Investigation of natural halogenated
volatile organic compounds in the
Amazon rainforest

Dissertation

Zur Erlangung des akademischen Grades
“Doctor rerum naturalium” (Dr. rer. nat.)

der Fachbereiche:

08 - Physik, Mathematik und Informatik
09 - Chemie, Pharmazie, Geographie und Geowissenschaften
10 - Biologie

Universititsmedizin

verfasst und vorgelegt von

Simon Christoph Hartmann

geb. in Remscheid

Mainz, 02.10.2024

JGlu

ooooooo

sonannes GUTENBERG ~ Max Planck Graduate Center
MAX PLANCF'SR'%ﬁErgATéJTLE UNIVERSITAT MAINZmit der Johannes Gutenberg-Universitét I



Date of the oral exam: 29.11.2024



I hereby declare that I wrote the dissertation submitted without any unauthorized external
assistance and used only sources acknowledged in the work. All textual passages which are
appropriated verbatim or paraphrased from published and unpublished texts as well as all
information obtained from oral sources are duly indicated and listed in accordance with
bibliographical rules. In carrying out this research, I complied with the rules of standard scientific
practice as formulated in the statutes of Johannes Gutenberg-University Mainz to ensure standard
scientific practice.

Mainz, 02.10.2024

Throughout most parts of this work, I used ChatGPT?, DeepL?, and Grammarly® for language and
structure-related assistance. In compliance with the guidelines of Johannes Gutenberg University
Mainz’, I have consulted with my supervisor and the institute's ombudsperson to ensure that all Al
usage in this work adheres to good scientific practice. I have not used Al tools for generating ideas
or original content. Instead, I employed the mentioned Al tools solely for linguistic improvements,
paraphrasing, editing, translation of text passages, and assistance with text structure. Fully aware
of the strengths and limitations of Al tools, I used them responsibly, ensuring the integrity of my
work by not relying on their content-related output. When ChatGPT was consulted on specific
topics, its outputs were carefully compared with my own research in the same manner as
traditional internet research.

! ChatGPT: OpenAl. (2023). ChatGPT (GPT-4). Retrieved from https://chat.openai.com/

2 DeepL: DeepL SE. DeepL Translator and DeepL Write. Retrieved from https://www.deepl.com/translator and
https://www.deepl.com/de/write

3 Grammarly: Grammarly Inc. Grammarly for MS Office. Retrieved from https://www.grammarly.com/

*JGU Mainz: KI in der Hochschulbildung | Digitale Lehre. https://digitale-lehre.uni-mainz.de/lehren-pruefen/ki-
in-der-hochschulbildung/ and  https://acrobat.adobe.com/id/urn:aaid:sc:EU:8de9f7ca-06f4-4f99-8cdf-
9117f56c9698, last access: 23 September 2024.



https://chat.openai.com/
https://www.deepl.com/translator
https://www.deepl.com/de/write
https://www.grammarly.com/
https://digitale-lehre.uni-mainz.de/lehren-pruefen/ki-in-der-hochschulbildung/
https://digitale-lehre.uni-mainz.de/lehren-pruefen/ki-in-der-hochschulbildung/
https://acrobat.adobe.com/id/urn:aaid:sc:EU:8de9f7ca-06f4-4f99-8cdf-9117f56c9698
https://acrobat.adobe.com/id/urn:aaid:sc:EU:8de9f7ca-06f4-4f99-8cdf-9117f56c9698




I have not failed. I've just found 10,000 ways that won't work.

Thomas Alva Edison (1847-1931)



Vi



Abstract

Halogenated volatile organic compounds (XVOCs) form a compound class that impacts our
atmosphere on many different scales. From a global perspective, the most important aspects of
XVOCs are their ability to deplete stratospheric ozone and their global warming potential. While
the most dangerous compounds in this respect, chlorofluorocarbons (CFCs), are exclusively of
anthropogenic origin (i.e. produced by human activities) and their production has now been
banned, the focus of research has shifted to naturally formed XvVOCs.

The Amazon rainforest is of great importance for natural XVOCs in several respects: first, tropical
plants are considered the largest source of some XVOCs, including chloromethane (CH;Cl), the most
important naturally formed XVOC. Secondly, the XVOCs emitted in the tropics are particularly
important as they can reach the upper troposphere and subsequently the stratosphere relatively
quickly due to frequent deep convection. This makes them relatively more harmful for
stratospheric ozone depletion than if emitted at higher latitudes. Thirdly, the fact that local
anthropogenic influences and emissions can be excluded when measuring XVOCs in a remote
location such as the Amazon rainforest is added to the reasons already mentioned. On one hand,
this ensures that detected changes in XVOC abundances can be traced back to natural emissions or
sinks. On the other hand, it enables monitoring of the atmospheric background of long-lived
anthropogenic XVOCs such as CFCs and thus complements existing global monitoring networks
such as those of the Advanced Global Atmospheric Gases Experiment (AGAGE) or the National
Oceanic and Atmospheric Administration (NOAA).

In this dissertation, XVOCs in the Amazon rainforest ecosystem are considered from different
perspectives. A first study investigated the triple-element stable isotope composition (?H, *3C, 3’Cl)
of chloromethane formed and degraded by plants. Experiments with the royal fern (Osmunda
regalis) provided the first complete isotopic fingerprint of chloromethane emissions of this kind. At
the same time, isotopic analysis of chloromethane precursors relevant for formation by plants
indicated minimal changes in hydrogen and chlorine isotopic ratios during formation, simplifying
future isotopic predictions. This is an important finding as determining the isotopic composition
of an XVOC offers the potential to differentiate between different sources and sinks and to quantify
their respective strengths. In the case of chloromethane, there are large uncertainties in its global
budget with reported sinks outweighing the sources, which indicates that the formation and
degradation processes are not fully understood yet. This is supported by the fact that degradation
experiments with a club moss (Selaginella kraussiana) revealed substantial isotopic fractionation
across all three elements, suggesting a previously unrecognized biotic degradation mechanism. The
findings from this study offer valuable insights for isotope-based models aimed at improving the
accuracy of the global chloromethane budget.

The second study presented in this dissertation investigated two halogenated very short-lived
substances (VSLSs), chloroform and bromoform, at the Amazon Tall Tower Observatory (ATTO)
research site in central Amazonia. The underlying method was ambient air sampling on adsorbent-
filled tubes and subsequent thermodesorption and analysis with a GC-ToF-MS setup. Chloroform
abundances within the canopy showed comparable medians throughout three different seasons,
with significant spikes in abundance observed during the transitional and wet seasons. Elevated
tower measurements (80 m and 320 m) indicated that emissions follow a diel pattern, peaking at
midday and decreasing overnight and that these emissions originate from ground level. Soil flux
measurements confirmed the soil to be a chloroform source throughout all seasons. Bromoform
levels displayed weaker local source indications compared to chloroform. Nonetheless, slight diel
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cycles and occasional spikes point to potential local bromoform sources. In summary, this study
hypothesizes chloroform levels of the ambient air in the Amazon rainforest to be primarily
influenced by local sources, while bromoform levels are more affected by long-range transport. The
detected seasonal variations emphasize the need for further investigations on the impact of El
Nifio-Southern Oscillation (ENSO) anomalies on local emissions.

The third part of this dissertation describes the method development and resulting setup of a
cryogen-free air preconcentration unit coupled to a GC-MS system at ATTO. This is the first attempt
to implement such a setup in the middle of a tropical rainforest, and it serves several objectives.
First, it enables the acquisition of long-term in situ XVOC data in the Amazon rainforest. Secondly,
the abundance of a whole range of XVOCs at different heights of the ATTO tower can be measured,
from ground level up to 320 m above ground. It therefore provides the potential to identify local
sources and sinks, to determine diel and seasonal fluctuations, and to estimate the net fluxes of the
Amazon rainforest ecosystem. Thirdly, the setup aims to complement campaign-based
measurements of single XVOC sources and sinks. First results are presented as a proof of concept
and method validation, potential sources of error are discussed in detail, and future modifications
and applications are suggested.



Zusammenfassung

Halogenierte fliichtige organische Verbindungen (XVOCs) bilden eine Stoffklasse, die unsere
Atmosphire auf vielen verschiedenen Ebenen beeinflusst. Aus globaler Sicht sind die wichtigsten
Aspekte der XVOCs ihre Fihigkeit, stratosphirisches Ozon abzubauen, sowie ihr
Treibhauspotenzial. Wihrend die in dieser Hinsicht gefihrlichsten Verbindungen, die
Fluorchlorkohlenwasserstoffe (FCKW), ausschlieBlich anthropogenen Ursprungs sind (d. h. durch
menschliche Aktivititen erzeugt werden) und ihre Herstellung inzwischen verboten wurde, hat
sich der Schwerpunkt der Forschung inzwischen auf natiirlich gebildete XVOC verlagert.

Der Amazonas-Regenwald ist fiir natiirliche XVOCs in mehrfacher Hinsicht von groer Bedeutung:
Erstens gelten tropische Pflanzen als die grof3te Quelle einiger XVOCs, einschlieBlich Chlormethan
(CH4Cl), dem wichtigsten natiirlich gebildeten XVOC. Zweitens sind die in den Tropen emittierten
XVOCs von besonderer Bedeutung, da sie aufgrund der hier hiufig auftretenden Tiefenkonvektion
relativ schnell die obere Troposphidre und anschlieRend die Stratosphidre erreichen kénnen.
Dadurch sind sie fiir den stratosphirischen Ozonabbau relativ schidlicher, als wenn sie in hoheren
Breiten emittiert werden. Drittens kommt zu den bereits genannten Griinden die Tatsache hinzu,
dass bei der Messung von XVOCs an einem abgelegenen Ort wie dem Amazonas-Regenwald lokale
anthropogene Einfliisse und Emissionen ausgeschlossen werden kénnen. Dadurch wird einerseits
sichergestellt, dass festgestellte Verdnderungen in den XVOC-Gehalten auf natiirliche Emissionen
oder Senken zuriickgefithrt werden kdnnen. Andererseits erméglicht es die Uberwachung des
atmosphirischen Hintergrunds von langlebigen anthropogenen XVOCs wie FCKW und ergidnzt
damit bestehende globale Uberwachungsnetze wie wie die des Advanced Global Atmospheric Gases
Experiment (AGAGE) oder der National Oceanic and Atmospheric Administration (NOAA).

In dieser Dissertation werden XVOCs im Okosystem des Amazonas-Regenwaldes aus verschiedenen
Perspektiven betrachtet. Eine erste Studie untersuchte die stabile Isotopenzusammensetzung (°H,
13C, 37Cl) von Chlormethan, das von Pflanzen gebildet und abgebaut wird. Experimente mit dem
Konigsfarn (Osmunda regalis) lieferten den ersten vollstindigen isotopischen Fingerabdruck von
Chlormethanemissionen dieser Art. Gleichzeitig zeigte die Isotopenanalyse von Chlormethan-
Vorldufern, die fiir die Bildung durch Pflanzen relevant sind, dass sich die Wasserstoff- und Chlor-
Isotopenverhiltnisse wahrend der Bildung nur minimal &ndern, was kiinftige Isotopenvorhersagen
vereinfacht. Dies ist eine wichtige Erkenntnis, da die Bestimmung der Isotopenzusammensetzung
eines XVOC die Moglichkeit bietet, zwischen verschiedenen Quellen und Senken zu unterscheiden
und deren jeweilige Stirke zu quantifizieren. Im Fall von Chlormethan gibt es gro3e Unsicherheiten
beziiglich des globalen Budgets, wobei die berichteten Senken die Quellen iiberwiegen, was darauf
hindeutet, dass die Entstehungs- und Abbauprozesse noch nicht vollstdndig verstanden sind. Dies
wird durch die Tatsache untermauert, dass bei Abbauexperimenten mit einem Moosfarn (Selaginella
kraussiana) eine erhebliche Isotopenfraktionierung bei allen drei Elementen festgestellt wurde, was
auf einen bisher nicht erkannten biotischen Abbaumechanismus hindeutet. Die Ergebnisse dieser
Studie bieten wertvolle Erkenntnisse fiir isotopenbasierte Modelle zur Verbesserung der
Genauigkeit des globalen Chlormethanhaushalts.

Die zweite in dieser Dissertation vorgestellte Studie untersuchte zwei halogenierte sehr kurzlebige
Substanzen (VSLS), Chloroform und Bromoform, an der Forschungsstation des Amazon Tall Tower
Observatory (ATTO) in Zentralamazonien. Die zugrundeliegende Methode war die Beprobung von
Umgebungsluft auf mit Adsorptionsmitteln gefiillten Edelstahlréhrchen und die anschlieRende
Thermodesorption und Analyse mit einem GC-ToF-MS-System. Die Chloroformgehalte der
Umgebungsluft innerhalb der Baumkronen zeigten vergleichbare Mittelwerte iiber drei



verschiedene Jahreszeiten hinweg, wobei in der Ubergangs- und Regenzeit kurzzeitige
Spitzenwerte beobachtet wurden. Messungen von héheren Ebenen des Turms (80 m und 320 m)
ergaben, dass die Emissionen einem tageszeitlichen Muster folgen, mit den héchsten Gehalten
gegen Mittag und niedrigeren Gehalten iiber Nacht, und dass diese Emissionen von Bodennihe
ausgehen. Direkte Messungen von Bodenemissionen bestdtigten, dass der Boden zu allen
Jahreszeiten eine Chloroformquelle ist. Die Bromoformwerte zeigten im Vergleich zu Chloroform
schwichere Hinweise auf eine lokale Quelle. Dennoch deuten schwach ausgeprégte Tageszyklen
und gelegentliche Spitzenwerte auf mégliche lokale Bromoformquellen hin. Zusammenfassend
geht diese Studie davon aus, dass die Chloroformgehalte der Umgebungsluft im Amazonas-
Regenwald in erster Linie durch lokale Quellen beeinflusst werden, wihrend die Bromoformgehalte
eher durch den Transport von Luftmassen aus grolerer Entfernung beeinflusst werden. Die
festgestellten saisonalen Schwankungen unterstreichen die Notwendigkeit weiterer
Untersuchungen zu den Auswirkungen von Anomalien der El Nifio-Southern Oscillation (ENSO) auf
lokale Emissionen.

Der dritte Teil dieser Dissertation beschreibt die Methodenentwicklung und den daraus
resultierenden Aufbau einer kryogenfreien Luftanreicherungseinheit, die mit einem GC-MS-
System an ATTO gekoppelt ist. Dies ist der erste Versuch, eine solche Anlage inmitten eines
tropischen Regenwaldes zu implementieren, und sie dient mehreren Zielen. Erstens erméglicht es
die Erfassung langfristiger in situ XVOC-Daten im Amazonas-Regenwald. Zweitens kann die
Hiufigkeit einer ganzen Reihe von XVOCs in verschiedenen Hohen des ATTO-Turms gemessen
werden, vom Boden aus bis in eine Hohe von 320 m iiber Grund. Dies bietet die Mdglichkeit, lokale
Quellen und Senken zu identifizieren, die tages- und jahreszeitlichen Schwankungen zu bestimmen
und die Nettofliisse des Okosystems Amazonas-Regenwald abzuschétzen. Drittens zielt der Aufbau
darauf ab, kampagnenbasierte Messungen einzelner XVOC-Quellen und -Senken zu ergénzen. Erste
Ergebnisse werden als Machbarkeitsnachweis und zur Validierung der Methode vorgestellt,
potenzielle Fehlerquellen werden ausfiihrlich erdrtert, und es werden kiinftige Anderungen und
Anwendungen vorgeschlagen.
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1 Introduction



2 1 Introduction

Halogenated volatile organic compounds (XVOCs) constitute a key category of substances within
the atmosphere. As trace constituents, they only make a limited contribution to the bulk
atmosphere in terms of mass. However, their presence can significantly impact atmospheric
processes across various levels, exerting influences from local to global scales. Comprehending the
significance and fate of these XVOCs necessitates a deep understanding of the atmospheric
composition and structure and the processes that govern it.

1.1 General Overview of the Earth's Atmosphere

Today’s atmosphere is the result of circa 4.5 billion years of Earth’s history. Many different
geological and biological processes have been involved in its evolution and continue to exert
influences today, e.g. volcanism, photosynthesis, biological degradation of organic matter, burning
activities, and photochemistry. As the formation of the atmosphere could fill an entire book, only
some main processes will be discussed further here. This dissertation aims to give a better
understanding of the status quo and prospects of some of the current processes that shape the
atmosphere.

The bulk composition of the dry atmosphere is given in Table 2-1. The differentiation between dry
and wet atmosphere (including water vapor) is important, as the presence of water vapor can vary
largely over time and space from almost 0 % in desert regions up to nearly 4 % in the humid tropics
(U.S. Standard Atmosphere, 1976).

Table 1-1. Principal gas composition of dry air at sea level

Gas Formula Mixing ratio
Nitrogen N, 78.084 %
Oxygen 0, 20.948 %
Argon Ar 0.934 %
Carbon Dioxide CO, 417 ppmv
Neon Ne 18.18 ppmv
Helium He 5.24 ppmv
Methane CH, 1.91 ppmv
Krypton Kr 1.14 ppmv

Note. Data from U.S. Standard Atmosphere, 1976. Carbon Dioxide data from Lan et al.,
2024a. Methane data from Lan et al., 2024b

The atmosphere can be divided into five principal layers (from high to low): exosphere,
thermosphere, mesosphere, stratosphere, and troposphere. This stratification is determined
mostly by temperature and pressure. The outer layers (exosphere, thermosphere, mesosphere) are
less well studied because of the difficulty of access and because they have less tangible impact on
our everyday lives. The layer where most of Earth's weather phenomena take place is the
troposphere, as it contains most of the atmospheric water vapor. It begins above the earth's surface
and extends on average up to 12 km, with large variations between the poles (7 km) and the tropics
(17 km) (Reichle, 2023). The temperature within the troposphere is highest at sea level (average 15
°C; (Andrews, 2010)) and decreases at 6.5 K km™ due to adiabatic cooling of air during convection
(Visconti, 2016), resulting in a temperature of about -60 °C in the upper troposphere (Schlesinger
and Bernhardt, 2020).

The decrease in temperature with height within the troposphere is in contrast to the layer above:
In the stratosphere, temperature rises with height. This is because of high ozone (0;)
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concentrations in this layer. The ozone absorbs energy from the solar UV radiation, which in turn
is imparted to the surrounding molecules in the form of heat (Schlesinger and Bernhardt, 2020;
Warneck and Williams, 2012). Because the highest parts of the stratosphere absorb most of the UV
radiation, the highest temperatures are within the upper stratosphere. This increase in
temperature with altitude leads to stable stratification in the stratosphere, which hinders the
vertical mixing of air masses. The same temperature gradient impedes a mixing between the
troposphere and stratosphere. The resulting stable layer between the troposphere and
stratosphere is called the tropopause. Since it acts as a barrier, it marks a transition in the chemical
composition of the atmosphere.

1.2 (Biogenic) Volatile Organic Compounds

The troposphere as the lowest layer is the most complex one regarding its chemical composition.
This is not so much because of the composition of the principal gases, as those are well mixed within
the homosphere (= layer of the atmosphere in which turbulent mixing is the dominant driver of
transport; from the surface up to about 100 km, including the troposphere, stratosphere and
mesosphere (Warneck and Williams, 2012)) and are chemically fairly inert. It is the trace gases that
influence atmospheric chemistry the most.

Trace gases are, as their name suggests, low-concentration gases in the atmosphere. One important
class of trace gases is the volatile organic compounds (VOCs). Despite a missing universal definition,
VOCs are generally considered organic compounds with a high vapor pressure and consequently a
low boiling point at atmospheric pressure. The term organic means a molecule containing carbon
and the term compound indicates a stable entity rather than a radical species. There are numerous
definitions of VOCs based on various boiling point or vapor pressure ranges and multiple subclass
designations. Some common specific terms for these subclasses of VOCs exist, not all of which are
relevant to this work but the most common should be mentioned for the sake of completeness,
without claiming to be exhaustive:

NMVOC stands for non-methane VOCs and specifies the exclusion of methane from this compound
class. Generally, CO,, CH,, and CO are not included in the VOCs definition at all as they have much
longer lifetimes and are therefore more abundant. These species are investigated individually
(Koppmann, 2007). TVOCs is often used in the perspective of indoor quality and stands for total
VOCs (in terms of concentration; Molhave et al., 1997). The World Health Organization (WHO)
distinguishes VOCs according to their boiling points into very volatile organic compounds (VVOCs),
VOCs, and semi-volatile organic compounds (SVOCs) (WHO, 1989). In general, VOCs can include
alkanes, alkenes, alkynes, ketones, alcohols, aldehydes, acids, and other oxygenated compounds. If
referring only to compounds containing an oxygen atom (as an acid, carbonyl, or alcohol group),
the term OVOCs (= oxygenated VOCs) is used.

Some VOC definitions are made from the point of view of their origin. This applies to regions with
major problems with air quality like India and China, which focus more on VOCs from various
anthropogenic sources (AVOCs), rather than those originating from natural biogenic processes
(BVOCs). However, more than 1700 BVOCs were identified in plants (Knudsen et al., 2006). Some
researchers estimate the number of measured BVOCs to be much higher, at several tens of
thousands, with hundreds of thousands not yet identified (Goldstein and Galbally, 2007). BVOCs
dominate global VOC emissions, namely 1019 Tg (VOC) yr* (Sindelarova et al., 2014) compared to
147 Tg (NMVOC) yr™ of AVOCs (Xiong et al., 2024); although both numbers have large associated
uncertainties. Despite the great chemical diversity of BVOCs, only a few of them contribute
significantly to global BVOC emissions, and these include isoprene (69.2 % relative contribution to
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global emissions), monoterpenes (10.9 %), methanol (6.4 %), acetone (3.0 %) and sesquiterpenes (2.4
%) (Sindelarova et al., 2014).

BVOCs play an important role in plant biology. It has been suggested that plants emit isoprene to
improve thermotolerance, i.e., isoprene emissions (CsHs) from leaves reduce heat stress and
regulate leaf temperature (Loreto and Schnitzler, 2010; Sasaki et al., 2007; Sharkey et al., 2007).
Furthermore, isoprene can function as an antioxidant and protect the plant’s cells from damage by
reactive oxygen species (ROS) (Loreto and Velikova, 2001; Vickers et al., 2009). Isoprene is
synthesized de novo, which means that it is emitted right after its synthesis. The so-called
monoterpenes (CioHis) form the second most important BVOC compound class. They are derived
from Cs isoprene molecules (a hemiterpene) as structural building blocks, following the biogenetic
isoprene rule (Ruzicka, 1953), and are classified according to the number of isoprene units they
contain: Monoterpenes contain two isoprene units (Ci0His), sesquiterpenes contain three units
(C1sHz4) and diterpenes four units (C;Hs,). This scheme can be continued indefinitely, finally leading
to polyisoprene (i.e., natural rubber).

Due to decreasing volatility with increasing mass, the smaller compounds (mono-, sesqui-, and to
some extent diterpenes) are more readily released into the gaseous phase. In contrast to isoprene,
some volatile terpenes can be stored within the leaf after synthesis and emitted later, although
some de-novo emissions of monoterpenes have also been measured (e.g., Byron et al., 2022). It is
postulated that isoprene and some terpenes are merely byproducts of a synthetic pathway that
leads to the formation of more essential, non-volatile isoprenoids, e.g., plant hormones (Owen and
Pefiuelas, 2005). However, terpenes serve multifaceted roles within emitting plants. In addition to
their protective function against reactive oxygen compounds such as hydroxyl radicals (OH) and
ozone, they also serve as signaling substances, being emitted in response to mechanical stress or as
a defense mechanism against herbivores or microbes (Dicke and Baldwin, 2010; Rasmann et al.,
2005; Scutareanu et al., 1997; Unsicker et al., 2009). In this way, volatile organic compounds (VOCs)
function as natural messengers in inter-plant communication (§impraga et al., 2019), attracting
pollinators (Raguso et al., 2003), and even engaging in allelopathic interactions to suppress
competing vegetation (Fischer et al., 1994).

As indicated previously, BVOCs appear in many chemical forms, e.g., alkenes, formic and acetic
acid, benzenoid compounds, or oxygenated compounds. Their sources and sinks as well as their
emission processes are described in detail elsewhere (Fall, 2003; Guenther, 2013; Kesselmeier and
Staudt, 1999; Oikawa and Lerdau, 2013).

1.3 Halogenated Volatile Organic Compounds (XVOCs)

XVOCs are volatile organic compounds that contain at least one halogen atom (Dewulf et al., 2006).
There are various ways of classifying them, e.g. according to their halogen content, the way they
are formed (natural or anthropogenic), inorganic or organic forms, or their atmospheric lifetimes.
Each of these classifications has its merit. This work will mainly use the classifications that depend
on their formation processes and lifetime, focusing on naturally occurring XvVOCs.

For the sake of completeness, and due to their importance for stratospheric ozone depletion (see
1.3.3 for more details), a brief digression on mainly or exclusively anthropogenic XVOCs at this
point: Anthropogenic XVOCs include, among others, prominent compound classes like
chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), which have been extensively
used in refrigeration, air conditioning, and as propellants. Among the most abundant are CFC-11
and CFC-12, with mixing ratios of 224 pptv and 497 pptv, respectively (WMO, 2022). Their long total



1.3 Halogenated Volatile Organic Compounds (XVOCs) 5

atmospheric lifetimes (52 and 102 years, respectively (WMO, 2022)) make them highly persistent
and allow them time to reach the stratosphere, where they contribute to the depletion of the ozone
layer (see 1.3.3). This is why their production and use have been banned under the Montreal
Protocol, leading to a gradual, but slow decrease in their atmospheric concentrations over the past
few decades.

1.3.1 Sources

To date, around 8000 different natural organohalogen compounds have been described in the
literature (Gribble, 2023). This large number of compounds is also accompanied by great diversity,
as they can appear as halogenated C;-Alkanes but also as complex steroids, for example. Of course,
not all of these are volatile compounds (see VOC definitions in 1.2). Therefore, the subset of XVOCs
includes mostly haloalkanes, halogenated monoterpenes, and some haloaromatics.

XVOCs can be formed in almost every environment there is: from volcanoes (Frische et al., 2006;
Schwandner et al., 2013) to plants (Forczek et al., 2015; Yokouchi et al., 2002), from oceans
(Stemmler et al., 2015) to soils (Redeker and Kalin, 2012), with formation through biotic and abiotic
processes (Huber et al., 2009), emitted by living beings from bacteria (Amachi et al., 2001) to the
human body (Keppler et al., 2017).

The complexity of the interplay of sources and sinks for natural XVOCs can be demonstrated using
the example of chloromethane (CH;Cl). Chloromethane is the most abundant natural XVOC with a
global average mixing ratio of around 550 pptv and global annual emissions estimated to be around
4.7 Tg, contributing about 17 % to total tropospheric chlorine (WMO, 2022). Only minor
anthropogenic sources are known (Li et al., 2017; Mead et al., 2008). The major natural source is
tropical plants (Carpenter et al., 2014; Xiao et al., 2010), which are reported to account for emissions
of 2200 * 390 Gg per year (Xiao et al., 2010), even though recent estimates are significantly lower
(Bahlmann et al., 2019). Other relevant sources are biomass burning (Lobert et al., 1999; Rudolph et
al., 1995), Oceans (Khalil et al., 1999), wood-rotting fungi (Harper, 1985), and salt marshes (Rhew et
al., 2000). Further details, references, and information on biochemical processes can be found in
Chapter 2.

As shown in Figure 1-1, emission and uptake processes can often occur simultaneously in a system
such as a soil or a plant. Therefore, it is difficult to identify single processes if only the net flux of
an ecosystem is measured. Conversely, one cannot simply derive net fluxes by measuring only
individual processes. Even though many sources and sinks are known and extensively investigated,
the global chloromethane budget is not balanced, with known sinks outweighing the reported
sources (Bahlmann et al., 2019; WMO, 2022). Over the last few years, more and more research has
been carried out to tackle this issue using a stable isotope approach (Bahlmann et al., 2019; Keppler
et al., 2020; Miller et al., 2004; Nadalig et al., 2013; Ojeda et al., 2020). Isotopes are atoms of the same
element that have the same number of protons but different numbers of neutrons. This difference
leads to varying atomic masses while the chemical properties remain largely similar. In contrast to
radioisotopes that undergo radioactive decay over time, stable isotopes do not emit radiation or
change into other elements through decay processes. Carbon, for example, has three isotopes: *C,
3C (both stable isotopes), and *C (radioactive). By comparing the isotopic signature of a compound
in different samples (i.e., measuring the sample’s isotope ratio against a reference), one can
therefore conclude on occurring (bio-)chemical reactions that can alter the isotopic signature of a
compound in a sample. Here, one can distinguish between different chloromethane formation and



6 1 Introduction

Abiotic formation in
plant material®

M Enzymatic formation
g in planta® Other misc. sources
i (e.g. leaf litter, fungi,

Degradation by ant nests)®
phyllosphere-colonizing
bacteria?

l Formation in soils'

Microbial degradation
in soils

3

Figure 1-1. Potential chloromethane sources and sinks in a forest ecosystem (atmosphere-plant-soil). Adapted from Keppler et al.,
2020. References: "Keppler et al., 2000, 2Nadalig et al., 2011, *Hamilton et dl., 2003, 4]aeger et al., 2018b, >Blei et al., 2010, Anke and

Weber, 2006, Berberich et al., 2017, *Jaeger et al., 2018a. Figure created in Biorender.com

degradation processes by analyzing the stable isotope ratios 6°H, §°C, and 8*Cl of the resulting
chloromethane, as every process produces distinct isotopic patterns. These measurements can help
to estimate the total net sources and sinks of chloromethane by comparing the isotopic composition
of the atmospheric chloromethane pool with known signatures from various sources and sinks,
enabling a better understanding of the global chloromethane budget.

While chloromethane is a compound with mainly terrestrial sources, other natural XVOCs have
their dominant sources within marine or coastal environments. This applies in particular, but not
exclusively, for XVOCs containing bromine or iodine, as these elements are much less abundant in
terrestrial environments compared to chlorine. Chloroform (CHCl;) and bromoform (CHBr;), also
very important natural XVOCs and part of the subset of halogenated very short-lived substances
(VSLS; atmospheric lifetime of less than 6 months), have predominantly marine sources, for
example. See Chapter 3 for more detailed information on their respective sources.
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1.3.2 Sinks and Atmospheric Fate

The atmospheric fate of XVOCs depends strongly on their atmospheric lifetimes. This is why one
has to distinguish between long-lived XVOCs (atmospheric lifetime >0.5 years) and VSLSs
(atmospheric lifetime <0.5 years). The source type (i.e., anthropogenic or natural) does not play a
relevant role in this perspective (Figure 1-2). The already introduced VSLS example compounds,
chloroform and bromoform, have total atmospheric lifetimes of about 180 days (chloroform; WMO,
2022) and tens of days (bromoform; Papanastasiou et al., 2014). This lifetime is, neglecting microbial
degradation or uptake by oceans and soils, limited by the photochemical degradation of the
compound in the troposphere, the most important factors of which are the reaction with the
hydroxyl radical (OH) and photolysis (e.g. Krysztofiak et al., 2012). The chemistry of tropospheric
degradation in turn depends on latitude, altitude, and season (Hossaini et al., 2019; Krysztofiak et
al., 2012; von Glasow et al., 2004). Therefore, the atmospheric lifetime of VSLSs can vary
considerably depending on the emission region. Tropospheric degradation of VSLSs results in
different product gases, some of which are phosgene (COCl,) or HCI for chlorinated VSLSs (Ko et al.,
2003). A corresponding reaction mechanism is described in McCulloch, 2003.
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Figure 1-2. Comparison of long-lived XVOCs and VSLSs concerning their respective sources and atmospheric fate. Taken from WMO,
2022 (Box 1-3 Figure 1).

Long-lived XVOCs typically have slower degradation rates in the troposphere compared to VSLSs,
as they are less susceptible to attack by OH radicals. Due to their lower reactivity, long-lived XVOCs
have longer atmospheric lifetimes, ranging from several decades to over a century (WMO, 2022),
allowing them to persist in the atmosphere, spread throughout the troposphere, and eventually
reach the stratosphere without being significantly degraded in the troposphere. This is especially
true for very inert compounds like CFCs. For other long-lived XVOCs, for example, chloromethane,
the situation is more complex. Chloromethane does react with OH, which represents its main
tropospheric loss process. The reaction with OH and the oxidation by Cl radicals in the marine
boundary layer together account for about 70 % of tropospheric chloromethane loss (Keppler et al.,
2020). However, this reaction is still much slower compared to VSLSs. Therefore, taking into
account other smaller tropospheric loss processes, a small part of the emitted chloromethane is
transported into the stratosphere. In the stratosphere, XVOCs eventually undergo
photodissociation by UV radiation, which is their primary stratospheric sink (WMO, 2022).
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1.3.3 Stratospheric Ozone Depletion

Through UV-induced photodissociation, XVOCs that reach the stratosphere can release halogen
atoms such as chlorine and bromine. These halogen atoms then participate in the catalytic
depletion of stratospheric ozone (0s) through a series of reactions (Equations 1, 2, and 3 show this
process for chlorine atoms; Molina and Rowland, 1974):

Cl+ 03 - ClO+ 0O, Equation 1
Cl0+0-Cl+ 0, Equation 2
0; +0 - 20, Equation 3

This catalytic ozone depletion cycle is terminated by the formation of more stable reservoir species.
Halogen reservoir species mean that the reactive halogen atoms are converted into less reactive
forms that do not directly participate in the catalytic depletion of ozone. The most important
formation reactions for halogen reservoir species are Equations 4 and 5 (Molina and Rowland, 1974;
Rowland et al., 1976).

Cl + CH, - HCl + CH; Equation 4
Cl0 + NO, + M - CIONO, + M Equation 5

However, these reservoir species can be also broken down eventually via UV photodissociation,
releasing back the reactive halogens and reinitiating the ozone destruction process again. Due to
differences in reservoir species formation reactions, bromine atoms are more effective than
chlorine in depleting ozone, with bromine being up to 60 times more efficient in catalytic ozone
depletion (Sinnhuber et al., 2009; Wayne et al., 1995). Therefore, despite their lower concentrations
in the atmosphere, brominated compounds like halons and methyl bromide have a
disproportionately large impact on ozone depletion.

The most important classes of compounds with respect to stratospheric ozone depletion are CFCs
with their long atmospheric lifetime. As explained above, emitted CFCs reach the stratosphere with
almost no losses in the troposphere as they do not react with OH. Their persistence means that
these compounds have a long-term impact on stratospheric ozone once emitted to the atmosphere,
delaying the recovery of ozone following the Montreal Protocol ban on CFCs (UNEP, 1987). However,
VSLS can also contribute to stratospheric ozone depletion despite their shorter lifetime in the
atmosphere (e.g., Liang et al., 2014). They can transport halogens into the stratosphere via two main
pathways, source gas injection (SGI) and product gas injection (PGI) (Ko and Poulet, 2003): SGI is
when VSLSs are directly transported to the stratosphere in their original, unreacted forms. As
explained above, the shorter lifetime of VSLSs means they usually undergo degradation in the
troposphere but in some cases, they can survive long enough to be carried upwards by strong
vertical air currents, particularly during deep convection in the tropics. If emitted there, VSLSs are
liable to be rapidly convected to the upper troposphere and then enter the stratosphere through
the tropical upward branch of the Brewer-Dobson circulation (Aschmann, 2009; Fueglistaler et al.,
2009).

In contrast, PGI involves the transport of the degradation products of VSLSs that have already
undergone partial breakdown in the troposphere through photolysis or oxidation by OH. These
products, if stable enough, are then transported upward into the stratosphere by atmospheric
circulation. Once these halogenated product gases reach the stratosphere, they are further broken
down by UV radiation, releasing reactive halogen atoms that take part in the catalytic ozone
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depletion described above (Chipperfield and Pyle, 1998; Daniel et al., 1999). The effectiveness of PGI
depends on factors like the lifetime of the degradation products, the altitude at which they are
formed, and the dynamics of atmospheric transport. The role of PGI becomes particularly
important when the VSLSs have short atmospheric lifetimes but produce stable intermediate
products that can persist long enough to be transported to the stratosphere.

The discovery of the ozone hole over Antarctica in the 1980s (Farman et al., 1985; Stolarski et al.,
1986) highlighted the devastating effects of halogenated compounds on the ozone layer. This
depletion allows increased UV radiation to reach the Earth's surface, leading to higher risks of skin
cancer, for example, as well as affecting ecosystems (Morgenstern et al., 2008; Newman et al., 2009).
Ancient events such as the Siberian Trap volcanism (approx. 250 million years bp) are believed to
have released massive amounts of halogenated compounds, leading to significant ozone depletion
long ago in Earth's history (Beerling et al., 2007). In response to concerns that anthropogenic
emissions of such compounds could similarly devastate the protective ozone layer, the Montreal
Protocol was established in 1987, leading to the phase-out of many ozone-depleting substances, e.g.,
CFCs (UNEP, 1987). The CFCs were replaced with hydrochlorofluorocarbons (HCFCs) and
subsequently with hydrofluorocarbons (HFCs), both of which were deliberately engineered to
degrade in the troposphere by replacing some of the halogen atoms with hydrogen atoms. However,
HCFCs and HFCs are still potent greenhouse gases, even though they pose less or no harm to the
stratospheric ozone layer. As many halogenated VOCs have a high global warming potential, their
regulation is critical not only for protecting the ozone layer but also for mitigating climate change
(WMO, 2022).

1.4 Why We Measure XVOCs in the Heart of the Amazon Rainforest
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The underlying main project of this work is the investigation of XVOCs in the Amazon rainforest
(see Chapters 2 and 3). As indicated in the previous subchapters, the tropics play a prominent role
with regard to XVOCs for various reasons. Chapter 1.3.1 states chloromethane emissions from
tropical plants and biomass burning. However, the tropics are not only an interesting region in
terms of XVOC sources but, as explained in Chapters 1.3.2 and 1.3.3, deep convection in the tropics
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can lead to the rapid ascent of XVOCs and their respective product gases into the stratosphere,
where they can deplete ozone.

The Amazon rainforest is the largest of the tropical rainforests, covering about 5.8 million km?,
containing over 10 % of all known species worldwide (Science Panel for the Amazon, 2021) with
about 100 Pg carbon bound in biomass (Davidson et al., 2012). The Amazon Tall Tower Observatory
(ATTO; see Figure 1-3 for background information), located in central Amazonia, is a 325 m tall
tower built to enable investigations of the interactions between the Amazon rainforest ecosystem
and the atmosphere. Its location offers diverse measurements related to atmospheric chemistry
with negligible anthropogenic influences (see Chapter 4).

Even though all the factors that make the Amazon rainforest highly relevant in terms of XVOC
measurements, there are to date no long-term XVOC measurements carried out by global
measurement networks such as AGAGE or NOAA (see Figure 1-4) in the whole of continental South
America. Future continuous measurements at ATTO could therefore be a valuable complement.
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Figure 1-4. Sampling sites for XVOC source and product gases from the NOAA and AGAGE networks, together with their respective
mean footprints. Taken from WMO, 2022

1.5 Research Objectives and Thesis Outline

The effects on different aspects of atmospheric chemistry, especially on stratospheric ozone
depletion, make halogenated volatile organic compounds (XVOCs) an important compound class.
The regulation and controlled phase-out of many anthropogenic XVOCs through the Montreal
Protocol shifts the focus to natural XVOC sources and increases their relative importance. However,
natural XVOC sources and sinks are far from being fully understood, as the example of the
unbalanced budget of chloromethane sinks and sources shows (Bahlmann et al., 2019; WMO, 2022).
Now that climate change is in full swing, impacting many ecosystems worldwide and potentially
affecting XVOC budgets, it is even more important to understand the processes of XVOC formation
and degradation to comprehend how climate change affects these processes. Only the use of
different methods and instruments can provide insights into the complex interplay of XvVOC
sources and sinks, taking different perspectives into account. This idea of a holistic approach forms
the basis of the present work:
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Chapter 2 presents a study that investigates chloromethane formation and degradation pathways
in plants as individual sources and sinks, using an approach of triple-element isotopic
characterization of chloromethane. It provides the first triple-isotopic (?H, 13C, *’Cl) fingerprint of
chloromethane emitted by the royal fern (Osmunda regalis) and degraded by a club moss (Selaginella
kraussiana). Even though the investigated plants are not distributed in the tropics but rather in
temperate climates, the study fits within the scope of the present work as its results contribute to
the development of isotope-based models that could improve our understanding of chloromethane
sources and sinks. It furthermore provides a new approach to estimating the isotopic composition
of chloromethane emissions from plants, potentially helping to distinguish between natural and
anthropogenic sources.

A study on the abundance of the halogenated very short-lived substances (VSLS) chloroform and
bromoform at the ATTO site is presented in Chapter 3. The research involved extensive
measurements across three distinct seasons: a dry-to-wet transition (2023), a dry season (2023), and
a full-wet season (2024). This approach used an adsorbent tube sampling technique with subsequent
analysis with a Gas chromatography-time of flight-mass spectrometer (GC-ToF-MS) setup.
Sampling was conducted within the rainforest canopy (23 m), at 80 m and 320 m height from the
ATTO tall tower, as well as directly from the soil. The primary objectives were to investigate the
presence of local sources of these VSLSs, potential diel cycles, and seasonal variations in their
concentrations. The data collection during an El Nifio Southern Oscillation (ENSO) event provided
an additional layer of insight, particularly in the context of climate change, offering a unique
perspective on how such climatic events might influence tropical rainforest emissions and the
atmospheric behavior of these substances.

Chapter 4 is primarily a methodology chapter. It summarizes the arguments for the necessity of
implementing a campaign-independent setup for on-line and in situ measurements of many
different XVOCs directly within the Amazon rainforest. The focus is on the method development
and the detailed description of the used instrumental setup in the form of a cryogen-free
preconcentration unit coupled to a gas-chromatography mass spectrometer (GC-MS). First results
serve as a proof of concept and show the potential of this setup to provide both, XVOC long-term
on-line measurements from different heights of the ATTO tower to investigate net emissions of this
ecosystem, as well as in situ measurements of individual local sources and sinks, e.g., plants, soils,
or insect nests.

In summary, three separate but related projects have been pursued in this work to look at the
investigation of halogenated VOCs in the Amazon rainforest from different perspectives. In these
three projects, three different methods have been applied: Firstly, isotope ratio mass spectrometry
was used to examine chloromethane formation and degradation in plants. This project focused on
the investigation of ongoing processes within single sources and sinks. Secondly, the sampling of
the halogenated very short-lived substances (VSLSs) chloroform and bromoform on adsorbent-
filled cartridges from the ATTO research site and subsequent analysis with GC-ToF-MS gave insights
into the regional and seasonal emission patterns of these compounds. Thirdly, the development
and validation of a non-cryo preconcentration system coupled to GC-MS (quadrupole) should
enable long-term in situ measurement of short- and long-lived XVOCs in the Amazon rainforest.
Establishing a reliable, accurate, and long-term measurement system for XVOC in the pristine
Amazon rainforest opens the possibility of discovering new sources and sinks and monitoring how
ongoing climate change will affect emissions from the rainforest ecosystem. The information
contained within this thesis spans many scales from in-plant processes to regional and seasonal
emission characteristics of the Amazon rainforest, as well as the technical details of method
development and set-up. The underlying objective of all these research approaches is to provide



12 1 Introduction

modelers, the Intergovernmental Panel on Climate Change (IPCC), and policymakers with better
knowledge of sources and sinks of XVOCs.
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2.1 Abstract

Chloromethane (CHsCl) is the most abundant natural chlorinated organic compound in the
atmosphere playing an important role in catalyzing stratospheric ozone loss. Vegetation emits the
largest amounts of CH;Cl to the atmosphere but its source strength is highly uncertain leading also
to large uncertainties in the global budget of CH;Cl. Triple-element stable isotope analysis may help
to reduce uncertainties because it provides additional process-level information compared to
conventional quantification methods. In this study we performed experiments to obtain a first
triple-elemental isotopic fingerprint (*H, **C, *’Cl) of CH;Cl emitted by a relevant plant species (royal
fern, Osmunda regalis). Isotopic values of all three elements showed considerable differences
compared to isotopic values of industrially manufactured CH;Cl which bodes well for future
applications to distinguish individual sources. Isotopic analysis of potential precursors (rain,
methoxy groups) of CHsCl in plants revealed no measurable change of hydrogen and chlorine
isotopic ratios during formation which may provide a simpler route to estimate the isotopic
composition of CH;Cl emissions. Plant degradation experiments of CH;Cl were carried out with club
moss (Selaginella kraussiana) revealing significant isotopic fractionation for all three elements. The
fractionation pattern characterized by epsilon and lambda is inconsistent with known biotic
dechlorination reactions indicating a yet unreported biotic degradation mechanism for CHsCL.
Overall, this study provides first insights into the triple-elemental isotopic fingerprint of plant
emissions and degradation. The results may represent important input data for future isotope-
based models to improve global budget estimates of CHs;Cl and to explore the yet unknown
degradation pathways.

2.2 Plain Language Summary

Chloromethane is the most abundant chlorinated organic compound in the atmosphere. It
contributes to the destruction of the ozone layer that protects us from skin cancer and genetic
damage. Currently, we do not have a good understanding of the sources and removal processes of
chloromethane in the atmosphere. In this paper, we use a technique that takes advantage of the
different varieties of a chemical element. These so-called isotopes behave differently during
chemical reactions that lead to individual isotopic fingerprints depending on the source or removal
process. We used isotopic fingerprints of all three chemical elements in chloromethane and showed
that chloromethane produced by a plant (royal fern) differs substantially from chloromethane
manufactured by industry. Other plant species such as club moss are able to remove chloromethane
from the atmosphere but it is often not clear how this occurs. Isotopic analysis revealed that the
studied club moss uses a unique, thus far unknown, way to break down chloromethane. This study
demonstrates how information extracted from isotopic fingerprints will help to improve our
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understanding of sources and removal processes of chloromethane in the atmosphere. It can help
to better predict how ozone destruction in the stratosphere affects us in the future.

2.3 Introduction

Chloromethane (CH;Cl, methyl chloride) represents the largest natural source of chlorine in the
atmosphere currently contributing about 17% of total chlorine (Engel et al., 2018). Chlorine
together with other halogens and nitrogen compounds cause the depletion of the stratospheric
ozone layer that absorbs most of the sun's ultraviolet radiation known to cause adverse effects in
plants and animals (Ravishankara et al., 2009). The sources of CH;Cl mostly are of natural origin
(Carpenter et al., 2014) even though previously unrecognized minor anthropogenic sources have
recently been reported (Keppler et al., 2017; Li et al., 2017; Thornton et al., 2016). Despite the large
uncertainties in the global budget of CH;Cl, plants have been suggested to be the major source of
CHsCl (Carpenter et al., 2014). In this context, large emissions have been reported not only for
tropical plants (Blei et al., 2010; Gebhardt et al., 2008; Saito & Yokouchi, 2008; Xiao et al., 2010) but
also for halophytic plants (Bill et al., 2002; Deventer et al., 2018; Harper et al., 2001; Rhew et al.,
2003), fern species (Yokouchi et al., 2015), and crops (Harper et al., 1999) also occurring in
temperate climate regions. Apart from producing and emitting CH;Cl, plants are also known to
degrade CH,Cl with the help of bacteria colonizing the leaves (Bringel et al., 2019; Jaeger et al.,
2018a; Krober et al., 2021; Nadalig et al., 2011; Saito et al., 2013) which often hampers a more precise
quantification of sources and sinks because the net flux is influenced by both (Keppler et al., 2020a).
The largest sinks of CH;Cl are OH radical reaction in the troposphere as well as degradation in soils
and oceans (Carpenter et al., 2014). Thus, large gaps in the budget of CH;Cl persist because the
magnitude of emissions from vegetation includes large uncertainties (Bahlmann et al., 2019), and
the sink strength by plants is largely unknown.

The formation processes of CH;Cl in living terrestrial plants have been investigated in a variety of
previous studies (Bayer et al., 2009; Nagatoshi & Nakamura, 2007; Rhew et al., 2003; Schmidberger
et al., 2010; Wuosmaa & Hager, 1990). Accordingly, biosynthesis of CH;Cl and other halomethanes
not only in plants but also in fungi, algae, and bacteria is primarily related to the so-called HOL
genes (harmless to ozone layer), which generate production of halide methyltransferases. These
enzymes catalyze production of halomethanes by combining a methyl group from the ubiquitous
S-adenosyl methionine (SAM) with a halide ion in a nucleophilic substitution reaction. Even though
the exact mechanisms of halomethane biosynthesis by methyltransferases are not fully understood
yet their significance for contributing ozone-depleting compounds is undisputed.

Biotic degradation by living plants is, similarly as production, driven by enzymatic processes.
Bacteria colonizing the phyllosphere but also other habitats such as the rhizosphere are able to use
CHsCl as an energy source. A number of different bacterial strains utilizing CH;Cl as an energy and
carbon source have been identified in soils; for example, Methylobacterium, Hyphomicrobium, and
Aminobacter (Doronina et al., 1996; McAnulla et al., 2001; McDonald et al., 2005). The metabolic
pathway was discovered by Vanelli and colleagues (Vannelli et al., 1999) and first described for
Methylobacterium sp. CM4 (now Methylorubrum extorquens CM4). Accordingly, CH;Cl is dehalogenated
by a methyltransferase/corrinoid-binding protein (CmuA), and the methyl group is transferred to
a corrinoid cofactor. This corrinoid-bound methyl group is then further transferred by another
methyltransferase (CmuB) to tetrahydrofolate (H,F). Methyl-H,F is oxidized to methylene-H.F and
subsequently to formate and CO, (Nadalig et al., 2014; Schifer et al., 2007). In addition to the Cmu
pathway, other yet uncharacterized metabolic pathways were identified in bacteria in the
phyllosphere of fern trees such as Friedmanniella (Krober et al., 2021) or in bacteria from aquatic
habitats such as Leisingera methylohalidivorans MB2 (Nadalig et al., 2014).
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Stable isotope analysis may be beneficial to further elucidate those enzymatic production and
consumption processes of CHsCl, and they have been applied in various studies (Jaeger et al., 2018b;
Keppler et al., 2020b; Miller et al., 2004; Nadalig et al., 2014). Isotopic approaches also aimed at
quantifying the contribution of emission and consumption of CH;Cl by plants in the atmosphere
(Rhew, 2011; Saito & Yokouchi, 2008; Saito et al., 2013; Weinberg et al., 2013) and in relation to the
other sources and sinks (Bahlmann et al., 2019; Keppler et al., 2005; Keppler et al., 2020a). Isotopic
analysis in CH;Cl was shown to be particularly useful when the stable isotopes of all three available
elements were investigated because different biotic and abiotic degradation processes showed
distinct isotopic patterns which may help to identify or even quantify different processes (Horst et
al., 2019; Keppler et al., 2020a). Particularly hydrogen and chlorine provided important information
because, other than carbon, they were not involved in each reaction and hence did not undergo
changes in their isotopic composition during such reactions. For instance, chemical decomposition
via hydroxyl (OH) radical reactions showed large isotopic shifts for hydrogen (Keppler et al., 2018)
but negligible shifts for chlorine whereas microbial degradation showed the opposite: small shifts
for hydrogen isotopes but large shifts for chlorine isotopes (Keppler et al., 2020a). This could be
explained by the underlying reaction mechanisms which either cleave the H-C bond (OH-radical
reaction) or the CI-C bond (microbial dechlorination). Keppler and co-authors (Keppler et al., 2020a)
also used isotopic constraints to confirm that the two metabolic pathways of CH;Cl dechlorination
by Methylorubrum extorquens CM4 and Leisingera methylohalidivorans MB2 are actually different. This
may have further implications because CM4 and MB2 might be representative for terrestrial and
marine organisms, respectively. It was argued that, if the metabolic pathways are actually
representative for each respective environment, this would provide a strong isotopic tool for the
distinction of terrestrial and marine CH;Cl degradation pathways.

Triple-element isotopic studies of CH;Cl are, however, very scarce and have only been carried out
for abiotic degradation pathways such as OH and Cl radical reactions (Keppler et al., 2020a) and
hydrolysis and transhalogenation reactions (Horst et al., 2019). One study investigated microbial
dechlorination pathways using cell extracts (Keppler et al., 2020a). Till now, there are no triple-
element isotopic studies of emissions or degradation of CHsCl by living plants. Several studies
applied dual element isotope analysis (stable isotopes of H and C) to disentangle degradation
processes (Jaeger et al., 2018a; Nadalig et al., 2014) and to isotopically characterize emissions of
CH;Cl (Jaeger et al., 2018b) but stable chlorine isotope analysis has not been applied yet in this
context.

Hence, the current study aimed at exploring the benefits of triple-element stable isotope analysis
for the characterization of CH,Cl emitted and consumed by vegetation. Osmunda regalis (royal fern)
was used to isotopically characterize CHsCl production. O. regalis is a common fern species growing
in temperate and subtropical regions. This fern species was chosen because it is known to produce
large amounts of CH;Cl (Jaeger, Besaury, Rohling, et al., 2018; Yokouchi et al., 2007, 2015). In
addition, experiments with a club moss (Selaginella kraussiana) were carried out to investigate
degradation of CH;Cl and associated isotopic fractionation. Results are discussed in comparison to
known fractionation patterns obtained in previous experiments with bacterial cell cultures. S.
kraussiana has been used in this current study as it was observed in preliminary investigations at
the Botanical Garden of Heidelberg University for its potential to strongly degrade CH,CL
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2.4 Materials and Methods

2.4.1 Sampling of Rainwater and Conversion of Chloride to CHsCl

Rainwater samples were collected at three different sites between April and June 2021 in order to
determine the stable chlorine isotopic composition of the primary chlorine source for plants in
terrestrial environments which are not located at the coast or close to halite deposits. Three
sampling sites were chosen representing urban (Heidelberg, Leipzig) and rural (Rastenberg)
environments that stretch along a transect of about 400 km in North-Western direction following
the main wind direction in Germany. Two replicate samples were collected directly in the botanical
garden of the city of Heidelberg from the roof of a greenhouse. Two replicate samples were taken
at a rural site in central Germany (Rastenberg, Thuringia). Two more individual samples were
collected in Leipzig, Saxony. All samples (1-2.5 L) were concentrated down to 30 mL by boiling.
Containing Cl ions were precipitated as AgCl by adding AgNOs. Next, AgCl was filtered off under
safelight conditions and filters and iodomethane (CH;l, 10 times excess concentration) sealed in
borosilicate glass tubes. The tubes were placed in a furnace held at 80°C for 48 hr to react AgCl and
CH:l to CH;CL The whole procedure followed established protocols (Eggenkamp, 2014; Gilevska et
al., 2015).

2.4.2 Plant Sampling and Incubation Experiments

In preliminary field experiments using larger teflon-foil chambers (~11 | volume), we monitored
several plants in the Botanical Garden of Heidelberg University for their potential to degrade CH;Cl
at ambient CH;Cl concentrations (at around 500 to 600 pptv). The plants were not physically
damaged before and during enclosure. We found several CHsCl degraders such as Polystichum
setiferum, Selaginella kraussiana, and Dryopterix filix-mas that reduced the atmospheric concentration
inside the chamber by up to 30% within 15-30 min yielding CH,Cl degradation rates in the range of
1-5 ng gaw' h™. For the current study, we chose S. kraussiana for investigation of degradation
mechanisms with isotopic methods.

Fresh samples of S. kraussiana were collected in July and September 2019 and April 2021,
respectively, at a greenhouse of the Heidelberg Botanical Garden. The greenhouse is characterized
by high relative humidity (RH >90%). The whole stem of the living plant including attached leaves
was cut and the sampled plant material was subsequently incubated in the lab to explore biotic
degradation of CH;Cl by plant-associated microbes. We did not expect any additional abiotic
reactions to disturb the results because reactions such as hydrolysis previously showed rate
constants of about 0.002 d* (Horst et al., 2019) which is several orders of magnitude slower than
observed in previous microbial degradation experiments (Jaeger et al., 2018b). For incubation, the
plant material was evenly distributed over nine vessels (~7-9 g wet weight plant material in each
170 ml custom-made glass cylinder). All vessels were sealed gas-tight at the same time under the
fume hood to ensure all of them contain the same (lab-) air and therefore have the same initial
CH;Cl mixing ratio and isotopic ratios. After sealing, we artificially increased the CH;Cl mixing ratio
of the vessels by injecting 2 ml of a diluted CH,CI reference (~1000 parts per million by volume
(ppmv) CH5Cl in N) into each of these vessels and waited for equilibrium to be established before
measuring the initial CHsCl concentration t = 0 in each vessel. Concentrations were checked
frequently and samples for isotope analysis were collected at selected time intervals (Figure 0-10
and Figure 0-11 in the Supplementary Material S.2).

Emission experiments were carried out with plant material of 0. regalis. The samples of this plant
were collected in July and September 2019. In contrast to S. kraussiana, the collected samples of 0.
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regalis grew in the outside area of the Heidelberg Botanical Garden under the local climatic
conditions. Whole fern fronds were cut off and brought to the lab for subsequent incubation. As for
S. kraussiana, 7-9 g wet weight of 0. regalis were put into the same 170 ml custom-made glass
cylinders used for the degradation experiments and all vessels were sealed at the same time under
the fume hood. The temperature in the lab (23.5 + 1°C) was constant throughout the whole
incubation period. Seven and eight experiments were run in parallel during the two experimental
campaigns, respectively. Concentrations were checked frequently and samples for isotopic analysis
were collected after the last concentration measurement (Figure 0-12 and Figure 0-13 in
Supplementary Material S.2).

Microcosm experiments as those described above represent very different environmental
conditions for a plant compared to its natural habitat. It might be questioned whether the data
collected in the laboratory is representative for field conditions. Isotopic data, however, seems to
be quite robust in this context. For example, in a laboratory study Harper et al. (2001) measured a
83C of -65.7 £ 3.4 %o VPDB for CH;Cl emitted by saltwort (Batis maritima) which is consistent with
the values of -62 %o VPDB reported for emissions by this plant in the field (Bill et al., 2002) indicating
a good agreement between emission data collected in the laboratory and in the field.

Blank measurements with reaction vessels only containing CH;Cl without plant material in the
vessels were carried out in order to evaluate whether any losses of CH;Cl occurred, and if so,
whether they caused isotopic fractionation. For this purpose, a CH;Cl/N; gas mixture was filled into
the vessels creating a final mixing ratio of 9.5 + 0.5 ppmv. Samples were taken at t = 0 and after 25
hr (t = 1) which was the longest incubation period. Both the concentration in the reaction vessels
and the stable carbon and chlorine isotope values of the blank samples were measured. Whereas
the mixing ratio and the stable carbon isotopes only varied within analytical uncertainty, stable
chlorine isotopes showed a slightly larger shift over time and a linear correction was applied as
described more in detail in Supplementary Material S.3. Control measurements were also carried
out with dried plant material to evaluate abiotic reactions that might occur alongside biotic
reactions. In these experiments, we only observed a very small concentration decrease, which may
not change the isotopic composition (Supplementary Material S.3).

2.4.3 Quantification of CHsCl

The CH;Cl mixing ratio in each incubation vessel was determined at different times throughout the
experiments. For quantification, gas chromatography-mass spectrometry (GC-MS) was used (HP
5973 mass selective detector; Hewlett-Packard/Agilent Technologies, Palo Alto, CA, USA). We
extracted 100 uL headspace directly from the incubation vessel and injected it with a 100 yL gas-
tight Luer lock syringe (SGE Analytical Science, Australia) onto the GC column (GS Gaspro 60 m x
0.32 mm; 1 mL min™ constant flow, 150°C isothermal) using a split ratio of 5:1. Mass spectrometry
was carried out in SIM mode using the masses m/z = 50, m/z = 51, m/z = 52, and m/z = 53.

The GC/MS system was calibrated by measuring a diluted reference (99.8% CH;Cl in N, AirLiquide,
France) at different mixing ratios with n = 3. For the samples obtained from the incubation of S.
kraussiana, a four-point calibration in the range from 0 to 10 ppmv CH;Cl was applied. Due to high
CH;Cl emission rates observed during incubation of 0. regalis, we conducted a nine-point calibration
in the range from 0 to 75 ppmv CH;Cl for quantification of mixing ratios in the incubation vessels.
At selected time intervals, samples for stable isotope analysis were taken. For this purpose, 25-30
ml of gas was removed from the incubation vessels, passed through an Ascarite® trap to remove
CO;, and subsequently transferred to 12 ml pre-evacuated exetainers to be analyzed at a later time
for measurements of stable hydrogen, carbon, and chlorine isotope values of CH;Cl. Furthermore,
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15 mL of the CH;Cl reference gas that was supplemented to the S. kraussiana incubation vessels was
filled in exetainers for measuring the isotopic composition before changes due to degradation
occurred.

2.4.4 Stable Hydrogen and Stable Carbon Isotope Analysis of CH;Cl

Stable hydrogen and stable carbon isotopic ratios of CH;Cl (expressed as 6,H-CH;Cl and §*C-CH;Cl)
were measured by an in-house cryogenic pre-concentration unit coupled to gas chromatography
(HP 6890, Agilent Technologies, Palo Alto, CA) and isotope ratio mass spectrometry (IRMS)
(Isoprime, Manchester, UK), as previously described (Greule et al., 2012; Keppler et al., 2020a;
Nadalig et al., 2013). Deviating from the cited methods, an in-house modified interface was used
which is based on the GC Combustion III Interface from ThermoQuest Finnigan (Bremen, Germany).
For stable hydrogen isotope analysis of CH;Cl, a ceramic tube reactor (length 320 mm, 0.5 mm i.d.)
heated to 1,450°C was used for high-temperature conversion. For stable carbon isotope analysis the
oxidation reactor (length 320 mm, 0.5 mm i.d.) contained Cu/Ni/Pt wires inside (activated by
oxygen) and was operated at 960°C. The CH,Cl working standard was calibrated against the IAEA
standards NBS 22, LVSEC (carbon), VSMOW and SLAP (hydrogen) using TC/EA-IRMS (elemental
analyzer-isotopic ratio mass spectrometry, IsoLab, Max Planck Institute for Biogeochemistry, Jena,
Germany), yielding the following values: §'*C: -32.84 + 0.06 %0 VPDB (n =11, 10) and §,H: -140.1 + 1.0
%o VSMOW (n = 10, 10). The H;+ factor, determined daily during this investigation (~2-month
period), was in the range 5.22-5.35 ppm/nA.

2.4.5 Stable Chlorine Isotope Analysis of CHsCl

Stable chlorine isotope analysis was carried out by applying gas chromatography coupled via a
heated transfer line to multiple-collector inductively coupled plasma mass spectrometry (GC-MC-
ICPMS, Neptune, Thermo Fisher Scientific, Germany) according to previously published protocols
(Horst et al., 2017; Renpenning et al., 2018). Up to 6 mL of gas collected during plant experiments
were extracted from the vials using a 10 mL gas-tight syringe equipped with a valve (VICI precision
sampling). In order to inject such large amounts of gas the GC was operated in splitless mode and
equipped with a cryotrap as described in Keppler et al. (2020a). This cryotrap was cooled with liquid
nitrogen to assure loss-less collection of the injected sample gas. After cryofocussing was complete,
the trap was immersed in warm water (40°C) in order to release the analytes onto the
chromatographic column (ZB1 Phenomenex, 60m, 0.32 ID, 2 mL min" constant flow, 30°C
isothermal). For analysis of CHsCl obtained from conversion of Cl" in rainwater samples, sealed
borosilicate tubes were inserted into 120 mL serum bottles, flushed with nitrogen, and capped with
gray PTFE-coated stoppers (Wheaton®). Before analysis these bottles were shaken to break the tube
in the bottle. Several aliquots were injected in split mode (1:10) keeping the GC column at 120°C,
which was sufficient to separate CH,Cl and CHsl. Two analyses of a reference-CH;Cl were injected
before each sample to determine the raw-8"Cl of each sample relative to this reference (see
Equation 6). Raw-8"Cl values were then linked to SMOC and normalized to the currently used scale
by applying a linear two-point calibration approach using organic in-house reference material
(trichlorethylene TCE2 and TCES6, as well as CH;Cl) (Horst et al., 2017).

2.4.6 Stable Carbon and Hydrogen Isotope Analysis of Plant Methoxy Groups

Stable hydrogen and carbon isotope values of methoxy groups (8;H-OCH; and §"*C-OCH; values)
were measured using the “HI method” described in previous investigations (Greule et al., 2012;
Keppler et al., 2020b; Nadalig et al., 2013). Briefly, hydriodic acid (250 uL) was added to dried and
milled 0. regalis (30 and 100 mg for carbon and hydrogen isotopes, respectively) and S. kraussiana
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(25 and 65 mg for carbon and hydrogen isotopes, respectively) samples in crimp-top glass vials (1.5
ml). The vials were sealed with crimp caps containing PTFE-lined butyl rubber septa (thickness 0.9
mm) and incubated for 30 min at 130°C. After equilibration at room temperature, aliquots of the
generated CHsl in the headspace (carbon: 70 uL; hydrogen: 90 uL) were directly injected into a
Hewlett Packard HP 6890N gas chromatography system (Agilent Technologies, Palo Alto, CA)
coupled to a Delta™"s XL isotope ratio mass spectrometry system (ThermoQuest Finnigan, Bremen,
Germany).

All 6,H-OCH; and 8"C-OCH; values were normalized by applying a two-point linear calibration
approach using stable isotope values of the three working standards HUBG1, HUBG2 and HUBG3
which all were calibrated against international reference substances at the IsoLab of the Max Planck
Institute for Biogeochemistry in Jena (Germany). The calibrated 8,H values versus VSMOW were
-102.0 £ 1.3 %o (n = 32, 10) for HUBG2 and -272.9 %o * 1.5 %o (n = 11, 10) for HUBG3. The calibrated
8"C values versus VPDB were -50.31 * 0.16 %o (n = 14, 10) for HUBG1 and +1.60 %o * 0.12 %o (n = 16,
10) for HUBG2. Details of the calibration procedure are provided in the studies by Greule and co-
authors (Greule et al., 2019, 2020).

2.4.7 Reporting Isotopic Compositions and Isotopic Fractionation
Isotopic values are expressed in the delta notation according to the following equation:

(R)sample

i 0, =
6" E (%o,Ur) = (R)standard

Equation 6

where 'E indicates ?H, 1°C, *’Cl and R is the isotopic ratio 2H/'H, *C/'*C, and *’Cl/**Cl. Delta values are
expressed in per mil (%o) or Urey (Ur) relative to the international standards VSMOW (Vienna
Standard Mean Ocean Water) for hydrogen (8;Hvswow), VPDB (Vienna Pee Dee Belemnite) for carbon
(8"*Cyrps), and SMOC (Standard Mean Ocean Chloride) for chlorine (8*’Clsuoc) (Brand et al., 2014). In
this paper, isotopic values are reported in per mil notation.

Isotopic fractionation (¢) is usually calculated by using the Rayleigh equation which characterizes
the constant change of the isotopic composition of the substrate reservoir due to a preferential loss
of heavy or light isotopes caused by a reaction or process (Mariotti et al., 1981):

I (5i5+1

5 E0+1) = In(f)e, Equation 7

where &°E is the isotopic value (8,H, §"°C, §*’Cl) of a compound after partial degradation, §'E, is the
initial delta value (8,Ho, 6"Co, 6*Clo), and f is the fraction of compound remaining after partial
degradation. The Rayleigh equation derives the isotopic fractionation for first-order or pseudo-
first-order reactions (van Breukelen, 2007).

A-values (lambda) describe the ratio of the isotopic fractionation of two different isotopic systems
(van Breukelen, 2007). A values should be determined graphically by plotting isotopic data of one
element versus the isotopic data of another element determined from samples of the same
experiment (Ojeda et al., 2019). When isotopic data was obtained in separate experiments, A-values
may also be estimated according to the following relationship (van Breukelen, 2007):

£
Ayyy = ﬁ Equation 8

where &, and g, are the isotopic fractionations of two different elements x and y determined for the
same mechanism in a certain compound.
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2.5 Results and Discussion

2.5.1 Emission Rates and Isotopic Composition of CH;Cl by Osmunda regalis

2.5.1.1 Emission Rates of CH;Cl by Osmunda regalis

Emission rates obtained during the experiments ranged from 0.8 to 22 pg ga." d* and were thus
comparable to those reported in the literature for O. regalis (Jaeger et al., 2018b) and other species
of the Osmunda family (Yokouchi et al., 2007, 2015) but were higher than median emissions
reported for a tropical rainforest (0.72 ug gaw* d* (Saito et al., 2008)). The relatively large range of
emission rates may result from plant material of different growth stages and sampling time (July
and September) which, despite this variability, provide a more realistic picture of emission of CH,CI
from O. regalis. Due to our incubation method we also cannot completely exclude additional
variation of emission rates due to wounding and stress. Chloride availability might also be
considered a limiting factor because cutting the branches theoretically interrupts water and thus
chloride supply. In our experiments we could not detect any signs of decreasing chloride supply.
The CH;Cl concentration in the reaction vessels was constantly increasing which indicates that
chloride was available throughout our experiments (Figure 0-12 and Figure 0-13 in
Supplementary Material S.2). Overall, O. regalis was well suited for the planned experiments because
it provided the high amounts of CH;Cl necessary for isotopic analysis. Information regarding
determination of emission rates is provided in Supplementary Material S.2.

2.5.1.2 Isotopic Composition of CH;Cl Emitted by Osmunda regalis

Chloromethane emissions collected from O. regalis were also measured for their isotopic
composition. Average 6’H-CH;Cl, §°*C-CH3Cl, and §*’Cl-CH;Cl values were -242 + 39 %o VSMOW, -83.9
+4.2 %o VPDB, and -0.91 £ 0.84 %o SMOC, respectively (Figure 2-1). All data showed relatively small
variations over the entire incubation period (up to 16 hr) and thus may be considered
representative for CHs;Cl emissions by 0. regalis (Figure 2-1). This consistency may also be an
indicator that, in contrast to emission rates, stress, and wounding are not affecting the isotopic
results. Measured 8*'Cl represent the first chlorine isotopic characterization of a natural source of
CH;Cl and hence these values provide a first estimate for the magnitude of §*'Cl values of CH;Cl
emitted by plants. Stable hydrogen and stable carbon isotopic values largely agree with those
obtained in a former study for the same fern species (Table 2-3): §?H = -202 + 10 %o VSMOW and
8C =-97 + 8 %o VPDB (Jaeger et al., 2018b). Other comparable experiments have, thus far, only been
conducted in studies measuring stable carbon isotopes for a variety of higher living plants which
showed a range of -56 %o to -114 %o, VPDB (Saito & Yokouchi, 2008; Saito et al., 2008). In general,
8C-CH;Cl emitted by plants seem to be more depleted than in CHsCl emitted by other natural
sources such as biomass burning, wood rotting fungi, and salt marshes (Bahlmann et al., 2019;
Keppler et al., 2005; Saito & Yokouchi, 2008). Overall, isotopic values for all elements are slightly
(6*°Cl) to more considerably (8°H, 6°C) depleted compared to their respective standards (SMOC,
VSMOW, VPDB).
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Figure 2-1. Isotopic values of hydrogen (a), carbon (b), and chlorine (c) of CH,Cl emitted by
0. regalis. Error bars indicate the overall uncertainty of the corresponding method which
is usually 5 %o (6°H), 0.5 %o (6°C), and 0.2 %o (6°’C) for a single andlysis.

The measured isotopic values for hydrogen, carbon, and chlorine may serve as an isotopic
fingerprint of CH;Cl emitted by 0. regalis and possibly also for other plants if isotopic values show
comparable ranges. The strongly depleted §;H and §"°C values of CH;Cl emitted by O. regalis are
clearly different from two available industrially manufactured CHsCl (8,H -127 + 20 %o VSMOW and
8C = -45 £ 15 %o VPDB, working reference compounds used in the stable isotope labs at Heidelberg
University and UFZ in Leipzig) or CH;Cl emitted from salt marshes (8.H -185 + 18 %0 VSMOW and
83C = -49.1 + 3 %o VPDB (Keppler et al., 2020b)). For stable chlorine isotopes no previous emission
data is available but the slightly depleted values (8*’Cl = -0.91 + 0.89 %0 SMOC) compared to seawater
differ substantially from reported values of two industrially manufactured CH,Cl samples (§*'Cl-
CH;Cl = +6.0 + 0.1%0 SMOC (Keppler et al., 2020a)). These results suggest that all, thus far, isotopically
characterized sources of CH;Cl may indeed be distinguishable when the isotopes of three different
elements are measured and compared. Published studies investigating stable carbon isotopes in
CH;Cl provided first evidence that some major sources may be distinguishable based on their carbon
isotopic composition alone. For instance, CH;Cl from biomass burning showed a §*C-CH;Cl value of
-47 %o VPDB (weighted mean of C3 and C4 plants, range of -38 to -68 %o, VPDB) (Czapiewski et al.,
2002; Thompson et al., 2002) which is, on average, more enriched in **C compared to CH;Cl emissions
from living plants (-56%. to -114%o VPDB (Saito & Yokouchi, 2008; Saito et al., 2008)). Even higher
8*C-CH;Cl; that is, CH;Cl was more enriched in the heavy isotope, were reported for emissions from
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oceans which covered a range of -12 to -43 %o VPDB and an estimated isotopic source signature of
-36 %o VPDB (Bahlmann et al., 2019). Adding hydrogen and chlorine isotope analysis may provide
additional isotopic tools to also identify and quantify those sources that are currently not
distinguishable with stable carbon isotope analysis alone.

Table 2-1. 6Cl Values of Chloride in Rainwater Samples Taken at Three Different Sites in Germany Between April and June 2021

Sampling date ~ Volume (L) Concentration (CI- mg/L) 837Cl of CI'%o SMOC Y% n

Heidelberg 1a 27 April 2021 1.2 0.80 -0.28 0.04 3
Heidelberg 1b 27 April 2021 1.2 0.56 -0.21 0.03 3
Rastenberg 1a 5 June 2021 2.5 n.d. -0.89 0.07 3
Rastenberg 1b 5 June 2021 2.5 n.d. -0.94 0.02 3
Leipzig 1 7 June 2021 (2 mm) 1.2 n.d. -0.52 0.09 3
Leipzig2 20 June 2021 (14.8 mm) 2.5 n.d. -0.09 0.08 3

Note. The uncertainty indicates the standard deviation for triplicate measurements of the corresponding sample.

2.5.1.3 Isotopic Fractionation During Formation of CH;Cl From Precursors

Isotopic fractionation during formation of CHsCl from their potential precursors was also
investigated during this study by additionally determining the &*Cl of chloride in rainwater
samples and the 6"*C and &,H of the plant methoxy pool which may be representative for the
isotopic composition of the entire methyl pool in plants (Jaeger et al., 2018b). The 8*’Cl of chloride
in rainwater samples varied between -0.94 %o and -0.09 %o SMOC which is consistent with the §*Cl
of rainwater sampled in North America (Koehler & Wassenaar, 2010). There seems to be a tendency
toward more depleted values for the rural site Rastenberg compared to the urban sites Heidelberg
and Leipzig. Also, the rain event with higher precipitation (Leipzig 2, 14.8 mm) produced a more
*’Cl enriched isotopic value than the short precipitation event at Leipzig 1 (2 mm). The reason for
this variation is unclear but it might be associated with additional heterogeneous reactions of
chloride in the atmosphere such as the formation of HCl from primary sea salt aerosols. HCI is
formed by acidification of the salt-containing aerosol by atmospheric sulfuric and nitric acid which
is an isotope fractionating mechanism (Volpe & Spivack, 1994). Chloride in marine aerosols is
produced by bubble bursting and wave-crest tearing mechanisms (Erickson & Duce, 1988) but most
of this chloride is quickly removed from the atmosphere by wet or dry deposition (Koehler &
Wassenaar, 2010). Hence HCl might be the largest source of chloride in the study area which is
situated several hundred kilometers from the coast. The variability of §’Cl of chloride in rain in
the studied region is small. The average of -0.49 * 0.33 %o SMOC and the range of 0.85 %0 may be
considered as a first best estimate of §*'Cl values in rainwater for South and Central Germany (Table
2-1).

Methoxy groups of plants have been shown to be direct precursors of methyl halides in abiotic as
well as biotic reactions with abiotic reactions depending largely on temperature (Derendorp et al.,
2012; Hamilton et al., 2003; Keppler et al., 2004; Wishkerman et al., 2008). The isotopic composition
of plant methoxy groups might be considered representative for the entire methyl (CH;) pool in
plants. Although this assumption is a large simplification requiring further validation, as a first
approximation it might be applied to indirectly characterize the stable hydrogen and stable carbon
isotope composition of the methyl group in SAM, the precursor for enzymatic forma- tion of CH,Cl
(Jaeger et al., 2018b; Keppler et al., 2004). S. kraussiana showed §*C-OCH; and 8,H-OCH; values of
-47.1 %o VPDB and -313 %o VSMOW, respectively (Table 2-2). For 0. regalis, which was investigated
for its CH;Cl emissions in the current study, §°C-OCH; and §,H-OCH; values were found to be -60.8
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Table 2-2. 6*C and §°H Values of Methoxy Groups of the two Selected Plant Species

0'3C [%o0 0°H [Y%0 o

VPDB] o(n=5) VSMOW] (n=5)
S. kraussiana EW1 -46.76 0.19 -314.0 2.2
S. kraussiana EW2 -47.46 0.19 -3125 2.1
O. regalis EW1 -60.84 0.20 -260.1 2.5
O. regalis EW2 -60.75 0.19 -257.5 2.4

Note. The uncertainty indicates the propagated error including the analytical
uncertainty of measurements (90% Student factor) and the weighted analytical
uncertainty of the scaling standards.

%o VPDB and -259 %o VSMOW, respectively (Table 2-2). The 8,H of 0. regalis matches a previously
published value of -259 %o VSMOW (Jaeger et al., 2018b). Generally, 8,H of the two plants are within
or close to the range of -200 to -296 %o reported for different plant material by Greule et al. (2012),
while §*C-OCH; are within the range of -40.5 to -77.2 %o published for different plant material by
Keppler et al. (2004). However, the relatively negative isotopic values for carbon and hydrogen in
methoxy groups suggest a large fractionation during plant growth. Rainwater and atmospheric CO,
are the assumed sources of hydrogen and carbon in plants with approximate source values of §,H
= -55 %o (annual longterm average of the GNIP station Karlsruhe nearby Heidelberg (IAEA/WMO,
2021)) and 8"C = -8.5 %o (Schaeffer et al., 2008). Hence, the isotopic composition of methoxy groups
and presumably the entire methyl pool of 0. regalis indicates a shift of about -200 %o for §,H-OCH;
and about -50 %o for 6"*C-OCH; values compared to the primary sources of hydrogen and carbon.
For S. kraussiana this shift is about -260 %o for 8,H-OCH; and -40 %o for §*C-OCH; values. The
systematics of 2H patterns of methoxy groups in plants are controlled by the plants source water
(usually precipitation) and are related to the C1 metabolism including the transfer of the methyl
group of SAM as it was recently proposed by Greule et al. (2021). As for carbon, both carbon fixation
in photosynthesis and C1 biosynthesis; that is, the transfer of the methyl group of SAM and/or
methionine, may largely contribute to carbon isotope fractionation.

These additional measurements (Table 2-1 and Table 2-2) indicated that the §,H-CH,Cl values of O.
regalis are, within analytical uncertainty, indistinguishable from the §,H-OCH; values in 0. regalis
whereas §°C-CH;Cl values of CH;Cl released by O. regalis are about 23 %0 depleted in 13C compared
to the methoxy pool in the investigated fern samples. Similarly to hydrogen isotopes, the §*Cl
values of CH;Cl emissions by 0. regalis are indistinguishable from the potential precursor-6*Cl; the
chloride in the collected rainwater. These results suggest that formation of CHsCl in plants cause
rather small and negligible isotopic fractionation for hydrogen and chlorine. This might be
explained with none of the three hydrogen atoms of the methyl group (stemming from SAM)
exchanging or reacting during formation of CHsCl and presumably only negligible secondary
isotope effects occur. For chlorine, the insignificant isotopic fractionation may be rationalized with
the absence of any reaction of Cl ions until formation of CH;Cl takes place. Apparently, uptake and
transport of chlorine ions within 0. regalis only cause small and insignificant isotopic fractionation.
In contrast, results for carbon isotopes in CH;Cl emitted by O. regalis indicate substantial isotopic
fractionation of about -23 %o., which is likely caused by a primary isotope effect due to bond
cleavage of the methyl group from SAM or methoxy groups (Keppler et al., 2020b). It is conceivable
that these observed isotopic fractionation pattern may also be found for other important plant
species since formation of CH;Cl is mainly linked to SAM as precursor and hence the formation
mechanism and associated isotope effects might be similar.
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2.5.2 Degradation and Isotopic Fractionation of CH;Cl by Selaginella Kraussiana

2.5.2.1 Degradation Rates of CH,Cl

The main objective of this part of the study was to explore triple-element isotopic analysis as a tool
to identify potential reaction mechanisms. Current state of the art methods are not able to measure
the 8,H-CH;Cl, 6"*C-CH;Cl, and 8*’Cl-CH;Cl values of ambient mixing ratios of CH;Cl of 500-600 parts
per trillion (pptv) and below. Therefore, degradation experiments were carried out by spiking
reaction vessels containing S. kraussiana with CH;Cl to produce a mixing ratio of 10 ppmv in the
incubation vial. During incubation, absolute CH;Cl mixing ratios in the flasks approximately halved
within 24 hrs resulting in degradation rates between 0.6 and 1.5 pg gaw* d. To the best of our
knowledge, there are no CH;Cl degradation rates published yet for S. kraussiana but several
preliminary and unpublished experiments with this plant showed rates in the same order of
magnitude. CH;Cl degradation by S. kraussiana is in the same order of magnitude as those rates
previously observed for several fern species (0.3-17 pg gav " d; Jaeger et al., 2018b) when spiked
with 5 ppmv CH;CL. Observed rates are considerably higher than those observed for tropical trees
(~0.1 £ 0.07 pg gaw* d'%; Saito et al., 2013) at ambient mixing ratios. Transformation of CH;Cl by S.
kraussiana followed pseudo first-order kinetics with rate constants of 17.5-19.9 d* (Figure 0-14 in
Supplementary Material S.2) which is a prerequisite for the application of the Rayleigh equation
(Equation 7). It should be mentioned at this point that the incubation in microcosms using a higher
mixing ratio might cause changes in the reaction kinetics. Rate constants shown here might
therefore not be extrapolatable to much higher or much lower mixing ratios and also degradation
rates should be interpreted with caution. Isotopic fractionation, however, is less sensitive to such
changes; that is, data reported for laboratory experiments carried out at higher concentrations
agrees reasonably well with field data and hence this approach is widely used in the field of
contaminant science and recommended by the EPA (Hunkeler et al., 2008).

2.5.2.2 Isotopic Fractionation in CH;Cl Caused by Degradation by S. kraussiana

Isotope analysis of CH;Cl in the subsamples revealed considerable isotopic fractionation for all three
elements (Figure 2-2). Isotopic hydrogen, carbon, and chlorine fractionation expressed as &, €,
and &g was -77 + 12 %o, -10.8 * 2.5 %o, and -5.7 + 0.5 %o, respectively. Comparable triple-element
isotopic data has not been published yet. One former dual-element isotope study investigated stable
hydrogen and stable carbon isotopic fractionation in CH;Cl degraded by various fern species (Jaeger
et al., 2018b) when spiked with 5 ppmv CH,Cl. Compared to our study, isotopic fractionation was
negligible for hydrogen (-8 + 19 %o) but considerably larger for carbon reporting an ec of -39 + 19
%o. Metagenomic investigations by Jaeger et al. (2018b) did not detect any genes associated to the
only known chloromethane utilization pathway (Cmu) and suggested an unknown pathway for
CH;Cl breakdown in the fern phyllosphere. Jaeger et al., 2018a, 2018b also used lambda values (dual
element isotopic ratios) to corroborate these findings. The Ay/c of 0.2 was considerably smaller than
the Au/c associated to the Cmu pathway (Methylorubrum extorquens, Au/c = 0.6 to 0.8) (Keppler et
al., 2020a; Nadalig et al., 2013, 2014). The assumption of a new mechanism was also supported by
another CH;Cl degradation study with plants (Kréber et al., 2021).

The largely differing Au/c of 7.1 obtained in the current study for degradation of CHiCl by S.
kraussiana suggests that yet another pathway may be responsible for consumption of CH,CI.
Degradation by the Cmu pathway supposedly starts with dehalogenation by nucleophilic attack
(Sw2-type) which explains the relatively large £q of -10.9 %o reported for consumption of CH,CI by
M. extorquens (Keppler et al., 2020a). The & measured for CH;Cl degradation by S. kraussiana in the
current study is smaller (-5.7 %o) but still within the range of & for abiotic and biotic Sx2 reactions
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reported thus far (Horst et al., 2019; Keppler et al., 2020a; Westaway, 2007). In contrast to chlorine
isotopes, parameters for fractionation of hydrogen and carbon isotopes (&ex, €c, Au/c, Ac/a)) indicate a
different reaction mechanism. For hydrogen the secondary isotope effect of -77 %. is the largest so
far reported for CH;Cl degradation in biological samples contrasting the small or even negligible &
for secondary hydrogen isotope effects found in other experiments (Table 2-3). Carbon, in contrast,
yielded a rather small & of -10.8 %o which is outside the range of -37 %o to -92 %o reported for
degradation by other plants or microbes (Table 2-3). Hence the isotopic data does not support the
hypothesis that dehalogenation in the current experiments follows a Sy2-type nucleophilic
substitution reaction.
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The magnitude of isotopic fractionation of all three elements resembles, however, a Syl-type
nucleophilic substitution mechanism even though, from a chemical point of view, such a reaction
is rather unlikely for CH;Cl (Schwarzenbach et al., 2003). Elsner et al. (2005), and references therein,
give a range of about 0 to -30 %o for stable carbon isotopic fractionation and about -100 to -200 %o
for stable hydrogen isotopic fractionation which fit quite well with our experimental data. These
values differ substantially from those reported for a Sx2-type reaction (ec = -30 to -90 and -50 < &y <
+50). Hence, these clearly different carbon and hydrogen isotope fractionation values may be
considered indicative for Sy1 and Sy2 mechanisms, respectively, and those differences are closely
linked to the transition state of the reacting molecule (Westaway, 2007). During a Sy1 type reaction
a carbenium ion is formed before nucleophilic attack occurs whereas in a Sy2 type reaction
nucleophilic attack and dehalogenation occur in a concerted reaction; that is, simultaneously.
Halogenated methanes usually do not react via Syl in chemical reactions because a stable
carbenium ion, other than in compounds with secondary or tertiary carbon-halogen bonds, may
not be formed (Melander and Saunders, 1980; Schwarzenbach et al., 2003). Biochemical reactions,
however, involve large proteins (enzymes) with charged active sites which stabilize ionic transition
states such as the carbenium ion (Nelson & Cox, 2005; Warshel et al., 2006). Hence it may be
conceivable that the methyl cation reaches a reasonably stable transition state in the enzyme-
substrate complex and thus the reaction might indeed proceed via a Sy1 reaction as indicated by
the isotopic data. Further evidence to prove this hypothesis is currently not available due to the
rather exploratory nature of this study. In general, microorganisms and associated microbial key
enzymes responsible for halogen cycling in the environment are still largely unknown. Future
studies involving a much larger set of CH;Cl degrading plants in combination with isotopic and
metagenomics studies are required to further investigate the largely unknown degradation
mechanisms of CH;Cl by plants.

82H = -242 %o
813C = -84 %o
8%7Cl = -0.9 %o

g,=-77 %o
£.=-10.8 %o
€q= -5.7 %o

CH,Cl Emission

Methoxy: 7
8%H = -260 %o
813C = -61 %o

O. regalis S. kraussiana

Figure 2-3. Emission and degradation of CHCl by the two plant species O. regalis and S. kraussiana and associated
isotopic fingerprints and isotopic fractionation, respectively. 5,H and &:;C values for primary precursors (rain, CO,) were
estimated for the location (Heidelberg) or taken from the literature, respectively. The sizes of the blue arrows (emission,
dearadation) indicate the aporoximate relative imoortance of vlant emissions in aeneral.
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2.6 Implications

In this study, we presented the first triple-element isotopic characterization of a natural source of
CH,Cl. Formation and emission of CH;Cl by plants contributes more than 50% of this important
ozone-depleting gas to the atmosphere (Carpenter et al., 2014). Quantifying emissions of CH,Cl from
plants, however, is associated with large uncertainties (1,430-2,650 Gg a™ (Carpenter et al., 2014)).
A balanced budget has not been achieved yet and a recent study argues against tropical plants being
the major source of CH,ClI to the atmosphere (Bahlmann et al., 2019). The isotopic data collected in
this study represents an important step toward creating a triple-element isotopic database of
sources and sinks of CH;Cl which is a prerequisite for future isotope based global models to improve
unbalanced budget estimates. The isotopic patterns of CH;Cl formation and degradation of the two
studied plant species are graphically summarized in Figure 2-3.

Whether the isotopic composition of CH;Cl emitted by 0. regalis is representative for other plant
species remains speculative but in principle it may serve as a first best estimate for other CH;Cl
producing plants. CHsCl is, according to current knowledge, formed by similar precursors
(rainwater, SAM) in all plants and hence the isotopic composition of CH;Cl produced by other
important plants might show similar isotopic patterns as those observed for 0. regalis. If this
hypothesis turns out to be true, the isotopic signatures of plant-produced CH;Cl should fall within
a similar isotopic range for all plants. Similar source ranges in combination with strongly depleted
isotopic values, in this case for carbon and hydrogen, bode well for future studies attempting to
distinguish plant emissions from, for example, anthropogenic emissions and to quantify the
amounts of produced CH;Cl by the different sources (e.g., plants, soils, and fungi) and the fraction
that is released to the atmosphere.

In this study we also investigated isotope effects caused during formation of CH;Cl from potential
precursors. The isotopic composition of direct precursors (SAM, rain) and emitted CH;Cl revealed,
within analytical uncertainty, no difference for hydrogen and chlorine isotope ratios and a
measurable offset of about 20 %0 for carbon isotopes. This absence of isotopic fractionation for
chlorine also means that soil processes as well as uptake, transport, and conversion of dissolved Cl-
to CH;Cl in the plant did not cause measurable isotopic fractionation throughout our experiments.
Should emissions of other relevant plant species show similarly small or negligible isotopic
differences between precursors and CH;Cl, this might open up a much simpler way to isotopically
characterize CHsCl produced by plants. This alternative approach would only require the collection
of rainwater and plant samples of relevant species to estimate the isotopic composition of plant-
emitted CH;Cl without the need for laborious large-volume air sampling and preconcentration
methods.

In comparison to CH;Cl emission, the importance of CH;Cl degradation by plants for the
atmospheric budget is even more uncertain. For tropical forests some former studies reported
degradation rates being at least one order of magnitude smaller than production rates with overall
strong net emissions (Gebhardt et al., 2008; Saito et al., 2013). In addition, our results from
degradation experiments and previous studies suggest that several transformation pathways exist
causing distinct isotopic patterns (g, A). This fact may complicate the inclusion of degradation by
plants in isotopic models because different isotope fractionation patterns may have to be
considered for a variety of plants. These different isotopic patterns, however, will be clearly an
asset in future microbial studies aiming at identifying different enzymatic pathways and CH;Cl
transformation processes.
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3.1 Introduction

As ozone-depleting substances (ODSs) with significant global warming potentials (GWPs),
chloroform (CHCI;) and bromoform (CHBr;) play important roles in the chemistry and physics of
the atmosphere. Both compounds are triple-halogenated and possess a hydrogen atom that is
susceptible to oxidation by OH radicals. Their atmospheric lifetimes are estimated as ~0.5 years and
13 days, respectively (WMO, 2022), making them very short-lived substances (VSLSs) that are not
regulated by the Montreal Protocol, despite their contribution to stratospheric ozone loss (WMO,
2022). Natural VSLSs emissions are expected to increase due to increasing sea-to-air fluxes (Butler
et al., 2007; Hepach et al., 2014; Leedham et al., 2013).

Chloroform is the second most abundant VSLS known, ranging between 5 and 15 pptv in the lower
troposphere (Hossaini et al., 2019; Prinn et al., 2018) and with estimated global net emissions of 339
(£70) Gg yr* (for 2020; WMO, 2022). There are both anthropogenic and natural chloroform sources.
Chloroform is widely used as a solvent and for the production of HCFC-22, which has been used as
a refrigerant and is still used as a precursor for the production of polytetrafluoroethylene (PTFE).
Another significant source of chloroform in the atmosphere is the pulp and paper manufacturing
industry (Aucott et al., 1999), and it is also known to arise as a by-product of water disinfection by
chlorination. The anthropogenic contribution to the total global emission is estimated at between
10 and 29 % (McCulloch, 2003; Worton et al., 2006). Natural sources are diverse and less well
understood, although both marine and terrestrial areas have been established (McCulloch, 2003).
Individual marine and littoral zone sources are micro- and macroalgae, accounting for about half
of the total emissions (Bahlmann et al., 2015; Lim et al., 2018; Mtolera et al., 1996; Nightingale et al.,
1995; Orlikowska et al., 2015). Terrestrial emissions have been reported from the (Ant-)Arctic
(Johnsen et al., 2016; Rhew et al., 2008b; Zhang et al., 2021), temperate (Forczek et al., 2015) and
tropical ecosystems (Gebhardt et al., 2008; Scheeren et al., 2003). The main terrestrial source of
chloroform is thought to be soil, where both biotic and abiotic formation have been reported
(Albers et al., 2011; Gren et al., 2012; Hoekstra et al., 1998a, 2001). Miscellaneous other chloroform
sources have been documented including volcanoes (Frische et al., 2006; Jordan et al., 2000), fungi
(Hoekstra et al., 1998b), rice paddies (Khalil et al., 1990a), peatlands (Dimmer et al., 2001), biomass
burning (Lobert et al., 1999), as well as termites (Khalil et al., 1990b) and ant nests (Berberich et al.,
2017). Besides its ozone depletion potential, chloroform has a global warming potential (GWP) of 20
for the 100-year time scale and an even higher GWP of 72 for the 20-year time horizon (WMO, 2022).

Bromoform is much less abundant than chloroform, with mixing ratios between 0.4-4 pptv in the
marine boundary layer (MBL) and 0.3-1.11 pptv in the tropical tropopause layer (WMO, 2018). The
atmospheric lifetime of bromoform is reported to be in the range of tens of days, largely depending
on the region, altitude, and season (Papanastasiou et al., 2014). Bromoform is considered to be a
mostly naturally emitted compound. However, there are minor anthropogenic sources (e.g., coastal
nuclear power plants (Allonier et al., 1999)), but these specific sources do not play a significant role
globally (Quack and Wallace, 2003). Major natural sources are emissions from macroalgae (Bondu
et al., 2008; Laturnus, 2001; Leedham et al., 2013) and phytoplankton (Lim et al., 2017; Lin and
Manley, 2012; Moore et al., 1996). Quack and Wallace (2003) described the main drivers of emission,
biological production pathways of marine bromoform, and its subsequent atmospheric fate in
detail. Even though bromoform sources are almost exclusively associated with the marine
environment, some studies have shown that soils can be potential bromoform emitters (Huber et
al., 2009; Weigold et al., 2016). To the best of our knowledge, so far only Macdonald et al. (2019)
have been able to show in-situ bromoform emissions from soils.
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Chloroform and bromoform share similar atmospheric degradation processes, i.e., the reaction
with OH radicals in the troposphere, and photolysis and reaction with ozone in the stratosphere.
The atmospheric lifetime of these VSLSs is too short relative to hemispheric and interhemispheric
mixing times to enable an equal global distribution. The transport of Cl, and Br, (total inorganic
chlorine and bromine, respectively) into the stratosphere is possible via two processes: source gas
injection (direct transport of CHX; into the stratosphere; SGI) and product gas injection (transport
of products of CHX; degradation into the stratosphere; PGI) (Ko and Poulet, 2003). This applies
especially if CHX; are emitted in the tropics where vertical transport through deep convection is
faster and more common (Aschmann, 2009; Fueglistaler et al., 2009; Liang et al., 2014; Sinnhuber
and Folkins, 2006). It has been suggested that VSLSs make up about 25 % of the ozone loss observed
between 1998 and 2018 in the tropical lower stratosphere (Villamayor et al., 2023). The catalytic
ozone loss cycles in the stratosphere for chlorine and bromine have been described in detail
elsewhere (Chipperfield and Pyle, 1998; Daniel et al., 1999). Despite Cl, being more abundant in the
stratosphere, bromine is about 60 times more potent regarding stratospheric ozone depletion than
chlorine on a per-atom basis (Crutzen, 1995; Sinnhuber et al., 2009).

Not only do CHX; exert an influence on stratospheric chemistry, but such compounds are also
highly relevant in the free troposphere as well by influencing HOx, NOx, and DMS speciations and
abundancies (e.g., von Glasow et al., 2004). The degradation pathways of CHX; within the
troposphere depend on oxidant abundance, temperature, pressure, and UV radiation, but they are
almost exclusively initiated by the reaction with OH or by UV photodissociation (Krysztofiak et al.,
2012; WMO, 2022). Degradation with Cl atoms and with nitrate radicals only play a minor role, as
well as biodegradation (Cappelletti et al., 2012).

In this study we present atmospheric measurements of chloroform and bromoform taken over one
dry-to-wet transition (January 2023), one full-wet (April-May 2024), and one dry season (October
2023) in the pristine Amazonian rainforest canopy (23 m), taken at the ATTO field site (Andreae et
al. 2015). Additional measurements were taken at greater heights above the canopy up to 325 m to
show how the concentration of these compounds changes with altitude, as well as soil flux
measurements. These data are used to investigate potential local sources and their seasonal
dependency.

3.2 Sampling and Analysis

3.2.1 Sample Collection

All sampling took place at the Amazon Tall Tower Observatory site (ATTO), located in the pristine
Amazon rainforest approx. 150 km NE of Manaus, Brazil. The site’s core is the 325 m tall tower,
which is accompanied by the 80 m “instant tower”. The average canopy height is 35-40 m. For a
detailed site description, we refer the reader to Andreae et al., 2015.

All data shown in this work was collected using adsorbent tube sampling. Sampling on the instant
tower was performed using inert-coated stainless steel tubes 89 x 5.33 mm LD (SilcoNert 2000
(SilcoTek™, Germany)) filled with 150 mg Tenax® TA (Buchem BV, Apeldoorn, The Netherlands) and
150 mg Carbograph™ 5 TD (560 m2 /g) (L.A.R.A s.r.], Rome, Italy)) for the 23 m instant tower samples.
The sorbent tubes used at 80 m and 320 m on the ATTO tower were filled with 130 mg of
Carbograph™ 1 followed by 130 mg of Carbograph™ 5 (L.A.R.A s.r.l, Rome, Italy). The size of the
Carbograph™ particles was in the range of 20-40 mesh. A quartz filter impregnated with 10% w/w
sodium thiosulfate was used at the inlet of the sampling line to scrub ozone (Ernle et al., 2023).
Several autosamplers, described in detail elsewhere (Kuhn et al., 2005), have been installed on both
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the tall tower (80 m and 320 m), as well as on the instant tower (23 m). Sorbent tubes were placed
into the autosamplers and sampled at the respective starting times for 30 min each with a flow
between 44 and 200 sccm, resulting in a sample volume ranging between 1 and 6 1. The mass flow
controllers installed in the autosamplers were calibrated with a Gilibrator. Soil samples were
collected from chambers placed on the ground close to the ATTO tower. A collar was gently placed
on the soil at least 24 hours before sampling. No litter was removed from the sampled soil spots. It
was placed on ground with a high organic content and high respiration. The lid was placed on the
collar 15 minutes prior to sampling with a handheld pump (Gilian GilAir Plus). Cartridges were
sampled from inside the chamber and from the outside air next to the chambers for 30 minutes
with a 200 mL min™ flow rate. Soil flux sampling was done 5-6 times a day for 4 days in dry-to-wet
transition season in January 2023, 7 days in the dry season in October 2023, and for 8 days in the
wet season 2024. Collected samples have been stored on-site in a fridge at -20 °C and room
temperature and shipped to MPIC in Mainz, Germany, where the sample analysis was carried out.

3.2.2 Analytical Setup

The analysis of the sorbent tubes sampled was carried out using a two-stage automated thermal
desorber (TD100-xr, MARKES International, U.K.), with helium 5.0 carrier gas. The sample was
desorbed at a temperature of 250 °C and a flow of 50 ml min™ of helium for 5 minutes and was pre-
concentrated onto a cold trap (materials emissions, MARKES International, U.K.) at 30 °C. The cold
trap was purged with carrier gas for 1 minute with a flow of 50 ml min™ then rapidly heated to 250
°C. The sample was swept from the cold trap with a flow of 3 ml min™ and injected into the column.
The separation of the sampled compounds was achieved using a 60 m B-DEX™ 120 column (Sigma-
Aldrich Chemie GmbH, Germany) with a 0.25 mm internal diameter and a film thickness of 0.25 pum.
The temperature program used was as follows, 50 °C for 5 minutes then 50 °C to 110 °C at 1.5 °C min®
tand 110 °C to 220 °C at 10 °C min?, and then held at 220 °C for 10 minutes. The column flow was
set to 1 ml min™. Detection was achieved using a time-of-flight mass spectrometer (Bench TOF-
Select, MARKES International, U.K.). A standard gas calibration mixture (Apel-Riemer 2019)
containing alpha-pinene was used to make the first calibration and then a second gas calibration
mixture containing chloroform and bromoform was used to make a later calibration in tandem with
a second alpha-pinene calibration to perform a back calibration for all data.
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. | Mass flow Dry SynAir . Mixed SynAir (RH~70%) L overflow
controller A A v v
o
>
D
EE:
3 =
— y ol
impinger, =3
— I\élgr?tsrcﬂ?e\f —— humidifier/ 2E 4
bubbler S 8



3.3 Results and Discussion 45

For the soil samples, the trap low temperature for preconcentration was set to 10°C instead of 30°C.
The GC method was extended to 50 °C for 5 minutes then 50 °C to 120 °C at 1.5 °C min™ and 110 °C

to0 220 °C at 5 °C min and then held at 220 °C for 10 minutes. The column flow was set to 1.2 ml min
1

We carried out a 5-point calibration for chloroform and bromoform. As shown in Figure 3-1,
synthetic air and a multi-compound calibration gas were mixed to gain the respective diluted
mixing ratios. To improve the comparability with the ambient air in the tropical rainforest, we
increased the relative humidity of the initially dry diluted calibration gas mixture to 70 %.

As the samples from the presented experiments were intended to be used solely for terpenoid
emission data, the initially used calibration gas did not include halogenated VOCs. To be able to
quantify the chloroform and bromoform data, we later used another calibration gas which included
halocarbons (Table 4-3) to perform a back-calibration with relative response factors. We derived a
correction factor for each halocarbon compound by the intercomparison with the alpha-pinene
signal of the respective calibration steps of the first calibration gas (CalGas).

3.3 Results and Discussion

3.3.1 Volume Mixing Ratios at Canopy Height
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Figure 3-2. Violin plots of chloroform volume mixing ratios (VMR) from dry-to-wet transition season 2023 (Jan 23; n=80), dry season
2023 (Oct 23; n=112), and full-wet season 2024 (April-May 24; n=158). Samples taken from Instant Tower (23 m sampling height). Black
horizontal bars represent the median values of the respective dataset. Limit of detection (LOD) and limit of quantification (LOQ) are
displayed in dashed and dotted lines, respectively.

Chloroform volume mixing ratios (VMR) from three different seasons, sampled at 23 m above
ground level, are shown in Figure 3-2. Strikingly, the medians were rather similar throughout all
seasons, however, a slight decrease in the median was seen from January 2023 (dry-to-wet
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transition season) to April-May 2024 (wet season) from 7.8 pptv to 5.2 pptv. This could be
interpreted as representing the site’s local atmospheric background value, as the medians are
within the range of chloroform values reported by the AGAGE network whose sites are selected to
monitor the atmospheric background (Hossaini et al., 2019; Prinn et al., 2018). During dry season
2023, there was only a negligible natural variability in the chloroform data equal to 1.4 pptv. VMRs
measured during the dry-to-wet transition season 2023 and wet season 2024 showed much larger
variabilities than dry season 2023, equal to 15.7 pptv and 3.6 pptv, respectively. In January 2023,
these occasional chloroform spikes reached almost 130 pptv, corresponding to an increase of about
1400 % compared to the local atmospheric background. Wet season 2024 showed single spikes up
to ~30 pptv. These sharp VMR increases were only of short duration, indicating local, rather short-
term emission events. Long-term effects with widespread elevated chloroform emissions would
increase the median value of the respective season, which was not the case here.

The chloroform spikes do not obviously correlate with rain events or soil moisture (see Chapter
3.3.1.3). Since the dynamics of the local Chloroform have not been obtained yet at high time
resolution, it’s still a possibility that rain events - and the associated elevated soil moisture - have
an indirect or delayed impact on high-emission events (see Chapter 3.3.3). It is worth noting that
rainfall events can occur a short distance from the tower and trigger emission without registering
as rain at the site. Furthermore, the cause for the elevated chloroform VMRs might be an interplay
of heterogenic emission processes occurring at the same time. This needs to be further investigated
with the measurement of direct emissions from e.g., fungi, insect colonies, or even plants. Data
obtained from a past study on cryptogamic covers were investigated for emissions of chloroform
and bromoform but no peak belonging to either compound was found (Edtbauer et al., 2021).

Another factor potentially influencing the seasonal variation in the VMRs of chloroform was the
effect of the El Nifio-Southern Oscillation (ENSO). According to the Oceanic Nifio Index (ONI), there
was an ENSO anomaly from (boreal) spring 2023 to spring 2024 (NOAA’s Climate Prediction Center,
2024) indicating strong El Nino conditions. ENSO could affect the chloroform emissions over the sea
by indirectly affecting a significant source of chloroform, i.e., micro- and macroalgae. Relevant
parameters influenced by ENSO in this regard could be potential changes in sea surface
temperature, light availability/cloud cover changes, or frequency of tropical storms. However, El
Nino conditions are known to raise temperatures and lower precipitation in Amazonia (Pfannerstill
et al., 2018), so local sources should also be taken into account. To what extent and for how long
these effects influenced the chloroform formation processes must be the subject of further
research.
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Figure 3-3. Violin plots of bromoform volume mixing ratios (VMR) from dry-to-wet transition season 2023 (Jan 23; n=80), dry season
2023 (Oct 23; n=112), and full-wet season 2024 (April-May 24; n=158). Samples taken from Instant Tower (23 m sampling height). Black
horizontal bars represent the median values of the respective dataset. Limit of detection (LOD) and limit of quantification (LOQ) are
displayed in dashed and dotted lines, respectively.

The measured VMRs of bromoform were overall one or two orders of magnitude lower compared
to chloroform (see Figure 3-3) which is consistent with chloroform’s higher global atmospheric
abundance compared to bromoform (WMO, 2022). Moreover, bromoform is known to have mainly
marine sources, which is why low VMRs at a continental site far away from the coast, such as ATTO,
can be expected. The large distance to the assumed source regions makes the obtained
measurements more difficult to interpret. Just as for chloroform, three factors must be taken into
account when considering the presented results of bromoform: local sources, the origin of the
measured air masses, and potential El Nino effects.

The median values for January and October 2023 are nearly identical, 0.12 pptv and 0.11 pptv,
respectively. Although wet season 2024 shows a lower median than the two previous seasons with
only 0.07 pptv, it also has the highest maximum values with spikes up to 0.35 pptv. These spikes
might indicate a local source, even if not yet identified. As there are some reports on bromoform
emissions by soils (Huber et al., 2009; Macdonald et al., 2019; Weigold et al., 2016), this and other
potential sources need to be further investigated, even though no bromoform emissions from soil
flux measurements were detected in this work (Chapter 3.3.3).

Next to local sources, the hemispheric influence, or, more precisely, the history of the measured
air masses is relevant to the overall seasonal atmospheric bromoform background in the Amazon
rainforest. The hemispheric influence of the sampled air is important because there are regions
with higher Bromoform emissions, largely depending on the current season as well as
anthropogenic sources in the respective footprint region. The footprint region, in turn, depends on
the seasonal shift of the Inter-Tropical Convergence Zone (ITCZ): In the wet season, the ITCZ is
located south of the ATTO site, leading to the northern hemisphere being the predominant origin
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of most of the air arriving at the ATTO site (Pohlker et al., 2019). When the ITCZ shifts and is located
north of the ATTO site during the dry season, the sampled air at ATTO has its origin predominantly
in the southern hemisphere. Clusters of 14-day backward trajectories have been calculated for the
time frames discussed in this article using the HYSPLIT model (Draxler, 1999; Draxler and Hess,
1997, 1998; Stein et al., 2015), confirming the assumed footprint regions (S.1).

Bromoform is considered to be mostly emitted by biogenic sources with dominant marine sources
(Quack and Wallace, 2003). Consequently, its seasonal and spatial distribution is strongly coupled
to the occurrence of phytoplankton and macroalgae emissions. As a result, bromoform
concentrations are highest during summer in the respective hemisphere, i.e., peaking in December-
January-February in the southern hemisphere and June-July-August in the northern hemisphere
(Booge et al., 2024; Stemmler et al., 2015). Since the southern hemisphere is covered to a greater
extent by oceans than the northern hemisphere, the global annual bromoform concentrations show
the highest values during boreal winter (Stemmler et al., 2015). Bringing these aspects together,
along with published global models the measured air shown in this study was influenced by
relatively low concentrations from the northern hemisphere in January and April as well as
relatively low concentrations from the southern hemisphere in October (Booge et al., 2024;
Stemmler et al., 2015). However, there might be extraordinary bromoform sources in the respective
footprint regions, e.g., regional algae blooms, influencing the sampled air at ATTO, even though it
wasn’t possible to link the respective backward trajectories to such events with this data.

Both factors influencing bromoform mixing ratios, long-range transport ways and potential local
sources, could be affected by the ENSO anomalies, as was discussed above for chloroform. Since
bromoform VMRs at ATTO seem to be more influenced by the footprint regions and only to a
smaller amount influenced by local sources, it is the marine ENSO effects (e.g., altered abundance
and intensity of algal blooms or sea surface temperature) that need to be considered here rather
than terrestrial ENSO effects like drought at the ATTO site. In the future, this work’s data needs to
be compared to seasons without ENSO effects to evaluate its consequences.
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3.3.1.3 Correlations of Chloroform and Bromoform Emissions with Other Parameters
Table 3-1. Pearson correlation coefficients for chloroform and bromoform VMRs and other environmental parameters.

Chloroform Bromoform

Jan | Oct | Apr | Jan | Oct | Apr

VMR cuprs/ VMR cicrs 0.50 | 0.15 | 0.22 | 0.50 | 0.15 | 0.22

Soil Temperature (10 cm depth) 0.04 | 0.08 |-0.04 | 0.16 | -0.11 | 0.06
Soil Temperature (20 cm depth) 0.18 | 0.12 |-0.16| 0.09 | 0.06 | 0.10
Soil Humidity (10 cm depth) 0.03 | 0.02 (-0.03 |-0.07 | -0.11 | 0.09

Soil Humidity (20 cm depth) -0.03 | 0.07 | 0.11 |-0.05 | -0.18 | -0.03
Precipitation -0.08 | -0.08 | -0.03 | -0.12 | -0.04 | -0.02
Evapotranspiration 0.16 [-0.21| 0.03 | 0.17 | 0.15 | 0.01
Ambient Air Temperature (26 m height) -0.02 [-0.13| 0.12 {-0.09 | -0.04 | -0.02
Photosynthetically Active Radiation (25 m height) | 0.09 [-0.18 | 0.13 | 0.03 | 0.08 | 0.04

In January 2023, there was a positive correlation between elevated chloroform and bromoform VMR
values (Table 3-1). This suggests that both compounds may follow similar formation processes at
the investigated site or at least that their local formation processes are somewhat linked. However,
in the other two seasons studied, this correlation is weaker. This difference could be because, in
January, we consider the predominant factor influencing the measured VMRs - especially for
chloroform - to be primarily local formation, as previously mentioned. In contrast, in October, the
main sources of the compounds are distant, such as the oceans. These distant sources result in the
compounds being diluted by various air masses as they travel, leading to a weaker correlation.

The correlation coefficients for the other environmental parameters are difficult to interpret, as
there are no clear patterns. Soil temperature and humidity don’t show a strong or consistent
correlation, even though we expect formation processes to occur in the soil. Possibly, soil
temperature and humidity impact the formation processes but only with some latency that could
blur an existing correlation, or those formation processes are driven or limited by other soil
parameters.

We also did not find a correlation between elevated chloroform and bromoform VMRs and
precipitation, evapotranspiration, air temperature, or photosynthetically active radiation (PAR).
However, we have not yet identified or localized specific processes of local chloroform and
bromoform formation or the soil parameters driving this formation. Once these sources and
parameters are identified, potential correlations with other environmental factors might become
clearer and be put into a better perspective. It is important to note that we did not expect to find
correlation coefficients close to 1 or -1 for this data. This is because our dataset reflects the net
VMRs at this site. Without identifying individual sources and conducting measurements close to
them, we are measuring air that has been influenced by various factors, resulting in potentially
weakened correlations.
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3.3.2 ATTO Data from January 2023
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Figure 3-4. Volume mixing ratios (VMR) of chloroform (left) and bromoform (right) throughout the day at 320 m (a, c) and 80 m (b,
d) sampling height, respectively. Black horizontal bars: median (n=12 per box for 80 m; n=10 per box for 320 m); boxes: interquartile
range (25 to 75 percentiles); whiskers: extend to 1.5 times the IQR from the quartiles; black diamonds: outliers. Limit of detection (LOD)
and limit of quantification (LOQ) are displayed in dashed and dotted lines, respectively. Outliers exceeding the y-axis range are
included in the data but not shown in the plot.

Unexpected diel cycles of chloroform at 80 m and 320 m (Figure 3-4 a and b) were obtained from
samples measured during January 2023 on the ATTO tower. Chloroform mixing ratios built up in
the early morning, starting from around 2-3 pptv at night, peaking between 11 am and 2 pm at 8
pptv, and decreased in the evening into the night-time.

The overall chloroform mixing ratios were slightly higher at 80 m than at 320 m, suggesting a source
at the ground and dilution with increasing height. This indication was supported by the canopy
data (see Chapter 3.3.1.1), where even higher values were measured within the canopy at 23 m
height than at 80 m and 320 m on the ATTO tower. The data of Figure 3-4 shows that whatever the
source of the chloroform is, it follows a diel pattern. One explanation could be that physical
atmospheric effects like the development of the nocturnal boundary layer or other processes linked
to thermal convection could lead to such a pattern. However, if chloroform was emitted constantly
from the soil, it would accumulate below the canopy or at least within the nocturnal boundary layer
during the night, peaking around sunrise and dropping at midday to afternoon, when thermal
convection and therefore turbulent mixing is highest. Since the opposite was the case here, this
means that the emission process must follow a diel characteristic itself and is either directly
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dependent on sunlight or temperature if being of an abiotic nature, or, if it is a biological process,
indirectly coupled to these parameters over a living organism which emits chloroform and relying
on a diel metabolism itself. In the plots shown, the 320 m data peaked at 11 am while the 80 m data
peaked at 2 pm. However, as we expect an emission process in any way coupled to light or
temperature, we expect the actual VMR peaks for both heights around noon, even if this can’t be
shown here due to the limited temporal resolution of our dataset.

There are rare reports of higher plants to emit chloroform (Forczek et al., 2015). Within the soil,
microorganisms can follow a circadian rhythm (Staley et al., 2017), and there are fungi in soils that
follow a diel cycle when it comes to their metabolism (Gusareva et al., 2019; Hernandez and Allen,
2013). As fungi are reported to be able to emit chloroform (Hoekstra et al., 1998b), these organisms
come into question to be as well a source of the investigated ecosystem. To prove this, future
research needs to be done with the isolated fungal communities of local soils and their potential to
release chloroform.

3.3.2.2 Bromoform

Bromoform showed mixing ratios about one order of magnitude lower than chloroform VMRs. The
80 m mixing ratio of bromoform didn’t show elevated mixing ratios for the respective times when
compared to 320 m mixing ratios (Figure 3-4 ¢ and d), which supports the argument that
bromoform presented in this study was rather dominated by the long-range transport from its
coastal and marine sources than by local sources.

There are, however, two indications for local bromoform sources in the ecosystem around the ATTO
site which can be derived from the 80 m and 320 m data: First, the bromoform mixing ratios at these
heights were significantly lower compared to the values measured at 23 m during the same time.
Secondly, a diel pattern is visible in the plot which is less pronounced, yet similar to that for
chloroform. At night, the lowest observed median mixing ratio at 80 m was ~0.01 pptv, rising in the
morning and peaking at 11 am with 0.04 pptv before decreasing again in the evening. We must take
into account that for bromoform, many values are below the statistical limit of quantification and
therefore need to be interpreted with caution.

One could argue that, given an assumed local bromoform source at ground level, there would need
to be a decrease as well between 80 m and 320 m visible in the data, similar to chloroform. But while
for chloroform, this suspected ground source would lead to the constant decrease of mixing ratios
from 23 m to 80 m to 320 m, for bromoform, a similar source could plausibly lead to the decrease
being only detectable from 23 m to 80 m, as the overall lower atmospheric bromoform mixing ratios
could lead to faster dilution during vertical transport. For chloroform, this process would take
longer due to the stronger local source (and additionally the lower reactivity compared to
bromoform, see Chapter 3.1), leading to greater differences between the sampled heights.
Furthermore, since bromoform is known to have coastal/marine sources, long-range transport
from these regions could affect measurements at elevated heights, potentially evening out height
effects from dilution of local ground sources. Overall, the data shown in Figure 3-4 covers only 19
days, including single days without sampling. With data covering a longer period, diel patterns will
be better defined. Additionally, data from flight measurements covering different altitudes may be
better suited to uncovering these effects.
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3.3.3 Soil Flux Data
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Figure 3-5. Violin plots of chloroform soil fluxes from dry-to-wet transition season 2023 (Jan 23; n=10), dry season 2023 (Oct 23; n=28),
and full-wet season 2024 (April-May 24; n=23). Black horizontal bars represent the median values of the respective dataset.

Figure 3-5 shows chloroform flux data from a soil chamber as described in 3.2.1. The medians of
the measured fluxes are 260 ng h™ m? and 211 ng h™ m™ for the dry-to-wet transition season 2023
and the wet season 2024, respectively. The fluxes measured in the 2023 dry season were
considerably higher, with a median of 575 ng h™ m™?. Bromoform fluxes can not be presented here,
as they were below the limit of detection. The data shows that the soil was a clear local chloroform
source in all sampled seasons. The presented chloroform fluxes were in a comparable range as
reported for direct soil flux measurements in other ecosystems (Albers et al., 2011, 2017; Rhew et
al., 2008b, a; Zhang et al., 2021) and in the same order of magnitude as total net flux estimations in
tropical ecosystems (Gebhardt et al., 2008; Scheeren et al., 2003). However, there are large spatial
variations reported for chloroform fluxes from soils (Albers et al., 2011), making it necessary to put
the significance of the spatially limited measurements presented in this work into the right
perspective.

Interestingly, soil fluxes, with the highest values in the dry season, showed an inverse pattern
compared to the seasonal chloroform VMR data from within the canopy (see Chapter 3.3.1), where
no strong differences in median VMRs were detected, but the described VMR spikes only occurred
in the wet and dry-to-wet transition seasons, not in the dry season (see Figure 3-2). An explanation
for this could be that, provided that the measured fluxes indeed directly reflect the chloroform
formation within the soil, too much water within the soil leads to some kind of containment of the
relevant metabolic pathways, which in turn restricts chloroform formation. For example, limited
soil respiration due to excessive soil moisture could lead to reduced or altered microbial activity,
affecting the biotic part of chloroform formation pathways suggested by Hoekstra et al., 1998a. On
the other hand, it might be that not the chloroform sources in the soil are limited in the wetter
seasons, but microbial degradation in the soil, as reported by (Cappelletti et al., 2012), could be
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limited during the dry season. During dry seasons, the abundance and diversity of the soil’s
microbiome are strongly restricted by low soil moisture (Finck et al., 2024). If chloroform-degrading
microorganisms are less affected by this than chloroform-forming microorganisms, their relative
increase could result in a higher chloroform net flux from the soil.

A simpler explanation for the lower chloroform fluxes in wet and dry-to-wet transition seasons
could be due to physicochemical effects: chloroform is very mobile in aquifers (Ciavarelli et al.,
2012) and could be either washed out by rain from the soil pores or affected by transpiration or
guttation, i.e., water with dissolved chloroform would be absorbed by plants in the rhizosphere,
transported to the leaves via the xylem system, and subsequently excreted as water droplets via
the leaf surfaces (guttation) or evaporated through the stomata (transpiration) (McCulloch, 2003;
Scheffer et al., 1965). This process could explain both, lower chloroform fluxes from soils in the
wetter seasons, as well as higher VMRs within the canopy in these seasons. This hypothesis cannot
be confirmed due to the lack of strong correlations between chloroform emissions and soil moisture
or precipitation (Table 3-1). However, as discussed in Chapter 3.3.1.3, one has to question these
correlations carefully because of the low temporal resolution of the data. To identify a single or an
interplay of the previously hypothesized processes, more research needs to be done in the form of
experiments with better temporal and spatial resolution, a comparison of different soils, and the
investigation of the microbial communities present in the soil. Measuring the isotopic fingerprint
of the chloroform emitted by the soil could provide further insights into the formation processes
(Breider and Hunkeler, 2014).

3.4 Summary and Conclusions

Our measurements of chloroform showed overall comparable medians across dry-to-wet transition
season 2023, dry season 2023, and wet season 2024. We observed significant spikes during the wet
and dry-to-wet transition seasons, indicating local emission events, with the optimal conditions for
these emissions occurring during transitional seasons when dry and wetting cycles are most
prevalent. Tower measurements taken at elevated heights (80 m and 320 m) suggest that these
emissions originate at ground level and follow a diel cycle, peaking at midday and decreasing
overnight.

Bromoform values measured at the ATTO site were lower than those typically reported for the
marine boundary layer, as expected for continental measurements far from the sea. Potential local
sources of bromoform are less pronounced compared to chloroform. Nonetheless, there are
indications of local bromoform sources, such as altitude gradients, a slightly pronounced diel cycle,
and occasional spikes that could not be linked to emission events via back trajectories
(Supplementary Material S.1).

Soil flux measurements detected the soil to be a chloroform source throughout all seasons, with
the highest fluxes in the dry season. As these measurements were limited in temporal and spatial
resolution, they can only serve as a first-best estimate, while the underlying processes need to be
further investigated.

Overall, our findings suggest that in the central Amazon rainforest, local sources play a more
significant role in the chloroform mixing ratios than marine source regions, while the origin of the
sampled air masses is more important than local sources for bromoform. Future investigations
should focus on potential single-source emissions relevant to the Amazon rainforest ecosystems,
reasons for and characteristics of seasonal variances, and the effects of ENSO anomalies compared
to regular conditions. Understanding these factors could provide valuable insights for evaluating
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future emissions, especially regarding predicted ecosystem changes in the Amazon basin and more
frequent El Nifio events.
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4.1 Introduction

The Amazon rainforest is recognized as one of the most significant natural sources of halogenated
volatile organic compounds (XVOCs), particularly chloromethane (CH;Cl). As highlighted by
Carpenter et al. (2014) and Yokouchi et al. (2002), plants are the largest global source of
chloromethane, yet there remain substantial uncertainties regarding the exact magnitudes of these
emissions. These uncertainties are particularly pronounced in tropical forested regions like the
Amazon, where the complex interplay of vegetation, soil, and microbial processes can lead to strong
variations in emissions. Understanding and quantifying these emissions is crucial for accurately
assessing the role of the Amazon rainforest in the global halogen cycle and its impact on
atmospheric chemistry and climate.

In addition to chloromethane, there are observations indicating that chloroform (CHCI;) also has
local sources within the Amazon ecosystem, as discussed in Chapter 3. These local sources could
include yet unknown sources, such as specific plant species or even termite colonies, which are
abundant in the rainforest, in addition to biotic or abiotic emissions from soils. The identification
and quantification of these sources are crucial for understanding the contribution of the Amazon
to global chloroform levels, as well as for identifying potential hotspots of emissions that might
significantly influence local and regional atmospheric composition.

Similarly, bromoform (CHBrs) is another halogenated compound that is suspected to have small,
yet uncharacterized, sources within the Amazon (Chapter 3). Given the structural similarities
between chloroform and bromoform, and the known production of halogenated compounds by
terrestrial organisms, it is plausible that bromoform emissions can potentially occur in the Amazon
as well, even though probably to a much smaller extent based on the relative abundances of
chlorine and bromine in the soil. Identifying and quantifying these emissions would not only
improve our understanding of bromoform dynamics but also help in identifying other potential
halogenated very short-lived substances (VSLSs) or XVOCs with a longer lifetime that the forest
ecosystem might emit.

The Amazon rainforest's potential to act as a sink for other halogenated VOCs is another area of
interest but there is little experimental data. While some XVOCs are known to be emitted by the
forest, others may be absorbed or degraded by the dense vegetation, soils, or microbial
communities (see Figure 1-1). Investigating the rainforest's role as a sink is important for
understanding the full impact of the Amazon on atmospheric halogen levels. This could involve
studying the degradation pathways of XVOCs within the forest and identifying the conditions under
which these compounds are absorbed or broken down.

For halogenated VOCs that are relatively inert and for which the Amazon does not act as a
significant source or sink (e.g., CFCs), the remote location of the ATTO site provides an ideal
environment for monitoring their global atmospheric background levels. The ATTO site, situated
far from significant anthropogenic influences, allows for the collection of data that reflect the
broader atmospheric composition, comparable to the AGAGE network or NOAA measurement
stations (Hossaini et al., 2019; Prinn et al., 2018; NOAA/GMD/ESRL halocarbons in situ program).
This is particularly valuable for compounds that are part of the global halogen budget but whose
local sources or sinks in the Amazon are minimal or nonexistent.

Finally, for every halogenated VOC, whether it is emitted, absorbed, or inert within the Amazon,
accurate quantification of its emissions or degradation is essential. This quantification forms the
basis of a bottom-up approach that is crucial for atmospheric modelers. It should be noted that the
Amazon rainforest ecosystem is located such that any halogenated emissions will be liable to be
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convected rapidly to the upper troposphere and thereafter enter the stratosphere through the
tropical upward branch of the Brewer-Dobson circulation. By providing detailed emission
inventories and degradation rates, researchers can improve the accuracy of global atmospheric
models, which are used to predict the impacts of these compounds on climate, ozone depletion, and
other aspects of atmospheric chemistry.

4.2 Motivation for the Method Specifics

Many paths lead to the goal, and each path has its advantages and disadvantages. The following
subsections explain the underlying arguments that lead to the final method used in this thesis.

4.2.1 Benefits of the ATTO Site

The Amazon Tall Tower Observatory (ATTO) offers unique opportunities for atmospheric research.
One of the key advantages of ATTO is its ability to provide measurements not only at ground level
but also at various heights above the forest canopy (up to 325 m). This vertical stratification allows
researchers to calculate concentration gradients, offering insights into the dynamics of VOC
exchange between the forest and the atmosphere. By sampling at different heights, it becomes
possible to determine which specific compounds are being emitted from the forest and which are
being absorbed or degraded, ultimately providing a more comprehensive understanding of the net
fluxes of VOCs in this ecosystem. At higher altitudes, the air sampled by the tower is representative
of a larger region, reducing the influence of localized emission or degradation processes that could
otherwise distort the data (Gloor et al., 2001). In contrast, single-point measurements at or below
canopy heights are more susceptible to the effects of immediate local sources or sinks, which can
lead to overestimation or underestimation of the ecosystem's overall impact on atmospheric
chemistry. By capturing a wider range of air masses, the ATTO tower provides a more accurate
representation of the Amazon rainforest's contribution to global (X)VOC levels.

The ATTO site is also uniquely positioned as the only place in the Amazon rainforest that combines
a quasi-pristine environment with the necessary infrastructure for long-term scientific research.
The site's remote location ensures minimal anthropogenic influence, which is crucial for studying
natural VOC emissions and interactions. At the same time, ATTO is equipped with essential
infrastructure, including a reliable water supply, food provisions with a dedicated cook, and the
necessary facilities for material transport and electricity. This combination of remoteness and
infrastructure makes ATTO an ideal location for continuous, long-term atmospheric monitoring,
providing data that are both scientifically valuable and logistically feasible to collect.

Additionally, ATTO supports a "lab in the jungle" approach, allowing researchers to conduct
experiments directly within the Amazon rainforest. This capability is particularly valuable for
studying local sources of halogenated VOCs, such as specific plants, soils, or insect colonies, in their
natural environment. By conducting experiments in situ, researchers can observe the immediate
effects of environmental conditions on VOC emissions without the need for extensive sample
transportation, which could compromise sample integrity. This approach ensures that samples
remain fresh, minimizing storage artifacts, and that the data collected accurately reflect the
natural processes occurring within the forest, providing deeper insights into the factors driving
XVOC emissions in this unique ecosystem.

4.2.2 Comparison: Continuous In Situ Measurements vs. Adsorbent Tubes

One of the primary advantages of continuous in situ measurements at a site like ATTO is the ability
to maintain a permanent setup that operates independently of short-term measurement
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campaigns, spanning different seasons and even years. Historically, research on XVOCs in the
Amazon has relied heavily on campaign-based approaches, where data collection is limited to
specific periods, often only a few weeks in duration, whether airborne or ground-based. For
example, past studies have utilized aircraft campaigns to capture XVOC emissions over large spatial
scales or have conducted ground-based sampling during specific seasons (e.g. Gebhardt et al., 2008;
Scheeren, 2003). While these campaigns have provided valuable insights, they are inherently
limited in their ability to capture long-term trends and seasonal variations. Such flight campaigns
are also unable to measure close to the rainforest by night. A permanent, continuous measurement
system circumvents these limitations by allowing for the collection of data over extended periods,
providing a more comprehensive understanding of XVOC dynamics in the Amazon. In addition,
long-term measurements provide in total more data points, enabling better statistics and giving
less weight to short-term events which is especially helpful when comparing different seasons.

Continuous in situ measurement systems also offer superior time resolution compared to adsorbent
tubes. To achieve a comparable time resolution with adsorbent tubes, researchers would need to
perform frequent sampling and engage in extensive sample preparation, which is both labor-
intensive and prone to variability. The high time resolution provided by continuous measurements
allows for the detection of rapid changes in XVOC concentrations, which can be crucial for
understanding the factors that influence emissions. For instance, continuous monitoring can
capture the immediate effects of environmental changes, such as a sudden increase in temperature,
rainfall, or a shift in wind patterns, on XVOC emissions. This capability is particularly valuable in
the dynamic and complex environment of the Amazon rainforest.

Another significant benefit of continuous in situ measurements is the ability to detect sampling
problems instantly. At a remote site like ATTO, where access to the equipment may be limited, real-
time monitoring allows researchers to identify and address issues as they arise. For example, if
there is a malfunction in the sampling system or a calibration drift in the instruments, these
problems can be detected immediately and corrected, ensuring the integrity of the data collected.
This is in contrast to adsorbent tube sampling, where problems might only become apparent after
the samples have been returned to the laboratory and analyzed, potentially leading to the loss of
valuable data and time.

Continuous systems also reduce the sources of error and data variability associated with sample
processing. Adsorbent tubes require careful handling and preparation both during and after
sampling, and any inconsistencies in these processes can lead to variability of the results. By
eliminating the need for extensive sample processing, continuous in situ measurements provide a
more direct and reliable measure of XVOC concentrations, reducing the potential for human error
and ensuring greater consistency in the data.

However, there are also challenges associated with continuous in situ measurements. Developing
and testing a new method for trace gas analysis, especially in a remote setting like ATTO, can be
complex and time-consuming. The remote location and the highly sensitive nature of the analytical
devices used in XVOC measurements mean that any technical issues cannot always be fixed
immediately. Some advanced spare parts take time to be delivered to such a place, and the location
is not easily accessible to external engineers who can diagnose and repair devices. Additionally,
managing these systems remotely requires robust diagnostic and communication tools, including
a stable internet connection, to ensure that any problems can be identified and resolved without
the need for constant on-site presence.

In contrast, adsorbent tubes offer a more basic approach to sampling, with fewer immediate
logistical challenges. They are relatively easy to deploy, with a sampling process that is less
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technically sophisticated. The samples can be collected and stored for later analysis in a controlled
laboratory environment. This method is particularly useful for verifying the results obtained from
continuous in situ measurements and for conducting focused studies on specific sources or sinks of
XVOCs, such as particular soil types, plant species, or insect colonies. By using adsorbent tubes in
conjunction with continuous measurements, data can be cross-verified and specific sources
identified so that the overall picture of relevant processes within the ecosystem can be investigated
better on multiple levels.

4.2.3 Comparison of Cryogenic and Cryogen-Free Preconcentration Units

After the decision had been made to pursue the goal of implementing long-term XVOC
measurements at ATTO, the search for appropriate instrumentation began. This search mainly
concerned the front-end instrumentation, as the back-end was already available in the form of a
robust, tried-and-tested GC-MS system (Chapters 4.3.3 and 4.3.4). Since the atmospheric XVOC
background concentrations are usually in the pptv range, some kind of preconcentration is
required prior to the regular GC-MS analysis in order to detect small changes in the XVOC VMRs.

Often, a preconcentration unit relies on a cryo-trap. During the preconcentration process, the air
sample is cooled using liquid nitrogen (LN), causing the volatile compounds to freeze and become
trapped, while the primary components of air, such as oxygen and nitrogen, pass through. In the
next step, the LN is removed and the trap is heated, releasing the trapped trace gases, which are
then transferred to the GC-MS for analysis. This method of preconcentration has proven itself in
multiple studies of trace gases (e.g. Heard, 2007; Schwandner et al., 2013). However, there has been
the development of non-cryogenic preconcentration techniques, and both methods have their
reason for existence:

Preconcentration systems using liquid nitrogen (LN) reach extremely low temperatures, which
allows them to condense and trap a wide range of VOCs, including highly volatile compounds (below
50°C). Non-cryogenic systems do not reach the low temperatures of LN systems, which is why they
are limited in their ability to efficiently capture highly volatile or halogenated compounds that
require colder conditions to be trapped effectively. Depending on the instrument and method that
is used for the preconcentration, non-cryogenic instruments can trap very volatile compounds only
down to a boiling point (BP) of -30 or -50 °C.

In regards to potential detection limits, cryogenic preconcentration systems are known for their
ability to enhance sensitivity by effectively trapping and concentrating even ultra-trace levels of
VOCs. Non-cryogenic systems may struggle to achieve the same levels of concentration,
particularly for VOCs present in extremely low concentrations, which is often the case with
halogenated VOCs in remote environments like the Amazon rainforest. Furthermore, the basic
technical setup of cryogenic preconcentration systems is usually simpler than that of non-
cryogenic systems. When dealing with a complex mixture of halogenated VOCs, cryogenic systems
can effectively trap a wide range of compounds simultaneously. Non-cryogenic systems may
require more complex setups or multiple adsorbent materials to achieve the same level of
performance, complicating the analysis process. Furthermore, non-cryogenic systems often rely on
adsorbent materials that can become saturated over time, leading to potential carryover or
memory effects. This is less of an issue with cryogenic systems where VOCs are physically trapped
by freezing on an inert surface rather than adsorption, reducing the risk of cross-contamination
between samples. On the other hand, the consistency of the preconcentration efficiency can be
affected by fluctuations in LN supply or temperature, making it less reliable than non-cryogenic
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systems. This doesn’t only affect regular measurements but can also lead to inconsistent
calibrations, leading to larger uncertainties in the generated data.

The technological progress of the development of non-cryogenic preconcentration systems
nowadays, however, is so advanced that many of the disadvantages have been tackled and are now
manageable. This applies in particular to water management, a field where cryogenic systems used
to be superior to non-cryogenic systems and that is highly relevant, especially in environments
with high humidity like the Amazon rainforest. Non-cryogenic systems used to struggle with water
vapor, which can compete with VOCs for adsorption sites or lead to condensation issues. The use of
LN can more effectively separate water vapor from VOCs due to its extreme cooling capacity but
modern non-cryogenic systems implemented technical solutions that made them able to compete.
The limited range of preconcentrated compounds is negligible for this work, as most of the
compounds of highest interest, including chloromethane (BP of -24.18 °C; Ganeff and Jungers, 1948),
are still within this range.

To set up a cryogenic preconcentration unit at ATTO would have had several disadvantages: First
of all, LN is inconvenient to handle, especially in remote field conditions like those in the Amazon.
Due to its hazardous nature, it poses risks of burns and asphyxiation. This applies not only to the
cramped laboratory container, but especially along the necessary transportation route, in which
the LN has to be transported from Manaus over bumpy roads, loaded onto a small ship and unloaded
again, and transported over an unpaved road using off-road vehicles, all that at tropical conditions.
Even if there would be an LN generator on site, eradicating the transportation disadvantages, such
an infrastructure would have had to be built from scratch, including all occupational safety
requirements and appropriate training for technical staff, as LN requires a constant supply.
Cryogenic systems need to stop for LN refills, so they can’t operate continuously. This is particularly
disadvantageous in capturing dynamic changes in XVOC concentrations over time, which is
important for studies on diurnal or seasonal patterns in the Amazon.

Overall, a non-cryogenic preconcentration system offers safer, more reliable, and continuous
operation, making it ideal for remote field conditions like those at ATTO. It eliminates the need for
complex infrastructure, allows uninterrupted monitoring of XVOC concentrations, and ensures
consistent and accurate data collection.
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4.3 Final Instrumental Setup

This chapter describes the final stage of the instrumental design and the methodology used to
generate the data presented in Chapter 4.5. However, the development and refinement of the
instrument will continue, with further adjustments and improvements to be carried out in the
future.

4.3.1 Inlet System

Inlets covered with funnels and
close-meshed nets
- rain and insect protection

Inlet lines:
+ 3/8" PTFE tubes

« insulated and heated
. W) + 14-16 I/min constant air flow

Lab container

Figure 4-1. Schematic design of the ATTO tall tower inlet system. Figure created in Biorender.com

There are four inlet lines, three of which are attached to the ATTO tall tower, and one at ground
level (Figure 4-1). The openings of all inlet tubes are covered with a polyethylene (PE) funnel. These
funnels act as rain protection as they prevent raindrops from entering the inlet line. The funnels
themselves are covered in a close-meshed net fabric which prevents insects from entering the inlet
lines. The tower inlet lines start at 321 m, 150 m, and 80 m height, respectively. These lines are
made of 3/8 in (0,9525 cm) polytetrafluoroethylene (PTFE) tubes and run along the core of the
tower. They are opaque to prevent sunlight from photochemically altering the trace gases within
the sampled air mass. Furthermore, the tubing is insulated with PE foam and heated to prevent
condensation of water vapor.

The "ground level" inlet line is not directly connected to the tall tower but is instead mounted
below a roof approximately 3 meters above the ground at the base of the tower, covering the
laboratory containers. The inlet is placed so that it faces the rainforest. Its tubing consists of a 6 m,
0.25 in (0.635 cm) SilcoNert® steel tube that connects directly to the Entech 7200CTS inlet (Chapter
4.3.2). This line is also equipped with PE foam insulation and a tube heating system to prevent water
vapor condensation when the supply line enters the air-conditioned laboratory container.

In contrast to the ground-level inlet line, the tower inlet lines are constantly flushed. They are
attached to high flow membrane pumps, positioned in the laboratory container, that draw air at a
rate of 14 | min™ and 16 1 min™, respectively, depending on the pump model used. This rate leads to
a residence time of the sample inside the inlet line of about 1.4 min for the 320 m line, 0.7 min for
the 150 m line, and 0.4 min for the 80 m line. Just before the pumps, bypasses made of about 2 m of
1/8 in (0.3175 cm) SilcoNert® steel tube are attached to each of the tower lines, which then connect



68 4 Establishment of a Setup for Long-Term Online Measurements of Halogenated VOCs in the Amazon Rainforest

to the Entech 7200CTS inlet. These bypasses are flushed only before the actual sampling (see next
chapter).

4.3.2 Preconcentration System

As described in Chapter 4.2.3, a preconcentration system is used in XVOC analysis of gas samples,
making it possible to detect very low concentrations that would be difficult or impossible to
measure directly. The 7200CTS (Entech Instruments, Simi Valley, CA, USA) is a preconcentration
system that operates without cryogenics like LN. Instead, the instrument uses a multi-capillary
column trapping system (MCCTS) to concentrate the volatile trace gases from the air sample. It can
be used for compounds within the BP range of -50°C to >230°C. After trapping the XVOCs, the system
uses thermal desorption to release the concentrated compounds into a gas chromatograph (GC) for
analysis (Figure 4-2, left side). The 7200CTS can be programmed for automated sampling, allowing
for continuous or periodic collection of air samples over extended periods, which is particularly
useful for long-term environmental monitoring or studies requiring temporal resolution of XVOC

emissions.

Figure 4-2. Instrumental setup in a laboratory container at the ATTO site. Center: 7200CTS preconcentration unit with operating

software (right) and attached GC (left).

In Figure 4-3, the basic flow path of the 7200CTS is shown. The reservoir (bottom left) is a stainless-
steel canister that is evacuated by default. The reservoir is crucial, as its vacuum passively controls
the airflow through the instrument at different stages of the trapping process. Module 1 (M1,
bottom-center) refers to the first of the two traps. It consists of three capillary columns: a weak, a
moderate, and a strong column. The main function of this trap is to reduce the sample volume from
up to 250 ml to just 1-2 pL. It is also used to remove water from the sample (see further below). The
second trap, Module 2 (M2), is the focus trap, also consisting of various capillary columns but with
shorter column lengths. The three digitally controlled multiport rotary valves (see Figure 4-3 top
row from right to left: Stream Select Valve (SSV), Trap Select Valve (TSV), Loop Valve (LV)) control
the path of the sample within the instrument at every step of the run. All lines and tubing
throughout the flow path are coated with Silonite™-D to reduce the potential for chemical
adsorption.
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There are 21 different run steps for a single 7200CTS analysis, some of which are optional,
depending on the method used. To simplify matters, the path of a sample through the device during
enrichment is described in the following: before the actual trapping, the corresponding inlet line,
of which the 7200CTS has four, is pre-flushed with the air to be sampled so that no previous sample
is left in the line. The duration of that pre-flushing is dependent on the length of the used inlet line.
As described in Chapter 4.3.1, the entire inlet line is flushed during this step for the ground-level
inlet. However, for the tower inlet, only the bypass line is flushed during this step, while the main
tower inlet lines are continuously flushed by the external membrane pumps. After the pre-flush,
the air sample enters the 7200CTS through one of the four inlet lines connected to the SSV (see
Figure 4-3, connections 5-8). The other connections at the SSV are a blind stream (1), carrier gas
inlet (2), internal standard inlet (3), calibration standard inlet (4), and the common port (C) which
connects to the downstream flow path.

Sample Inlet: 29°C (OFF)

GC Carrier

GC Line:
30°C (30) !

[ Reservoir | o
postas/ 30°C (30) i 30°C (30) GC Ready: False  |gpjit
@ Module 1 O @ Module 2 O GC Oven

Figure 4-3. Simplified flow path diagram of the Entech 7200CTS preconcentration system. Kindly provided by Entech Instruments Inc.

From the SSV, the sample is transported to the LV (4>3->5->6) and from there through the TSV
(7>6) to M1. The volatile trace gases are trapped here at a temperature of 35 °C. The fundamental
principle is that as the gas sample flows through the trap, the compounds within the sample
interact with the surface of the capillary columns. This interaction causes the compounds to be
adsorbed and temporarily retained on the column surfaces. However, because the compounds,
especially the very volatile ones, are not strongly adsorbed, they are only slowed down rather than
permanently retained. Therefore, there are limitations regarding this trapping mechanism. For
example, when using the instrument's optimal sampling flow rate of 20 cc min™, it is recommended
to limit the sample volume to 250 cc. If the sample volume exceeds this, the extended sampling time
could cause very volatile compounds like chloromethane to break through the trap before the
sampling is complete. As a result, these compounds would not be preconcentrated and would be
lost, escaping into the reservoir. The range specified by the manufacturer for the 7200CTS is
therefore limited to compounds with a BP of -50°C to >230°C. The exact properties and
configuration of the installed columns are subject to trade secrecy and therefore not known to the
author.

As mentioned in Chapter 4.2.3, good water management is an essential task of the preconcentration
system. A sample containing high humidity introduced to a GC leads to increased “column bleed”.
Column bleed means the degradation of the polymer used in the column’s stationary phase, whose
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degradation products elute along with the sample analytes, contaminating the detector and
potentially interfering with the analysis by appearing as baseline noise or unwanted peaks in the
chromatogram. So, the better the water management of the preconcentration system, the better
the back-end instrumentation (i.e., the GC-MS) is protected as less column bleed leads to longer GC
column lifetimes and fewer MS source cleanings.

Within the 7200CTS, the first trap (M1) is used to remove the water from the sample. After the first
stage of preconcentration, the system initiates a dry purge process. In this step, a stream of dry,
inert gas (helium) is passed through the trap. This gas helps to remove any water that has co-
trapped with the VOCs by selectively desorbing the water molecules from the adsorbent material.
This ensures that only the VOCs remain, which are then ready for thermal desorption. The use of
selective adsorbent materials in the trap that preferentially retain VOCs over water reduces the
amount of water that needs to be removed during the dry purge step, enhancing the efficiency of
the water removal process.

The main gases flow unretained through M1 to the TSV (8->1) into the reservoir. The sampled
volume is derived from the pressure change within the reservoir, using an Electronic Volume
Controller (EVC). The EVC also determines the flow rates by measuring the rate of change in the
sampled volume. Once the set volume has been sampled, M1 is heated and back-flushed with helium
(SSV 2->C; LV 4>3->5>6; TSV 728; M1). The helium stream transports the now mobilized,
preconcentrated sample to “cold” (35 °C) M2 (M1; TSV 6->5; M2), which is the focus trap. This trap
follows the same basic principles as M1, just with shorter capillary columns. It refocuses the already
preconcentrated compounds so that they are released to the GC in a more focused, narrow pulse,
which leads to sharper peaks and better resolution in the chromatogram. This is particularly
important for separating compounds that are very similar in their physical properties. After this
step, the TSV changes position again so that the GC carrier gas, which flows in idle mode through
TSV 3->4 onto the GC column, is now flowing through TSV 3->2 to heated M2, backflushing the trap
and transporting the focused sample through TSV 5->4 into the GC via splitless injection.
Simultaneously, this step triggers the GC method to start.

All parameters controlling the preconcentration are adjustable for each single step and displayed
in Figure 4-4. As the instrument has been developed for the EPA method TO-15 (EPA, 1999), its
default method is specialized for the analysis of some halogenated VOCs. Hence, not many method
changes had to be implemented for this device in the scope of the objective of this work. This
applies in particular to the temperatures, as these are crucial for a functioning preconcentration.
Changes in the pre-set temperatures need to be considered carefully as they could lead to a
premature breakthrough of compounds, insufficient system maintenance, or damage to the traps.
However, the changes made during the development of the method mainly relate to the duration
of heating events and flushing as well as changes in flow rates and volumes. These changes had the
overall goal of aligning the timing of the enrichment method with the timing of the GC method.
The 7200CTS method has a total runtime of 36.5 minutes.
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CTS Method - Temperature Zone Control

File: ATTO 80m Inlet.CTS
Zones Trapping M1 Preheat M1 Cool Purge M1->M2 M2 Preheat M2 Inject M1 & M2 Bake Out
Mod 1 35°C 90°C = 120°C = = 160°C
Mod 1 Bulkhead 150°C 150°C = 150°C 150°C = 150°C
Mod 2 35°C - 0°C 35°C 160°C 180°C 180°C
Mod 2 Bulkhead 150°C = = = 150°C 150°C 150°C
Rotary Valve Plate 150°C 150°C - 150°C 150°C - 150°C
7200 Event Durations Preflush Duration Volume
Sample Transfer Line o°c| || Preheat Hold 0.2 min Int. Std. 5 sec S$11) Flush Volume 40 cc
GC Transfer Line 140°C Inject Duration 1.2 min Cal. Std. 5 sec 512) M1 Cool Purge 15 cc
Post Injection Delay 2.0 min Sample 70 sec S13) M1 To M2 Volume 30 cc
Swp/Prg Gas 5 sec
Pre M1 Gas Flush 15 sec Rt
Loop Flush (<= 5c) 0 sec S5) Int. Std. Trapping 20 c¢/min
S7) Cal. Std. Trapping 20 cc/min
S9) Sample Trapping 20 cc/min
S11) Flush 20 cg/min
S13) M1 To M2 Transfer 10 cc/min

Figure 4-4. Compilation of 7200CTS method parameters used for the sampling of the ATTO tower inlet lines. The sample preflush
duration for the ground-level inlet line is 60 sec; all other parameters are kept the same for both methods. Explanations for the
temperatures: “Trapping” refers to the temperatures during the actual trapping of M1. “M1 preheat” refers to the heating of M1 to 90
°C at zero flow before the actual desorption step to allow faster desorption. “M1 Cool Purge” doesn’t apply to the method used. “M1-
>M2” are the temperatures during M1 desorption and sample transfer to M2. “M2 preheat” is comparable to the same step for M1.
“M2 Inject” refers to the desorption temperature of M2 with the subsequent GC injection. “M1 & M2 Bakeout” are the temperatures
during the bakeout of both traps which mobilizes any compounds remaining on the trap after regular desorption.

4.3.3 Gas Chromatography (GC)

After preconcentration, the sample is transported with the carrier gas stream through a heated
transfer line which connects the 7200CTS and a 6890A Gas Chromatograph (GC) (Agilent
Technologies, Inc., Santa Clara, CA, USA). The carrier gas used is ultra-high purity (UHP) helium
(ALPHAGAZ™ 2 Helium 99.9999 %, AirLiquide, France), purified by streaming through an Agilent Gas
Clean carrier gas purifier (Agilent Part-Number: CP17973). Once introduced into the system, the
sample is carried into a capillary column (J&W DB-1 GC column; 60 m length, 0.25 mm ID, 1.0 um
film thickness; Agilent) housed within the GC oven. The column is coated with a solid stationary
phase (100% dimethylpolysiloxane), and as the mobile phase (i.e., the sample) travels through it,
the compounds interact differently with the stationary phase based on their physical properties,
primarily their volatility, and polarity. Compounds with lower boiling points or weaker interactions
with the stationary phase travel more quickly through the column and elute earlier. Conversely,
compounds with higher boiling points or stronger interactions are retained longer and elute later.
As the DB-1 column is considered to be a non-polar column, polar compounds are less retained than
non-polar compounds. The interaction of each compound with the stationary phase results in
compound-specific retention times, which refer to the time it takes for a compound to travel from
the injection point onto the GC column to its arrival at the detector.

The temperature of the GC oven can be controlled and changed while the sample is running through
the column. It is often programmed to increase gradually during the analysis. This temperature
ramping allows for more efficient separation of a wide range of compounds, from highly volatile to
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less volatile species. Early-eluting compounds are separated at lower temperatures, while higher-
boiling compounds are eluted as the oven temperature increases. The temperature program used
in this method is shown in Figure 4-5. The GC temperature program recommended by the 7200CTS
manufacturer for the TO-15 method had to be adjusted to retrieve a better resolution of the early
eluting compounds. The initial temperature of 35 °C is maintained for 7.5 minutes, followed by a
ramp of 10 °C min™ until 200 °C is reached. A second ramp of 40 °C min® leads to the final
temperature of 250 °C, which is held for a further 1.5 minutes and marks the end of the method.

The initial helium flow of 0.3 ml min™ is held for 0.9 minutes, then ramped with 3.0 ml min™ to a
final flow of 1.2 minutes. The total run time of this GC method is 26.75 min. The difference in time
between the preconcentration method and the GC method of about 9 minutes is due to the time it
takes for the GC to cool down from its final temperature of 250 °C to its initial temperature of 35 °C
to start the next run.
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Figure 4-5. Temperature profile of the GC.

4.3.4 Mass Spectrometry (MS)

As the compounds exit the GC column, they enter the transfer line that connects the GC to the Mass
Selective Detector (MSD) and finally the analyzer chamber of the MSD. Inside the analyzer chamber,
there is a high vacuum (about 107 to 10 mbar; 5973N MSD Hardware Manual, 1999). The sample
molecules are now ionized by electron impact ionization (EI). In this process, an electrically heated
filament emits electrons which are then accelerated by an applied voltage difference. The resulting
stream of high-energy electrons hits the analyte’s neutral molecules. This collision knocks
electrons out of the molecules and generates positively charged ions. This ionization results also in
the fragmentation of the molecules, producing a characteristic pattern of ions that can be used to
identify the specific compound.

After ionization, the fragments reach the quadrupole mass filter. As the name suggests, the
quadrupole filters masses based on their mass-to-charge ratio (m/z). It consists of four parallel
quartz rods, covered with gold (5973N MSD Hardware Manual, 1999), that create an oscillating electric
field, which allows only ions of a specific m/z ratio to pass through. By rapidly varying the electric
field, the quadrupole can scan a whole range of m/z ratios in a very short time (several thousand
atomic mass units per second). When the sum of all ion signals detected across a range of m/z ratios
is recorded, that mode is called total ion current (TIC). It is used to analyze samples with unknown
compounds. In contrast, the user can pre-select m/z ratios before the analysis, which is called
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selected ion monitoring (SIM mode). SIM mode is used when the identity of the target analytes is
known and precise quantification of those specific ions is required, as it has the advantage of a
higher sensitivity and lower detection limits for those particular compounds.

The ions that successfully pass through the quadrupole reach the detector. When an ion hits the
detector, an electronic signal is generated and amplified by an electron multiplier. This signal then
is carried to and read out by a computer. It contains two relevant pieces of information: First, the
mass spectrum, which is the intensity of ion signals detected in a mass spectrometer as a function
of their mass-to-charge (m/z) ratios. The mass spectrum serves as a fingerprint for each compound
and can be used for compound identification through comparison with a spectral library. Next to
this qualitative information, the detector signal also contains quantitative information, as its
intensity is proportional to the number of ions striking the detector.

The graphical representation of the detector signal over time is called a chromatogram. As a result
of the compound separation during the gas chromatography, a chromatogram includes peaks,
where each peak corresponds to a different compound. Quantitative chromatogram analysis
compares the peak areas with those of calibration standards with known composition and known
concentrations.

The data from the GC and MSD are collected and processed using Agilent ChemStation software,
which is also used to control both instruments and change the respective method parameters (see
Chapter 4.3.3 for GC parameters and Table 4-1 for MS parameters).

Table 4-1. Mass Spec parameters for TIC mode.

Solvent Delay 1.2 min
AUX Temperature 230 °C
MS Source Temperature 230 °C

MS Quadrupole Temperature 150 °C
Scan Parameters

Time Range 1 2.0-15.5 min
Mass Range 1 45-190 m/z
Time Range 2 15.5-26.75 min
Mass Range 2 45-264 m/z
Threshold 50 counts

A/D Samples 4

In the mass spectrometry method, a solvent delay of 1.2 minutes was applied to prevent the mass
spectrometer from analyzing and being overwhelmed by early-eluting, non-analyte components,
which could potentially damage the detector or complicate the data analysis. The AUX
temperature, set to 230°C, refers to the temperature of the transfer line that connects the GC to the
MS. This temperature ensures efficient transfer of analytes from the GC to the MS without
condensation or loss.

A method has been developed for SIM mode to achieve better sensitivity for a few XVOCs of interest.
This method has not been used at ATTO yet, since the first goal has been to get an overview of
XVOCs present and detectable in the Amazon rainforest. Measurements in SIM mode should be
carried out in the future to decrease the limits of detection (LOD) and quantification (LOQ) and to
track changes of XVOCs in the single pptv range like chloroform or bromoform. The parameters of
the developed SIM mode are presented in Table 4-2.
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Table 4-2. Mass Spec parameters for SIM mode

Solvent Delay 1.2 min
AUX Temperature 230 °C
MS Source Temperature 230 °C

MS Quadrupole Temperature 150 °C
Scan Parameters

Time Range 1 1.0-6.0 min

Masses Group 1 50, 51, 52, 60, 62, 67, 85, 87,135, 137 m/z
Time Range 2 6-26.75 min

Masses Group 2 49,51, 84, 86, 101,103, 117, 119, 120 m/z
Threshold 50 counts

A/D Samples 4

Dwell time 50 ms
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4.3.5 Calibration Method

To quantify the data, the 7200CTS-GC-MS setup has been calibrated. For this purpose, a multi-
compound gas-phase calibration standard (APEL-RIEMER ENVIRONMENTAL, INC.; Miami, FL, USA)
has been measured repeatedly with the same setup and parameters as the samples. The list of the
compounds included are shown in the Table 4-3:

Table 4-3. Multi-component calibration mixture in ultra-pure nitrogen.

Compound CAS# Concentration Uncertainty
[ppbv]
1,1,1,2-Tetrafluoroethane (HCFC-134a) 811-97-2 10.87 +5%
Chlorodifluoromethane (HCFC-22) 75-45-6 10.54 +5%
Carbonyl Sulfide 463-58-1 10.34 +5%
Dichlorodifluoromethane (CFC-12) 75-71-8 10.03 +5%
1-Chloro-1,1-difluoroethane (HCFC-142b) 75-68-3 10.63 +5%
Chloromethane 74-87-3 10.44 +5%
1,2-Dichloro-1,1,2,2-tetrafluoroethane (CFC-114) 76-14-2 10.46 +5%
2-Chloro-1,1,1-trifluoroethane (HCFC-133a) 75-88-7 10.41 +5%
Vinyl Chloride 75-01-4 10.51 5%
Bromomethane 74-83-9 10.84 +5%
Chloroethane 75-00-3 10.73 +5%
Vinyl Bromide 593-60-2 10.83 5%
Trichlorofluoromethane (CFC-11) 75-69-4 9.89 5%
Isoprene 78-79-5 11.39 5%
Methyl lodide 74-88-4 10.90 +5%
1,1-Dichloroethene 75-35-4 11.43 +5%
Dichloromethane 75-09-2 10.72 +5%
1,2-Dichloro-1,1-difluoroethane (HCFC-132b) 1649-08-7 10.56 +5%
1,1,2-Trichloro-1,2,2-trifluoroethane (CFC-113) 76-13-1 10.68 +5%
trans-1,2-Dichloroethene 156-60-5 10.53 +5%
1,1-Dichloroethane 75-34-3 10.86 +5%
2-Chloro-1,3-Butadiene 126-99-8 6.57 +5%
cis-1,2-Dichloroethene 156-59-2 10.60 +5%
2-Chlorobutane 78-86-4 10.79 +5%
Chloroform 67-66-3 9.65 +5%
1,2-Dichloroethane 107-06-2 9.56 +5%
1,1,1-Trichloroethane 71-55-6 9.51 +5%
Benzene 71-43-2 9.79 +5%
Tetrachloromethane 56-23-5 9.65 +5%
Dibromomethane 74-95-3 10.06 +5%
Bromodichloromethane 75-27-4 8.60 +5%
Trichloroethylene 79-01-6 9.06 5%
cis-1,3-Dichloropropene 10061-01-5 0.26 5%
trans-1,3-Dichloropropene 10061-02-6 17.15 5%
1,1,2-Trichloroethane 79-00-5 8.79 +5%
Toluene 108-88-3 8.60 +5%
1,2-Dibromoethane 106-93-4 8.81 +5%
Tetrachloroethylene 127-18-4 8.64 5%
1,1,1,2-Tetrachloroethane 630-20-6 8.63 +5%
Chlorobenzene 108-90-7 8.73 +5%
Bromoform 75-25-2 9.07 +5%
1,1,2,2-Tetrachloroethane 79-34-5 8.96 +5%
Bromobenzene 108-86-1 9.02 +5%
1,3-Dichlorobenzene 541-73-1 8.40 +5%
Benzyl Chloride 100-44-7 8.62 5%
1,4-Dichlorobenzene 106-46-7 16.39 +5%
1,3-Dibromobenzene 108-36-1 7.72 +5%

1,4-Dibromobenzene 106-37-6 14.68 +5%
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Many of the listed compounds occur in lower concentrations in nature. To ensure an appropriate
calibration, the calibration range should cover the range of natural abundances. Chloromethane,
for example, has an atmospheric background of around 550 pptv (WMO, 2022). An appropriate
calibration could therefore cover a range between 200 and 1000 ppt. To achieve this, two
approaches have been tested with the given setup: The first approach involved preconcentrating
varying volumes of the calibration standard to adjust for different analyte concentrations. The
CalGas used for this process has a chloromethane concentration of 10,440 parts per trillion by
volume (pptv). For the standard procedure, a sample volume of 250 cubic centimeters (cc) is
preconcentrated. To achieve calibration at lower concentrations, we reduced the volume of the
calibration gas sampled, for example by a factor of 10 to 25 cc. This reduction means that the volume
of chloromethane analyzed corresponds to a 250 cc gas sample with a concentration of 1,044 pptv.

However, this method requires low preconcentration volumes. For example, to calibrate the
concentration step of 200 pptv, only about 5 cc of CalGas would need to be preconcentrated. In this
range, the relative uncertainties of the preconcentration process are too high, which is why this
method is only feasible for compounds with higher natural abundancies and consequently higher
calibration ranges.

Mass flow > > 7200CTS
controller 1 l inlet
overflow
Mass flow
controller 2

Figure 4-6. Flow path of the calibration setup. Figure created in Biorender.com

A different calibration method was used for lower calibration ranges. In this method, the CalGas
was diluted with nitrogen. Subsequently, different dilution levels of this gas mixture were
measured to calibrate the system. The dilution was achieved by the flow setup shown in Figure 4-6.
Mass flow controller (MFC) 2 has been constantly kept at 5 sccm, while the flow of MFC 1 was
adjusted for every step to obtain the desired dilution. The resulting calibration curve for
chloromethane is given as an example in Figure 4-7. This calibration has proven itself to be more
applicable for a lower mixing ratio range and therefore has been used for the quantification of the
data shown in Chapter 4.5. However, the original y-intercept had to be subtracted from all data
points to correct for an offset that has its cause probably in the calibration setup, more precisely in
the chosen gas flows controlled by the MFCs. Keeping the CalGas flow consistent while adjusting
the nitrogen flow resulted in large variation of the flow difference. For example, while for one
dilution step the flow ratio was 5 sccm CalGas to 40 sccm nitrogen, this ratio was 5 sccm CalGas to
210 sccm nitrogen for another dilution step. As a result, it turned out that sufficient mixing of the
very different flows cannot be guaranteed, especially with smaller flow ratios.
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Figure 4-7. Chloromethane calibration curve derived from MFC setup shown in Figure 4-6.

The resulting offset, by which the calibration was corrected, in turn leads to a comparatively high
limit of detection (LOD) and limit of quantification (LOQ). This is not a problem for chloromethane
with an LOD of 62.2 pptv and an LOQ of 188.5 pptv, as its atmospheric background is in the range of
550 pptv (WMO, 2022). However, for compounds with lower atmospheric abundances, such an offset
is problematic. To reduce this offset, the procedure should be changed for future calibrations by
keeping the nitrogen flow constant and varying the CalGas flow to achieve different dilutions. By
this setup change, the absolute differences between CalGas flow and nitrogen flow would be
smaller, enabling a potentially lower offset through better mixing of the two flows. Despite the
offset correction, the derived calibration curve provides a good linear regression and can therefore
be used for quantification within the displayed mixing ratio range above the LOQ. Figure 4-8 shows
a chromatogram of the analyzed CalGas with a tenfold dilution. Despite a certain co-elution of peaks
between 4 and 5 minutes, the overall separation of the peaks is sufficient. The co-elution impacts
only the total ion count chromatogram; this issue can be resolved by integrating only the unique
masses specific to each compound.
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Figure 4-8. Chromatogram of a tenfold diluted CalGas in TIC mode.
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4.3.6 Error Assessment

The necessity of quantifying the systematic error of an analytical setup is evident. However, this is
only feasible to a certain extent for the described setup. The systematic error of the 7200CTS-GC-
MS setup itself is quantifiable by calculating the uncertainty of the described calibration because
the path of a sample is the same for the CalGas and a natural sample, at least from the inlet of the
preconcentrating system to the MS detection. This error can be calculated with Equation 9 and
equals 8.66 %.

_ 2 2 2 ;
Ototar = v Omrc1® + Omrca® + Ocaicas Equation 9

Where:
omrci=uncertainty of nitrogen MFC (5 %),
owmrcz=uncertainty of CalGas MFC (5 %)
Ocalcas=uncertainty of the calibration standard (5 %)

There are other potential sources of uncertainty. For example, target analytes may be lost to some
extent in the tower inlet lines due to interaction with the tubing material. In contrast to the error
derived from the calibration, an error due to line loss would be individual for each compound.
However, since the magnitude of this influence has not yet been quantified, this aspect can not be
included into the error calculation.

4.4 Method Development - from an Idea to Realization

The method used in the scope of this PhD project has been developed for the first time in a highly
challenging environment, i.e., the Amazon rainforest. However, the instrumental setup is designed
and built for a regular laboratory environment. Setting up such an instrumental setup in a
laboratory container at ATTO presented a unique set of challenges, compounded by the global
COVID-19 pandemic. The pandemic led to significant delays due to laboratory access restrictions
and travel bans, which severely impacted both the preparation and execution phases. These delays
not only postponed the start of the data acquisition but also created a ripple effect on the execution
of subsequent campaigns. The goal of being able to provide a dataset of several seasons at the end
of this PhD project was therefore out of reach.

From the analytical point of view, there have been some unforeseen complications as well. The use
of PFA (Perfluoroalkoxy alkanes) Teflon tubing for inlet lines, chosen for its chemical inertness and
tried and tested for many other applications at ATTO, e.g., a PTR-TOF-MS setup, turned out to be
problematic for the measurement of halogenated VOCs under certain conditions. For the setup at
ATTO, a few meters of new 1/8 in (0.3175 cm) PFA tubes were used for the bypass of the tower inlet
tubing connecting to the 7200CTS inlet (see Chapter 4.3.1) and the ground-level inlet line. These
new lines outgassed significantly, causing a large background signal in the MS data and making it
impossible to quantitatively and qualitatively analyze the samples (Figure 4-9). Even after months
of conditioning, the background signal remained too high. This issue was ultimately resolved by
replacing these PFA tubing with the silica-coated stainless steel lines described in Chapter 4.3.1.
During the method development phase at the MPIC in Mainz, this issue did not emerge because
older PFA tubes from the laboratory stock were used; these had been in service for several years
and were well-conditioned. The tubing of the PTFE tower inlet lines did not cause any such
problems, probably because these lines have a larger diameter (and therefore a lower surface-to-
volume ratio) and were installed already in 2015, meaning they had enough time to condition.



4.4 Method Development - from an Idea to Realization 79

J J \w | P Ll i /\ b —
| 2 \(N\ A % " | S wl T e L -

T
kaw N

Figure 4-9. Comparison of two chromatograms of ambient air, one with PFA tubing (black) and one with SilcoNert®-coated stainless
steel tubing (blue). Both images show the same chromatograms, whereby the lower image has only been zoomed.
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A similar problem occurred when a Teflon housing for quartz filters or ozone scrubbers was
attached to the inlet. This problem was already identified during the first field test of the
instrument setup at the Kleiner Feldberg observatory north of Frankfurt in 2021. As a consequence,
these filter housings are not part of the final setup at ATTO.

Another major challenge was and remains the power cuts at the ATTO site. There are multiple
Uninterruptible Power Supply (UPS) modules installed at the site, which can bridge short power
outages of up to 30 minutes. However, longer power cuts, triggered for example by fallen trees that
damage the power lines, lead to forced shutdowns of the delicate instruments and subsequent
issues with restarting the equipment under optimal conditions. Such power cuts affected for
example the turbo pump of the MS, which normally needs to be shut down slowly and controlled.
Another power cut led to severe damage to the preconcentration system: Whenever this system is
shut down, it should be put into safety mode beforehand. One aspect of this safety mode is the
multiport rotary valves being set into “in between” positions, interrupting the instrument’s flow
path. Due to a sudden shut-down caused by a power cut, a pressure spike has flowed through the
flow path in the wrong direction, resulting in contamination with filter material and other debris
throughout large parts of the flow path. As a consequence, the instrument had to be sent to the
manufacturer for a complete replacement of the flow path. Some upgrades have been integrated
into the new flow path, such as physical barriers and frits to prevent this problem from occurring
again in the future.

The logistical constraints of operating in such a remote environment meant that some major
equipment failures could not be addressed promptly. After each campaign, the equipment had to
be left in situ, and any malfunctions discovered could often only be fixed months later during the
next planned campaign. Only smaller issues could be fixed by instructing a site engineer and
assisting him remotely in the repair process. This delay in repairs reduced the amount of usable
data collected and increased the risk of further damage to the equipment.

In summary, issues that could be solved in a few days in a regular lab may mean a delay of several
months for such a project. The combination of the described technical and logistical hurdles
emphasizes that maintaining high-precision instrumentation in such an environment requires
meticulous planning, robust backup systems, and the ability to adapt to unexpected challenges.
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4.5 Proof of Concept and First Results

Despite the challenges described above, some data was collected that proves that the setup works
in principle and that the data collected is valid and has great potential to answer open questions in
the future. This chapter presents the results of the data obtained in the context of the CAFE Brazil
campaign (campaign features described in detail in Ort et al., 2024, for example) between December

2022 and January 2023.

4.5.1 Comparison of Chloromethane and CFC-12 Data
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Figure 4-10. Chloromethane mixing ratios of ambient air
measured at the ATTO tower at ground level (“0 m”), 80 m,
and 320 m, respectively, between mid-December 2022 and mid-
January 2023. Error bars indicate a systematic uncertainty of
8.66 % for each data point. All times are given in UTC.

Figure 4-10 shows the chloromethane data of
this period in the form of volume mixing
ratios (VMRs) plotted against the time,
measured at ground level (“0 m”), 80 m, and
320 m height, respectively. On the first days,
only 0 m and 80 m were sampled, as this was
still a test phase and the aim was to achieve a
better temporal resolution. All shown data is
based on only one single calibration, carried
out on the 19™ of December (see Chapter
4.3.5). The reason for this is that a permanent
calibration setup has not yet been
implemented for this system.

All reported chloromethane VMRs were well
above the LOQ of 188.5 pptv. During the first
days, values were between 300 and 600 pptv
and therefore well within a range reported
for the global atmospheric background (e.g.,
by AGAGE (Hossaini et al., 2019; Prinn et al.,
2018)). Starting with the 20" of December,
there was a striking increase in
chloromethane VMR over almost two days,
peaking in a range of about 1000 pptv. The
values remained at this high level until the
first week of January, whereas in the second
week of January, the values were back at the
initial level.

Before the underlying causes of the data
shown could be interpreted, the data quality
had to be confirmed to ensure that the VMR
changes observed were real and not a
systematic error or any kind of sampling
artifact. This applied in particular to the large
increase of more than 100 % between the 20
and 22" of December. For that reason, we
compared this chloromethane data with the
data of another compound, i.e., CFC-12
(dichlorodifluoromethane, CCL,F,).
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Figure 4-11. CFC-12 mixing ratios of ambient air measured at the
ATTO tower at ground level (“0 m”), 80 m, and 320 m, respectively,
between mid-December 2022 and mid-January 2023. Error bars
indicate a systematic uncertainty of 8.66 % for each data point. All
times are given in UTC.

The volume mixing ratios of the first days of
data shown in Figure 4-11 reflect roughly the
atmospheric CFC-12 background of 492 pptv
as reported by AGAGE within the range of
error (Hossaini et al., 2019; Prinn et al., 2018).
However, there is an increase from ~480 pptv
up to more than 700 pptv CFC-12, parallel to
the reported increase in the chloromethane
data shown above. The production and usage
of the exclusively anthropogenic CFC-12 are
regulated in compliance with the Montreal
Protocol. Any local sources would therefore
be illegal, and the lack of residential and
industrial areas upstream of ATTO makes
these even more unlikely. Combined with the
fact that no natural sources are known for
CFC-12, the assumption to exclude local
sources is justified, which leads to the
conclusion that the observed increase in CFC-
12 is highly likely due to a systematic error.

4.5.2 Potential Sources of Error

The underlying source of the observed error
could be either the instrumental setup, the
inlet system, or a change in natural
conditions that affected the measurement
results in a yet unknown way. First of all, no
physical changes to the analytical setup were
made in the corresponding period, nor were
any changes made to the hardware and
software method. Any variations in the data
caused by such changes would anyway lead to
a more abrupt change in the data, rather than
the gradual increase one can see in this data.
However, several factors regarding the
analytical setup could lead to variations in
the measurements. In terms of the Entech
7200CTS preconcentration system, one of
these factors could be the temperature of the
system’s surroundings, i.e., the laboratory
container. A temperature change could
impact the volume of the stainless steel
canister from which the sampled volume is
derived during the preconcentration process
(see Chapter 4.3.2). Lower temperatures could
lead to a shrinking of this canister, while
higher temperatures could cause an
expansion. The lab container’s
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temperature is controlled by two air conditioning units, which are positioned directly above the
described instrumentation. The set temperature is usually 27 °C. The two major influences on the
lab container temperature are the frequency of opening of the container entrance door due to
colleagues entering, and the exhaust of the GC, especially when the GC cools down from its final
method temperature of 250 °C to its initial method temperature of 35 °C. The lab container’s
temperature is monitored and would alarm the site engineer if it exceeded a certain threshold
temperature. The usual changes in temperature are about 1.5 °C. To evaluate the impact of usual
lab air temperature changes, the thermal expansion of the canister can be calculated with Equation
10:

AA = Ay 2a - AT Equation 10
Where:
AA = change in surface area
A, = original surface area
a = Coefficient of linear thermal expansion
AT = Change in temperature (in K)

Considering that the canister is a hollow object made of thin stainless steel, it makes sense to treat
it as a surface when calculating thermal expansion. For an original surface area of the canister of
about 660 cm? and a thermal expansion coefficient for stainless steel of 15 - 10-6 K- (“Thermal
Expansion - Linear Expansion Coefficients,” 2003), the change in surface area would be 0.02 cm? K
!, corresponding to a change of canister volume of 0.003 % per °C. It can therefore be ruled out that
this effect is responsible for the observed change in the CFC-12 mixing ratios.

The GC itself is a very basic functioning instrument compared to the preconcentrating system and
the MS. Its only tasks are to control the temperature of the oven and the AUX, as well as the flow
through the GC column. All these parameters were monitored and didn’t show any anomalies
during the corresponding measurements.

As described in Chapter 4.3.5, there was only one calibration carried out for the whole measurement
period. This is suboptimal because the MS sensitivity can slowly decrease over time due to several
reasons, e.g., ion source contamination, detector degradation, alignment drifts of the ion optics, or
degradation of the electric field. This is why regular tuning of the MS and consequently regular
calibration is crucial to maintain optimal performance. However, the described issues would lead
to a sensitivity decrease, and not to an increase. Fixing an initially wrong tuning by retuning the
system could lead to a sensitivity increase but again, this increase would then be abrupt and not
ramped.

One common issue there is at ATTO is power fluctuations. Within the MS, the filament is a critical
component of the system that directly influences the system’s sensitivity and is theoretically
sensitive to power fluctuations. To manage these, uninterruptible power supplies (UPS) are used
on-site not only to protect against power outages but also to smooth out fluctuations and spikes in
the power supply. This ensures that the voltage delivered to the device remains stable. Even if
assuming these UPS would fail, mass spectrometers are equipped with stabilized power supplies
and precise power sources specifically designed to compensate for fluctuations in the mains voltage
including transformers, rectifiers, capacitors, and voltage regulators.
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In summary, it hasn’t been possible to connect the increased chloromethane and CFC-12 VMRs with
a systematic error in the analytical instrumentation. Potential wall effects of the inlet lines need to
be investigated for the analytes and can’t be fully excluded from this discussion. However, wall
effects would lead to a permanent misestimation of the ratio of analytes rather than an error that
varies over time for a particular connection. Another aspect of the inlet lines that is subject to
fluctuations is the total line flows, which depend on the performance of the respective main pumps.
This parameter was not monitored but due to the setup of the whole inlet system, it is unlikely that
this is the reason for the observed issue. The bypass that connects the main inlet line with the
7200CTS inlet is probably independent of fluctuations in the pump performance, as its flow is
regulated by the preconcentration system. The sampled volume, and also the final sampling flow,
is determined by the pressure change within the evacuated canister inside the 7200CTS. It therefore
is independent of external factors. If desired sampling flow speeds couldn’t be established, the
system would compensate for that automatically by increasing the sampling time, which in turn
doesn’t affect the system’s sensitivity.

A similar justification, i.e., the pressure insensitivity of the 7200CTS, can be used to rule out
variations in ambient air pressure to be the reason for the large detected chloromethane and CFC-
12 VMR increase, at least from an instrumental point of view. Local ambient conditions are in
general crucial factors in gas analytics: ambient temperature can affect the volatility of compounds,
humidity can influence the adsorption and desorption behavior of gases on surfaces, rain or fog can
lead to wet deposition, and sunlight drives photochemical reactions. However, experience shows
that it is unlikely that the fluctuations in natural conditions are responsible for the measurement
inaccuracies of more than 100 % that we observed here. Nevertheless, all these factors need to be
taken into account when evaluating also future data, even though for this work, no connection
between variations of ambient conditions and variations in the data was obvious. Therefore, we
need long-term data sets to obtain more statistics on such potential correlations.

4.5.3 Correction Method

Drifts or slow system changes that lead to systematic errors can never be completely avoided in
long-term measurements. Usually, measures are taken to correct the data for these errors. This can
be achieved, for example, by regular calibrations, by measuring a calibration standard at least once
a day to monitor its changes over time, or by using an internal standard that is measured together
with each individual measurement. Since there hasn’t been a permanent calibration setup
implemented yet because of external circumstances, calibrations could only be carried out on-site,
which is why there has been only one calibration used for the whole measurement period from
mid-December to mid-January. In addition, there was no internal standard available during this
time. There is no possibility to calibrate the system retrospectively. This requires a different
correction method if the available data is nevertheless to be evaluated and discussed. Such a
correction has been developed in the scope of this work and applied to the presented data. The
basic assumption of this correction method is that the CFC-12 measured in ambient air is constant
and that any increase or decrease in the VMR data of this compound must be a systematic error.
Under this assumption, CFC-12 can be used as an internal standard, and all other compounds can
be normalized by this CFC.
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Figure 4-12. Chloromethane mixing ratios of ambient air,
normalized by CFC-12, measured at the ATTO tower at ground
level (“0 m”), 80 m, and 320 m, respectively, between mid-
December 2022 and mid-January 2023. Error bars indicate a
systematic uncertainty of 8.66 % for each data point. All times are
given in UTC.

Figure 4-12 shows the same data as Figure
4-10, only this time after being corrected
with CFC-12 as described above. Compared to
the uncorrected data, chloromethane VMRs
now show less extreme changes. An increase
between 20.12. and 22.12., however, is still
visible, as well as the decrease between 07.01.
and 13.01. Overall, this correction method
seems to be a good start but also not perfect.
If a similar correction is needed in the future,
it might be more precise if not only one CFC,
but many other CFCs or similarly inert
compounds would be included in the
correction, resulting in some kind of mean
value which then could be used as the
correction factor. If used for longer periods or
even permanently, more robust and detailed
method validation needs to be carried out to
make the method “fool-proof”. For example,
it is not certain whether the relative changes
between CFCs and the target analytes such as
chloromethane are constant or whether they
may vary over time due to changes in
detector sensitivity (Stephen Montzka,
NOAA, personal communication).

By design, the applied correction method
changes absolute VMR values but the
qualitative differences between the different
datasets (0 m, 80 m, and 320 m) remain. In this
matter, it is striking that the 80 m VMRs
tended to have slightly higher values than at
0 m for most of the measurement period. 320
m, when measured, showed overall highest
values. Especially during 06.01. and 07.01.,
chloromethane VMRs at 320 m are in a range
between 650 and 900 pptv, while 80 m and
ground level values are about 550 pptv.

This observation of an apparent height
gradient for chloromethane VMRs could be
seen as a first hint of the interplay between
local sources and sinks on one side and long-
range transport on the other. Measurements
at ground level and at 80 m are most strongly
characterized by local influences, i.e.,
potential sources and sinks within the canopy
or the soil. The data from 320 m are
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influenced by a larger footprint region, it therefore is expected to be less sensitive to single or
locally restricted sources and sinks. It also represents the influence of long-range transported air
masses, as well as regional biomass burning which could influence the local VMR (Lobert et al.,

1999; Rudolph et al., 1995).
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Figure 4-13. Isoprene mixing ratios of ambient air, normalized
by CFC-12, measured at the ATTO tower at ground level (“0
m”), 80 m, and 320 m, respectively, between mid-December
2022 and mid-January 2023. Error bars indicate a systematic
uncertainty of 8.66 % for each data point. All times are given
in UTC.

4.5.4 Isoprene Data Validates the
Resolution of Potential Diel
Fluctuations

Chloromethane, with an atmospheric lifetime
of 0.9 years (WMO, 2022), is not classified as a
Very Short-Lived Substance (VSLS). This
extended lifetime makes it more challenging
to pinpoint potential sources and sinks using
only temporal data. For instance, even if
chloromethane emissions were higher during
the day due to light or temperature-
dependent sources, this wouldn't necessarily
result in a clear diel pattern in the dataset.
Unlike other trace gases that may show
significant nighttime decreases as daytime
production ceases and removal processes
take over, chloromethane's persistence in the
atmosphere leads to a more uniform
distribution of emissions throughout the 24-
hour cycle. To confirm this presumption, we
compared the chloromethane dataset with a
compound known to show clear diel cycles,
i.e., isoprene (Yafiez-Serrano et al., 2015).

Figure 4-13 shows overall clear diel patterns
for isoprene, spiking over the day and flat at
night. The absolute values are in a realistic
order of magnitude but must be critically
scrutinized, even though they are based on
calibration because the method is not
optimized for measuring hydrocarbons such
as isoprene. However, isoprene is not part of
the compound class of halogenated VOCs and
therefore will not be discussed in more detail
in this work. This data is only intended for a
qualitative assessment and therefore fulfills
its purpose. It proves that if there were diel
cycles for chloromethane, this system would
be able to resolve them.
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4.6 Analytical Outlook

Over the last pages, the instrumental setup and the method of an Entech 7200CTS preconcentrator
coupled with a GC-MS were described. The first results demonstrated the overall functioning of this
setup, proving that it enables long-term in situ measurements of halogenated VOCs like
chloromethane. As previously mentioned, the described setup is a current version, but it is subject
to ongoing refinement and will continue to evolve in the future. Some of these future
improvements are evident or even necessary and can therefore be suggested in this analytical
outlook.

A first measure for future long-term observations would be to exchange the funnels regularly, i.e.,
every few weeks or months. The funnels are exposed to harsh conditions, being degraded by
sunlight and worn out by thunderstorms. The inlet lines could be improved overall, e.g., by properly
reattaching the tube insulation. The inlet tubing of the tower inlet lines could also be shortened by
several meters between the tower base and the lab container inlet. This hasn’t been done so far
because it hasn’t been clear if the same tubing would be needed for other experiments or analytical
setups. These measures can be seen as optional, as so far, there haven’t been any major issues with
the inlet line like condensation, rainwater intake, or insect infestation.

One necessary future task would be to measure potential line loss and confirm the residue time of
the target analytes within the inlet system. Both can be achieved by attaching the CalGas or any
other gas mixture with a known concentration of the target analytes to the inlets while measuring.
A study on losses of different atmospheric trace gases using a tall tower PFA inlet line showed no
significant losses for most compounds (Li et al., 2023).

Also, as elaborated in Chapter 4.3.5, a permanent calibration setup needs to be implemented to
enable remote calibration, as well as the possibility of measuring the CalGas in between the ambient
measurements to obtain a day-factor correction. Hereby, the nitrogen MFC should be kept constant
while the CalGas MFC would be adjusted for every dilution step to achieve more precise results.

Finally, the change from full-scan method in TIC mode to target analysis in SIM mode should be
performed to improve the sensitivity and, in turn, the LODs of the setup and to detect compounds
with lower VMRs like chloroform or even brominated compounds.

4.7 Scientific Outlook

The headline of this chapter underscores the essential next step for this project: long-term
measurements. This approach is both straightforward and critical. The questions this analytical
setup was designed to address can only be answered through sustained, long-term data collection.
Such data is essential for reliably capturing diel patterns and understanding how local conditions
affect the emission or uptake of halogenated VOCs. Furthermore, accurate assumptions about
seasonal variations in the VMRs of these compounds can only be made by analyzing extended
datasets. Finally, predicting the net fluxes of the Amazon rainforest in response to ecosystem
changes will require robust, long-term data.

One detail that should be considered regarding the tower measurements is the balance between
temporal resolution and the resolution of potential height gradients. The first data shows that it
might be worth it to include the 150 m inlet line into the ATTO profile measurements, generating
data from four different heights, even if this is at the expense of the temporal resolution. This
approach applies at least to compounds like chloromethane. For more reactive compounds like
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chloroform or bromoform, the opposite might be better: pushing the temporal resolution at the
expense of the height profile.

However, this analytical setup can be used for even more versatile approaches than the tower
profile measurements. It can also be attached to a soil chamber measurement system, that
measures VOCs emitted or taken up by soil. A more campaign-based approach would be to use the
instrumental setup to measure halogenated VOC emission from single sources like plants, either in
situ or incubated. Also, insect nests such as from termites are interesting in this regard and could
be examined for emissions of halogenated VOCs.

Both long-term and campaign-based measurements of single sources are complementary
approaches for the same goal: a better understanding of the processes that affect halogenated VOCs
in the Amazon rainforest.
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Halogenated Volatile Organic Compounds (XVOCs) are of global relevance. This dissertation has
investigated XVOCs in the Amazon rainforest from multiple angles, contributing to a deeper
understanding of their sources, sinks, and atmospheric behavior. By integrating various analytical
methods and perspectives, this research highlights the complexity and importance of XVOCs in
atmospheric chemistry, particularly in the context of climate change and stratospheric ozone
depletion.

Isotope ratio mass spectrometry unraveled the first triple-element isotopic fingerprint (?H, 13C, 3’Cl)
of chloromethane plant emissions and degradations. Even though the investigated plants (royal
fern Osmunda regalis and club moss Selaginella kraussiana) do not have their habitat in the tropics,
their isotopic data offer valuable insights into the formation and degradation pathways of
chloromethane, as the underlying processes are hypothesized to occur in the Amazon rainforest as
well. The findings suggest the potential to use isotope-based models to differentiate between
individual sources and sinks of chloromethane which represents a significant step toward resolving
the uncertainties in the global chloromethane budget which remains unbalanced despite extensive
research. The discovery of a previously unrecognized degradation mechanism further expands the
scientific understanding of chloromethane’s atmospheric fate. In the future, more experiments of
this kind should be carried out to determine isotopic fingerprints of chloromethane formed and
degraded by (hyperdominant) plant species of the Amazon rainforest.

The second study, focusing on the halogenated very short-lived substances (VSLSs) chloroform and
bromoform, provided key insights into the local emissions and atmospheric behavior of these
compounds in the Amazon rainforest. Seasonal and diel patterns of chloroform emissions were
detected, with evidence suggesting ground-level sources, including soil, as the primary emitters.
However, there are indications that soil is not the only compartment involved in local emission
processes. In contrast, bromoform levels were influenced more by long-range transport from
marine regions, with only occasional local source indications. The observed seasonal variations,
especially during an El Nifio Southern Oscillation (ENSO) event, emphasize the need for further
studies to understand how such climatic phenomena and global climate change as a whole may
affect local and regional VSLS emissions in the future. These studies should include a longer time
series of data with better temporal and spatial resolution, both for canopy and soil measurements.

Finally, the implementation and validation of a cryogen-free preconcentration system coupled with
a GC-MS at the Amazon Tall Tower Observatory (ATTO) marks a significant advancement in the
ability to conduct long-term in situ measurements of XVOCs in the tropical rainforest. This setup,
which allows for the continuous monitoring of XVOCs at different heights below and well above the
canopy at the ATTO tall tower, complements other methods like adsorbent tube sampling in
investigating local source and sink dynamics, as well as diel and seasonal trends. Even though
within this doctoral project no long-term data series could be obtained due to unforeseen reasons,
the first results presented in this work indicate that such data generated by this system will be
crucial for better estimations of XVOC net fluxes from the Amazon rainforest and for understanding
how these fluxes may evolve in response to ongoing ecosystem changes and climate variability. The
system can also be used to measure suspected single sources or sinks in the form of plant incubation
measurements or by being attached to soil chambers.

Overall, this dissertation provided new insights into formation and degradation processes that can
mark one step towards improving our understanding of the global chloromethane budget.
Measurements of chloroform and bromoform at the ATTO site indicated local sources, in particular
for chloroform. These local sources seem to be seasonally dependent, raising questions on how they
will evolve in times of global climate change with more frequently occurring ENSO anomalies that
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impact the Amazon basin ecosystem. This work laid the foundation to answer this and many other
questions in terms of the strength and variability of XVOC sources and sinks by implementing long-
term on-line in situ measurements of XVOCs, from CFCs to VSLSs, in the remote Amazon rainforest.
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S.1 Back-Trajectories
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Figure 5-1: 14-day back-trajectories during the sampling period Figure 0-2: 14-day back-trajectories during the sampling period
in January 2023 with ATTO coordinates as starting point at 23 m  in January 2023 with ATTO coordinates as starting point at 80 m

height above ground. Data based on HYSPLIT model (Draxler, height above ground. Data based on HYSPLIT model (Draxler,
1999; Draxler and Hess, 1997, 1998; Stein et al., 2015). 1999; Draxler and Hess, 1997, 1998; Stein et al., 2015).
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Figure 0-3: 14-day back-trajectories during the sampling period
in January 2023 with ATTO coordinates as starting point at 320
m height above ground. Data based on HYSPLIT model (Draxler,
1999; Draxler and Hess, 1997, 1998; Stein et al., 2015).
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Figure 0-4: 14-day back-trajectories during the sampling period ~Figure 0-5: 14-day back-trajectories during the sampling period
in October 2023 with ATTO coordinates as starting point at 23 m  in October 2023 with ATTO coordinates as starting point at 80 m
height above ground. Data based on HYSPLIT model (Draxler, height above ground. Data based on HYSPLIT model (Draxler,
1999; Draxler and Hess, 1997, 1998; Stein et al., 2015). 1999; Draxler and Hess, 1997, 1998; Stein et al., 2015).
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Figure 0-6: 14-day back-trajectories during the sampling period in
October 2023 with ATTO coordinates as starting point at 320 m
height above ground. Data based on HYSPLIT model (Draxler, 1999;
Draxler and Hess, 1997, 1998; Stein et al., 2015).
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Figure 0-7: 14-day back-trajectories during the sampling period Figure 0-8: 14-day back-trajectories during the sampling period
in April/May 2024 with ATTO coordinates as starting point at 23 in April/May 2024 with ATTO coordinates as starting point at 80
m height above ground. Data based on HYSPLIT model (Draxler, m height above ground. Data based on HYSPLIT model (Draxler,
1999; Draxler and Hess, 1997, 1998; Stein et al., 2015). 1999; Draxler and Hess, 1997, 1998; Stein et al., 2015).
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Figure 0-9: 14-day back-trajectories during the sampling period
in April/May 2024 with ATTO coordinates as starting point at 320
m height above ground. Data based on HYSPLIT model (Draxler,
1999; Draxler and Hess, 1997, 1998; Stein et al., 2015).
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S.2 Incubation Experiments with S. kraussiana and 0. regalis

Figure 0-10 to Figure 0-13 show the development of CH;Cl mixing ratios during the incubation
experiments. As all incubation parameters (incubation vessels, amount of plant material, initial
CH;Cl mixing ratio, temperature) remained unchanged, the different emission and degradation
rates may reflect a range of natural variability. The ranges of emission and degradation rates given
in chapters 2.5.1.1 and 2.5.1.2, respectively, are determined by calculating the rate of the most and
least productive incubation vessels of each experiment.
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Figure 0-10. Development of the mixing ratios over time during the first set of degradation experiments with S. kraussiana. Each
color represents one of the 9 different incubation vessels. The last point of each data series indicates the sampling point for stable
hydrogen and stable carbon isotope analysis as described in section 2.4.3.
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Figure 0-11. Development of the mixing ratios over time during the second set of degradation experiments with S. kraussiana. Each
color represents one of the 9 different incubation vessels. The last point of each data series indicates the sampling point for stable
chlorine isotope analysis as described in 2.4.3.
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Figure 0-12. Emission experiment with O. regalis carried out in September (2019). Each color represents one of 8 different incubation
vessels. Last point of each data series represents extraction of gas samples for stable hydrogen isotope and stable carbon isotope
analysis as described in 2.4.3.
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Figure 0-13. Emission experiment with O. regalis carried out in July (2019). Each color represents one of 7 different incubation vessels.
Last point of each data series represents extraction of headspace samples for stable chlorine isotope analysis as described in 2.4.3.
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Figure 0-14. Development of remaining fractions shown as natural logarithms during three degradation experiments with S.
kraussiana. An overall linear trend is visible for all shown degradation experiments, indicating (pseudo-)first-order kinetics (van
Breukelen et al. 2007). The slope of the regression is equivalent to the rate constant expressed in h™!
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S.3 Stable Isotope Blank and Control Experiments

Stable chlorine isotope control measurements with reaction vessels only containing CH;Cl and no
plant material revealed that the CH;Cl concentration did not change measurably over 25 hours
remaining at a level of 9.5 + 0.5 ppmv. For stable carbon isotopes a change of 0.47 * 1.23 %o (n=3)
was measured. The average value of this shift was within analytical uncertainty and hence stable
carbon isotopic data was not corrected for this small change. For stable chlorine isotopes blank
tests caused a slightly larger shift of §*’Cl of 0.60 + 0.07 %0 (n=3) indicating a slight enrichment over
25 hours. Since this change is beyond the typical uncertainty of +0.2 %o, for &%Cl-CH;Cl
measurements a linear correction was applied to all chlorine isotopic data. For stable hydrogen
isotopes controls were not measured because stable carbon isotopes provide a more precise
measure for such mass dependent isotope effects. This can be rationalized with the same mass
difference between the heavy and light isotopologue of CH,Cl which is 1 amu (50 for CH;Cl and 51
for CDH,CI and **CH;Cl respectively). Isotopic fractionation due to physical processes affect the
entire molecule and it is irrelevant if the mass difference is caused by hydrogen or carbon.
Therefore, carbon provides the more precise measurement of any potential mass dependent
isotope effect because the analytical method is more precise (0.5 %o uncertainty instead of 5 %o for
H).

In addition to blank experiments, we conducted control experiments to investigate whether any
abiotic processes might change the concentration throughout our experiments. This test was
carried out with dried and autoclaved plant material. We added CH;,Cl (~12 ppmv in 20 ml vials, 4
replicates) to 0.2-0.25 g dried biomass of Selaginella kraussiana (the same material that was used for
previous experiments with living plants). Over an incubation period of 24 h a slight decrease of ~1.2
ppmv was detected in the incubation vessels. We observed a similar concentration decrease in a
blank experiment without plant material to which the same amount of CH;Cl was added. Thus, we
assume that the slight decrease in concentration is due to the same loss processes and not related
to the interaction with dead biomass. Furthermore, we measured the 8°Hcusci values during these
experiments and did not observe any significant change for both dried biomass and control
samples. This strongly indicates that no chemical reaction with CHiCl occurred during these
additional experiments.
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Figure 3-3. Violin plots of bromoform volume mixing ratios (VMR) from dry-to-wet transition
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and mid-January 2023. Error bars indicate a systematic uncertainty of 8.66 % for each data point.
AlL times are GIVEN i UTC. ...cuecceurreireeunreinieusisisssssssissssssstsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 84

Figure 4-13. Isoprene mixing ratios of ambient air, normalized by CFC-12, measured at the ATTO
tower at ground level (“0 m”), 80 m, and 320 m, respectively, between mid-December 2022 and mid-
January 2023. Error bars indicate a systematic uncertainty of 8.66 % for each data point. All times
Are ZIVEI (11 UTCeiiiiiiiiiiiiinciciststsestct sttt st sas st st st st st st s s ss st st s s s s as st stsssssssusasssassssss 85

Figure 0-1: 14-day back-trajectories during the sampling period in January 2023 with ATTO coordinates as
starting point at 23 m height above ground. Data based on HYSPLIT model (Draxler, 1999; Draxler and Hess,
1997, 1998; StEiN €t AL, 2015)...cucvevererrrerererisreseserssesesessssesesessssssesssssssesessssssesssssssesesssssesessssssesssassssesesssssessas 93

Figure 0-2: 14-day back-trajectories during the sampling period in January 2023 with ATTO
coordinates as starting point at 80 m height above ground. Data based on HYSPLIT model (Draxler,
1999; Draxler and Hess, 1997, 1998; Stein et al., 2015). cueveeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeessseessesessssneases 93

Figure 0-3: 14-day back-trajectories during the sampling period in January 2023 with ATTO
coordinates as starting point at 320 m height above ground. Data based on HYSPLIT model (Draxler,
1999; Draxler and Hess, 1997, 1998; Stein et al., 2015). cueoeeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseseessesessssneesns 93

Figure 0-4: 14-day back-trajectories during the sampling period in October 2023 with ATTO
coordinates as starting point at 23 m height above ground. Data based on HYSPLIT model (Draxler,
1999; Draxler and Hess, 1997, 1998; Stein et al., 2015). cueveeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseseessesesssseesses 94

Figure 0-5: 14-day back-trajectories during the sampling period in October 2023 with ATTO
coordinates as starting point at 80 m height above ground. Data based on HYSPLIT model (Draxler,
1999; Draxler and Hess, 1997, 1998; Stein et al., 2015). cueoeeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseseesseanesssnessns 94

Figure 0-6: 14-day back-trajectories during the sampling period in October 2023 with ATTO
coordinates as starting point at 320 m height above ground. Data based on HYSPLIT model (Draxler,
1999; Draxler and Hess, 1997, 1998; Stein et al., 2015). c.cvevvrverireerieerrresisriseeresessssessssesessssssssssssossssosenes 94

Figure 0-7: 14-day back-trajectories during the sampling period in April/May 2024 with ATTO
coordinates as starting point at 23 m height above ground. Data based on HYSPLIT model (Draxler,
1999; Draxler and Hess, 1997, 1998; Stein et al., 2015). c.ccevvererireerreerrresissiseeresessssessssessssssssssssssssssosenes 95

Figure 0-8: 14-day back-trajectories during the sampling period in April/May 2024 with ATTO
coordinates as starting point at 80 m height above ground. Data based on HYSPLIT model (Draxler,
1999; Draxler and Hess, 1997, 1998; Stein et al., 2015). c.cveverrerireerieerreesisseseersesssessssesessssssssssssosessosenes 95

Figure 0-9: 14-day back-trajectories during the sampling period in April/May 2024 with ATTO
coordinates as starting point at 320 m height above ground. Data based on HYSPLIT model (Draxler,
1999; Draxler and Hess, 1997, 1998; Stein et al., 2015). c.ccceveveerireerreersreseerisierisestssessssesesssssssssessossssoseses 95

Figure 0-10. Development of the mixing ratios over time during the first set of degradation
experiments with S. kraussiana. Each color represents one of the 9 different incubation vessels. The
last point of each data series indicates the sampling point for stable hydrogen and stable carbon
isotope analysis as described in SECLION 2.4.3......ccueueeeeurerereeerireeeeeeeee et 96

Figure 0-11. Development of the mixing ratios over time during the second set of degradation
experiments with S. kraussiana. Each color represents one of the 9 different incubation vessels. The
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Figure 0-12. Emission experiment with O. regalis carried out in September (2019). Each color
represents one of 8 different incubation vessels. Last point of each data series represents extraction
of gas samples for stable hydrogen isotope and stable carbon isotope analysis as described in 2.4.3.

Figure 0-13. Emission experiment with O. regalis carried out in July (2019). Each color represents
one of 7 different incubation vessels. Last point of each data series represents extraction of
headspace samples for stable chlorine isotope analysis as described in 2.4.3.......cccocevevvvvrerrererrennn. 98

Figure 0-14. Development of remaining fractions shown as natural logarithms during three
degradation experiments with S. kraussiana. An overall linear trend is visible for all shown
degradation experiments, indicating (pseudo-)first-order kinetics (van Breukelen et al. 2007). The

slope of the regression is equivalent to the rate constant expressed in h™.........ccccoeevvrveererrererrennn. 98
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Abbreviations and Acronyms

AGAGE
ATTO
AVOCs
BP
BVOCs
CFCs
DMS
ENSO
FCKW
GC-MC-ICPMS
GC-MS
GC-ToF-MS
GWP
HCFCs
HFCs
IAEA
IPCC
IRMS
ITCZ

LN

LOD
LOQ
MBL
MCCTS
MFC
MPIC
MSD
NMVOCs
NOAA

ODSs

Advanced Global Atmospheric Gases Experiment
Amazon Tall Tower Observatory

Anthropogenic volatile organic compounds
Boiling point

Biogenic volatile organic compounds
Chlorofluorocarbons

Dimethyl sulfide

El Nifio-Southern Oscillation
Fluorchlorkohlenwasserstoffe

Multiple-collector inductively coupled plasma mass spectrometry
Gas chromatography-mass spectrometer

Gas chromatography-time of flight-mass spectrometer
Global warming potential
Hydrochlorofluorocarbons

Hydrofluorocarbons

International Atomic Energy Agency
Intergovernmental Panel on Climate Change
Isotope ratio-mass spectrometer

Inter-Tropical Convergence Zone

Liquid nitrogen

Limit of detection

Limit of quantification

Marine boundary layer

Multi-capillary column trapping system

Mass flow controller

Max Planck Institute for Chemistry

Mass Selective Detector

non-methane volatile organic compounds
National Oceanic and Atmospheric Administration

Ozone-depleting substances
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ONI
OVOCs
PAR
PE
PFA

PGI

ppbv
ppmv

pptv
PTFE

RH

ROS
SAM
SGI

SIM
SMOC
SVOCs
TC/EA-IRMS
TIC
TVOCs
UPS

uv
VMR
VOCs
VPDB
VSLSs
VSMOW
VVOCs
WHO
WMO

XVOCs

Oceanic Nifio Index

Oxygenated volatile organic compounds
Photosynthetically active radiation
Polyethylene

Perfluoroalkoxy alkanes

Product gas injection
Parts-per-billion (volume fraction)
Parts-per-million (volume fraction)
Parts-per-trillion (volume fraction)
Polytetrafluoroethylene

Relative humidity

Reactive oxygen species

S-adenosyl methionine

Source gas injection

Selected ion monitoring

Standard Mean Ocean Chloride

Semi-volatile organic compounds

Thermal combustion/elemental analyzer-isotopic ratio mass spectrometry

Total ion current

total volatile organic compounds
Uninterruptible Power Supply
Ultraviolet

Volume mixing ratio

Volatile organic compounds

Vienna Pee Dee Belemnite
Halogenated very short-lived substances
Vienna Standard Mean Ocean Water
Very volatile organic compounds
World Health Organization

World Meteorological Organization

Halogenated volatile organic compounds
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