outlined how the indiscriminate use of
dichlorodiphenyltrichloroethane (DDT), a potent, environ-
mentally persistent insecticide, was damaging the world’s
ecosystems, animals, and food supply. There were many other
chemicals more persistent than DDT accumulating in the
environment when Carson was writing, including per- and
polyfluoroalkyl substances (PFAS). While man-made, PFAS
were not intended to cause harm, contrary to pesticides such as
DDT. Today, ambient PFAS levels are contaminating rain, soil,
and drinking water resources worldwide to such an extent that
they have caused substantial, irreversible health and environ-
mental damage.” Like DDT, PFAS had long been in use by the
time Rachel Carson was writing Silent Spring (see Figure 1).
However, their environmental presence went unnoticed by
Carson and other contemporary environmental researchers.
PFAS were entering the environment under the radar, except to
those who were manufacturing and emitting them.’

B WHY WERE PFAS NOT CONSIDERED BY RACHEL
CARSON?

When Rachel Carson was writing Silent Spring, the field of
environmental chemistry was in its infancy, particularly in terms
of the ability to detect synthetic organic substances in the
environment. Carson’s case against excessive DDT use was
triggered mainly by visible toxicological and ecological
observations. Analytical data that proved ubiquitous exposure
and accumulation in the food chain were lacking. Ultimately, it
was James Lovelock’s development of electron capture detection
and its coupling with gas chromatography” that enabled other
scientists to confirm the omnipresence and bioaccumulation of
DDT. Lovelock reflected that the use of his technology to
demonstrate the “ubiquitous distribution of pesticides through-
out the global environment did much to fuel the environmental
revolution which followed. [This] lent veracity to the otherwise
unprovable statements of that remarkable book by Rachel
Carson”™.!

A few years after Silent Spring’s publication, Soren Jensen
identified polychlorinated biphenyls (PCBs) in white-tailed
eagle samples for the first time, while analyzing for DDT with
this new technique.” PCBs were later confirmed to be as
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ubiquitous in the environment and food chain as DDT. This
discovery was rapidly accompanied by the detection of several
other persistent organic pollutants (POPs), ultimately leading to
the first “dirty dozen” POPs appearing in the United Nations
Stockholm Convention, which was adopted in 2001, almost 40
years after Rachel Carson’s book was first published. By 2009,
the most well-known substance of the PFAS family was added to
the Stockholm Convention [perfluorooctanesulfonic acid
(PFOS)]. Other PFAS have since followed, including
perfluorooctanoic acid (PFOA) in 2019 and perfluorohexane-
sulfonic acid (PFHxS) in 2022 (Figure 1).

B WHATIF RACHEL CARSON HAD MENTIONED PFAS
IN SILENT SPRING?

If Rachel Carson had known about PFAS and included them in
Silent Spring, it is probable that the rapid global policy and
industry action to manage DDT and PCBs would also have been
applied to PFAS. One or more PFAS may even have been added
to the original “dirty dozen” in 2001. Without the regulation or
stewardship activities instigated by Silent Spring, there is little
doubt that emissions of DDT, PFAS, and many other persistent
pollutant groups would have been worse. This is evident in
Figure 1, as the colored stripes present the relative number of
filed patents for DDT and selected PFAS over time. The
numbers of patents increased at an exponential rate, with patents
for DDT and PFOS continuing to increase irrespective of
regulatory efforts such as the Stockholm Convention listing
dates shown in Figure 1. One exception to this is the most recent
decrease in the number of patents for PFOA, which may be a
sign of industry responding to its inclusion in the Stockholm
Convention.

https/doi.org/10.1021/acs.est.3c01735
Environ. Sci. Technol. XXXX, XXX, XXX—XXX



Environmental Science & Technology

pubs.acs.org/est

low/medium/high number of patents registered per year (WIPO)
1913 1930 1950 1970 1990 2010 2021
t i —1 = f f f } 20 Mio
1
oo [ 111 | 5
] i 9
1 -~ — 2
& = L
. 2
k7]
PFHxS | I . I I 8 10 Mio
i 2
ol 1 é
i ' =
. 7))
o :
0

: MAX number of patents
registered per stripe

Silent Spring
Rachel Carson

Stockholm convention
listing dates

Figure 1. Chemical stripes for DDT and various PFAS. The colored stripes show the distribution of patents registered per year for DDT, PFOS,
PFHxS, PFOA, and the sum of all four chemicals. Superimposed in black is the number of chemicals registered in the Chemical Abstracts Service
(CAS) Registry each year. Purple dashes denote key publications and regulatory dates. Sources: World Intellectual Property Organisation (WIPO)
patent numbers extracted from PubChem;® CAS registration data provided by CAS.

B USING PRECAUTION TO PREVENT FUTURE SILENT
SPRINGS

A shortcoming of the implementation of a chemical regulation
like the Stockholm Convention is that it is reactionary and not
precautionary. Substances are added to the Stockholm
Convention only after exposure and ecological harm has been
demonstrated through environmental and laboratory observa-
tions, often long after the first awareness of red flags. But what of
the other unknown environmentally persistent substances that
are out there, or that may be in future?

Rachel Carson wrote in Silent Spring, “the new chemicals
come from our laboratories in an endless stream; almost five
hundred annually find their way into actual use in the United
States alone. The figure is staggering and its implications are not
easily grasped—3500 new chemicals to which the bodies of men
and animals are required somehow to adapt each year, chemicals
totally outside the limits of biologic experience.”" Shortly after
Silent Spring was written, the number of chemicals present in the
Chemical Abstract Services (CAS) Registry was 211934 (in
1965). In March 2023, the total has reached 204 million
chemicals, 3 orders of magnitude higher. In the past several
years, the number of new CAS registrations has increased to 10—
20 million per year (black line in Figure 1), § orders of
magnitude higher than the rate of 500 chemicals per year quoted
by Rachel Carson. Among the new CAS registrations are likely
multiple extremely persistent substances, plausibly ranging from
the hundreds to hundreds of thousands. Many of those being
registered now could turn out to be the next DDT or PFAS.

The premise by the Renaissance physician Paracelsus, “the
dose makes the poison”, is an irresponsible axiom for managing
persistent substances that accumulate in the environment. In
1962, Carson did not know that PFAS could be a poison, and in
2023, scientists are still researching the dose.”” Because the
number of chemicals registered per year (Figure 1) is now in the
millions, it is clearly not possible or desirable to perform a
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detailed risk assessment for all substances. It is likely that there
are already extremely persistent substances in the environment
that are causing harm and for which we have little knowledge or
data. So how can we stop this pattern of reoccurring silent
springs?

B IMPROVING THE MANAGEMENT OF PERSISTENT
SUBSTANCES

A precautionary approach is the only way forward when it comes
to managing new and existing, extremely persistent substances
with a clear exposure pathway to humans and the environment.
This precautionary approach must be applied to a future of
chemical innovation that is centered around concepts such as
the “circular economy” and “safe and sustainable by design”
(SSbD), which consider the diverse impacts of chemicals over
their entire life cycle.” To enable this, research and innovation
must shift toward making substances with lifetimes designed for
their intended use within the circular economy. Such substances
should degrade naturally or be triggered to do so at the end of
their useful life cycle. As an illustrative example, some oxo-
polymers are completely mineralizable in agricultural soils but
can be persistent upon reaching marine environments.” Such
oxo-polymers are potentially safer replacements to extremely
persistent pesticides and plastics on soils for which they were
designed; however, containment to prevent marine emissions of
these oxo-polymers at their end of life would become a
management priority. Similarly, persistent substances found in
reusable products would need to be managed such that they are
either retained in the circular economy without emissions or
designed for technical or natural degradation at the end of life.

To improve such management of persistent substances, there
are three fronts that require further attention: improving
experimental testing, developing in silico methods, and
strengthening regulatory options. To improve experimental
testing, simplified protocols that can be applied to several
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substances simultaneously would be highly valuable. This could
include the development and implementation of “benchmark-
ing” approaches, in which substances with unknown half-lives
are placed in the same simulation system (or mesocosm) as
those with well-known half-lives, and the degradation rates of
the unknown substances are benchmarked to the known
substances over time.'”""

Developing in silico methods will be necessary to strengthen
and bridge the experimental and regulatory approaches to
persistence. Considering the large number of chemicals on the
global chemical market,'” in silico methods are the only feasible
way to assess all of them, though they remain highly inaccurate
due to large data gaps."> Nevertheless, high-quality in silico
approaches, supported by additional experimental data, remain
an aspiration as they require substantially less time and resources
than experimental testing. In addition, in silico approaches could
be used in the chemical design and synthesis phase to identify
new and novel replacements for persistent substances for testing
or development. Increasing the availability and digitization of
high-quality experimental half-life and transformation data,
coupled with advances in cheminformatics and machine learning
tools, will increase the accuracy of in silico assessment of
environmental persistence based on molecular structure.'*

Finally, to improve regulatory options over the whole life cycle
of chemicals, regulators could require and if necessary act upon
information related to degradation conditions of substances,
targeting chemical uses with pathways to the environment.
Inspiration to improve such regulatory options can be found in a
recent examination of approaches to persistence assessments' '
and the European Union’s Chemicals Strategy for Sustainability
(CSS)."® The CSS includes several initiatives to develop more
precautionary approaches for extremely persistent substances,
including a broad group restriction of PFAS, and the
introduction of new hazard categories, including persistence
[i.e., persistent, bioaccumulative, and toxic (PBT); very
persistent and very bioaccumulative (vPvB); persistent, mobile,
and toxic (PMT); and very persistent and very mobile
(vPvM)]."®

Expansion of work in these areas is required on a global scale
to truly avoid the next silent spring, alongside the evolution and
widespread adoption of approaches like SSbD and the circular
economy. Improving our scientific understanding of environ-
mental persistence, along with developing in silico methods, will
encourage better, greener innovation and regulation that will
result in the accumulation of fewer persistent substances in the
environment. Learning from our past and present to improve a
precautionary approach to persistent substances will ultimately
allow humankind to foresee and forestall a future consigned to
transgressing planetary boundaries and recurring silent springs.'
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pollutants: a case study from Luxembourg

Dagny Aurich!"®, Philippe Diderich?®, Rick Helmus*® and Emma L. Schymanski' ®

Abstract

Background Non-target screening of surface water samples collected over an extended period can reveal interest-
ing temporal patterns in exposome-related pollutants. Additionally, geographical data on pollution sources close

to the sampling sites, chemical classification data and the consideration of flow paths can provide valuable infor-
mation on the origins and potential threat of tentatively identified chemical compounds. In this study, 271 surface
water samples from 20 sampling sites across Luxembourg were analysed using high-resolution mass spectrometry,
complementing routine target monitoring efforts in 2019-2022. Data analysis was performed using the open source
R-package patRoon, which offers a customizable non-target workflow. By employing open source workflows featur-
ing scoring terms, like spectral match and applying identification levels, tentative identifications can be prioritized,
e.g. based on spectral similarity. Furthermore, by utilizing supplementary database information such as PubChemLite
annotation categories and classification software such as classyFire, an overall assessment of the potential threats
posed by the tentatively identified chemicals was conducted, enabling the prioritization of chemicals for future con-
firmation through targeted approaches.

Results The study tentatively identified 378 compounds associated with the exposome including benzenoids,
organoheterocyclic compounds, and organic phosphoric acids and derivatives (11 classyFire superclasses, 50 sub-
classes). The classification analysis not only revealed temporal variations in agrochemicals, with the majority of identifi-
cations occurring in May to July, but also highlighted the prevalence of pharmaceuticals such as venlafaxine in surface
waters. Furthermore, potential sources of pollutants, like metallurgic industry or household products were explored
by considering common uses and geographical information, as commercial uses of almost 100% of the identified
chemicals are known. 41 chemicals were suggested for potential inclusion to governmental monitoring lists for fur-
ther investigation.

Conclusions The findings of this study complement existing knowledge on the pollution status of surface water

in Luxembourg and highlight the usefulness of non-target screening for identifying temporal and spatial trends

in pollutant levels. This approach, performed in a complementary manner to routine monitoring, can help to tenta-
tively identify chemicals of concern for potential inclusion in target monitoring methods following additional confir-
mation and quantification efforts.
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Background

The variety and number of chemicals of concern in the
environment continue to rise. The synthesis and regis-
tration of new chemicals happens regularly [1] and their
presence in the environment and potential impact are
often only recognized at a late stage. Furthermore, trans-
formation products (TPs) of well-known chemical com-
pounds frequently go unrecognized and are often not
subject to routine monitoring. While they often exhibit
properties similar to their parent, they can be even more
harmful or persistent. This is for example true for the
pesticide dichlorodiphenyltrichloroethane (DDT) and
its TPs dichlorodiphenyldichloroethylene (DDE) and
dichlorodiphenyldichloroethane (DDD) with all three
compounds having carcinogenic properties and DDE
being even more potent than its parent [2, 3]. In general,
the origins of pollutants vary, as they can be side prod-
ucts of industrial, agricultural or medical applications or
chemicals resulting from households ending up in the
environment. Determining the source of each pollutant
is therefore a highly challenging task but can be achieved
in several ways, including looking at specific samples and
sources or through evaluation of long-term temporal or
geographical patterns.

Environmental monitoring covers just a small frac-
tion of concerning chemicals, such that many even well-
known chemicals (‘known unknowns’ [4, 5]) remain
undiscovered in routine analysis. Therefore, it is impor-
tant to take a step back from trusting solely targeted
approaches and to apply and improve existing non-target
(NT) methods. State-of-the-art chemical analysis meth-
ods combined with optimized cheminformatics work-
flows can provide a more comprehensive picture of the
chemicals contained in a variety of environmental sam-
ples. The chemical load and the potential effect on human
health or wildlife are of major interest when it comes
to, e.g. chemical exposure assessment and exposomics
research. Non-target analysis (NTA) allows for the moni-
toring of chemical exposure by identification of poten-
tially toxic and persistent chemicals, even retrospectively.
Looking at the full range of chemicals in sample measure-
ments done for several years, time trends can be discov-
ered (e.g. seasonal changes [6, 7]) and information could
be found on the source and pattern of the pollution. Suit-
able sample types to perform such an analysis can range
from soil, water and air to biological specimens, reviewed
in more detail previously [8]. Looking at the availability
of samples and the sampling or analysis requirements,

monitoring the state of water bodies presents a conveni-
ent way to measure environmental pollution. Especially
looking at different flow paths contributing to a spread
of pollutants, the input of wastewaters and meteorologi-
cal phenomena such as flooding events, water becomes a
very interesting and versatile sample type.

The small country Luxembourg, with an industrial
past, is covered by 102 natural (or nearly unmodified)
surface water bodies, displayed in Fig. 1 with different
river catchments and flow directions. Pollution sources
are numerous, in addition to industry, agricultural activi-
ties, traffic and household waste contribute to the coun-
try’s chemical load [9]. Chemicals such as pesticides,
flame retardants like polybrominated diphenyl ethers
(PBDEs) or pharmaceuticals are contaminating water
bodies [10-12], resulting in poor quality evaluations
[13]. In 2022, the report on water quality showed that
no river in the country is in a good condition (accord-
ing to European “one-out-all-out” criteria [13, 14]) with

River catchments
B Mosel

[ Lower Siire
B Upper Sure
W Witz

B Our

[ Alzette

B Chiers

4= Flow direction
at border

France

Fig. 1 Surface water bodies in Luxembourg with different
catchments and flow directions. Modified from: geoportail.lu
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concentration values exceeded for chemicals like perfluo-
rooctanesulfonic acid (PFOS), metazachlor or anthracene
[12]. Moreover, only half of the groundwater bodies were
in good status in 2022 [9]. In these evaluations, the eco-
logical condition of surface water bodies was evaluated
based on biological, physical, chemical and hydromor-
phological parameters [9, 13]. The chemical status was
based on the analysis of priority hazardous substances
and substance classes of greatest (EU)-concern, specified
in the Water Framework Directive Annex VIII of Direc-
tive 2000/60/EC (Annex X) [14]. The directive was trans-
posed into Luxembourgish law by the amended Water
Directive of 2008 (Directive 2008/105/EC), known as the
Environmental Quality Standards or Priority Substances
Directive, setting environmental quality standards for
surface water pollutants [15]. In 2013 an additional Euro-
pean watchlist mechanism was established, setting a list
of substances to be monitored by all EU members [16,
17], which is updated regularly (newest version 2022
[18]). In 2022, the EU commission adopted a proposal to
revise the list of priority substances, including 25 addi-
tional substances, e.g. per- and poly-fluorinated com-
pounds (PFAS), bisphenol A, silver and several pesticides
and pharmaceuticals [16, 19]. Besides looking at priority
substances, a list of catchment-specific pollutants was
considered, looking at the main catchments Mosel, lower
Stre, upper Stre, Wiltz, Our, Alzette and Chiers (see
Fig. 1) [12]. Cross-border rivers, such as the Alzette (aris-
ing from France), were particularly polluted [9], already
containing a high chemical load when crossing the bor-
der (see Fig. 1, blue arrows indicating the flow direction).

This analysis can be expanded looking not only at the
specified compounds for routine governmental monitor-
ing, but also performing a full NT workflow to obtain an
overview of additional chemicals that may be present, but
are not a part of routine monitoring efforts yet. Perform-
ing this additional screening in parallel to the routine
target analysis can help to identify risks posed by new
or undiscovered contaminants in Luxembourg already
at an early stage. This can be then used to guide legisla-
tive decisions, e.g. to expand the list of chemicals used for
target screening in routine governmental laboratories (in
Luxembourg the LAdministration de la Gestion de I'Eau
(AGE)) or to improve wastewater treatment filtering sys-
tems. One step further, NTA can help support determin-
ing the (geographical) origin of contamination through
differences between samples (e.g. influent/effluent of
wastewater treatment plants (WWTPs) [20, 21]). Even
the description of processes or transformation pathways
may be possible, when looking at these measurements
[22].

Currently, there is not one unified workflow to per-
form NTA of surface water samples. Several tools are
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available nowadays to screen for unknowns, but there
is no one-fits-all solution. High-resolution mass spec-
trometry (HRMS) was the method of choice to perform
the analysis of the 271 Luxembourgish surface water
samples collected at 20 sampling sites in Luxembourg
between April 2019 and April 2022. In addition to the
routine target monitoring conducted by AGE, a NT
data analysis was performed allowing for retrospective
analysis, screening, for e.g. previously not discovered
chemicals. In this article, the open source R-package
called patRoon [23, 24] was used, to perform the NTA.
A detailed description of the package and its function-
alities can be found in Helmus et al. 2021 and 2022
[23, 24]. The package combines functionalities of many
tools like XCMS [25-27] or MetFrag [28] in one ‘ready
to use’ package to harmonize and simplify the work-
flow of data processing of HRMS data in environmen-
tal sciences. The utilization of this open source tool
offers a potential solution for facilitating collaboration
among researchers, considering the existence of vari-
ous instrument types and the consequent use of differ-
ent and often incompatible software. It works with the
open mzML format, for which a conversion exists for
each vendor.

The workflow used in this study presents only one pos-
sible combination of steps (see Methods) to perform
a NTA and can be expanded using, e.g. a suspect list to
screen for specific substances. A novelty of patRoon 2.0
(compared to patRoon 1.0) was the possibility to per-
form a ‘Sets’ workflow processing positive and negative
analyses at once, which was applied here [23]. The pack-
age workflow included peak picking, selecting relevant
features, blank correction, removing the irrelevant ones
and peak alignment. For the feature finding (via XCMS
[25-27]) an optimization of the input parameters was
performed. As shown by Libiseller et al. in 2015 [29],
Alboniga [30] or Tostengard and Smith [31], optimizing
for the parameters ppm and peakwith can significantly
improve the results when using XCMS and the integrated
centWave algorithm. CentWave is a feature detection
algorithm integrated in the XCMS package applying con-
tinuous wavelet transformation (addition of Gauss-fitting
is possible) to detect features even when they are partially
overlapping [26]. After feature finding componentiza-
tion could be performed identifying features belonging
to one compound (adducts, isotopes, in-source frag-
ments) as well as the generation of potential chemical
formulas based on accurate mass and isotope patterns.
For interpretation and possible identification of features,
substance and spectral databases such as PubChem [32]
and MetFrag [28] are required. In this study, a subset of
PubChem called PubChemlLite [33, 34] was used, focus-
sing especially on exposomics-related compounds.
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The resulting features were categorized by identifica-
tion level [35] using the individualMoNAScore (spectral
similarity of the candidate structure in the MassBank of
North America (MoNA) [36]). Moreover, the compounds
were classified using the tool classyFire [37] whose pri-
mary function is to classify chemical compounds based
on their structural features and properties and assign
them to specific chemical classes and subclasses. Classy-
Fire is widely used and can provide valuable information
about the chemical composition, functional groups, and
potential biological activities of a compound. In addi-
tion, PubChem annotation content [34] was used to esti-
mate the environmental effect and to determine possible
sources of the chemicals like agriculture, households or
industry. PubChemlLite for exposomics makes use of
selected categories available in the PubChem Table of
Contents Classification Browser [38]. These categories
can help categorizing the tentative identifications. Cat-
egories used in this study included agrochemical use
(agroChemlnfo), drug and medication information (drug-
Mediclnfo), associated disorders and diseases (disorderD-
isease) and use and manufacturing (knownlise) [34].

A comparison to prior studies of the Environmental
Cheminformatics (ECI) group at the University of Lux-
embourg—focussing at pesticides and pharmaceuticals in
surface water [10, 11]—was conducted, looking at shared
identifications to check for plausibility. These stud-
ies proved already the presence of high pesticide (even
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banned compounds and transformation products) and
pharmaceutical load in surface waters and complemented
target monitoring efforts of AGE [10, 11] but did not look
beyond these classes. For the river Chiers, located in an
industrial region in the south-west of Luxembourg, an
additional comparison was performed looking at com-
pound findings from a 2022 sampling campaign, see
Fig. 2. The sampling was performed from May to June
2022 at the inlet of a WW TP in Petange, located prior to
the sampling point of this study. The study results were
then evaluated based on the geographical information on
industry, households and hospitals located in the region.
Finally, the AGE target list was compared to the study
findings, looking as well at catchment-specific pollutants,
and discussing possible candidates to include in routine
monitoring.

The primary aim of this article is to employ NTA as
a complementary approach to routine target monitor-
ing, with the objective of offering tentative insights into
chemicals of concern that are currently not under sur-
veillance to form recommendations for future target
monitoring efforts. To achieve this, an open source and
adaptable NT workflow is proposed as an alternative to
conventional vendor software. By adopting this approach,
it becomes feasible to accommodate a wide range of
instruments, thereby facilitating collaboration among
researchers and authorities/regulators. This applies spe-
cifically to the Luxembourgish case as AGE uses a Sciex
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Fig. 2 Two sampling sites at the river Chiers. Modified from: geoportail.lu
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and the University of Luxembourg a Thermo Fisher
Orbitrap device. The combination of various tools dis-
cussed herein represents a singular, potential method for
processing HRMS data via NTA. Furthermore, this study
aims to compare NT-HRMS measurements obtained
from samples of Luxembourgish surface water in order
to identify temporal and/or spatial patterns and to clas-
sify chemicals found using a variety of tools. Based on the
results, the article aims to explore potential sources of
pollutants, as well as estimate potential impacts on both
the environment and human health.

Methods

Sample preparation and analysis

Two hundred and one water samples were collected
every 4 weeks by AGE at the sampling sites indicated in
Fig. 3 and in Additional file 2: Table S1. The 3-year sam-
pling analysed in this article took place between April
2019 and April 2022 with each year having varying sam-
pling points on a rotational basis, spread throughout
Luxembourg, selected by AGE. The same four sampling
points were analysed every year, the remaining river loca-
tions vary in a 3-year cycle to cover different geographic
regions (or catchments) in the country (see Fig. 1). The
four constant rivers—displayed as black squares in
Fig. 3—were Chiers, located in the south-west (Chiers
catchment), Syr in the east (Mosel catchment), and in the
centre Sare (upper Stre catchment) plus the Alzette near
Ettelbruck, hereafter ‘Alzette_E’ (Alzette catchment).
Some measurements were unavailable due to differing
reasons, e.g. meteorological circumstances (excluded
months: November 2019—-March 2020). For March 2021
and 2022 there was an additional sampling performed
at the end of the month, indicated as ‘Mar_end’ Due to
method and instrument instabilities, several months of
2021 were remeasured in 2022, resulting in increased fea-
ture and identification numbers for the remeasured anal-
yses ‘Mar_end-21, Apr-21, May-21.

The 271 surface water samples were extracted (solid
phase extraction, SPE) as described in Krier et al. [10]
using the Atlantic® HLB SPE Disks (Horizon, Salem,
NH, USA) with a 47 mm diameter and the SPE-DEX
47900 system (Horizon). The filtered extracts were
spiked with a 100 ppb mix of 10 internal standards:
Melamine-13C3-15N3, Carbendazim-D4, Sucralose-D6,
5-Methyl, Benzotriazol-D6, Neotame-D3, Metolachlor-
D6, 5-Fluorouracil-15N2C13, Torsemide-D7, Triclosan-
D3, Carbamazepine-D10 purchased from Santa Cruz
Biotechnology, Heidelberg. Then they were analysed via
Reversed Phase LC-HRMS using the Waters Acquity
UPLC BEH C18 column and the Thermo Q Exactive HF
Orbitrap Mass Spectrometer. Further analytical details

Page 5 of 20

'& Q)

)
oA Sampling
] 02019
// © 2020
/ 0 2021
K © 2022

0 5
Fig.3 Sampling sites between 2019 and 2022 (exact location
in Additional file 2: Table S1). Mixed shading corresponds to sampling
done in both years. Modified from: geoportail.lu

10 15km§ |

including QA/QC procedures are given in Krier et al.
2022 [10].

Data analysis

Several R-packages were used to perform the HRMS
data processing and the following data analysis steps.
The version of R and all installed dependencies of the
open source package patRoon and other used packages
are listed in the LCSB GitLab repository of the Environ-
mental Cheminformatics Group (ECI). Moreover, the R
script used for optimization and the full NT script can be
found in a subfolder of the repository, while the raw data
are available on GNPS (https://doi.org/10.25345/C55X2
5P62).

This study presents an NTA workflow of 271 LC-
HRMS surface water measurements (in positive and neg-
ative mode), making use of a modifiable data processing
workflow established by using the R package patRoon.
The data files were converted to mzML via ProteoWiz-
ard’s MSConvert (version 3.0.21075) [39, 40] using a peak
picking (centroiding) filter. Therefore, the pre-treatment
step implemented in patRoon was not applied here,
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starting directly with the finding and grouping of features
(functions findFeatures, groupFeatures) in ‘Sets” mode.
The package XCMS [25-27] was used to perform feature
finding and later grouping. To receive best results for the
feature dataset a feature optimization step was performed
(as explained above) with the patRoon-integrated Iso-
topologue Parameter Optimization (IPO) [29] algorithm
[function optimizeFeatureFinding resulting in an itera-
tive process using Design of Experiments (DoE)]. The
feature grouping using XCMS was followed by a basic
rule-based filtering operation (filter) applying a blank,
intensity and replicate group filter. To annotate those fea-
tures, tables of averaged mass spectra (MS and MSMS)
for each feature—so called MS peak lists—were created
(generateMSpeaklists) using functionalities of the mzR
package [39-43]. Those lists were filtered thereafter (fil-
ter) limiting the results to the top 25 MSMS peaks. Com-
pounds were then generated using MetFrag [28] and the
PubChemlLite for exposomics library [33, 34] (generate-
Compounds). For each feature group possible candidate
compound structures were identified and then ranked,
e.g. based on the matching fragmentation (MSMS) data.
Several scoring parameters can be set in this step, includ-
ing the individualMoNAScore, which was used in the
next step to determine the level of identification. For the
simplicity of analysis, three levels were chosen: a good
MSMS library match, i.e. level 2 scored at least 0.9, a fair
match, i.e. level 3a lay between 0.7 and 0.9 and level 3b
was defined to be between 0.4 and 0.7 (adapted scheme
from the NTA study by Talavera Anddjar et al. [44]). For
each feature, the tentatively identified candidate with
the highest score was selected for the final scoring and
reporting. The following data analysis involved a classi-
fication of chemicals using the web interface classyFire
[37] and four classification categories of the PubChem-
Lite database (agroCheminfo, drugMediclnfo, disorderD-
isease, knownlse), which are available in the database file
and online for each chemical record. The inter- and intra-
year occurrence of compounds and compound classes
was then analysed. The results were evaluated looking at
the 3 years of measurements, presented in the Results,
followed by a critical discussion and evaluation of the
used tools, in the Discussion.

Results

This section includes the summarized results from the
NT workflow of the 271 Luxembourgish surface water
samples analysed that are of solely qualitative nature.
The workflow started with the optimization of the ppm
and peakwidth parameters to perform feature finding,
as described above. An example of different DoEs visu-
alized by perspective plots can be found in Additional
file 1: Figure S1 for the samples of April 2020 (in negative

Page 6 of 20

mode). In addition, a visualization of the best parameters
determined for positive and negative mode for the same
month is shown in Additional file 1: Figure S2. The full
list of optimized feature finding parameters for ppm and
peakwidth can be found in Additional file 2: Table S2.

After optimizing the feature finding parameters, the
actual NT analysis of the measured samples was per-
formed. Figure 4 shows the applied patRoon work-
flow with data collected for the ten April 2020 samples.
In total 75,263 positive and 43,697 negative features
were found in the first step of the workflow, totalling
to 118,960 features. After feature grouping and filter-
ing, using the inbuilt patRoon functionality [23, 24] (see
above), the number was reduced to 24,005 features in
7,581 feature groups. After the generation and filtering
of MS peak lists, 15,140 positive compounds and 12,546
negative compounds could be assigned to the feature
groups (see Fig. 4). Applying the identification scheme
explained in the Data Analysis section [44], 76 positive
and 73 negative compounds could be identified at levels
2, 3a and 3b, of which 93 were unique compounds and 56
were overlapping (i.e. they were tentatively identified in
both positive and negative mode).

Most of the rivers are interconnected in Luxembourg
and therefore the same compounds appear in several
measurements. There are catchment-specific pollut-
ants—monitored by AGE—appearing mainly in the
regions indicated in Fig. 1 [12]. Figure 5A shows over-
lapping features (using a Venn diagram) for the four riv-
ers monitored regularly. The most feature groups were
detected for the river Syr, which overlapped most with
the surface water from Chiers and Alzette_E (975). How-
ever, all four rivers are located in different catchments
with different, region-specific influences and therefore
the overlap is not 100%. In Fig. 5B, a Chord plot for all
feature groups in all rivers in April 2020 is presented. All
rivers showed several overlapping feature groups with
clear overlaps of some rivers belonging to one catch-
ment, e.g. Gander and Mosel. However, this is not always
the case, looking, e.g. at the two rivers in the Lower Stre
catchment or the large overlap between Alzette_E and
Chiers.

The analysis steps presented in Fig. 4 were accord-
ingly performed for all 34 months and the result-
ing tables can be found in the GitLab repository.
In Additional file 2: Tables S3 and S4 the number of
2, 3a and 3b identifications for positive and negative
mode, their sum and the number of tentatively identi-
fied unique compounds per level can be found. There
was a majority in level 2 identifications compared to
the level 3 numbers, e.g. for the April 20 samples there
were 58 level 2s, 22 3as and 17 3bs. The total num-
ber of positive, negative and unique identifications
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Fig. 4 patRoon workflow (workflow step terms described in [23, 24]) with exemplary values and feature groups plot for the April 2020 analyses,

resulting in level 2, 3a or 3b identifications

(without discriminating between levels) is demon-
strated in Fig. 6 based on Additional file 2: Table S4.
The numbers of positive and negative (unique) identi-
fications are presented in yellow and green and a black
bar shows the total number of unique compounds.
The count of identifications in positive mode is gener-
ally higher than the negative count and their overlap
is shown in blue. Overall, a total of 2479 compounds
were annotated. After deduplication, 378 unique
chemicals remained with level 2, 3a and/or 3b. The
chemicals identified per month and in total can be
found in Additional file 2: Table S5 (further details
are available in the ‘Output_summary_patRoon’ folder
uploaded on GitLab), including tentative identifica-
tions of pharmaceuticals like valsartan or metformin,
agrochemicals like 4,6-dinitro-o-cresol (DNOC) or
their TPs like Flufenacet ESA and industrial chemicals

like benzotriazoles, methylbenzenesulfonamide or bis-
phenol S.

Classification
To get a better overview of and group/interpret the tenta-
tive identifications, classification steps were performed.

ClassyFire

First, an ‘interannual’ (April results of all years) and an
‘intraannual’ (2021 results of all months) comparison
was performed, looking at the number of identified com-
pounds per classyFire class and parent class (superclass).
The month April was the only one measured in all years
and 2021 was the only year where samples were avail-
able for each month. In general, for the interannual and
intraannual comparison, 11 main parent classes (super-
classes) could be identified: organic oxygen compounds,
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Fig. 6 Number of unique positive, negative, overlapping and total identifications per month

organohalogen compounds, nucleosides, nucleotides, polyketides, organic acids and derivatives and organo-
and analogues, organic nitrogen compounds, organo- heterocyclic compounds. 50 unique subclasses of those
sulfur compounds, lipids and lipid-like molecules, alka-  very general superclasses could be assigned (46 in 2021),
loids and derivatives, benzenoids, phenylpropanoids and  giving a more detailed picture. The underlying data (total
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of those compound classes can be seen in Fig. 7 using the
summarized identification numbers of all analysed months
in 2021.

numbers and percentage of compounds found per class
and superclass in the inter- and intra-annual comparison)
are included in Additional file 2: Table S6. An overview

Benzo-

Benzotriazoles thiazoles

Triazines Benzazepines

Imidazo-
pyrimi-
dines

Indoles and
derivatives

Azoles

Benzene and substituted derivatives

Pyridines
and
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5 Imidazothiazoles 10 Thiadiazines 15 Pyrroles

Fig. 7 Treemap of classyFire classes and subclasses using the summarized identifications of 2021
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The treemap in Fig. 7 shows that nine superclasses
with several subclasses could be identified for the
intraannual comparison of measurements in 2021.
Most of the chemicals were categorized as benzenoids
(43%) followed by organoheterocyclic compounds
(26%) and organic acids and derivatives (8%). Compar-
ing the intraannual results of 2021 with the interan-
nual comparison of the month April between 2019 and
2022, additional chemical classes were observed. One
purine nucleoside, one sulfoxide and one compound
belonging to the pteridines and derivatives class were
tentatively detected in 2019. Purine nucleosides are
generally not considered to be harmful to the environ-
ment or human health, as they are essential compo-
nents of normal cellular functioning. Some sulfoxides
have been shown to have toxic effects (e.g. dimethyl
sulfoxide, DMSO), particularly when they are not
properly disposed of or when they enter the water sup-
ply [45]. However, looking at the measurement results
of April 2019, the compound was sulforaphane (in
positive mode) at the sampling points Alzette_E, Syr,
Mess, Mamer, Attert and Alzette_M (Alzette sampling
point Mersch-Berschbach), which is a naturally occur-
ring compound that is safe for human consumption
and is used in cancer treatment. The same applies for
pteridines and derivatives, some chemicals of this class
have been shown to have toxic effects (e.g. atrazine),
but the identified compound was in this case ribofla-
vin, also known as vitamin B2. Overall, these examples
show (and it is important to remember) that the tox-
icity of a chemical is complex and context-dependent,
and should be evaluated on a case-by-case basis. Gen-
erally, the toxicity assessment in terms of environmen-
tal and health hazards is difficult, as the toxicity of a
chemical can depend on a variety of factors, including
its chemical structure and specific chemical proper-
ties, concentration, mode and duration of exposure,
and the susceptibility of the organism or sensitivity
of the ecosystem exposed. As the concentration is not
measured in this study, little can be said about the tox-
icity of the annotated chemicals and the chemical class
as such gives only limited to no information about the
environmental or health impact. Additionally, different
chemical classes can have different toxicities for differ-
ent organisms, and different endpoints (such as acute
toxicity, chronic toxicity, carcinogenicity, mutagenic-
ity, and reproductive toxicity) may also be relevant. It
has to be considered that some compounds may have
multiple classifications, and their potential impact on
the environment and human health may vary depend-
ing on the specific application. The use of classyFire is
examined further in the Discussion.
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PubChemlLite categories
To identify possible sources and estimate the environ-
mental impact of the exposome related chemicals, a
classification of the compounds in the inter- and intra-
annual comparison was performed, using the annota-
tion content available in PubChem for each chemical (via
the PubChemdLite categories described in [34]). The cat-
egories agroChemInfo and drugMediclnfo were chosen to
evaluate trends of agrochemical and pharmaceutical use
in 1 year and over 3 years. Moreover, information about
possible disorders and diseases related to a compound
and known commercial uses were analysed using the
disorderDisease and knownlUse categories. The resulting
total and percentage trends are visualized using four line
charts in Fig. 8 and the raw numbers are summarized in
Additional file 2: Table S7. It has to be considered that the
categories identified are not exhaustive, and there may be
some overlap between them (multiple uses per chemical).
Looking at the intraannual comparison of all months in
2021 an overall increase of total numbers in all categories
could be monitored, but the overall percentage (relative
to total numbers) stayed roughly the same. A majority
of the chemicals had associated disorders and diseases
content in PubChem (between 67 and 79%), while 53%
(July) to 72% (March) of the chemicals were assigned to
the class of pharmaceuticals and the percentage of agro-
chemicals was between 7% (March) and 32% (May). This
corresponds to the usual ‘spraying rhythm’ of farmers
who increase pesticide and herbicide spraying in May
to lay a foundation for the harvest. Almost all identified
chemicals (93-100%) had a documented use, with mul-
tiple matches per compound when looking at the indi-
vidual case in PubChem. The interannual values showed
a sharp decrease of total identifications in drugs, disor-
ders and diseases and known use, either due to effects of
the COVID pandemic or due to measurement variations
(less likely as the agrochemical curve stayed more or less
constant). The percentage values (% of total identifica-
tions) showed a constant trend between the years with
nearly all annotated compounds having a known use,
75-79% being associated to disorders and diseases, ~ 70%
being drugs and 12-22% agrochemicals according to the
PubChemlLite classification.

Comparison to other studies

Besides using classification workflows, data from other
water studies can be used to determine possible sources
of exposome related chemicals. Former studies look-
ing at Luxembourgish surface waters provided evidence
that there are more pharmaceuticals and agrochemicals
entering the environment than those included in the tar-
get monitoring by AGE that could potentially cause harm
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Fig. 8 Classification of tentatively identified compounds in the inter- and intra-annual comparison, according to PubChem

[10, 11]. Regarding agrochemical compounds in Lux-
embourgish rivers, a suspect and related transformation
product screening study was conducted by Krier et al.
[10] with the same instrumental methods and a subset
of the data used here. The study identified 162 pesticides
and 96 TPs in the water samples (several chemicals not
allowed in Luxembourg). 31 chemicals were confirmed
at level 1 [10]. Comparing these results to this study an
overlap of 36 agrochemicals was seen, listed in Addi-
tional file 2: Table S9. Since that study focused exclu-
sively on pesticides, which are often present in lower
concentrations than, e.g. pharmaceuticals and industrial
chemicals, it is likely that several compounds identified
by Krier et al. may have other top-ranked candidates in

the current study as they have been prioritized using dif-
ferent scoring terms (shown to improve ranking results
[34]) that were not available to Krier et al. at the time.
Singh et al. [11] performed a suspect screening, identify-
ing 94 pharmaceuticals, adding quantification steps later.
The AGE monitoring however, included just five pharma-
ceuticals (list of AGE from 2019 and 2020 in Additional
file 2: Table S8): carbamazepine, diclofenac, ibuprofen,
ketoprofen, and lidocaine. All five chemicals were iden-
tified in the work of Singh et al. as well as in this study.
Of the 232 pharmaceuticals tentatively identified in this
study, 58 were also confirmed in the results of Singh
et al. [11], including the 5 covered in the AGE monitor-
ing. The compared lists and overlapping identifications
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are summarized in Additional file 2: Table S10. Singh
et al. also registered the trend of decreasing pharmaceu-
tical load looking at the years 2019 and 2020, explaining
it with the reduction of medical treatments due to the
COVID pandemic and lower precipitation [11].

A combination of geographical information, infor-
mation on flow paths and additional measurement data
from the inlet of a WW TP was used to analyse possible
sources of the chemicals found in the river Chiers. The
river is located in the south-west area of Luxembourg, at
the border to France, with exposure to a set of different
sources of pollution (see Fig. 9). Its source is in Obercorn,
it passes the WWTP in Petange (green) and 6 km later
the sampling point of this study (blue), located at the bor-
der to France.

The measurements at the WWTP took place between
May and June 2022, resulting in 409 tentatively identi-
fied chemicals. Comparing those findings to this study
(all results from Chiers in 2019, 2020, 2021 and 2022),
an overlap of 178 chemicals could be identified. Fig-
ure 10 shows the number of overlapping chemicals per
month compared to the total identifications (AGE sam-
pling point). Those chemicals were probably coming

.nadelaine,

Gl
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from the WW TP with sources before this sampling point
and result from incomplete filtering or there was chemi-
cal input between the WWTP and the AGE sampling
point. Other chemicals were effectively filtered by the
WWTP system or could not be identified at the later
sampling point. For the overlapping chemicals, the four
PubChemlLite categories analysed above were examined
as well, resulting in 36 agrochemicals, 130 pharmaceu-
ticals, 143 compounds associated with disorders and
disease and 170 known uses. Consequently, the same
trend with dominating identifications of pharmaceuti-
cals (73%) could be observed here, even after the filter-
ing of the WWTP. Persistent synthetic chemicals, like
the PFAS perfluorooctanoic acid (PFOA) or perfluorobu-
tanesulfonic acid (PFBS) were found before the WW TP
and downstream of the Chiers. However, without having
quantitative data on their concentration, little can be said
about their environmental effects.

Besides the overlapping chemicals, it is interesting
to analyse chemicals identified only at the border to
France and not at the WWTP inlet (in total 165 chemi-
cals). Looking for example at the results from April 2022
(1 month before the Petange WWTP sampling), drugs
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Fig. 9 A:Industry and hospitals located next to the sampling points at the river Chiers; B: populated region around the river Chiers. Modified from:
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Fig. 10 Number of chemicals overlapping with the Petange WWTP inlet per month compared with the total identifications at the AGE sampling

point

like pregabalin (antiepileptic), tramadol (analgesic) and
its TP n-desmethyltramadol (with high aquatic toxicity)
were found besides other compounds like 1H-benzotri-
azole (anticorrosive). Again, most of the unique tentative
identifications at the border to France were pharmaceu-
ticals (56%) and related to disorders and diseases (65%).
The detection of the antiepileptic pregabalin could indi-
cate the medication being used in this area (see popu-
lation distribution in Fig. 9). Industrial chemicals, like
benzotriazoles, only identified after the WW TP, could
result from activity in the equipment and accessories,
electronics, engineering or metal industry located in the
area between WW TP and border. Other PFAS identified
solely at the later sampling point were perfluoronona-
noic acid (PFNA) and perfluoroheptanoic acid (PFHpA),
known for their use as surfactants, in fire fighting foams,
for the manufacturing of plastics and in the semicon-
ductor industry. These substances are now being phased
out in many applications due to their persistence in the
environment and potential adverse health effects. The list
of 409 chemicals compared to the Chiers results of this

study can be found in Additional file 2: Tables S11 and
S12.
Lastly, a comparison to the chemicals covered by the
governmental target monitoring (AGE) was performed,
using the screening lists from 2019 and 2020 and the
published results from the water quality report in 2022
[12] (Additional file 2: Table S8). A total of 40 identified
chemicals were overlapping with the target monitoring of
AGE, including eight (of 16) catchment-specific pollut-
ants: carbamazepine, metolachlor, terbuthylazine, chlo-
rotoluron, tebuconazole, flufenacet, metolachlor ESA and
metazachlor OXA. Among the eight not detected chemi-
cals were, e.g. metolachlor OXA and metazachlor ESA,
both being TPs of metolachlor and metazachlor, just as
metolachlor ESA and metazachlor OXA. 338 chemicals
not covered by target monitoring remained and were
ranked based on their frequency of occurrence (num-
ber of months out of 34) in the Luxembourgish rivers
between 2019 and 2022. The top 54 chemicals identified,
occurring in at least 13 months, were listed with their
common use, the PubChem Chemical Identifier (CID),

134



Aurich et al. Environmental Sciences Europe (2023) 35:94 Page 14 of 20

Table 1 List of chemicals with high occurrence in the 34 months analysed, not currently monitored by AGE and of interest to add to
future monitoring lists

Synonym Use Parent name PubChem CID No of
occurrences

Irbesartan Pharmaceutical - 3749 32
1H-Benzotriazole Industry - 7220 32
4- or 5-methyl-1H-benzotriazole Industry - 8705 or 122499 31
(co-elution)

Amisulpride Pharmaceutical - 2159 31
Telmisartan Pharmaceutical - 65999 26
Celiprolol Pharmaceutical - 2663 25
Fluconazole Pharmaceutical - 3365 25
Trimethoprim Pharmaceutical - 5578 24
4-Acetamidoantipyrine Pharmaceutical Metamizole 65743 23
Codeine Pharmaceutical - 5284371 22
Desvenlafaxine Pharmaceutical Venlafaxine 125017 22
Tramadol Pharmaceutical - 33741 22
4-NP Industrial - 980 22
Valsartan Pharmaceutical - 60846 21
Fexofenadine Pharmaceutical - 3348 21
Salicylic acid Industrial, pharmaceutical - 338 20
Flecainide Pharmaceutical - 3356 20
Tiapride Pharmaceutical - 5467 20
TCEP Flame retardant - 8295 19
TCPP Flame retardant - 26176 19
Flufenamic acid Pharmaceutical - 3371 19
Aspirin Pharmaceutical - 2244 19
Sitagliptin Pharmaceutical - 4369359 19
Triethyl phosphate Industrial - 6535 18
Adipic acid Industrial - 196 18
Losartan Pharmaceutical - 3961 17
4-Formylaminoantipyrine Pharmaceutical Aminopyrine 72666 17
Sulfamethoxazole Pharmaceutical - 5329 16
Carbamazepine-10,11-epoxide Pharmaceutical Carbamazepine 2555 15
Bicalutamide Pharmaceutical - 2375 14
Dibutyl phthalate Industrial - 3026 14
PFOA Industrial - 9554 14
2-Hydroxycarbamazepine Pharmaceutical Carbamazepine 129274 14
Sulisobenzone Consumer products - 19988 13
Sulpiride Pharmaceutical - 5355 13
3-Hydroxypyridine Industrial - 7971 13
1-Methylbenzotriazole (possible co-elution) Industrial 1H-Benzotriazole 25902 13
D617 Pharmaceutical Verapamil 93168 13
Ensulizole Consumer products - 33919 13
Tributylamine Industrial - 7622 13
Hydrochlorothiazide Pharmaceutical - 3639 13

The full list of 54 compounds (including, e.g. food/natural products) is available in Additional file 2: Table S13

the number of occurrences and additional information  according to PubChem data were excluded, e.g. natural
like the CID of the parent compound (in case of TPs).  products, food additives or ubiquitous compounds like
Chemicals without an environmental or health effect caffeine, reducing the list to 41 entries (Table 1).
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26 of 41 chemicals tentatively identified are classi-
fied as pharmaceuticals (20) or their TPs (six), predomi-
nating the analysis results. Two TPs of carbamazepine
(parent included in AGE monitoring) were tentatively
identified: carbamazepine-10,11-epoxide in 15 months
and 2-hydroxycarbamazepine in 14 months, whereas the
parent compound was only found in 11 months of this
study. Desvenlafaxine, a TP of the antidepressant venla-
faxine, was detected in 22 months; the parent compound
was already detected in the study by Singh et al. [11]
and in 12 months of this study, having a known impact
on aquatic environments even at low levels [46]. Out of
the 26 pharmaceuticals, seven parent and five TP chemi-
cals were not covered by Singh et al. [11] as well as three
parents of the five TPs: metamizole, aminopyrine and
verapamil. They might be measured after the study by
Singh et al. was conducted or have been missed due to
variations in the identification approach. The example
of pharmaceuticals proves that it might be worth add-
ing (more) TPs of monitored chemicals to routine target
monitoring, as the parent is sometimes not visible and
their TPs cause risks as well. Furthermore, 16 chemicals
were listed covering uses in industry, consumer products
and as flame retardants. The omnipresent benzotriazole
class was detected in nearly all measurement months (32)
with four different chemicals or TPs identified in this
study. However, due to technique limitations (LC-HRMS)
like insufficient separation, not all isomeric species can
be correctly distinguished with the chromatographic
method used, resulting in multiple possible identifica-
tions. Besides, two organophosphate flame retardants
(OPFRs), namely tris(2-chloroethyl) phosphate (TCEP)
and tris(1-chloro-2-propyl) phosphate (TCPP) were
detected in 19 months, both known for environmental
and toxic effects [47—-49]. OPFRs serve as a substitution
for brominated flame-retardants (BFRs) such as poly-
brominated diphenyl ethers (PBDEs), which have been
found to cause adverse health effects in many samples
recently [47, 50]. The three industrial chemicals 4-nitro-
phenol or 4-NP (22 months), dibutyl phthalate (DBP)
and PFOA (both 14 months) were frequently detected in
Luxembourgish rivers as well. 4-NP, used in many indus-
trial applications, is known to have severe environmental
and human health effects [51], just as DBP, a plasticizer
with high aquatic toxicity [52] and PFOA, already listed
for elimination in the Stockholm convention [53]. The
chemicals in question were not previously subjected to
monitoring by governmental institutions in Luxembourg.
Although PFOA, other PFAS or DBP are not on the offi-
cial monitoring list, these are being measured at AGE
using specialized target methods and we recommend
these efforts continue. 12 compounds found in this study
are already included in the 2022 European watchlist [18],
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e.g. fipronil, fluconazole or venlafaxine (see Additional
file 2: Table S14). Further compounds, e.g. the identi-
fied PFAS are included in the 2022 proposal for a direc-
tive, amending the Water Framework Directive [19]. At
this stage, the lists of tentatively annotated compounds
(Table 1 and Additional file 2: Table S13) have been pro-
vided to AGE for further confirmation and quantification
efforts (since targeted analysis is within their remit) to
determine which compounds to include in future moni-
toring lists, due to their known environmental and health
implications.

Discussion

This 3-year investigation was conducted in Luxembourg
to examine chemical pollutants in surface water, encom-
passing various sources and types of contaminants within
a single medium, building on previous work. However, it
is essential to also consider factors such as flow paths and
meteorological phenomena, as they primarily influence
the LC-HRMS peak intensities. This can lead to missing
identifications when a sample is highly diluted or—dur-
ing droughts—to a concentration of analyte, making it
detectable at all. Other factors, such as sewer overflow
due to high precipitation, lead to notably higher analyte
signals. Studies show that the latter effect overweighs the
dilution effects, i.e. rainfall could lead to increased detec-
tion of pollutants [54]. Lower precipitation was one of the
reasons Singh et al. [11] cited for the decrease of pharma-
ceuticals in rivers, which was true for the years 2019 and
2020. This study shows the decreasing trend continuing
for the following 16 months (2021 and 2022), although
the average precipitation was higher in 2021 compared to
prior years [55]. Consequently, it seems more likely now
that the effect of the pandemic, as explained in Singh
et al. [11], might be the reason for a decrease in the num-
bers of identified pharmaceuticals and river pollutants in
general. Analytical causes were not suspected to be the
cause here, as the performance of column, device and
method were monitored and internal standard signals did
not decrease in later analyses.

Data analysis

The open source R package patRoon was used to per-
form the N'T data analysis of the 3-year sampling of Lux-
embourgish surface waters with a tailor-made workflow
(Fig. 4) designed for this purpose, as presented in the
Data Analysis section in the Methods chapter. PatRoon
offers the possibility to perform a componentization step,
grouping related features in so called components based
on different similarities, such as chromatographic behav-
iour. This step was intentionally omitted since it increased
the data processing time, and several componentization
algorithms lead to false associations. The current state
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of componentization, particularly with the presence of
numerous false positives, is acknowledged to be far from
optimal. It is worth noting that the limitations of com-
ponentization predominantly stem from the algorithms
available in patRoon, including popular ones like CAM-
ERA [56], RAMClustR [57], and cliqueMS [58]. Although
some tools demonstrate some improvement, most suffer
from significant computational inefficiency and further
developments seem necessary before these are applicable
to environmental/exposomics analyses, which consider a
broader range of elements than metabolomics. Moreover,
patRoon includes the functionality to calculate chemical
formulae for the feature groups, based on accurate mass
and other data. Depending on the elements chosen in
this step (default is C, H, N, O, P), processing time can be
extremely long, and possible candidates can be excluded.
As a consequence, this step was omitted since the likely
presence of e.g. fluorinated compounds in the samples
was already clear. Using the GenForm [59] algorithm can
be a fast way to generate formulae. Nevertheless, when
confronted with a large number of candidates, the algo-
rithm’s efficiency diminishes as the data size increases,
while the use of exact mass to retrieve candidates instead
of formula does not increase the number of candidates
sufficiently to warrant this step. In order to address this,
patRoon utilizes ‘timeouts’ to interrupt the formula gen-
eration process. Overall, the tentative identification of
features and associated compounds was straightforward
(as it was limited to candidates within PubChemLite [33,
34] and MoNA [36]), reducing the number of features,
feature groups and MS peak lists to a minimal extent,
demonstrated in the Results section. However, some fea-
tures might be omitted or not identified based on experi-
mental, algorithm or basic filtering conditions (which is
always a risk). The efforts to look for (new) compounds
of interest will be therefore continued, looking not only
at chemicals included in the PubChemLite for exposomics
database. However, extending the database always bears
the risk of getting many candidates per mass, making
data analysis even more difficult.

Classification

In the classification steps of the tentatively identified
chemicals, the widely employed tool classyFire was used
to classify chemicals and obtain supplementary informa-
tion. However, it is a purely structure-based application,
giving just an overview performing a general grouping of
chemicals in classes. This information is helpful in terms
of establishing a structure in datasets, but does not pro-
vide much insight into chemical properties. Therefore,
when evaluating classyFire compound classifications,
it is important to acknowledge that the results may not
encompass all information regarding the chemicals
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under study. Certain compounds may belong to multiple
classes, which could potentially result in incomplete clas-
sification. Moreover, there are multiple uses per chemi-
cal class and a distinction can only be made looking at
the individual compound. A way to figure out possible
sources of chemicals was the use of PubChem meta-
data for all tentatively identified chemicals and looking
at temporal trends (see Fig. 8). Four categories from the
PubChemlLite database, namely agroChemlinfo, drug-
Mediclnfo, disorderDisease and knownlse were exam-
ined to get an estimate of the count of agrochemicals,
drugs, compounds associated with disorders and diseases
and of those for which commercial use is known. Other
categories like the Toxicitylnfo were not considered, as
they are less specific (e.g. it indicates whether informa-
tion is available, but the availability of information alone
does not say whether it is toxic or not). Several pharma-
ceuticals are associated with disorders and disease as the
annotation also includes treatments. Again, the envi-
ronmental effect of the tentatively detected exposome-
related compounds can only be fully accessed looking at
the individual case considering their concentrations. It
is worrying that a majority of compounds found in the
Luxembourgish environment were of pharmaceutical
origin because these compounds are designed to have
biological effects, which means they may have unin-
tended effects on non-target organisms and ecosystems.
Even at low concentrations, pharmaceutical compounds
as venlafaxine [46] can accumulate in organisms and
can have toxic effects, especially over time. They can
also promote antibiotic resistance, alter gene expression,
and disrupt endocrine systems (for more information in
the Luxembourgish context, see Singh et al. [11]). Addi-
tionally, some pharmaceuticals are known to persist in
the environment for long periods of time and can travel
long distances, leading to contamination of remote areas
and cross-border contamination (Germany, France, Bel-
gium). The presence of pharmaceuticals in Luxembour-
gish rivers highlights the potential to enhance wastewater
treatment and disposal systems, thereby safeguarding
public health. Luxembourg’s biological and mechanical
WWTPs are not always designed to remove pharma-
ceuticals from wastewater, and some compounds are not
effectively degraded by current treatment processes [60—
62]. As a result, these compounds can end up in surface
waters (as shown here), groundwater, and even drinking
water sources.

Comparison to other studies

Besides focussing on the temporal variations of chemi-
cals and their classification, it can be highly valuable to
include geographical information, especially to analyse
possible origins of chemicals (and thus possible origins
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of the potential threat). Therefore, the measurement
results of one sampling point (Chiers) over 3 years
were compared to the results of the inlet of a WWTP
located ~ 6 km upstream. As shown in the Results sec-
tion, an overlap of nearly 200 chemicals was identified
and a majority of compounds identified in this study
was found before in the WWTP (see Fig. 10). This is
either a result of incomplete treatment in the WWTP
or chemical input between the WWTP and the later
sampling point. A comparison between inlet and outlet
of the WWTP could clarify this. However, the identi-
fications in both studies are of tentative nature: in this
study, the aim was to use NTA to propose chemicals for
further target verification at AGE (beyond the scope of
this article). The verification efforts in the other study
are still ongoing (likewise beyond the scope of this arti-
cle, as different partners are involved).

Moreover, a comparison to former published studies
on Luxembourgish surface water was performed, look-
ing at pesticides [10] and pharmaceuticals [11]. This
was done to perform a plausibility check of the results
(chemical identifications and temporal trends), as both
compared studies involved a target approach after
screening for suspects. The list of 378 tentatively iden-
tified chemicals was then compared to the monitoring
list used by the water administration in Luxembourg,
showing not only the overlap of findings, but also nom-
inating potential chemicals for future inclusion to this
list (see Table 1). Several of the annotated chemicals,
e.g. venlafaxine are already listed in the 2022 EU watch-
list [18] or the 2022 proposal to revise the priority sub-
stances [19]. This shows that there is already work in
progress to regulate these chemicals in the EU.

Monitoring and regulations are necessary steps
to track contaminant distribution, identify poten-
tial sources and restrict or ban their use to stop their
release to the environment. Adding NTA to track regu-
larly potential water contaminants can help with this,
as this study shows. The NTA workflow established via
patRoon could be used and improved further by AGE,
as it is also compatible with the instrument type used in
their laboratories.

Future steps should involve the target analysis of the
tentatively identified chemicals, with a special focus on
emerging pollutants and persistent chemicals (Table 1).
Giving a list of those substances to governmental institu-
tions like AGE could improve future monitoring efforts.
A quantification of these compounds, using reference
standards could then help to estimate their environmen-
tal threat. Overall, the impact of these compounds on the
environment and human health underscores the impor-
tance of monitoring and regulating their use and disposal
to minimize their potential impact.
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Conclusions

Based on the results presented in the article, the analy-
sis of the 3-year sampling of Luxembourgish surface
waters using the patRoon R package tentatively identified
378 chemicals associated with the exposome. 40 chemi-
cals were already included in routine water analysis per-
formed by AGE. The results were plausibility checked
using former studies by looking at overlapping identifica-
tions and general trends, with many of the tentative iden-
tifications here matching the confirmed identifications in
the previous studies. The identified chemicals were clas-
sified to get a general overview, and the results showed
that benzenoids, organoheterocyclic compounds, and
organic phosphoric acids and derivatives were among
the most identified classes (classyFire). A temporal analy-
sis between the 3 years and in 1 year was shown, look-
ing at the classifications obtained not only by classyFire,
but also by the PubChemlLite categories on agrochemi-
cals, pharmaceuticals, drugs and diseases and known
uses. Most of the chemicals detected had a known use,
were classified as pharmaceuticals and are associated
with disorders and diseases. A decrease in identifica-
tions was observed in 2021 and 2022. Trends in the use
of agrochemicals could be seen in the monthly compari-
son, with May to July showing the highest number of
identifications. The study examined not only temporal,
but also geographical variations of chemicals to analyse
their possible origins and potential threats. Chemical
measurements from one sampling point were compared
to those from an inlet of a WWTP located 6 km away.
Overlapping and differing chemicals were identified, and
the study found that pharmaceuticals dominated again
the identifications. Some persistent synthetic chemicals
were also found on both sampling sites. Further investi-
gations will be done, looking at the concentrations and
sources of these pollutants. A list of 41 chemicals—not
yet included in the AGE monitoring—is presented with
some chemicals already highlighted in former studies,
e.g. venlafaxine and its TP desvenlafaxine. The study sug-
gests adding more TP compounds to the AGE monitor-
ing list, as many parent compounds are not detected, but
rather their (active) TPs. Moreover, industrial chemicals
like 4-NP and flame retardants like OPFRs were detected
in a majority of the analysed months and should be con-
sidered to be added after confirmation by target efforts.
The aim of including NTA lists like these to governmen-
tal monitoring is to eliminate harmful chemicals from the
environment, not only by searching for their sources, but
also by implementing (WW'TP) treatment technologies
to reduce their presence in the environment. Biological
treatments and monitoring regulations are also necessary
in Luxembourg to track contaminant distribution, iden-
tify potential sources, and restrict or ban their use. All in
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all, this study of surface waters has shown how NTA can
be used to complement routine (target) monitoring pro-
grammes and help to broaden the focus to new emerging
chemicals. Future efforts will involve extending the tar-
get monitoring and working on implementing this open
source workflow into AGE monitoring routines directly.
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

The interdisciplinary initiative LuxTIME studied the exposome, offering new insights and perspectives
by incorporating a historical dimension. Through collaboration between natural scientists and
humanities scholars, a shared vocabulary was developed, drawing input from all participating
disciplines. The introduction of the historical exposome as an independent paradigm not only critiques
prevailing trends in modern exposomics research, but also delves into the past to extract information
preceding the present state. In the context of the Anthropocene era, wherein the undeniable influence
of human activities on the environment is observed, equal attention must be given to the reciprocal
influence of the environment on human health. This becomes especially relevant when examining the
chemical and health perspectives, given the increasing presence of environmental chemicals and the

consequent health and environmental concerns.

By constructing a digital inventory using diverse data sources across Luxembourg, historical exposomics
data on ecosystem, lifestyle, social and physical-chemical factors was discovered and catalogued. The
project focussed not only on the external or the internal exposome but tried to build an overall picture
of the exposome. This endeavour proved challenging considering different data or sample types from
both social and natural archives, each possessing distinct characteristics. Notably, Luxembourg faced
limitations in accessing natural archives, primarily due to the absence of environmental sample banks
and lack of suitable natural archive systems such as lake sediments. Consequently, in the absence of
historical exposure samples, alternative sources such as social archives, simulations (utilizing
mathematical models, e.g., for analysing atmospheric pollution), or a combination thereof were used

instead.

To effectively communicate the LuxTIME findings and facilitate navigation through the inventory, data
visualization techniques were employed. These visualizations not only conveyed the research
outcomes but also presented the metadata of the LuxTIME inventory, serving as a navigation tool. The
creation of visual representations aimed to explore and communicate project data to an
interdisciplinary audience, making use of tools and methodologies from various disciplines. Thus, a
visualization toolbox was formed, leveraging and enhancing pre-established concepts, such as the
utilization of the chemical stripes visualisation (developed code accessible as an R PACKAGE). This toolbox
serves as a starting point to collect (interdisciplinary) data visualization techniques that can be

extended and modified.
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https://gitlab.lcsb.uni.lu/eci/chemicalstripes

Through the course of this exploration (presented in CHAPTER V), it became evident that certain
visualizations proved more efficacious than others, each carrying its own set of advantages and
disadvantages. For instance, the utilization of visual metaphors and modifications of traditional
statistical graphs demonstrated their utility in enhancing data representation within the natural
sciences. On the other hand, multivariate data glyphs emerged as a valuable approach for conveying
extensive datasets with many details, yet it was apparent that this approach could potentially
compromise ease of comprehension due to the complexity of the resulting figures, demanding more
time and effort from the audience. The exploration of visualizations involving non-standard metrics,
particularly temporality, brought to light certain challenges. The depiction of varying perceptions of
time within scientific visualizations poses significant implementation difficulties. This highlighted the
fact that while creativity in visual representation is advantageous, it must be applied within the bounds

of practicality and accessibility, e.g. in the context of conveying scientific findings.

The integration of environmental cheminformatics in the LuxTIME exposomics studies covered mainly
the analysis of known and unknown chemicals in Luxembourg using HRMS and NTA. Various NTA
workflows were tested to establish a method for analysing surface water samples. Different types of
pollutants were considered, including persistent chemicals from industrial, medical or agrochemical

applications, representing the anthropogenic influence on the natural world.

Future efforts following this PhD project may involve continuing with the NTA workflow of
Luxembourgish surface water samples, as established in this work. Conducting long-term monitoring
of environmental samples using the established NTA workflow can help to track changes in chemical
composition and identify (new) emerging contaminants. This would provide further insights into
temporal trends and enable the assessment of potential environmental and health risks over a longer
time frame. The sample preparation and HRMS method utilized in this study do not encompass the
whole range of environmental pollutants, with certain substances like PFAS being inadequately
extracted. To enhance sensitivity across various compound classes, such as the group of persistent,
mobile, and toxic (PMT) compounds, alternative extraction techniques and chromatographic columns,

like HILIC (Hydrophilic interaction liquid chromatography), could be employed.
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Further investigations are necessary to confirm the tentatively identified chemicals, and quantification
efforts will be required to assess their environmental and health implications. Once confirmed, an
inclusion of these chemicals in routine governmental monitoring lists (Administration de la gestion de
I'eau, AGE) could be considered, underscoring the importance of integrating NTA into regular
monitoring practices. Opting for the open source R package patRoon to conduct the non-target analysis
aligns well with these endeavours, given its compatibility with various instrument types, including the
SCIEX instrument used by AGE. Future steps could further involve proposing regulatory measures to

mitigate identified risks or influencing the development of guidelines for exposure assessment.

The LuxTIME data inventory can be further expanded by integrating further exposomics data from
multiple sources, including environmental, biological, and lifestyle factors, to gain a holistic
understanding of the complex interactions between various exposures and their cumulative effects on
human health. This could involve developing data integration frameworks and methodologies to
analyse large-scale datasets, expanding the scale from the Minett region to the whole of Luxembourg.
However, it is essential to acknowledge that the feasibility of extending the LuxTIME data inventory
may be challenging due to limited access to certain documents and data from various Luxembourgish
institutions. Some institutions might not grant unrestricted access to their resources, which could
hinder the inclusion of specific datasets within the inventory, which was already a problem at an early
stage of LuxTIME. Overcoming these access restrictions and ensuring comprehensive data integration
may require extensive collaboration and negotiations with relevant stakeholders to establish data-
sharing agreements and adhere to data privacy and security regulations (this may be feasible with the
newly-established Luxembourg National Data Service, LNDS). Presently, the established data catalog is
accessible only within the project, and permission must be granted to publish the collection on the
LuxTIME website or other platforms. However, efforts are underway to update the website with
visualizations based on the data inventory, which will be made available before the conclusion of the

project.

Moreover, there is scope for further refinement and expansion of the presented data visualization
toolbox (RESULTS, CHAPTER V), which serves as a foundational collection of tools that can be extended
and evaluated in diverse (interdisciplinary) projects. Novel visualization approaches can be explored,
and their effectiveness can be evaluated in conveying complex exposome data to diverse stakeholders.
Additional efforts are needed to enhance awareness regarding the availability of various visualization

tools beyond those typically employed within a single discipline. The proper use of visualisations and
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the exploration of a wide range of visual options could be effectively conveyed through workshops or
lectures, as there remains a deficit in this area among many researchers. Tools for retrospective
reflection, like the visualization of the evolution of topics over time (Figure 3 of RESuLTS, CHAPTER IV), or
visual metaphors, like the tree in Figure 4 of REsuLTs, CHAPTER |V, should be applied more often in future
applications. Multivariate data glyphs, as shown in Figure 7, allow users to explore several aspects of a
dataset at the same time, which can be very effective in many scientific applications (considering

disadvantages presented above).

Concerning the chemical stripes visualization, ongoing investigations into the extensive dataset that
underlies these stripes promise to be of significant interest to the environmental community, as
indicated by the feedback received thus far. Further research is already in progress (master student) to
differentiate between various types of patents, such as those pertaining to industrial applications,
bioremediation, or monitoring methods. Moreover, the source of patents is of interest, as well as the
‘decoding’ of the patent identifier and the study of trends per chemical class or country over time.
Additionally, alternative data sources may be explored to supplement patent or literature data. In
RESULTS, CHAPTER IV and V only patent data was used to generate the stripes. The subsequently
developed R package can generate both literature and patent stripes (see FIGURE 3 in the SYNOPSIS
Chapter), using the consolidated reference numbers and depositor supplied patent numbers listed in
PubChem. Looking at certain chemicals, like the pharmaceutical compound Gallopamil (PubChem CID
1234), the trend in patent and literature numbers can be directly correlated with its use: First studies
showed the antihypertensive effect of Gallopamil in 1970 (see literature data, FIGURE 4A) resulting in
increased patent numbers in the following decades (FIGURE 4B). As testing continued and common side
effects were discovered, the pharmaceutical’s literature counts increased around 1989 (FIGURE 4A) and
the product was taken of (several) markets in 2012, resulting in low to none literature and patent

numbers.
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Chemical Stripes for Gallopamil

PubChem CID: 1234

IUPACName: 5-[2-(3,4-dimethoxyphenyl)ethyl-methylamino]-2-propan-2-yl-2-(3,4,5-trimethoxyphenyl)pentanenitrile
Molecular Formula: C28H40N205

Exact Mass: 484.29372238

First reference: 1970 First patent: 1951
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Figure 4: Chemical Stripes for Gallopamil (1960-2023) using (A) literature and (B) patent data.

Moreover, the R-package includes the functionality of creating so-called ‘sum stripes’ cumulating
patent or literature numbers for a list of up to 300 given chemicals. This addition enables users to
generate the stripes for a whole list of compounds, e.g. 33 compounds from the ‘ZeroPM Box 1’
substance list (NORMAN SuspPECT LIST EXCHANGE), see FIGURE 5. The pattern shows an increase in patents
around 2010, like many stripes do, which still needs future explanation by studying the patent data.
The creation of the sum stripes function became only feasible through our feedback, prompting

PubChem to implement modifications that greatly streamlined data retrieval for us.
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Summarized Chemical Stripes - ZeroPM Box 1 Substances

Patent data compiled from 33 CIDs
First patent of all selected CIDs: 1910 (CID(s): 2256 )
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Figure 5: Summarized Chemical Stripes for 33 compounds from the Zero PM Box1 list (NORMAN
Suspect List Exchange) using patent data from 1960-2023.

The interdisciplinary concept behind LuxTIME undoubtedly offers promising opportunities for
advancing exposome research and understanding the historical interactions between environmental
exposures and human health. The collaboration between experts from different fields can foster
innovative methodologies and diverse perspectives, enriching the research process and broadening
the scope of investigation. One of the key advantages of interdisciplinarity (in LuxTIME) is the potential
to overcome traditional disciplinary boundaries (creating a ‘trading zone’), enabling researchers to
explore complex and multifaceted exposomics data comprehensively. However, the interdisciplinary
nature also poses challenges and limitations. Integrating various disciplines necessitates effective
communication, collaboration, and coordination among team members possessing diverse expertise.
This integration can pose challenges in establishing a shared understanding and vocabulary,
particularly evident during LuxTIME's early stages when such understanding was just beginning to
develop, and even the definition of 'deliverables' remained elusive. Disparities in methodologies, data
formats, and analytical techniques from different disciplines may also hinder seamless data integration
and harmonization. These disparities became notably pronounced in the context of joint publications,
reflecting differences in processes between the humanities and natural sciences. Similarly, the criteria
and requirements that each PhD student had to meet varied depending on their respective fields,

adding another layer of complexity to the interdisciplinary collaboration.
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Furthermore, resource allocation and funding for interdisciplinary projects can be demanding. The
diversity of expertise and research requirements may require additional financial and time

investments, which could potentially limit the scalability of such projects in the future.

Additionally, as LuxTIME expands to include data from various sources, ensuring data privacy and
ethical considerations become paramount. Handling sensitive historical and contemporary data in an
interdisciplinary setting necessitates strict adherence to data protection regulations and consent
requirements. Despite the challenges, LuxTIME can serve as a model for future interdisciplinary
research initiatives. The challenging task of establishing a common ‘vocabulary’ (knowledge ground,
metaphor) between humanities and natural sciences was addressed, showcasing the potential for
successful collaboration. With ongoing collaborative efforts and a persistent commitment to refining
interdisciplinary approaches within Luxembourg, LuxTIME could serve as a starting point for expanding
its scope beyond the Minett region, encompassing the entirety of Luxembourg (covered e.g. by the one

year LuxTIME INITIATE project 2022).

All in all this thesis contributes to the expanding body of knowledge on the historical exposome,
highlighting the interdisciplinary nature of exposomics research. Consequently, it is expected to foster
increased (international) collaboration across disciplines within this field. Some of the ideas presented
within may have elicited mixed responses within the community, but this was part of the intent behind
the manifesto (CHAPTER Il)—to challenge prevailing thinking for the overall benefit of the field as it
continues to evolve. The future steps presented here aim to advance the field of exposomics research,
contribute to evidence-based decision-making, and ultimately enhance our understanding of the

historical exposome.
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APPENDICES

Link to the LuxTIME website:

https://luxtimemachine.uni.lu

Link to the LuxTIME inventory

Coming soon

Link to the chemicalStripes R package:

https://gitlab.lcsb.uni.lu/eci/chemicalstripes

The accompanying data sources for all included manuscripts can be found in the respective chapters

and are listed below:

Chapter IV:
GitHub repository:

https://github.com/DagnyAurich/Dust-paper

Chapter VI:
GitLab repository:

https://gitlab.lcsb.uni.lu/eci/data luxwater nt paper da

GNPS MassIVE repository:

MSV000092221, accessible via ftp://massive.ucsd.edu/MSV000092221/
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CLOSING PAGE

A compilation of SOME of the WORST chemistry jokes of my career:

WHY CAN YOU NEVER TRUST AN ATOM? — THEY MAKE UP LITERALLY EVERYTHING.
WANT TO HEAR A POTASSIUM JOKE? — K!
CARBON AND HYDROGEN WENT ON A DATE. | HEARD THEY REALLY BONDED.
IF YOU’RE NOT PART OF THE SOLUTION — YOU’RE PART OF THE PRECIPITATE.
WHAT EMOTIONAL DISORDER DOES CHROMATOGRAPHY SUFFER FROM ? — SEPARATION ANXIETY.
WHAT DO YOU CALL IRON BLOWING IN THE BREEZE ? FEBREEZE!
HOW OFTEN SHOULD YOU TELL A CHEMISTRY JOKE ? — PERIODICALLY.

| ONCE TOLD A CHEMISTRY JOKE. THERE WAS NO REACTION.

To end with....

THINK LIKE A PROTON. ALWAYS POSITIVE.
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