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ABSTRACT

The Amazon rainforest is a very relevant ecosystem in terms of its biodiversity and
its contribution to the global carbon balance. Despite a large number of studies in
the Amazon estimating biomass and fluxes from west to east, in different seasons
and ecosystems, there is still a lack of information regarding the time scales of car-
bon cycling. To fill this gap, I coupled two powerful tools: radiocarbon (1*C) mea-
surements and the theory of compartmental dynamical systems. On the one hand,
the *C can be used as a tracer of the carbon cycle to determine how fast carbon
moves between different reservoirs such as plants, soils, rivers or oceans. On the
other hand, the theory of compartmental dynamical systems is useful to describe
the transport of matter and it facilitates the estimation of ecosystem metrics such as

ages and transit times.

Most studies using 4C to estimate time metrics emphasize the mean value (as A'*C)
of an unknown probability distribution. Here a novel algorithm to compute A4C
distributions from knowledge of the age distribution of carbon in linear compart-
mental systems at steady-state was introduced. The results demonstrated that the
shape of the distributions might differ according to the speed of cycling of ecosystem
compartments and their connectivity within the system, and might contain multiple
peaks and long tails. The theoretical distributions of radiocarbon are also sensitive
to the variations of A'*C in the atmosphere over time, as influenced by the counter-
acting anthropogenic effects of fossil-fuel emissions (1*C-free) and nuclear weapons
testing (excess 14C).

Since 2015, the Amazon Tall Tower Observatory (ATTO) is in operation in the central
Amazon, ca. 150 km north from the city of Manaus. The scientific infra-structure of
the ATTO project provides an excellent opportunity to better study the topic of time
scales of the carbon cycling in the Amazon forest. AC of different compartments
sampled in ATTO site showed variabilities corresponding to the speed of carbon
cycling in the compartments. The A*C of the ecosystem respiration (A*Cgr) was
estimated based on mixing models applied to the A'*C-CO, of ambient air collected
below and above the canopy. From the ACgg it was estimated a mean transit time
of 7 to 9 years. To perform analyses of AC in atmospheric CO,, I built a dedicated
purification line at LAC-UFFE. Such equipment contributed to the expansion of type
of samples that can be prepared independently at LAC-UFFE.



RESUMO

A floresta Amazonica é um ecossistema muito relevante em termos de biodiversi-
dade e quanto ao seu papel no balango total de carbono. Apesar do grande ntiimero
de estudos na Amazonia estimando biomassa e fluxos de oeste a leste, em diferentes
estacdes do ano e em diferentes ecossistemas, ainda ha pouca informagao sobre as
escalas de tempo envolvidas. Para preencher essa lacuna, eu combinei duas ferra-
mentas poderosas: medidas de radiocarbono (}4C) e a teoria de sistemas dinamicos
compartimentais. Por um lado, *C pode ser usado como um tracador do ciclo do
carbono para determinar a velocidade com a qual o carbono se move em diferentes
compartimentos, como plantas, solos, rios ou oceanos. Por outro lado, a teoria de
sistemas dindmicos compartimentais é tutil na descricdo do transporte de matéria,
além de facilitar a estimativa de métricas em ecossistemas, como idades e tempos

de transito do carbono.

A maioria dos estudos usando '*C para estimativa de métricas temporais tem foco
nos valores médios (na forma de A'*C) de uma distribuigio de probabilidade de-
sconhecida. Nesse trabalho foi desenvolvido um algoritmo inédito para computar
distribuicdes de AC a partir de distribuicdes conhecidas de idade de carbono em
sistemas compartimentais lineares em equilibrio dinamico. Os resultados obtidos
demonstraram que o formato e dispersdo das distribuigdes de radiocarbono pode
mudar de acordo com a taxa com a qual o carbono é transferido entre os comparti-
mentos e com a maneira com a qual esses compartimentos sdo interligados. Em cer-
tos casos, as distribuigdes podem apresentar diversos picos e caudas longas. As dis-
tribui¢des de radiocarbono obtidas teoricamente também se apresentaram sensiveis
a variagdes de A*C na atmosfera ao longo do tempo. Essas variagdes sdo influ-
enciadas principalmente por efeitos antropogénicos como as emissdes relacionadas
a queima de combustivel féssil (sem *C) e os testes de armas nucleares (1*C em

€xcesso).

Desde 2015, o Observatoério da Torre Alta da Amazonia (ATTO) estd em operacdo
na Amazodnia central, a cerca de 150 km ao norte da cidade de Manaus. A infra-
estrutura cientifica do projeto ATTO oferece uma excelente oportunidade para mel-
hor entendimento do tépico das escalas de tempo do carbono sendo reciclado na
floresta Amazonica. A'*C em diferentes compartimentos amostrados no sitio ATTO
mostraram variabilidades que correspondem a velocidade com a qual o carbono é
reciclado nos compartimentos. J4 o AC da respiracdo total do ecossistema (A"CgE)
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foi estimado com base em modelos de mistura aplicados A*C-CO, do ar ambiente
coletado abaixo e acima do dossel. A partir do A¥Cgp foi-se estimado um tempo
médio de transito do carbono entre 7 e 9 anos. Para realizar analises de A'*C em
CO; atmosférico, eu construi uma linha de purificagio no LAC-UFF. Tal equipa-
mento contribuiu para a implementa¢do de mais um tipo de material que pode ser
preparado de forma independente no LAC-UFE.

palavras-chave: radiocarbono, modelos compartimentais, ciclo do carbono, ATTO,

tempo de transito
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Chapter 1

Introduction

Since the discovery of the natural greenhouse effect over 100 years ago, debate on
the anthropogenic influence on the climate has been on the table. It was suggested
by Ahrrenius at the end of 19" century that burning of fossil fuels could increase
Earth’s temperature through an enhanced greenhouse effect. It took about a cen-
tury to better understand the mechanisms underlying climate and find a general
agreement on the role of humankind on global climate change. During this journey,
a miryad of studies from a variety of fields have been published and discussed in
scientific meetings. In Physics, "groundbreaking contributions to our understanding of
complex physical systems” have awarded three climate scientists on the Nobel Prize
in Physics 2021. One of the Laureates, Klaus Hasselmann, demonstrated that Earth
System Models (ESMs) are a reliable approach to predict the evolution of climate
under anthropogenic and natural radiative forcing. The greater consensus among
the scientific community in the past 30 years has also helped to move the political
and media debate into taking actions to mitigate global warming. The Intergov-
ernmental Panel on Climate Change (IPCC) aids this initiative through reporting
reliable data and up-to-date scientific findings revised by a body of hundreds of sci-
entists from diverse fields. The reports of the IPCC also communicate the sources of
uncertainties in ESMs.

There are several greenhouse gases in the atmosphere, namely carbon dioxide
(COy), methane (CHy), water vapour, nitrous oxide (N2O), sulphur hexafluoride
(SFg), among others. Among the carbon (C) greenhouse gases, CO; is the most
prominent as its emissions has been the main driver of global warming since the
Industrial Revolution. Despite CHy has a higher heat-trapping capacity, it is far less
abundant in the atmosphere. Natural mechanisms can reduce the CO, concentra-

tions in the atmosphere by storing it in C reservoirs. Terrestrial ecosystems play
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a major role in climate change mitigation by sequestering about 25 % of anthro-
pogenic CO; through photosynthesis, where plants convert inorganic CO; from the
atmosphere into organic C used for their metabolism and growth (Luo et al., 2017;
Lu et al.,, 2018; Friedlingstein et al., 2019). However, the net C sink in terrestrial
ecosystems is subjected to human-induced imbalances in the C cycle (Keeling and
Graven, 2021). Moreover, the ability of ESMs to accurately project future climate
is limited by uncertainties in the major fluxes between biosphere and atmosphere,
ultimately affecting the predictions on the role of terrestrial ecosystems to work as a
sink or source of C in future climatic scenarios.

Undisturbed tropical forests, in particular, might have strong C uptake rates
(Stephens et al., 2007). Additionally, it has been estimated that tropical forests store
around 46 % of the C in terrestrial ecosystems worldwide (Soepadmo, 1993), even
though they account only for ca. 13 % of the ice-free land on the Earth’s surface
(Saugier et al., 2001). Especially tropical rainforests are relevant for regulating the
heat and moisture being transported in the tropics, holding substantial biodiversity
and storing C in a variety of ecosystems (Fu et al., 2018). The largest rainforest in
the world is the Amazon rainforest, located in the Amazon Basin which is drained
by the Amazon river, the largest river in the world in volume discharge, and its
tributaries. This biome spans eight countries in South America, including Brazil,
Bolivia, Peru, Ecuador, Colombia, Venezuela, Guyana, and Suriname, in addition to
French Guiana (an overseas territory of France). The Amazon rainforest also con-
tains a variety of ecosystem types such as terra-firme, vdrzea, igapd, campina, savanna,
and campinarana (Villa Zegarra, 2017). All these ecosystems play particular roles in
the C cycle within the Amazon rainforest, and in terms of extension, terra-firme is
the dominant ecosystem.

Taking into account the importance of the Amazon rainforest for climate, includ-
ing potential global warming mitigation, it is crucial to (i) better understand the car-
bon cycle in this biome and (ii) estimate quantities that might help to characterise
its land C sequestration.

Soepadmo (1993) enumerated basic ecological data, whose accurate and up-to-
date quantification are fundamental requirements for establishing whether tropical

rainforests are net sources or sinks of C:

1. actual extent, structural and floristic variation and the developmental stages

of the forest;
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2. capacity of the different forest types of store/release organic matter/carbon;
3. rate of primary production; and
4. rate of deforestation.

The second point on Soepadmo (1993) recommendations can be tackled by the
estimation of the mean transit time of C in the ecosystem (Lu et al., 2018), one of the
objectives addressed in this doctoral thesis.

Despite the high complexity of Amazon forests, several studies have been per-
formed in the whole Amazon Basin, helping to tackle with the requirements pointed
by Soepadmo (1993). Previous studies in Amazon forests have shown a tremendous
degree of spatial and temporal variability. It has been shown that not only the above-
and belowground biomass, but also the mean residence time of woody biomass can
largely vary from eastern to western Amazon (Malhi et al., 2009). Studies measuring
net biomass changes and net CO; flux exchange have shown large variability from
wet to dry years, and as well as a consequence of forest disturbances such as winds.
Nevertheless, these previous studies have seldom focussed on the ecosystem scale,
directing attention instead to specific components such as roots (e.g. Telles et al.
(2003) and Trumbore et al. (2006)), wood (e.g. Vieira et al. (2005)), and soils (e.g.
Trumbore et al. (1995) and De Camargo et al. (1999)).

Another relevant aspect concerning the carbon cycle of this biome is the time
scales of carbon cycling and storage, which has been less explored in previous re-
search. Nevertheless, some important studies have been able to determine the time
that carbon stays in an ecosystem and in different pools. For instance, Trumbore
and De Camargo (2009) have shown that carbon can stay for less than a year in
leaves and labile compartments, while it can stay for decades and centuries in wood
and soil organic matter. They estimated the mean age of the ecosystem respired
CO; and built a simple scheme synthesizing data from different studies (Figure 1.1),
where the fluxes are based on Chambers et al. (2004); mean age of decomposing
wood based on Vieira et al. (2005) and wood decomposition rates of Chambers et
al. (2001a); age of C derived from dead root decomposition from Trumbore et al.
(2006); mean age of litter respired CO, from Brando et al. (2008) and, by the time of
publication (2009), unpublished data from Trumbore and De Camargo (2009).
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Total ecosystem respiration = 30
(-Tyn

Total autotrophic respiration = 23.7
(0.01 - 1 yr)

Total heterotrophic respiration = 6.3
(15-29 yr)

Litter = 3.3 (2 -3 yr)
Wood = 2.0 (40 — 80 yr*)
Root/SOM = 1.0 (8 — 18 yr)

Root and soil organic
matter decomposition

Root respiration

FIGURE 1.1: Calculation of mean age of ecosystem respired CO; as an

average of the respired CO, from different ecosystem compartments

in Amazon. Fluxes are given in Mg Cha~! yr ! (1 MgCha ! yr ! =

0.264 ymol m~—2 s~1). Figure adapted from Figure 3 in Trumbore and
De Camargo (2009).

Hence if one wants to get a better insight into the biogeochemical processes that
govern the carbon cycle and intend to have any degree of predicability regarding
the response of those ecosystems to climate change, it becomes fundamental to de-
termine accurately the time metrics involved in carbon cycling. Given that Amazon
forests are highly heterogeneous in terms of biomass and fluxes, it is less clear than
in other forests how variable are they in terms of their time scales of carbon cycling.

The carbon cycle, a quite dynamical process, can be described by linear ordinary
differential equations (ODEs); however, it is more realistically modelled through
nonlinear ODEs. In the latter case, the results cannot be easily obtained analyti-
cally, though, numerically. Moreover, a better description of ecological models is
based on non-autonomous (i.e. time-dependent) ODEs (Metzler et al., 2018). In-
deed, when studying terrestrial carbon dynamics responding to climate changes,
we can find examples of terrestrial carbon models with time-dependent functions
instead of constant model parameters (Rasmussen et al., 2016). Nevertheless, most
of the uncertainties with respect to the predicability of ESMs related to C storage
and the capacity of ecological systems to function as a sink or source of C are associ-
ated with the uncertainty in estimating C outputs and cycling rates or the processes
that control them (Sierra et al., 2017), even in the autonomous case. In this sense,
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calculating metrics, most of them related to the time that the C spends in a compart-
mental system, thus, called system diagnostic times, can be decisive in determining
the performance of a model (Randerson et al., 2002).

The main system diagnostic times that can contribute to our understanding of
the C cycle are age and transit time. In the literature, there are some slightly different
definitions for those quantities. Sometimes this lack of a consensual definition can
generate problems for the estimations of these time scales and their interpretations
(Sierra et al., 2017). Here, I will use age as the time elapsed since a C species entered
the system until the time of observation in a specific compartment, whereas transit
time is defined here as the time between the C species entered the system until it
leaves. Equivalently, the transit time can be defined as the age of the C species when
it leaves the system boundaries (Sierra et al., 2017). For tropical forests, we can
thus think about age as the time that has passed since the C entered the ecosystem
through photosynthesis and our measurement inside a compartment, and the transit
time as the time since the C entered the system through photosynthesis until it is
observed in the efflux (e.g. as respired COy).

Besides the importance of knowing the C transit times to understand and inte-
grate the rate of different ecosystem processes (Trumbore, 2006), the transit time dis-
tribution can also be used as an important diagnostic metric for vegetation models
(Ceballos-Nufiez et al., 2018). However, to correctly quantify ages and transit times
in dynamical ecosystems, it is crucial to correctly design the corresponding dynam-
ical model, since these quantities are not directly measured in the field, but theoret-
ically calculated in a mathematical framework. There have been recent advances in
the theoretical framework for the quantification of time scales using the theory of
compartmental dynamical systems (Rasmussen et al., 2016; Luo et al., 2017; Metzler
et al., 2018).

The C transit time depends on information on the C age structure of all the differ-
ent compartments and their contribution to total respired CO,, which are challeng-
ing quantities to measure in the field (Lu et al., 2018). Radiocarbon (14C) analysis is
a powerful tool to approximate the age structure of ecosystem compartments and
respired CO; (Trumbore and De Camargo, 2009; Sierra et al., 2017; Lu et al., 2018),
and therefore can provide the required data for the estimation of ecosystem-level
transit times.

Radiocarbon is a radioactive isotope of C with a half-life of 5,700 + 30 years
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(Kutschera, 2013). It can be produced either naturally from the interaction of cos-
mic rays with the upper atmosphere of Earth - known therefore as cosmogenic - or
artificially, e.g. in nuclear power plants or through nuclear weapon tests.

Radiocarbon in closed systems is being explored since the 1950s, when W. Libby
developed the radiocarbon dating method (Libby, 1952; Libby, 1960). For such ap-
plications the cosmogenic origin of *C is considered. In closed systems, due to the
absence of a flux within the environment, there is no mixing of C of different ages
and therefore radioactive decay can be used to date artifacts. However, in open sys-
tems C of different ages mixes and therefore there is a mix of matter with different
l4c signatures. In addition, in contexts where the C sample is modern, we should
take into account the human-made C contribution, especially from the nuclear
bomb tests, being called bomb '*C. In this case it is possible to obtain information
on the exchange of C occurring in time scales of years to decades, which is not pos-
sible with cosmogenic C.

The so-called bomb spike is represented by an empirical curve built with data
of the 14C content in the atmospheric CO,, which includes measurements during
the nuclear weapons tests occurring in the atmosphere (1955 - 1963) (Hua et al.,
2013; Hua et al., 2021). As thermonuclear bombs release a large amount of ener-
getic neutrons, the same reaction responsible for the production of *C in the upper
atmosphere, i.e. the nuclear reaction of a thermal neutron with a 4N atom, takes
place. Therefore, the curve shows the excess of *C released into the atmosphere,
achieving its maximum — almost the double of the natural level (Nydal, 1968; Levin
et al., 1985) —around 1963 CE, when the Partial Test Ban Treaty was signed.

An important remark is that diagnostic times such as ages in multiple-pool sys-
tems are not simply the conventional radiocarbon age, which relies on some as-
sumptions such as the system being closed and represented by one single homoge-
neous pool of well mixed C. These assumptions are clearly not met in the case of
terrestrial ecosystems. Thus #C content in terrestrial ecosystem’s compartments is
reported not as radiocarbon age but as A*C. A™*C includes the *C/C of the sample
normalised to §13C (stable C isotope ratio of sample with respect to reference mate-
rial) by oxalic acid standard (OxII). Additionally, A™C is corrected for radioactive
decay since 1950 using the updated *C decay constant A = 8,217 yr~1 (Stuiver and
Polach, 1977).

Although it is possible to use the A*C values to constrain models, there is still a

gap in how exactly such quantity distributes inside the compartments, mainly due
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to the lack of theory and methods to compute radiocarbon distributions for open
systems. This is addressed as one of the objectives of this thesis.

To model systems that are cycling material over time due to dynamical processes,
we can take advantage of the theory of dynamical compartmental systems. Basi-
cally, one should parametrize a system as a set of compartments, where each com-
partment consists of some material amount kinetically homogeneous (Jacquez and
Simon, 1993; Metzler and Sierra, 2018). For the compartmental system it is possi-
ble to define contents (e.g. C) and fluxes from and to other compartments as well
as beyond the system boundaries. The influxes and outfluxes can be dependent
on or independent of time and the dynamics of the configuration is described by
ODEs. Additionally, and for the sake of simplicity, one can write the set of equa-
tions using a matrix representation. Therefore, the mathematical representation of a
time-dependent compartmental system reduces to:

dx(t)
at

where X(t) is the vector of contents, ii(t) is the vector of inputs, and B(t) is a

— ii(t) + B(1)Z(t) (1.1)

compartmental matrix, whose off-diagonal entries b;; are the fractional transfer co-
efficients.

We can solve such equations analytically (for autonomous systems) or numer-
ically (non-autonomous systems) and obtain diagnostic times, as ages and transit
times, which have the form of phase-type distributions.

When the material considered in the compartment are 14C atoms, the equation
(1.1) includes an additional term to account for radioactive decay and becomes
(Sierra et al., 2014):

= Luc(t) + B()™C(t) — A C (1) (1.2)

where 14C(t) is a vector that represents the amount of *C in the compartments, B(t)
is again the compartmental matrix, Ti(t) represents the vector of 1*C inputs, and A
is the 1*C decay constant.

Thus, the inputs are intrinsically time-dependent, since the input of 4C in a liv-
ing system is labelled by the bomb spike, and the isotopic signals vary among the
years. It is also important to notice that the equation (1.2) contains an additional
term, referring to the radioactive decay. This term represents a small contribu-

tion to the *C content changing over time for modern samples, as it is equal to
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0.00012096 yr—!. However, it is a relevant term in the estimation of time distribu-
tions from radiocarbon values, as the C mass changing in the compartment becomes
isotope-dependent, because only *C undergoes radioactive decay. In principle, one
cannot account for this dependency with the current theory.

1.1 Objectives and research questions

The main objective of this thesis was to advance the theory of open compartmental sys-
tems by developing methods to use radiocarbon for the quantification of system diagnostic
times. In particular, I focused on developing a numerical algorithm to relate the
concept of age distribution in a compartmental system with the corresponding dis-
tribution of radiocarbon. I tested these ideas with comprehensive measurements
of radiocarbon in an Amazon rainforest, a test case that represents one of the most
complex open compartmental systems on Earth.

This thesis is composed of three specific objectives, which are:

Objective 1. Develop an approach to use radiocarbon determinations for under-

standing C cycling in open compartmental systems.

Objective 2. Collect samples of compartments and ambient air for radiocarbon mea-

surements on a highly complex ecosystem such as an Amazon rainforest.

Objective 3. Use radiocarbon measurements to estimate the mean transit time of C

in the Amazon rainforest.

Objective 1 is covered in chapter 3, which addresses the following research ques-
tions:

(i) How do distributions of radiocarbon in terrestrial compartments change over

time as a consequence of changes in atmospheric radiocarbon?

(i) How do empirical data compare to these conceptual radiocarbon distribu-

tions?

(iii) What insights can these distributions provide for experimental and sampling
design for improving model-data comparisons by capturing the entire vari-
ability of AC values?
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Objective 2 requires not only a clear sampling strategy, but also a dedicated set
up for the analysis of the samples, especially air samples, for *C-AMS. Such set up
did not exist in the Radiocarbon Laboratory of the Universidade Federal Fluminense
(LAC-UFF). It was developed as part of this thesis to complement LAC-UFF with a
new line of research and it is described in the section 2.5.

Chapter 4 covers the results related to objectives 2 and 3 through the following

research questions:

(i) Can we observe differences in the cycling rates between campinarana and terra-

firme using A'*C measurements alone?

(ii) How AC values give us insights into the cycling rates of different compart-

ments?

(iii) How long does carbon take to be respired by a terra-firme ecosystem in central

Amazon?

Chapter 5, the final chapter of this thesis, summarises the main findings of the
studies I performed in the past four years as a PhD student. It also provides an
outlook for ideal strategies that would complement this thesis and are encouraged

to be performed in (near) future research.
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Chapter 2
Radiocarbon: Chronometer and tracer

Radiocarbon (14C) is a long-lived radioactive isotope of C (half-life t; ,, = 5,700 +
30 yr, Kutschera (2013)). Radiocarbon is mostly know for its use as a dating tool,
especially prominent in fields such as archaeology and palaeoclimate. In these con-
texts it can be used to build chronologies from 300 ~ 55,000 years ago.

Radiocarbon is also prominent in environmental sciences for tracing the C dy-
namics of ecosystems. Recent changes in atmospheric radiocarbon driven by above-
ground nuclear weapons tests allow tracking excess 1*C in C reservoirs on timescales
shorter than what can be determined using radioactive decay.

Different applications of #C are linked to different data reporting and interpre-
tations of the radiocarbon measurements. In this chapter the main processes related
to C production, its assimilation in C reservoirs and its spontaneous decay are
presented. Further, the distinction and underlying assumptions on the use of #C
as a chronological tool and as a biological tracer are discussed. These differences
lead to distinct manners to report radiocarbon data, which are also described in this
chapter.

Radiocarbon contents can be determined based on its emitted radiation (activity)
or the number of *C atoms in a sample (concentration). Here, the focus is on the
radiocarbon concentrations determined by accelerator mass spectrometers (AMS).

In South America, only one complete facility for 1*C-AMS is at disposal. A radio-
carbon preparation laboratory and a single stage AMS compose the facility called
LAC-UFF (Radiocarbon Laboratory at Universidade Federal Fluminense), located
in Brazil (Macario et al., 2013). Since 2009, LAC-UFF collaborates with scientists of a
variety of fields spanning from archaeology to environmental studies. As the range
of collaborating fields expands, so do the experimental methods applied at LAC-
UFFE. In the scope of this thesis, it was necessary to extract CO, from air samples for

radiocarbon measurements. To enable the preparation of air samples for 1*C-AMS
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at LAC-UFF, a dedicated extraction and purification line was built. The details on
the construction, required adaptations and installation of this line are also discussed
in this chapter.

2.1 Radiocarbon dynamics

Carbon (C) is a nonmetal element of atomic number six, belonging to the Group
14 (IVa) of the periodic table. Carbon represents only ca. 0.025 % of the Earth’s
crust in its three natural isotopes: '2C, 13C and *C. These three isotopes of C differ
according to their mass number, abundance in nature and nuclear stability. Carbon-
12 (12C) is a stable isotope, with mass number 12 and it represents ca. 98.9 % of
the C on Earth. Carbon-13 (3C) is a heavier stable isotope of C, representing 1.1 %
of the C in nature (Rosman and Taylor, 1998). Carbon-14 or radiocarbon (1*C) is
the only natural radioactive isotope of C, with eight neutrons in its nucleus, and
corresponds to just ca. 107! % of the total amount of C on Earth. Radiocarbon
emits beta particles (871) to achieve stability and has a half-life of ca. 5,700 years.

2.1.1 Production

Radiocarbon can be produced through different nuclear reactions, always involving
the absorption of a neutron by an atom of carbon, oxygen or nitrogen (Davis Jr,
1977). The natural production of C on Earth occurs mostly in the stratosphere and

it is dominated by the following nuclear reaction':

YN, p)tc (2.1)

where N is a stable nitrogen atom with mass 14,  is a neutron and p is a proton.

In the nuclear reaction of equation (2.1) the neutrons are on thermal energy level,
as they come as secondary particles slowed down by inelastic and elastic collisions
of primary cosmic rays from outside the Solar System with the Earth’s upper atmo-
sphere. Therefore, the 1*C produced in this way is a cosmogenic element. Most of
the cosmogenic 4C is produced in the stratosphere and a small proportion is pro-
duced on the Earth’s surface, being called cosmogenic in situ radiocarbon.

1 An alternative notation is ¥ N +n — “C+p
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Another channel for production of *C was recently discovered by Enoto et al.
(2017). It is related to atmospheric photo-nuclear reactions triggered by lightnings.
However, this route is still not well understood and it seems to produce rather neg-
ligible amounts of 14C. Thus, it will not be further discussed in this thesis.

Other routes can produce *C through the reaction of neutrons with carbon-13,
oxygen-16 or -17 and nitrogen-15. They can occur especially in nuclear power plants
from the interaction of thermal or non-thermal neutrons with the atoms in the fuel
or structural material of the reactors. In the global reservoir of carbon their contri-
bution is rather negligible. However, nuclear weapon tests in the atmosphere may
produce considerable amounts of radiocarbon. In this case, the presence of ther-
mal neutrons in the atmosphere as a by-product of the hydrogen bombs produces
radiocarbon after the interaction with #N, following the same nuclear reaction as
equation (2.1).

The natural cosmogenic production of C in the atmosphere occurs constantly

2

at a rate of ca. 1.64 atoms cm~2 s~ ! in the modern epoch (Kovaltsov et al., 2012).

Natural variations

The cosmic rays that will culminate in the production of radiocarbon are mostly
from outside the Solar System (galactic cosmic rays, GCR). Solar Energetic Particles
(SEP) have less energy than GCR to end up producing secondary neutrons in the
range of energies necessary for the reaction 2.1 to take place. However, SEP events
might influence the natural production of #C in the upper atmosphere. In events
of solar flares or interplanetary coronal mass ejection, when high concentrations of
SEP may be emitted, additional e might be created. Indeed, it is estimated that
in the last 50 yrs, SEPs have contributed to ca. 0.25 % of the global cosmogenic #C
production (Kovaltsov et al., 2012).

The Sun’s magnetic field is subjected to several periodic variations, e.g. in the
Schwabe cycle (11-year amplitude change), Hale cycle (22-year polarity reversal of
the magnetic field), Gleissberg cycle (80-year swaying of magnetic pole) and a few
other variations in longer time scales. The variations in the solar magnetic activity
modulate the energy spectrum of GCR penetrating Earth’s atmosphere, influencing
ultimately the production of cosmogenic radiocarbon (Masuda et al., 2009).

The magnetic field of Earth might also vary in intensity over time. Since cosmic

rays are mostly composed by protons, the geomagnetic field intensification might
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shield the charged particles and promote a decline on the production of *C that
varies with latitude.

The rate of production of *C by GCR is, thus, ultimately dependent on so-
lar magnetic activity and geomagnetic field. These parameters can be quantified
through the Sun’s modulation potential (¢) and the Earth’s dipole moment (M)
(Kohler et al., 2022).

The natural variations influencing the C production lead to the alterations of
the radiocarbon concentrations in the atmosphere in the past 55,000 years (Reimer
et al., 2020; Hogg et al., 2020). The rapid increase of *C concentrations in the atmo-
sphere within one year observed on the radiocarbon records from tree-rings might
be associated to solar proton events in the past. These events have been known as
Miyake events (Miyake et al., 2012; Miyake et al., 2013; Miyake et al., 2014; Miyake
et al., 2017) and are related to a field of study using radiocarbon as a proxy for the

solar activity variation in the past.

Anthropogenic effects

The observed variations in atmospheric *C concentrations are also connected to an-
thropogenic actions. Two main counteracting effects induced by humans influenced
the atmospheric 4C concentrations in the recent history: the burning of fossil fuels
and the nuclear weapons tests.

From the second half of the 18" century through the 19" century, Europe experi-
enced an increase in the development of society promoted by the Industrial Revolu-
tion. The emergence of machines fueled by coke (obtained from the heating of coal)
allowed less expensive and larger production of goods. However, as coal is a fossil
material, it contains effectively no *C. Therefore, the CO, product of the burning
of fossil fuels increases the concentrations of 12CO, and 3CO, in the atmosphere,
diluting the radiocarbon isotopologue. This effect is known as Suess effect (Suess,
1955).

In the late 1950s and early 1960s a counteracting effect on the radiocarbon con-
centrations in the atmosphere was supported by nuclear weapons tests. The ther-
mal neutrons emitted by nuclear bombs reacted with the abundant N in the strato-
sphere and produced *C (hereafter bomb *C) through the same reaction producing
natural 14C (equation 2.1).

Between 1955 and 1959, human-made *C was produced 15 times faster than

by the natural mechanism (Broecker and Walton, 1959). Vries (1958) suggested an
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increase of 4.3 % in the atmospheric '#CO, in the Northern Hemisphere (NH) for
the period between 1953 and 1957 based on flesh of mussels. Miinnich and Vogel
(1958) also observed an increase on the atmospheric 14C0O, in central Europe at a
rate of 3.2 % yr~—! between 1954 and 1957. Indeed, nuclear weapons tests promoted
a global rise of *CO, concentrations until the Partial Test Ban Treaty (PTBT) took
place in October 1963.

The PTBT limited the nuclear weapon tests to underground, which halted the
production of bomb *C impelled by the nuclear weapon tests performed above-
ground. After the PTBT, there was a decline on the radiocarbon concentrations in
the atmosphere, as a consequence of the uptake of excess *CO, by the biosphere
and hydrosphere. The sharp rise and further decline of radiocarbon concentrations
in the atmosphere is described as the ‘bomb spike” or "bomb peak’. The peak occurs
in the NH in 1964 CE, when the radiocarbon concentrations are about 100 % higher
than the natural level. In the Southern Hemisphere (SH), the peak occurs in 1965 CE
and it is slightly lower. The lower SH C peak is believed to be a consequence of
a higher uptake by the extended area of the oceans in the SH. Additionally, the *C
from the tests mostly performed in the NH takes about a year to get mixed world-
wide.

The uniqueness and versatility of the isotopic signal from the bomb peak nur-
tured a myriad of applications ranging from archaeology and forensics to environ-
mental sciences (Kutschera, 2022).

2.1.2 Assimilation

After its cosmogenic or anthropogenic production in the upper atmosphere, ra-
diocarbon gets quickly associated with oxygen, becoming radiocarbon monoxide
(1*CO). The CO is further oxidised through the hydroxyl radical (OH~) turning
into 1#CO, in a few months (Trumbore et al., 2016). The 4CO, is mixed in the global
troposphere in roughly a year, and it is constantly exchanged among the biosphere
and oceans through the carbon cycle (Figure 2.1).
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v
Biosphere Ocean
1]

Production of from cosmic rays and nuclear explosions
and its pathway into terrestrial archives

FIGURE 2.1: Main reactions related to the production of 1*C and forma-
tion of 1#CO; in the atmosphere until its assimilation into the biosphere
and oceans through the C cycle. Figure from Wild et al. (2019).

All the C isotopologues of CO; enter the carbon cycle through the photosynthe-
sis, where they are absorbed from the atmosphere and converted into organic C.
Some CO; is also diffused in the ocean through the air-water interface. While C iso-
topes travel through C reservoirs, they can suffer fractionation effects. This effect is
responsible for alterations in the abundances of the isotopes when compared to the

input (i.e. the atmosphere).

Fractionation effect

The chemical properties of 12C, 13C and '*C are the same, as they have the same
number of electrons. However, the differences in the number of neutrons in the
nucleus, which corresponds to the differences in their atomic weights, determine the
partition of C isotopes under chemical or physical processes. This discrimination for
a heavier or lighter isotope in a natural system is the fractionation effect (Craig, 1953).

Ultimately, this implies that the relative abundances of C isotopes vary among C
reservoirs. For instance, photosynthesis, especially in C3 plants, tends to select 1>C
over 13C or C, as the chemical bonds at lower energies with 12C promote a faster
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reaction and diffusion when compared to the heavier isotopes (Vogel, 1980). Frac-
tionation effects are not restricted to natural processes. Isotopic fractionation might
also occur in laboratories, during the chemical or physical treatments of samples; for
example, due to an incomplete reduction of CO; to Cg; in the graphitisation reaction
(e.g. Macario et al., 2015; Macario et al., 2016; Rinyu et al., 2013).

The stable C isotope ratio (}3C/!2C) on a sample when compared to a standard
material, gives us the isotopic fractionation affecting the sample. The fractionation
effect, however, generates relatively small differences in the isotope ratios of sample
and standard. Therefore, the differences are referred in parts per thousand (%), also
called parts per mille. The é-notation captures all these aspects:

13C
12¢ Istandard

13_C
53¢ = (m - 1) x 1000 [%] (2.2)

The mass-dependent fractionation effect between 3C and 2C has about the same
magnitude of the one between “C and 13C, as the difference in both cases is of one
neutron mass. Therefore, in a first approximation, the mass-dependent fractionation
for C to 12C is nearly 2 x S13C (Craig, 1954). However, it is known that the frac-
tionation ratio can deviate from this value of 2.0. Some experiments reporting the
deviations of this value and an interesting discussion on the impacts of the deviation

on radiocarbon dating is provided by Fahrni et al. (2017).

2.1.3 Decay

The radioactive decay is a physical phenomenon that is independent of environ-
mental factors, such as temperature or physical state of the substance formed by the
radioactive element. It is characterised by the spontaneous emission of radiation («,
B or y) by an unstable nucleus.

Because radioactive decay is a stochastic process, we have to take into account
ensembles of radioactive atoms when referring to decay properties, such as half-life.
Half-life (t1 /) is defined as the time that half of a given amount of radioactive nuclei
take to decay.

Radioactive nuclei decay with at a constant rate A, which is characteristic of each
radionuclide. Additionally, considering a large number of disintegration events, the
relation of number of nuclides decaying in a time interval At, can be approximate to

a continuum and written as follows:
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AN = —ANdt (2.3)

where N is a certain amount of radionuclides and A is the decay constant.

Integrating 2.3 over time, we obtain:

N(t) = Noe™ (2.4)

where N is the initial amount of radionuclides. The decay constant is inversely

proportional to the half-life: A = %

N(t) can be simply substituted by activity or concentration of radionuclides. Ac-
tivity is the number of disintegrations per time unit; the most common reporting
units for activity are Becquerel (Bq) and Currie (Ci). One Bq represents one disinte-
gration per second. One Ci = 3.7 x 10' Bq.

The decay law in terms of activity (A) is

A(t) = Age™ (2.5)

and in terms of concentration (C), i.e. the number of atoms of a radionuclide

C(t) = Coe M (2.6)

Radiocarbon decays into N through beta-minus decay:

Ue - UN4 B+ 7, (2.7)

where B is essentially an electron emitted by *C nucleus after the conversion
of one neutron into a proton and 7, is an anti-neutrino. For *C, B~ has an energy
around 156 keV (10 eletron-Volts).

Several experimental values for the radiocarbon half-life were reported since the
detection of natural *C. Arnold and Libby (1949) estimated a half-life (called Libby’s
half-life) of 5,568 + 30 yrs based on a weighted average (weights were the inverse
square root of the errors) of the three most reliable estimations of the time. An up-
dated value of 5,730 £ 40 yrs was reported by Godwin (1962). Kutschera (2013)
performed a revised weighted average of *C half-life, taking also into account es-
timations performed after 1962. He obtained a half-life of 5,700 & 30 yrs, which is
also the one reported at the National Nuclear Data Center website.
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2.2 Chronometer: Radiocarbon dating

The discovery of the natural radioactive decay of uranium by Antoine Henri Bec-
querel in 1896 has contributed to the understanding of fundamental mechanisms in
theoretical Physics and instigated a multitude of applications, including the abso-
lute dating of several materials. Shortly after, in 1898, the team of physicists formed
by Marie Sklowodska Curie and Pierre Curie observed radiation being emitted by
other elements and named this phenomenon radioactivity. In 1905, Ernest Ruther-
ford suggested that the spontaneous decay of unstable nuclei could be used as a tool
for calculating the age of minerals. In 1907, Bertram Boltwood follows the sugges-
tion of Rutherford and publishes the ages of minerals based on the radioactivity of
uranium (Boltwood, 1907). By the 1930s, the radiometric dating based on diverse
long-lived radioactive elements was a sophisticated and accurate method of infer-
ring the age of igneous rocks. In the 1940s, after the detection of cosmogenic radio-
carbon, Willard F. Libby and colleagues led up to the radiocarbon dating method.

About 70 years ago Libby, Anderson and Arnold landmarked multidisciplinary
science and established radiocarbon dating with two historical papers titled "Age
determination by radiocarbon content" (Libby et al., 1949; Arnold and Libby, 1949).
Libby was awarded in 1960 with the Nobel Prize in Chemistry (Libby, 1960) “for
his method to use carbon-14 for age determination in archaeology, geology, geophysics, and
other branches of science”. Although developments in diverse subareas of radiocar-
bon studies, such as measurements (Méntynen et al., 1987; Fahrni et al., 2013; Synal
et al., 2007; Freeman et al., 2015; Galli et al., 2013), pretreatments protocols (Brown
et al., 1988; Bonneau et al., 2011; Braganca et al., 2021; Oliveira et al., 2021; Talamo et
al., 2021), chronological modelling (Bayliss and Bronk Ramsey, 2004; Ramsey, 2009),
theory assumptions and conventions (Stuiver and Polach, 1977; Millard, 2014), and
applications (Alkass et al., 2010; Hajdas, 2009; Wild et al., 2019; Kutschera, 2022),
there is still a gap in our understanding of how we indeed can interpret the radio-
carbon content as an actual age. The mismatch becomes less intuitive in the open
system’s framework.

Minze Stuiver and Henry Polach have proposed in 1977 a standard manner to
report radiocarbon ages (Stuiver and Polach, 1977). From that work three main
assumptions are taken into account and two standard calculations are suggested
when reporting *C data:

(i) the radiocarbon half-life as the Libby’s half-life (5,568 years);


https://www.nobelprize.org/prizes/chemistry/1960/summary/
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(ii) the atmosphere in the past as constant regarding its 1*C content;

(iii) the isotopic signal from the sample as equal to that from the coeval atmo-
sphere, i.e. they were in isotopic equilibrium when the tissue was alive;

(iv) the standard activity as that from the NBS oxalic acid (SRM 4990B)?, measured
directly or indirectly;

(v) normalisation due to isotopic fractionation based on §'3C = -25 % (relative to
the 13C/12C ratio of PDB?).

Thus the term conventional radiocarbon age incorporates these five assumptions.
As a consequence of the standardisation with respect to the atmosphere of 1950 CE,
the conventional radiocarbon ages are reported as years before 1950. Indeed, 1950
is assumed as present, then the conventional radiocarbon age is reported as years
before present (yr BP).

Nevertheless, the conventional radiocarbon age is meaningful in closed systems,
i.e. systems that do not exchange carbon with the surroundings. Therefore, it is
related to the date after an organism’s death or isolation.

In a closed system, the only process altering the ratios *C/C is the radioac-
tive decay of radiocarbon. Therefore, to calculate radiocarbon ages we invert either
equation (2.5) or equation (2.6), as they are equivalent.

1 A
ti/a

where § = (2} which is the mean lifetime. Using Libby’s half-life, the mean
lifetime is 8,033 yrs.

However, two points need attention here: (i) it is very hard to measure absolute
values of C ratios; (ii) radiocarbon decays through a simple decay law, not in series,

therefore A is not easily obtained.

ZNBS stands for National Bureau of Standards, the company which manufactured the SRM (Stan-
dard Reference Material) 4990B, an oxalic acid di-hydrate. This company had its name changed in
1988 to National Institute of Standards and Technology (NIST). NIST produced and still sells the new
oxalic acid standard SRM 4990C. SRM 4990C is usually referred as OxIL

3Pee Dee Belemnite (PDB) was a standard based on calcium carbonate found in the Cretaceous
Pee Dee formation in South Carolina, USA. When it was completely used up, it was substituted by
the VPDB (Vienna-PDB), a limestone reference material provided by the International Atomic Energy
Agency (IAEA) in Vienna.


https://www-s.nist.gov/srmors/certificates/4990C.pdf
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The literature on radiocarbon notation, including the discussion paper presented
by Stuiver and Polach (1977), describes the quantities to report '4C data in terms of
activities A. The technique to measure radiocarbon using mass spectrometers cou-
pled to particle accelerators became more popular after the 1980s. Therefore, earlier
papers focussed on the notation convenient for radiometric methods to determine
radiocarbon contents. Here, I present the main definitions and terminologies based
on the activities. However, keeping in mind the activity A = A x number of radionu-
clides, one can easily translate the notation to C ratios.

Following the standard report of data presented in Stuiver and Polach (1977),
item (v) agree the laboratories should report data that is normalised to -25 %o, the
postulate mean value of terrestrial wood. Back then, this value should be relative
to PDB (standard in equation 2.2), however, as it is not available anymore, o13C is
reported with respect to VPDB standard:

13_C| e — 125 |vPDB
oBC = ( 2C s 2C ) x 1000 [%o] (2.9)
¢ |vPDB
Applying the normalisation to the standard activity of OxII (the current used, as
OxI was also used up):

M3Cou
1000

2
1— 25
Apn = 0.7459 Ao (ﬁ) (2.10)

And applying the normalisation to the sample activity:

2
0.975 2(25 + 613C
Asy = Asg (Tg) ~ Ag {1 - W] (2.11)
1 + 1000

where Ag is the activity of sample and §'?Cg the stable C ratio in the sample.
With that, one can define the Fraction Modern F}C as
A
Fléc= 2N (2.12)
AoN

Thus, we can write the conventional radiocarbon age as

A
Tue = —8033 In (ﬂ) = —8033 In F}4C (2.13)
AoN
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2.3 Tracer: Radiocarbon in ecology

The carbon cycle promotes a distribution of C in different reservoirs within the Earth
System (Figure 2.2). It reflects the movement of C in different parts of the Earth
System driven by biogeochemical processes. This distribution is distinct according
to the C isotope, which is related to the fractionation effects each isotope suffers in
the large number of biological, chemical and physical processes.

The dynamics of the C cycle among
the pools was in quasi-equilibrium in

terrestrial atmosphere
589 PgC  1.3%

preindustrial times (pre-1850 by conven-

vegetation

550PgC  1.2% matrine

tion), as inputs and outputs in the C

soil organic matter
3,500 Pg C 7.5%

o %,,% reservoirs were roughly balanced out.
However, in the Anthropocene (post In-
dustrial Revolution) (Steffen et al., 2011)
the effect of fossil fuel burning and other

marine biota  «

~— surface ocean
o PgC <% | L

900 Pg C 1.9%

v
Doc intermediate
fossil fuels 700PGC  1.5% deep ocean
1,500 Pg C 3.2% 37,000PgC  79.4%

human activities (e.g. deforestation and

ocean floor sediments land use) provokes an imbalance in the

1,750 Pg C

global C cycle, as the biosphere cannot

FIGURE 2.2: Distribution of carbon in reser- keep up with the excess C in the atmo-
voirs within the Earth System. Black num-
bers represent the midpoints of the ranges
for C stocks (in Pg C) reported in IPCC The formation of #CO, allows radio-

(2014a) (except for the soil organic matter carbon to enter the biosphere through
pool, whose numbers come from Schuur et

al. (2015)). Red numbers are the fraction
of total C represented by each pool. Figure corporated through the C cycle travels

originally in Schuur et al. (2016). among the different C reservoirs. How-

sphere.

photosynthesis. =~ The radiocarbon in-

ever, as discussed previously, the radio-
carbon content in the atmosphere is influenced by anthropogenic activities. The
bomb '*C is particularly useful to comprehend the processes cycling C in terrestrial

ecosystems in timescales of years to decades.
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The distribution of radiocarbon in dif-
ferent C-pools gives us insights into C
residence times and mixing rates within
the reservoirs (Figure 2.3). Additionally,
information on the sources of the C can
be obtained from the radiocarbon mea-
surements.

In open systems, the incorporation
and release of carbon occurs continu-
ously. So that, even the concept of age
can be differently interpreted. While in
closed systems the conventional radio-
carbon age marks the moment when the
system stopped its exchange of carbon
with the surroundings, in open systems
the carbon age represents the time elapsed
since the carbon entry until an observa-
tion time. Additionally, it is useful to con-

ceptualise a new quantity or time metric

\eueslﬂa\ atmospheric CO,
1.0

1.7-2.0%

terrestrial biota
0.8-1.0 1.6-2.0%

marine

soil organic matter ¥
-~ 0-1.0 ~4% surface ocean
——— 0.6-0.95 8-10%

N\ S —p—

— . | =

deep ocean
0.75-0.95 65-78%

‘ ocean floor sediments

0-0.95 2-18%

FIGURE 2.3: Distribution of radiocarbon in
reservoirs within the Earth System. Black
numbers represent the ranges of 1*C/C rela-
tive to atmospheric *C content in preindus-
trial times (defined as 1.0, based on wood
from 1890). Red numbers (percent of total
14C atoms in the Earth System) correspond
to a combination of the total C pool size and
the radiocarbon age of the pool. Figure orig-
inally in Schuur et al. (2016).

called transit time. The transit time, as the name suggests, is the time carbon needs

to transit a system, i.e. the time passed between the carbon entry and its release.

There are several time metrics in ecological studies. The lack of a consensus

in their definitions might be problematic, particularly when one aims to compare
estimations (Sierra et al., 2017). The most common nomenclatures and definitions

of time metrics of C in ecosystems are (Trumbore et al., 2016):

Turnover time The C stock (total reservoir size) divided by one of the fluxes (either
input or output flux of C);

Residence time Across different studies this quantity can have different definitions;

sometimes it is define similarly as the mean transit time;
Carbon age Time elapsed since the carbon entry until an observation time;

Transit time Age of the C in the outflux; equivalently, the time passed between the

carbon entry and its release.
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Radiocarbon can be used not only to understand the C exchange between reser-
voirs but also to estimate time metrics. The following chapters cover how radiocar-
bon can be used to better understand the dynamics of pools with different C cycling
rates and to estimate time metrics in complex systems, such as the Amazon rainfor-

est.

2.4 Accelerator Mass Spectrometry

Mass spectrometers (MS) were developed in the early 20" century for studies on the
fundamental atomic properties. In the 1940s, chemists found other applicabilities
for MS from industrial chemistry to biogeochemistry. These applications boosted
developments on MS enabling their use as a critical instrument for analytical chem-
istry.

Certain MS rely on the principle that any charged particle will be deflected by a
transversal magnetic field. The resultant (centripetal) force over the particle equals
the (magnetic part of the) Lorentz force. Thus, the radius of the curved trajectory of
the particle is proportional to the external magnetic field.

mov®

F=gixB= = (2.14)

where F is the magnetic force, g is the charge of the particle, 7 is its velocity, B
is the external magnetic field, m is the mass of the particle, and R the radius of the
trajectory.

As the velocity 7 is perpendicular to the magnetic field in the MS, the magnitude
of F is quB. In the non-relativistic approximation (|7] < c*), the energy E = mTvz
Consequently, the radius of the trajectory is proportional to the mass-charge ratio®

of the particle:
2mE
P

To determine, for instance, C stable isotope ratio the technique used consisted of

R?B? = (2.15)

separation and measurement of C atoms according to their masses using the conven-

tional MS. However, common MS could not work in further separating radiocarbon

4speed of light = 299,792,458 m /s
Sor relation mass-energy, when charge is selected to a certain value as in the AMS system
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atoms. The main reasons are: (i) the abundance of *C is very small, so a faraday cup
(instrument used to measure the currents generated by beams of C stable isotopes in
MS) could not measure radiocarbon; and (ii) also due to *C low abundance, there
is a high risk of interference by isobars of 14C such as 1N, Li,, 13CH, 2CHj etc.

Radiocarbon dating relied for a few decades since its development on radiomet-
ric methods to determine the radiocarbon ages. Radiometric methods for radiocar-
bon dating englobe any technique whose aim is to estimate the quantity of *C in a
time t based on its emitted beta-radiation.

Developments in metrology, however, overcame the limitations above-mentioned
through the so-called accelerator mass spectrometers (AMS). In AMS, 14C atoms are
directly counted through a solid state detector and isobars interferences are avoided
by a negative ion source and the acceleration stage directly connected to a stripper.

The negative ion source avoids the interference of 14N an isobar of radiocarbon
very abundant in the ambient. Once *N does not form stable negative ions, already
in the source no beam with this isobar can be created. Molecular isobars will be dis-
sociated in a stripper, which consists of a chamber with an inert gas (usually argon
or helium). The radiocarbon beam has an energy of a few hundreds keV due to the
acceleration stage just before the stripper. Therefore, the collisions with the inert
gas will break the molecular bounds, eliminating molecular isobars. Additionally,
a certain charge state is selected after the stripper to guarantee only #C atoms will
travel up to the end of the AMS system. In the end, *C atoms are counted with a
sensitive solid state detector, where the charge resulting from the passage of parti-
cles through a semiconductor generates a signal. At the same time, the energy is
also measured, allowing the further discrimination of radiocarbon against potential
insistent interferences.

New generation of AMS include systems with only one stage of acceleration;
machines dedicated to radiocarbon quantification. An example is the MICADAS
(Figure 2.4), which is the main AMS used in a number of radiocarbon laboratories
worldwide, including the *C-Analytik at Max Planck Institute for Biogeochemistry
(MPI-BGC), Jena.
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FIGURE 2.4: The layout of the MICADAS system. Actual dimensions
of 2.5 m x 3 m (Synal et al., 2007).

Another version of a single stage AMS (SSAMS) system is the one present in the
LAC-UFF. It consists of a 250 kV SSAMS system produce by the National Electro-
statics Corporation (NEC, USA) (Figure 2.5).

1. 40 sample or 134 sample
cesium sputter source

2. 90° injector magnet with in-
sulated chamber for sequencial
injection

3. 250kV acceleration tube

4. 250kV insulated deck

5. 90° analysis magnet with
wide exit pole for abundant

isotope measurement

6. 90° electrostatic spherical
analyzer

7. solid state particle detector
for measuring '4C events

FIGURE 2.5: The layout of the 250 kV NEC
SSAMS system with description of the main
parts. Scheme from NEC SSAMS manual.

The ion source is a SNICS (Source
of Negative Ions by Cesium Sputtering),
where cesium (Cs), a heavy alkaline el-
ement, produces positive ions and sput-
ters out negative ions from any solid
material in the cathode. At LAC-UFF
and virtually all the *C-AMS laborato-
ries worldwide, the target in the cath-
ode is graphite. The stripper gas used at
LAC-UFF is helium and the charge state
defined is +1.

AMS systems have advantages over

radiometric equipments, such as (i) less sample needed (few miligrams instead of

grams of material) and (ii) faster measurement for the same resolution, as in AMS

the counting time does not depend on the activity or half-life of the radionuclide.


https://www.pelletron.com/wp-content/uploads/2017/05/SSAMS.pdf
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2.5 Gas and Air Samples Purification System - GASPS

The LAC-UFF is the only *C-AMS facility in South America. LAC-UFF started
in 2009 with a preparation laboratory for treating samples for 1*C-AMS, including
physical and chemical pretreatments, combustion of organic samples, acid hydrol-
ysis of carbonate samples, purification of CO, produced by organic and inorganic
samples, and conversion to graphite in a variety of materials. In 2012 LAC-UFF has
been complemented with the installation of the SSAMS system, becoming indepen-
dent to perform full analyses of 4C/12C ratios by *C-AMS.

The main materials analysed at LAC-UFF in the past years consisted of char-
coal, sediments, soils, shells, otoliths, bones, biopolymers and fuels. The kind of
materials analysed and research lines followed in the laboratory correspond to the
main requests of scientific collaborations especially from Brazil. The work of this
thesis strengthened a new collaboration, through the ATTO project, which in turn
requests the analysis of 1*CO, from air samples. The main adaptation required to
deal with air samples for determination of A'*C~CO, concerns the step of extraction
and purification of CO; in the sample.

For the routine samples prepared at LAC-UFF, it is

necessary to isolate the CO; produced from organic or

inorganic samples. This is done by releasing the com-

busted or hydrolyzed sample in a line connected to a /;Pin?i%:i:g
vacuum pump. With the pressure difference, the gas

travels from the start point in the direction to the pump

at the other end of the line. On the path there are cryo- 0 mm ong
genic traps to hold first the water (a dry ice/ethanol et emmO.0. |
mixture at -78 °C) and secondly the CO; (with liquid

nitrogen at -196 °C), so that the other by-products can Fe

be pumped out. The pure CO; is transferred to graphi-

tisation tubes (GT), which contain zinc (Zn) and tita-

Zn + TiH2

nium(Il) hydride (TiH) in the bottom of a larger tube

and iron powder (Fe) inside a small tube settled in the

larger tube (Figure 2.6). FIGURE 2.6: Pictorial repre-
Routine samples and standards have a low volume sentation of a graphitisation
tube (GT) with the reagents

for graphitisation.  Figure
to be targeted in the AMS system. Air samples contain originally in Xu et al. (2007).

of gas (< 15 mL), which is sufficient to yield 1 mg of C
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a mix of several gases (e.g. Oy, Np, CO,, water vapour).

Analogously to the vacuum lines for routine samples, the aim with air samples
is to isolate the CO; to convert it to graphite. Air samples are collected in three-liter
flasks with a pressure of ca. 1.6 bar. Yet the principles are the same applied to routine
samples, i.e. cryogenically purifying and trapping the CO; and transferring it to a
GT, caution must be taken to avoid the sample travels too fast in the system. The two
main reasons are: the sample might not get trapped and the high volume of gas in
a short time might force the turbo molecular vacuum pump, causing an emergency
shut-off. Therefore, it is important to control the flux of air being inserted in the
line. Controlling the flux manually is risky and not efficient. A mass flow controller
(MFC) can do the task more easily. Since it is installed in a high vacuum line, the
required specification is a low Ap flow controller, as it guarantees the whole air
mass inside the flask is going to be transmitted to the line, even when the pressure
difference is low (< 1 mbar).

To avoid compromising the output of samples prepared at LAC-UFF by adapt-
ing one of the existing lines for CO; extraction from air samples, it was decided to
build a new vacuum line dedicated to this purpose. Ideas for the design of the line
covering the requirements to successful extraction of CO, from air samples were
discussed at the Central Radiocarbon Laboratory (CRL) of the Integrated Carbon
Observation System (ICOS) network, in Heidelberg. ICOS-CRL performs measure-
ments of *C/C in atmospheric CO; from samples all over Europe. At ICOS-CRL
a dedicated automated Extraction and Graphitisation Line (EGL) was developed to
allow high quality 1*C-AMS measurements of up to 1,500 samples per year. The
system was thoroughly tested, following high standard quality control. Details, in-
cluding list of materials and results of quality control measurements, are presented
in the astonishing thesis of Dr. Johannes Lux (Lux, 2018). The discussions with
Dr. Lux led to the construction of the line named Gas and Air Samples Purification
System (GASPS) at LAC-UFE.

However, there is a number of differences between GASPS and EGL. I rank them
regarding three points: (i) type of samples; (ii) automation; and (iii) graphitisation
procedure. Whereas EGL is designed to extract CO, solely from air samples of the
ICOS network, GASPS is meant to be more flexible, being enable to purify CO; from
combusted samples and from inorganic samples hydrolysed with phosphoric acid.

The trade-off of more flexibility is reflected in the need of a more complicated
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algorithm to automate the extraction. Moreover, despite automation would be ben-
eficial for saving time in this step of treatment of samples, one needs time to set an
efficient software. Unfortunately, it could not be fit in this thesis.

Lastly, the graphitisation procedure is handled differently at ICOS-CRL and LAC-
UFE. At ICOS-CRL the graphitisation is done in-line. In a simplified description, the
pure CO is inject in reactors where a reaction catalysed by Fe in a hydrogen/water
(H2/H,0) atmosphere reduces the CO; to C (Némec et al., 2010; Lux, 2018). At
LAC-UFF the method employed at the graphitisation is the modified zinc reduc-
tion, following the procedure described in (Xu et al., 2007), but with certain adap-
tations to increase the accuracy in the measurements respecting LAC-UFF’s set-up
(Macario et al., 2015; Macario et al., 2016; Macario et al., 2017). As above mentioned,
the pure CO; is transferred to GT. The GT containing the reagents and the CO; is
sealed in the line and baked at 550 °C for 7 hours. The reactions taking place can be
summarised as (Verkouteren and Klouda, 1992; Xu et al., 2007; Macario et al., 2016):

440 °C

TiH, 2°°C, Ti 4 H, (2.16)

CO, + Hy =5 CO + H,0 (2.17)

COy; +7Zn — CO+ ZnO (2.18)

H,O + Zn — Hy + ZnO (2.19)

CO + Hy ﬁ Coraphite + H20 (2.20)
CO + CO 2 Corapite + COs (2.21)
CO + Hy = Craphite + H0 (2.22)
CO +3H, 22 CH, + H,0 (2.23)

In principle, the sealed tube reaction prevents a full automation of the line, as the
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tube seal is perfomed by the operator. Thus, automating the trapping process might
not optimise the process, because the operator has to seal the tubes anyway after the
purification. There are alternatives, for instance, with an Automated Graphitisation
Equipment (AGE, Wacker et al. (2010)) produced by IonPlus, that could allow a full
optimisation of GASPS. However, the extra costs of such adaptations should also be

taken into account in future work.

2.5.1 List of materials and technical scheme

The materials used in GASPS are similar to the ones used in EGL. Valves, fittings,
MEC, pressure gauges and turbo molecular vacuum pump in both systems have the
same specifications. A technical difference occurs in the cooling traps. In EGL a coil
of bent 1/4" stainless steel tube is used (Figure 2.7).

Tube material: solid steel B
diameter "

lube di
Aange of the temperature sensor: -200 to 4150 °C

Alr out
—
ot Top view: el luum
7 - 135 mm _——
rn 85 mm

Side view

FIGURE 2.7: Schematic view and technical drawing of the cooling trap

(coil of bent stainless steel tube) used at EGL. A: Side view with heights

and width of the trap, on freezing-out immersion depth d;; B: Dimen-

sions of the trap on top view; C: Technical 3D drawing of the trap. Fig-
ure 3.3 in Lux (2018).

Lux (2018) presented and tested this shape and a configuration where the trap
is only partially submerged into the cooling substance, while the top part is heated.
He showed this set-up allows a high flow of air with efficient trapping of CO;, as
the CO, flakes formed do not obstruct the trap.


https://www.ionplus.ch/age3
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Alternatively, glass tube traps with a frit in the connections can avoid this ef-
fect, however, with the trade-off that the flow rate in the MFC should be set to
250 ml,/min instead the high flow used in EGL of 1000 ml,/min, for the same
reasons pointed before, when the sample travels too fast in the system. In GASPS, I
opted for a U-shaped glass trap (Figure 2.8).

FIGURE 2.8: Picture of two types of U-shaped glass traps. Picture taken
in the 14C-Analy’cik laboratory at MPI-BGC, Jena. The version on the
left side is identical to the ones used in pre-existent purification lines at
LAC-UFFE. The glass trap with pellets inside (right side) is the version
used in GASPS. The pellets increse the surface area with the gas sample.

These U-shaped glass traps are used in other extraction lines already in operation
at LAC-UFF and MPI-BGC. They are also used in several laboratories extracting CO;
from air samples for 1*C-AMS (e.g. Turnbull et al., 2007).
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The main materials used to build GASPS were:

Mass flow controller Bronkhorst, F-201DV-ABD-88-V and
MEFC display Bright™ 7.09.200-Bright B2.

Tubes and fittings Bored-through stainless steel tubes of 1/4" for most of the line

and 1/2" in the sections connected to the vacuum pump;
Swagelok connections in stainless steel to stainless steel tubings (1/4" and 1/2");

Ultra-torr connections to glass materials, such as glass tube traps and GT;
Convoluted flexible tubes (3/8" x 6",1/2"x 6" and 1/4" x 12").

Vacuum pump Pfeiffer, Turbo pump HiCube 80 Eco, PM-015-888-AT

Glass traps The U-shaped glass tubes used for cryogenic traps in GASPS were or-
dered on demand to a German glass company. Therefore, there is no serial

number associated to it.

Pressure sensors Pfeiffer, CPT 200, PT R36 130 and
Pfeiffer, TTR 101, PT T11 138 310

The technical scheme of GASPS can be visualised in Figure 2.9.

Gas and Air Samples Purification System (GASPS)

Pressure
gauge Coarse pump
Turbo pump

Pressure
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Mass Flow
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&5 B Water trap COz trap CO2
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g e
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Graphitisation

D Tubes

3L-Flask

FIGURE 2.9: Technical drawing of GASPS line created on an online soft-
ware.
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Despite the widespread use of radiocarbon in many different scientific fields, it
is still not very clear how to use radiocarbon to determine age in open compartmen-
tal systems. The numerous advances in theoretical, metrological and experimental
aspects of radiocarbon research contribute to tackle this deficit. Analysis of radio-
carbon in the output flux of carbon in an open compartmental system would help
to determine the mean transit time of carbon, an important system diagnostic time
in ecology. To accomplish that, radiocarbon laboratories must process CO, from
gas mixtures. Therefore, the construction of the dedicated line GASPS at LAC-UFF
not only expands the experimental capabilities of the laboratory but also creates the

opportunity to constrain more theoretical hypotheses with observations.
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Chapter 3

Probability distributions of

radiocarbon

Radiocarbon (*C) is a valuable tool for studying dynamical processes in living sys-
tems. In particular, radiocarbon produced by nuclear bomb tests in the 1960s has
been used in many contexts as a tracer for the dynamics of carbon in different com-
partments of the global carbon cycle, including the atmosphere, the terrestrial bio-
sphere, and the oceans (Goudriaan, 1992; Jain et al., 1997; Randerson et al., 2002;
Naegler et al., 2006; Levin et al., 2010). As a biological tracer, radiocarbon can be
used to infer rates of carbon cycling in specific compartments, and to infer trans-
fers among interconnected compartments. Therefore, radiocarbon is used as a di-
agnostic metric to assess the performance of models of the carbon cycle (Graven et
al., 2017), and new datasets are now emerging to incorporate radiocarbon in model
benchmarking (Lawrence et al., 2020).

Carbon cycling in biological systems can be represented using a particular class
of mathematical models called compartmental systems (Sierra et al., 2018). As car-
bon enters a system such as the terrestrial biosphere, it is stored and transferred
among a network of interconnected compartments such as foliage, wood, roots,
soils, and other organisms. Compartmental systems represent the dynamics of car-
bon as it travels along the network of compartments (Rasmussen et al., 2016; Sierra
et al., 2018), and provide information about the time carbon spends in particular
compartments and the entire system (Rasmussen et al., 2016; Sierra et al., 2017).
Although there seems to be a direct relation between the time carbon spends in a
compartmental system and its radiocarbon dynamics, few studies relate both con-
cepts.

An open compartmental system contains inflows and outflows different from

zero (Jacquez and Simon, 1993). Timescales in open compartmental systems are
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usually characterized by the concepts of age and transit time (Bolin and Rodhe, 1973;
Rasmussen et al., 2016; Sierra et al., 2017). In open systems such as the biosphere, the
incorporation and release of carbon occurs continuously, and it is possible to define
the concept of age as the time elapsed since carbon enters the compartmental system
until a generic time. The transit time can be defined as the time the carbon needs to
travel through the entire system, i.e., the time elapsed between carbon entry until
its exit. In order to estimate these time metrics from *C measurements, a model
linking both carbon and radiocarbon dynamics is required. Thompson and Ran-
derson (1999) have used impulse response functions from compartmental models
to obtain ages, transit times, and time-dependent radiocarbon dynamics. However,
this approach is computationally expensive and can introduce numerical errors if
simulations are not long enough to cover the dynamics of slow cycling pools.

Explicit formulas for age and transit time distributions in compartmental sys-
tems have been recently developed (Metzler and Sierra, 2018). These formulas do
not introduce numerical errors and can describe entire age distributions of carbon
for specific pools and for the entire compartmental system. These age distributions
suggest that radiocarbon in compartmental systems may consist of a mix of differ-
ent values, i.e.,, compartments could be described in terms of radiocarbon distri-
butions that relate the relative proportion of carbon with a particular radiocarbon
value. However, until now, radiocarbon is reported and modeled as a single quan-
tity, rather than the mean of an underlying distribution.

Knowledge of the distribution of the isotopic ratio between *C to 12C in a com-
partmental system might give important insights on the model structure that better
tits existing data. For example, by comparing the signature of radiocarbon in the
pools and their outfluxes, we get insights into the size of the compartmental model
that better describes ecosystem dynamics (Sierra et al., 2017). Further, empirical
knowledge of the radiocarbon distribution of a particular system can play a signifi-
cant role in determining the most appropriate model to describe a system.

Model-data comparisons using radiocarbon are made more complex by the fact
that the quantity of 1*C in the atmosphere is continuously changing. This is particu-
larly important after the 1960s when nuclear bomb tests liberated large amounts of
thermal neutrons to the atmosphere, contributing to the formation of radiocarbon
(bomb or excess 14C). In addition, large quantities of fossil-fuel derived carbon (}4C-
free) have been emitted to the atmosphere since the beginning of the Industrial Rev-

olution, diluting the atmospheric radiocarbon signal and producing a fast decline
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of the radiocarbon isotopic ratio in recent years (Graven et al., 2017). Therefore, we
would expect a different radiocarbon distribution for every year in a compartmental
system.

However, most studies have focused on estimating the mean isotopic ratio of 14C
to 12C in order to evaluate carbon ages and transit times, ignoring its potential un-
derlying distribution. As a tracer, the entire distribution of radiocarbon values are
expected to change over time even if the compartmental system is in equilibrium.
Thus, obtaining a simple and accurate method to estimate radiocarbon distributions
as a function of time (e.g. the year of observation or sample collection) is of great
interest for experimental and modeling studies. Therefore, the main objective of this
chapter is to introduce a method to obtain distributions of radiocarbon in compart-
mental systems at steady-state. In particular, we ask the following research ques-
tions: (i) How do distributions of radiocarbon in terrestrial compartments change
over time as a consequence of changes in atmospheric radiocarbon? (ii) How do
empirical data compare to these conceptual radiocarbon distributions? (iii) What
insights can these distributions provide for experimental and sampling design for
improving model-data comparisons by capturing the entire variability of AC val-
ues?

This chapter is organised as follows: First, we provide the necessary theoretical
background to obtain age and transit time distributions from compartmental sys-
tems. Second, we describe an algorithm that computes radiocarbon distributions
for particular years using an age or a transit time distribution of carbon and an at-
mospheric radiocarbon curve. Third, we present an application of our algorithm
to three compartmental systems addressing the research questions above. Finally,
we discuss our results in the context of applications to any general compartmental
model and potential new insights from our approach.

3.1 Compartmental systems

Compartmental systems describe the temporal dynamics of matter as it travels through
a network of compartments until its final release from the system. A set of compart-
ments is translated mathematically as a set of linear or non-linear ordinary differen-
tial equations, whose solutions are the amount of matter in each compartment at a

certain time.
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We will consider here linear autonomous compartmental systems, characterized
by the mass of carbon at time ¢ in m compartments as the vector ¥(f) € R™. Addi-
tionally, the compartments of the systems considered here are assumed well mixed,
which implies that all carbon atoms inside a compartment have the same probabil-
ity of being transferred to other compartments or to outside the system (Anderson,
1983). This well-mixed property is linked to the fixed rate at which mass is pro-
cessed inside each compartment. For example, if a compartment i has a process rate
k;, all particles inside the compartment have the same probability of being removed
from the compartment at this rate.

The mass of carbon in the compartments changes over time according to the

following expression

dz(t)
dt

where the constant vector i represents the inputs of carbon into the system, and

=¥(t)=id+BX(t), Ft=0)=x, (3.1)

the m x m compartmental matrix B contains constant values of the cycling rates of
the compartments in its diagonal entries, while the off-diagonal entries consist of
the constant transfer rates among them. In particular, the compartmental matrix in
most ecosystem carbon models has an internal structure reflecting transfers between
the components (coefficients «; j, representing the proportion of C transferred from
compartment j to compartment i) and cycling rates k; reflecting assumptions of first-
order kinetics of loss (at rate k;) from any given compartment:

—k1  wipko - aqmkm
a1k —k N S <
B_ 2,'1 1 | 2 | Z,rTz ml| (32)
Okl @moky oo —kpy

This matrix contains information on the dynamics, structure, and size of a com-
partmental model. The outflux of carbon from the system can also be obtained from
this matrix by summing all column elements; i.e., the outputs from a pool that are
not transferred to other pools are assumed to leave the compartmental system.

The information of the amount of carbon entering the system to be partitioned
among the compartments is contained in the input vector
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Linear autonomous systems of the form of equation (3.1) have an equilibrium

point or steady-state solution X* given by

X*=—-B i, (3.4)

where the mass of the compartments do not change over time, and inputs are equal

to outputs for all compartments.

3.2 Time metrics in ecology

3.2.1 Age distributions

We define age T in a compartmental system as the time elapsed between the time
of carbon entry until some generic time (Sierra et al., 2017). For a time-independent
system in steady-state, a probability distribution of ages of carbon in the compart-
ments can be obtained using stochastic methods. According to Metzler and Sierra
(2018), the vector of age densities for the compartments (denoted by f,(7)) can be
obtained as

fa(t) = (X*)"1.e™B i (3.5)

where X* = diag (x],x3,...,x;,) is the diagonal matrix with the steady-state vector
of carbon stocks as components, and e? B is the matrix exponential.

For the whole system (denoted by the function with capital A, f4(7)) , the age
distribution is given by

"
fa(t)=—1T-B-¢®. (3.6)
[l
where ||x*|| := i1 |x*| is the 1-norm of the steady-state solution and represents

the sum of the masses in the vector.
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3.2.2 Transit Time distributions

We define transit time as the time elapsed since carbon enters the compartmental
system until it leaves the boundaries of the system (Sierra et al., 2017). The transit
time is equivalent, therefore, to the age of the outflux. Metzler and Sierra (2018)
also provide an explicit formula to obtain the transit time density distribution for a

time-independent system at steady-state as

frr(t) = —1T-B-¢™B. ﬁ 3.7)
The age and transit time distributions are densities and they integrate to 1
/O Fa(T)dT = /0 Frr(t)dT = 1. (3.8)

The derivation of these equations (3.5, 3.6, 3.7) is based on the idea that a de-
terministic compartmental system of differential equations can be expressed as a
continuous-time Markov chain (Metzler and Sierra, 2018). This perspective, allows
us to make inferences about the total masses of carbon in a stochastic setting, with
explicit formulas for the age of carbon atoms in the system (Azizi-Rad et al., 2021).

3.3 Estimatingradiocarbon distributions from compart-

mental models

We developed an algorithm to convert age and transit time distributions into dis-

tributions of radiocarbon expressed as A*C for any given year of observation. We
define A™C as

AMC = [Flacerc(1950-y) 1} % 1000 [%o] (3.9)

where F14C is the Fraction Modern (Agy/Aon), i.e., the sample ratio normalized to
§13C by oxalic acid standard (OxII), Ac is the updated *C decay constant (equals
8,21T yr—1), and y is the year of measurement.

The algorithm works in three main steps, 1) homogenization, 2) discretization,
and 3) aggregation (Figures 3.2 and 3.3). We describe these three steps in detail in
the sections below using mathematical notation for the system age distribution, but
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computations are similar for the transit time distribution, and the age distribution

of individual compartments.

3.3.1 Homogenization of input data

The main inputs for the algorithm are an age distribution f4(7), and an atmospheric
radiocarbon curve F,(t) that provides the AC value of atmospheric CO, for a cal-
endar year t. To homogenize the time variable of both f4(7) and F,(t), we define
the year of observation f, as the year of interest to produce the radiocarbon distri-
bution. In this way we have f4 and F; in terms of the same independent variable.

Since we are interested in determining the radiocarbon values of material ob-
served in the system at time ¢y, we will look in the radiocarbon curve —t years in
the past to obtain the radiocarbon values in the system with an age 7. Therefore, at-
mospheric radiocarbon can be expressed as a function of age, i.e., F;(to — t) = F,(7)
(Figure 3.2). Now, both the system age distribution f4(7) and the atmospheric ra-
diocarbon curve F;(T) are functions of the continuous variable 7 that represents age
since t.

Several atmospheric radiocarbon datasets can be found in the literature (Graven
et al., 2017; Hogg et al., 2013; Hogg et al., 2020; Hua et al., 2013; Hua et al., 2021;
Levin et al., 1980; Levin and Kromer, 1997; Levin et al., 2010; Reimer et al., 2013;
Reimer et al., 2020). Also forecasts of radiocarbon content in the atmosphere can
be found in the recent literature (Graven, 2015; Sierra, 2018). However, these atmo-
spheric radiocarbon datasets do not necessarily have the same resolution in time.
Some of them provide predictions or data at an annual or four-monthly time step,
while in other datasets, some ranges are spaced by decades. To homogenize the res-
olution of the AC and to transform these radiocarbon datasets into a continuous
function of T, we use a cubic spline interpolation to obtain A'*C values for any value
of T. After this step, F,(T) can be computed until the last available date in the chosen
atmospheric radiocarbon dataset, covered by the range where f4(7) is computed,
i.e., for any value of T € [0, 0).

Atmospheric radiocarbon datasets

For the models studied here, we needed to build two different combinations of at-

mospheric radiocarbon curves. One for the Northern Hemisphere (NH) to cover the
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HEFS and Emanuel models, and the second one for the tropics to serve as input for
the Porce model (Figure 3.1).

The atmospheric A*C values used for years in the past — e.g., 1965 CE — were
obtained by merging the recently released IntCal20 calibration curve (Reimer et al.,
2020), which combines radiocarbon data and Bayesian statistical interpolation for
the range 55,000 — 0 cal BP (BP = before present = 1950 CE), and the records of atmo-
spheric radiocarbon data compiled by Graven et al. (2017), from 1950 to 2015 CE for
the NH and for the tropics. Graven et al. (2017) also provides radiocarbon data in
one-year resolution on the range 1850 to 1949. However, as in this range there are
estimations partially based on the previous NH calibration curve (IntCall3, Reimer
et al. (2013)), we decided to subset Graven et al. (2017)’s dataset, starting in 1950 CE.

For the years in the future, such as 2027 CE and 2100 CE, we made use of the fore-
cast simulations computed by Graven (2015), who simulated AC values in the at-
mosphere for four Representative Concentration Pathways of fossil fuel emissions:
RCP2.6, RCP4.5, RCP6 and RCP8.5. In this work we use the predictions based on
the high emissions scenario (RCP8.5), starting in 2016 CE.

The A™C values in all datasets used in this work are written as the deviation
from the standard representing the pre-industrial atmospheric *C concentration.
The raw published values are already corrected for fractionation and decay with
respect to the standard. It is equivalent to A in Stuiver and Polach (1977) (equation

(3.9)).
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FIGURE 3.1: Scheme of the atmospheric radiocarbon inputs used in the
estimation of the probability density distributions of radiocarbon. Be-
fore 1950 CE, input radiocarbon data relies on the IntCal20 (Reimer et
al., 2020) measurements and modeling; Between 1950 and 2015 it con-
sists of atmospheric A*CO, records compiled by Graven et al. (2017);
From 2016 on, the atmospheric radiocarbon values are based on the
predictions of Graven (2015) for the RCP8.5 scenario. The records be-
tween 1950 and 2015 comprise values for the atmosphere in Northern
Hemisphere (NH) and Tropics. The Tropics records are used as input
in the Porce model (section 3.4.2). The NH dataset is used as input in
the HFS model and Emanuel model (section 3.4.3).

3.3.2 Discretization

Although we have now the age distribution and the radiocarbon data as continuous
functions of age, we need to discretize these functions in intervals of size h. The
reason for this discretization is that the probability density function of age f4(7)isa
measure of the relative likelihood of an infinitesimal amount of mass having an age

7. But ultimately, we are interested in the probability that a small mass has certain
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radiocarbon distribution. Therefore, we need to discretize the probability density
function to a probability mass function along a discrete variable T € [0, Tmax). The
new discrete probability function of ages can be defined as

T+h
Pa(t<T<T+h) = / Fa(T)dr. (3.10)

From this probability function, we can compute the proportion of total mass in
the system with an age T as

M(T) = [|X*[| - Pa(T), (3.11)

where

Tmax
Z Ps(T) ~ 1,
=0 (3.12)

Tmax

Y, M(T) ~ [[x].
T=0

Equation (3.12) implies that there is an approximation error by discretizing the
continuous density function to a finite set of discrete intervals. This approximation
error can be minimized by decreasing the size of the intervals & and extending Tiax
as far as possible.

Once we discretize f4(T) to P4(T) and obtain discrete proportions of mass with
certain age M(T), we proceed to discretize the atmospheric radiocarbon curve with
respect to the same discrete interval of ages T € [0, Tmax|. This is simply done
by computing F,(t = T), which makes the assumption that within each interval

[T, T + h], the atmospheric radiocarbon value is equal to F, (7).

3.3.3 Aggregation

Now we are ready to combine the distribution of mass in the system at discrete
age intervals with the atmospheric radiocarbon curve. To do so, we first subdivide
the AC axis of the radiocarbon curve into equally spaced bins (b); for each bin
b we take the corresponding radiocarbon content F,(T) and corresponding inter-
vals of T € [0, Tmax], matching them to the respective values of mass M(T) in the
age distribution of carbon. Then, we sum all the masses within the same AC val-
ues (see Figure 3.3 for a better understanding of the aggregation step). The result
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can be organized as the amount of carbon mass in discrete intervals of AYC; ie.,
M(AYMC) = M(F,(T)).

1. Homogenization 2. Discretization 3. Aggregation
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FIGURE 3.2: Graphical visualization of the three main steps for the
computation of radiocarbon distributions in a compartmental system
using an atmospheric radiocarbon curve of the carbon inputs to the
systems, and the age distribution of carbon in a compartmental system.
The homogenization step (1.) consists of normalizing the times vari-
ables of the atmospheric curve, which is expressed in years of the calen-
dar, and the age distributions, with ages in years. In the step 1, we also
apply a spline interpolation to the atmospheric radiocarbon dataset to
make sure both curves - atmospheric radiocarbon and age distribution -
have the same resolution /. In the discretization step (2.) we divide the
continuous curves into discrete intervals, where the masses of carbon
will correspond to the probability densities obtained by the computa-
tion of the age distribution, multiplied by the steady-state solution of
the compartmental system. Finally, in the aggregation (3.) we subdi-
vide the atmospheric radiocarbon curve into intervals with size of the
final bin size of the bar-plots, i.e. b, and sum the masses of carbon from
the age distribution with the same AC value they would have in the
atmosphere, independent of the age.
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FIGURE 3.3: Third step of the algorithm: aggregation. The radiocarbon
curve (atmospheric radiocarbon contents) is subdivide into intervals of
size b. Those intervals will correspond to the size of the bins that will
generate the bar plots. Inside the range b there is a range of A*C val-
ues that will correspond to intervals of ages — or T, in the appropriate
normalized time variable from step 1 (homogenization) —, in units of
years. The y-axis of the final bar plot will correspond to the sum of
carbon masses in the intervals of T. The x-axis of the final bar plot cor-
responds to the range of A'*C values in the atmosphere (and corrected
for the decay according to T) defined through the size b.

We implemented these three steps in the R programming language, and used
the package SoilR (Sierra et al., 2012a) to obtain the age distribution of the pools, the
whole system, and the output flux (equivalent to the transit time) based on equa-
tions (3.5), (3.6), and (3.7). The versions used here were R version 4.0.3 and SoilR
version 1.1 (Sierra et al., 2014). The link to access the R scripts with the algorithm
functions and model results is provided in the Availability Statements.

Since atmospheric C concentration for the past 55,000 years is mainly empir-
ically known, generating the radiocarbon curves, we could easily convert age into
atmospheric A*C. By matching the A*C-based-on-age values with the previously
estimated densities, we built barplots, gaining insight into the radiocarbon distribu-
tions for the models studied in this work. In the algorithm we defined four func-
tions: PoolRDC, SystemRDC, TTRDC, and C14hist. The first three functions take the
densities outputs, i.e., the carbon contents discretized by age, from built-in SoilR
functions, such as transitTime and systemAge. The densities are subset to build bins
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through the C14hist function. The logical statements used to construct the bins are
based on the atmospheric A'*C data and according to user-defined bin size b. This
structure allows one to plot histogram-like graphs, where the height of the bars
represent the amount of carbon mass with corresponding A*C values. Thus, our
algorithm starts with a compartmental matrix, an input vector and a radiocarbon
calibration curve, and returns an object containing masses of C and their match-
ing decay-corrected A*C values, estimated for any given year of observation. The
match is done by assuming that T = 0 (age equals zero) at the year of observation
to. This means that the input radiocarbon signal in past years will correspond to the
A™C signal of the atmosphere of those years corrected for the radioactive decay of
14C (average lifetime of 8,267 years, i.e., half-life of 5,730 years) according to the age
of the pool, system or outflux.

Besides the radiocarbon distributions for pools, whole system and output flux,
one can also compute the expected value of A*C from these distributions in any
given year of observation. This is done by computing the mean of A*C weighted
by the amount of carbon in AC bins of size b. The standard deviation of the dis-
tribution is obtained as the square root of the difference between the square of the
expected value and the expected value of the squares of AC values.

3.3.4 Set of parameters

As described before, in order to estimate the radiocarbon distributions and expected
values of A'*C, the algorithm needs the following arguments: a compartmental ma-
trix B, containing the decomposition and transfer rates within the pools; an input
vector i containing the input mass to be partitioned among the compartments; the
year of observation (equivalent to year of sampling in an experimental framework);
the number of years in the past one aims to compute the distributions for; and a set
of radiocarbon values in the atmosphere, comprising the year of observation and
the number of years chosen. An additional argument is &, the discretization size
described above, which has a default value of 0.1 years, but could be modified ac-
cording to user preferences.

For the HFS model, B is the matrix in equation (3.13), with the form of equation
(3.2), and if is the numeric vector in the same equation (3.13), with similar form
as equation (3.3). We estimated the radiocarbon distributions for different years of

observation, in order to address different research questions raised in this work. In
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the results and Supplementary material of chapter 3 we present the distributions for
the pools and total outflux of all the three models for the years 1965, 2027 and 2100.
Additionally, in the supporting material we provide the non-stacked radiocarbon
distributions of individual pools for the same mentioned years (Figures A.3 - A.11).
Videos with the radiocarbon distributions for the total outflux and whole system for
all the years between 1955 and 2100 (Videos S1 — S6, respectively) can be found in
Chanca et al. (2022). Radiocarbon distributions of the outflux in the HFS model are
also presented for the years 1996, 1998, 2002, and 2008, as for those years we also
have independent AC data from soil CO; efflux in the Harvard Forest to compare
to our estimations (Sierra et al., 2012b). For all those estimations, the number of
years of computation was 1,000 years. The bin size b for plotting the histograms
was set as 10 %o for most of the radiocarbon distributions, except for the year 1965,

where it was set up to 40 %o, avoiding gaps on the x-axis.

3.4 Application in ecological compartmental models

3.4.1 Harvard Forest soil model

Our approach can be used to obtain radiocarbon distributions for linear compart-
mental models of any size representing carbon cycling processes at different scales
and for different biological systems. We discuss here the probability distributions of
radiocarbon obtained for three different carbon cycle models. Despite the method
described throughout this work may not be limited to these examples, the approach
is particularly useful for interpretation of radiocarbon measurements in ecosystems
in the future. Nevertheless further applications might include carbon dynamics in
aquatic systems, molecular transformations of carbon in organisms, among others.
In the following sections we focus on a model that represents the dynamics of
soil organic carbon in a temperate forest, which we call here the Harvard Forest
Soil (HFS) model. In the appendix, we describe two other carbon models, hereafter
called Porce model and Emanuel model. The Porce model represents the carbon cy-
cle of a tropical forest in the Porce region (Colombia) through seven interconnected
compartments (Sierra et al., 2021). The Emanuel model describes the global carbon

cycle through a 5-box model (Emanuel et al., 1981).
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The pools of the HFS model were operationally defined, which means they were
based on methods to separate organic matter performed on samples from the Har-
vard Forest in Massachusetts, USA (Gaudinski et al., 2000; Sierra et al., 2012b). Soil
samples collected in O-horizon, corresponding to 0 — 8 cm depth, and A-horizon (8
— 15 cm depth) were separated into seven soil fractions corresponding later to each
of the compartments of the model (Figure 3.4); one pool corresponds to dead roots x1.
Pools x3, x3, and x4 correspond, respectively, to fractions from the O-horizon here
called Oi, Oe/a L, and Oe/a H. We keep the pool names given in Gaudinski et al. (2000)
and Sierra et al. (2012b), but these fractions are equivalent to leaf litter (Oi fraction),
recognizable root litter (Oe/a L fraction), and humified fraction, i.e., organic matter
that has been transformed by microbial action (Oe/a H). Pools x5, x4, and x7 corre-
spond, respectively, to fractions from the A-horizon here called A, LF (> 80 um),
A, LF (< 80 um), and mineral associated. The A-horizon pools were fractionated by
density (1 g cm—3), with the low-density portion being further subdivided by siev-
ing into recognizable leaf larger than 80 ym (A, LF (> 80 um) fraction, pool x5) and
smaller than 80 ym (A, LF (< 80 um) fraction, pool x¢). Details about the methods
employed to fractionate the samples can be found in Gaudinski et al. (2000).

The HFS model was built by fitting empirical radiocarbon data from the above
described soil fractions. Details about the use of the data to build the compartmen-
tal model are presented in Sierra et al. (2012b). For the same sites, independent data
(i.e., data not used for estimating the compartmental matrix) are available (Sierra
et al., 2012b). The independent data used in this work consists of A*C measure-
ments on total soil CO; efflux collected between 1996 and 2010 (with exception for
the year 2005). We used these data to compare the representativity of the mean AC
measurements to the expected A*C values obtained through our algorithm. In the
results we present the probability distributions of radiocarbon for the years 1996,
1998, 2002, and 2008. The number of samples measured corresponding to the re-
spective years was n = 12, 28, 23, and 10. We also estimated the expected value of
A™C for the remaining years and these values can be seen in the Figures A.1 and
A.2 of the supporting information material.
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FIGURE 3.4: Scheme of Harvard Forest soil model stocks (C;) and
fluxes among compartments (adapted from Sierra et al. (2012b)). All
the fluxes are in units of g€ m~2 yr~! and stocks in gC m~2. Pool x;
corresponds to dead roots; in the O-horizon we have pools x;: Oi (leaf
litter), x3: Oe/a L (recognizable root litter), and x4: Oe/a H (humidi-
fied OM). In the A-horizon, we have pools x5: A, LF (> 80um) (less
dense, i.e., density < 1 g cm ™3, fraction with particles > 80um), and x:
A, LF (< 80 um) (less dense fraction passing through an 80 ym sieve).
The seventh pool x;7 represents the dynamics of the mineral associated
fraction (density > 1 g cm™3).

The set of ordinary differential equations for the HFS model can be expressed in

compartmental form as
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X1 255 —255/1530 0 0 0 0 0 0 X1
X 150 0 —150/220 0 0 0 0 0 X7
X3 0 0 98/220 —98/388 0 0 0 0 X3
Xq4 | = 0 + 35/1530 0 4/388 —39/1366 0 0 0 X4
X5 0 30/1530 0 0 0 —30/90 0 0 X5
X 0 0 0 0 0 24/90 —24/1800 0 X
Xy 0 0 2.7/220 0 0 0 2.4/1800 —5.1/560 X7
(3.13)

In the HFS model, for the whole system in 1965 CE (Figures 3.5b and A.3),
the distribution of radiocarbon aggregates the contributions of the different pools,
which results in different peaks in the overall distribution. The mode (i.e., the A*C
with highest mass density) is below 0 %o because a large portion of the total amount
of carbon is contributed by the mineral associated pool that is predominantly still pre-
bomb carbon with little contribution from carbon fixed after 1964. In addition, other
pools that cycle fast, contribute relatively small amounts of bomb C to the overall
distribution.

The radiocarbon distribution in the output flux of the HFS model in 1965, i.e.,
the radiocarbon distribution that corresponds to the transit time distribution for this
year (Figures 3.6b — blue bars —and A.3) has three distinct peaks in the distribution.
In the soil model, the distribution of the outflux is very similar to that of the dead
roots pool (Figure A.3), which is the main contributor to the total respiration flux.
However, other pools also contribute to the respiration flux with their radiocarbon
signatures and emphasize fluxes from the fastest cycling pool (Oi) and respiration
of carbon that was present in other pools before the bomb peak.

The shapes of the distributions change dramatically for subsequent years after
the bomb spike (Figures 3.6b). For 2027 CE, the expected AMC values of fast pools
drop considerably, in parallel with atmospheric *C, compared to 1965 CE (Figure
A.4). These fast pools do not store much radiocarbon from the bomb period, and
their radiocarbon signatures reflect recent carbon from the atmosphere. In contrast,
slow cycling pools in 2027 had relatively high A*C values, mostly because they still
contain radiocarbon from the bomb period. In the output flux (Figures 3.6b - green
bars - and A.4), as expected, since the respiration flux is dominated by the faster-
cycling pools such as dead roots and Oi for HFS model, most of the radiocarbon is
narrowly distributed around the recent atmospheric A™CO, value in 2027 (A#CO,
= -28.8 %) (Graven, 2015), with almost no contributions from bomb 4C.
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By the year 2100, the atmospheric A*CO, values have dropped to -254.5 %o
(Graven, 2015), reflecting the Suess effect. In all the models studied here, the dis-
tributions of most pools show a lower AC variability in 2100. Faster-cycling pools
have dropped to reflect negative A'*C in the atmosphere over the 73 years since
2027, while the slow pools still show a wide range of A*C values that includes C
tixed during the bomb period (now ~150 years previously). The latter pattern can
be observed for mineral associated (x7), A, LF (< 80 um) (x¢) and Oe/a H (x4) pools in
the HFS model (Figure A.5).
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FIGURE 3.5: (a) Pool age distributions for the Harvard Forest Soil
model computed in a span of 1,000 years with a resolution of 0.1 year.
Mean system age is 50.9 years. Mean pool ages vary from 1.5 yrs (for
Oi pool) to 150 yrs (for mineral associated pool). (b) Mass density dis-
tribution of radiocarbon in 1965 — just after the *C bomb peak in 1964.
Distribution was computed over 1,000 years, discretized by 0.1 yrs. Bin
size b = 40%. The expected A*C and standard deviation (sd) of the
whole system in 1965 is 141 4 280 %. (c) Mass density distribution of
radiocarbon in 2027. Distribution was computed over 1,000 years, dis-
cretized by 0.1 yrs. Bin size b = 10%c. The expected A*C and sd of
the whole system in 2027 is 54 + 144 %o. (d) Mass density distribution
of radiocarbon in 2100. Distribution was computed over 1,000 years,
discretized by 0.1 yrs. Bin size b = 10%. The expected A*C and sd of
the whole system in 2100 is -147 + 146 %o.
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FIGURE 3.6: (a) Transit time distribution for the Harvard Forest Soil
model computed in a span of 1,000 years with a resolution of 0.1 year.
Mean transit time is 14.7 years. (b) Mass density distributions of radio-
carbon for the output flux (total respiration) in the years 1965, 2027 and
2100. Distribution was computed over 1,000 years, discretized by 0.1
yrs. Bin size b = 40%o for all the years of observation. The expected
AMC values and standard deviations of the outflux are: 334 + 333 % in
1965; 9 + 81 %o in 2027; and -223 =+ 78 %o in 2100.

Radiocarbon measurements of total soil CO, efflux at the Harvard Forest com-
pared relatively well with the theoretical distributions of radiocarbon in the output
flux obtained from our approach. Total soil CO; efflux includes both decomposition
sources predicted by the model and root respiration, estimated by Gaudinski et al.
(2000) to be ~ 55% and to have AMC values equal to the atmosphere in any given
year.

In the model, for all the years presented in this section (1996, 1998, 2002, and
2008) the mode represents a mass of respired carbon equivalent to ~ 10> gCm~2. We
refer also to smaller peaks, hereafter secondary peaks, where the mass of respired
carbon is equivalent to values larger than 100 gC m 2 but lower than 1 kgC m~2 in
one bin size (b) range. For all the theoretical distributions in this section b = 10 %y,
however, as one could anticipate, the size of the b has not effect on the expected
value. The measurements were always within the expected range of AC estimated
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through the algorithm (Figure 3.7, Table 3.1). In all cases, the average of the mea-
surements was relatively close to the expected value of the theoretical distributions.
However, the variance of the observations was smaller than the expected variance
from the model (Figure A.2 and Video S7). In particular, the expected values were
systematically higher in #C than the average of the observations for years 1996,
1998, 2002, and 2008 by 23.5 %o, 21.8 %o, 15.1 %o, and 10.8 %o, respectively (Figure 3.7).
The standard deviation of the observations were 17.3 %o, 26.2 %0, 8.4 %o, and 13.6 %o
for the years 1996, 1998, 2002, and 2008, respectively, which are smaller than the
expected standard deviation of the distributions, which were 107.6 %o, 103.3 %o, 96.3
%o, and 89.7 %o for the corresponding years, as a consequence of the larger spread of
the theoretical distributions.

For the year 1996 (Figure 3.7a), the 12 measurements of soil CO, efflux ranged
from 104.3 %o to 167.3 %o (o = 17.3 %0). The mode of the theoretical distribution also
falls in this interval: (112, 122] %o. Secondary peaks fall in a range with magnitude
of one bin size below 0 %o, starting in AC values of -28 %, and in a wide range of
AM™C above the mode, ranging from 122 %o to 212 %o (Table 3.1).

For the year 1998 (Figure 3.7b), the 28 measurements of soil CO, efflux ranged
from 66.4 %o to 193.9 %o, (o = 26.2 %¢). The mode of the theoretical estimation fall in
the range from 102 % to 112 %o (Table 3.1), while secondary peaks are observed in
the ranges (-28,-18], (92,102], and (112, 202].

For the year 2002 (Figure 3.7c), the 23 measurements of soil CO, efflux range
from 88 %o to 117.9 %o, (¢ = 8.4 %0). The theoretical mode falls partially in the range
of the observations: (81, 101] %o. The theoretical estimations include the range ob-
served in the empirical data — (102, 152] %o — however, with probability density one
order of magnitude smaller than the mode. Moreover, the theoretical distribution
has a secondary peak in the range of (71, 81], which is not observed in the measure-
ments.

Finally, in the year 2008 (Figure 3.7d), the ten measurements of soil CO; ef-
flux range from 60.8 %o to 104.7 %o, (o = 13.6 %o). The peaks (carbon masses over
100 gC m™2) of the theoretical distributions for this year are concentrated in the
range (41, 121], with the mode in the bin (51, 61] %e.

For all the years, secondary peaks falling in the negative part of the AC axis (Ta-
ble 3.1), comprising values between -29 or -28 %o and -19 or -18 %, are not captured
in the soil ACO, efflux measurements.
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TABLE 3.1: A¥C ranges with masses of carbon above 100 gC m=2 according to our estimations; AMC expected
values according to weighted mean of mass distribution of radiocarbon; and observed A*C mean values of

soil CO; efflux.

AYC [%0]
Year Mode” Secondary Peaks’ Expected value® Mean value®
1996 (112,122] (-28,-18],(102, 112], (122, 212] 153 + 107.6 1295 +17.3
1998 (102,112] (-28,-18], (92, 102], (112, 202] 139.4 +103.3 117.6 £+ 26.2
2002 (81,101]  (-29,-19], (71, 81], (101, 151] 1159 +£96.3 100.8 £ 8.4
2008  (51,61] (-29, -19], (41, 51], (61, 121] 85 £ 89.7 74.8 £ 13.6

a Carbon masses ~ 10° gCm™2;

b Carbon masses between 100 g¢C m~2 and 1 kgC ~%;

¢ Expected value of theoretical radiocarbon distribution of the outflux (weighted mean);
d Mean value of the A*C values measured on soil CO; efflux from the Harvard Forest.
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FIGURE 3.7: Comparison between theoretical radiocarbon distribution
and independent empirical data for the corresponding years of obser-
vation. (a) Year of observation = 1996 CE = Year of sampling and num-
ber of observations n = 12; (b) Year of observation = 1998 CE = Year
of sampling and number of observations n = 28; (c) Year of observa-
tion = 2002 CE = Year of sampling and number of observations n = 23;
(d) Year of observation = 2008 CE = Year of sampling and number of
observations n = 10.

In this work, we also computed the radiocarbon distributions for two addi-

tional compartmental models. One model represents the carbon cycle of an old-

growth tropical forest ecosystem based on measurements made at the Porce region

in Colombia. The model parameters were obtained through a data assimilation pro-

cedure on the empirical data. We denote it here as the Porce model (Sierra et al.,

2021). Another model represents the global carbon cycle, and it is based on the sim-

ple model described by Emanuel et al. (1981). We refer to it here as the Emanuel
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model.

3.4.2 Porce Model

Atmosphere

H
' [GPP

e

FIGURE 3.8: Scheme representing the connection
between compartments in Porce model (Sierra et
al., 2021). The pools are identified as x;: Foliage,
x2: Wood, x3: Fine roots, x4: Coarse roots, xs: Fine
litter, xe: Coarse woody debris, and x7: Soil carbon
(0 — 30 cm). Pools x1 — x4 are live biomass pools,
while dead biomass and soil pools correspond to
compartments xs, x¢, and x7.

The Porce model consists of seven
compartments representing xi: Fo-
liage, xp: Wood, x3: Fine roots, x4:
Coarse roots, xs5: Fine litter, xg: Coarse
woody debris, and x7: Soil carbon (0
— 30 cm). Carbon enters the fo-
liage compartment in the form of
gross primary production, with an
average value of 23.7 MgC ha~!
yr~1. From the foliage (x1), carbon
is transferred to the wood and root
pools (xz, x3, x4), and from these
live biomass pools, carbon is sub-
sequently transferred to the dead
biomass and soil pools (x5, xs, x7).
A pictorial structure of this com-
partmental system can be visual-
ized on the Figure 3.8. In compart-
mental form, the Porce model can

be expressed as the equation (3.14).
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X1 23.74 —2.98 0 0 0 0 0 0 X1
X2 0 047 —0.03 0 0 0 0 0 X2
X3 0 0.03 0 —0.03 0 0 0 0 X3
Xy | = 0 + 1 0.09 0 0 —0.02 0 0 0 X4
x5 0 0.75 0 0.03 0 —-2.6 0 0 X5
X6 0 0 0.009 0 0.00002 0 —0.52 0 X6
X7 0 0 0 0 0 066 051 —0.02 X7

(3.14)

The age and transit time distributions of this compartmental model can be ob-
served in the Figures 3.9a and 3.10a, respectively. Additionally, from the age and
transit time distributions, we have also computed the radiocarbon distributions for
the years 1965, 2027 and 2100 (Figures 3.9b—d, 3.10b, A.6, A.7 and A.8), as well as
the radiocarbon distributions of the whole system and its total outflux for the period
between 1955 and 2100 (Videos S3 and S4). The arguments of the functions used to
compute the theoretical radiocarbon distributions are the same ones used for the
HFS model, following the section 3.3.4. Therefore, the bin size b of the distributions
for the year 1965 is b = 40 %o, while for 2027 and 2100 it is set as b = 10 %.

As observed in the HFS model, the probability distribution of radiocarbon for
the whole system has the mode on A'¥C values of the main contributor, a slow-
cycling pool: Soil carbon (0 — 30cm) (Figures 3.9b—d, and A.6 — A.8). Moreover, for
the year 2100, where the atmospheric A*CO, will most likely have largely dropped
due to the Suess effect (Graven, 2015), the distribution of radiocarbon of slow pools
is wide.

In the outflux of the Porce model (Figure 3.10b, A.6, A.7 and A.8), the peaks are
related to the fast dynamics of pools, such as foliage and fine litter. The expected A*C
values in the year of observation of the fast pools will change according to the at-

mospheric radiocarbon signals detected for the contemporaneous years of sampling
(Figures A.6, A.7 and A.8).
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FIGURE 3.9: (a) Pool age distributions for the Porce model computed
in a span of 1,000 years with a resolution of 0.1 year. Mean system age
is 40.7 years. Mean pool ages vary from 0.3 yrs (for Foliage pool) to 55.3
yrs (for Soil Carbon pool). (b) Mass density distribution of radiocarbon
for 1965 — just after the 1*C bomb peak in 1964. Distribution was com-
puted over 1,000 years, discretized by 0.1 yrs. Bin size b = 40 %o. The
expected AC and standard deviation (sd) of the whole system in 1965
is 62.3 = 193 %o. (c) Mass density distribution of radiocarbon for 2027.
Distribution was computed over 1,000 years, discretized by 0.1 yrs. Bin
size b = 10 %o. The expected A*C and sd of the whole system in 2027
is 85.4 & 151 %0. (d) Mass density distribution of radiocarbon for 2100.
Distribution was computed over 1,000 years, discretized by 0.1 yrs. Bin
size b =10 %o. The expected AC and sd of the whole system in 2100 is
-147.9 £ 131 %o.
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FIGURE 3.10: (a) Transit time distribution for the Porce model com-
puted in a span of 1,000 years with a resolution of 0.1 year. Mean transit
time is 11.3 years. (b) Mass density distributions of radiocarbon for the
output flux (total respiration) in the years 1965, 2027 and 2100. Distri-
bution was computed over 1,000 years, discretized by 0.1 yrs. Bin size
b = 40% for all the years of observation. The expected A*C values and
standard deviations of the outflux are: 532 £ 292 % in 1965; 1.1 = 90 %o
in 2027; and -227 =+ 80 %o in 2100.

3.4.3 Emanuel Model

The Emanuel model was published in 1981 and consists of a 5-box model of the
global terrestrial carbon cycle. The boxes represent the pools x;: Non-woody tree
parts, xo: Woody tree parts, x3: Ground vegetation, x4: Detritus/Decomposers, and xs: Ac-
tive soil carbon. There are inputs from the atmosphere to two pools (x; and x3). From
x1 carbon is partitioned into pools x; and x4. Carbon from x3 partition into pool xs,
which also receive the transfers from pools x; and x4. All the stocks (in PgC) and
transfers among the compartments (in PgC yr~!) can be visualized in the scheme
on the Figure 3.11. In compartmental form, the Emanuel model is represented by
equation (3.15).
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Decomposers
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2

FIGURE 3.11: Scheme representing the stocks (in PgC) and fluxes (in

PgC yr—!) among compartments in Emanuel model (adapted from

Emanuel et al. (1981)). Pools are numbered as x;: Non-woody tree parts,

x2: Woody tree parts, x3: Ground vegetation, x4: Detritus/Decomposers, and
x5: Active soil carbon.

¥ 77 —77/37 0 0 0 0 X

i 0 31/37 —31/452 0 0 0 X

=136+ 0 0 ~36/69 0 0 x|,

i 0 21/37 15/452 12/69 —48/81 0 Xy

i 0 0 2/452 6/69  3/81 —11/1121) \x5
(3.15)

As pointed out by Emanuel et al. (1981), the active soil carbon compartment x5 has
a turnover time much smaller than 1,000 years. Therefore, the choice of nyears pa-
rameter equals to 1,000 years is plausible and sufficient for the coverage of the entire
variability in the computation. The radiocarbon data used to initialize the algorithm
was the same used for the HFS model, discussed in the subsection 3.3.1. The argu-
ments of the functions used to compute the theoretical radiocarbon distributions are
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the same ones used for the HFS and Porce models, following the subsection 3.3.4.
Particularly for the aggregation step, it means the bin size b of the distributions for
the year 1965 is b = 40 %o, while for 2027 and 2100 it is set as b = 10 %e.

The age and transit time distributions of this compartmental model can be ob-
served in the Figures 3.12a and 3.13a. Moreover, from the age and transit time dis-
tributions, we have also computed the radiocarbon distributions for the years 1965,
2027 and 2100 (Figures 3.12b—d, 3.13b, A.9, A.10 and A.11), as well as the radiocar-
bon distributions of the whole system and its total outflux for the period between
1955 and 2100 (Videos S5 and S6).

As observed for the other two models, slower pools also show a wider AMC
distribution in the Emanuel model. The widest distributions are from woody tree
parts and active soil carbon (Figure A.9, A.10 and A.11). This might reflect the slow
incorporation of the input radiocarbon signal to those pools.

In the Emanuel model, the largest outflux back to atmosphere comes from the
detritus/decomposers pool (45 PgC yr~1) (Figure 3.11). Analogously to the HFS model,
the Emanuel model has its outflux radiocarbon distribution (Figure 3.13b) similar to
the distributions of the fast-cycling pools, such as detritus/decomposers (Figures A.9,
A.10 and A.11), however, the expected A'*C values are evidently different (Figures
A9, A 10 and A.11).



64 Chapter 3. Probability distributions of radiocarbon
EMANUEL MODEL
a Any year of observation b Year of observation = 1965
03 1000
2 5
‘@ =
& 02 g 70
S | £
£ ‘ S 500
g o1] | 5
Qo . o
DQ_ Q 250
‘ =
0.0 — 0 —
0 50 160 150 60 200 400 600 800 P°°'SN 0 Tren P
14~ (o x1: Non-woody Tree Parts
Age (years) A7C (%) — Xp: Woody Tree Parts
c Year of observation = 2027 d Year of observation = 2100 — Xg: Ground Vegetation
X4: Detritus/Decomposers
300 150 — Xs: Active Soil Carbon
°© °©
. .
C c
-8 200 _g 100
@ @
o O
5 -
o 100 8 50
(2] (2]
© ©
= .I =
0 - 0
0 200 400 600 800 -300 0 300 600
A"™C (%o) A"™C (%o)

FIGURE 3.12: (a) Pool age distributions for the Emanuel model com-
puted in a span of 1,000 years with a resolution of 0.1 year. Mean sys-
tem age is 72.8 years. Mean pool ages vary from 0.5 yrs (for Non-woody
Tree Parts pool) to 108 yrs (for Active Soil Carbon pool). (b) Mass density
distribution of radiocarbon for 1965 — just after the *C bomb peak in
1964. Distribution was computed over 1,000 years, discretized by 0.1
yrs. Bin size b = 40 %.. The expected A*C and standard deviation (sd)
of the whole system in 1965 is 98 + 255 %o. (c) Mass density distribution
of radiocarbon for 2027. Distribution was computed over 1,000 years,
discretized by 0.1 yrs. Bin size b = 10 %0. The expected A*C and sd of
the whole system in 2027 is 53 + 146 %o. (d) Mass density distribution
of radiocarbon for 2100. Distribution was computed over 1,000 years,
discretized by 0.1 yrs. Bin size b = 10 %o. The expected A*C and sd of
the whole system in 2100 is -116 =+ 161 %o.
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FIGURE 3.13: (a) Transit time distribution for the Emanuel model com-
puted in a span of 1,000 years with a resolution of 0.1 year. Mean transit
time is 15.6 years. (b) Mass density distributions of radiocarbon for the
output flux (total respiration) in the years 1965, 2027 and 2100. Distri-
bution was computed over 1,000 years, discretized by 0.1 yrs. Bin size
b = 40% for all the years of observation. The expected A*C values and
standard deviations of the outflux are: 467 = 354 %, in 1965; 2.2 £ 78 %o
in 2027; and -225 =+ 80 %o in 2100.

3.5 Discussion

Overall, our results show that even though the age and transit time distributions for
the compartmental systems at steady-state are static (Figures 3.5a, 3.6a, 3.9a, 3.10a,
3.12a and 3.13a), the radiocarbon distributions are highly dynamic and non-normal
(e.g. Figures 3.5b—d, 3.9b—d, 3.12b—d, Videos S1-56). They change dramatically over
time as the atmospheric CO, source is affected by the bomb spike and the Suess ef-
fect (Suess, 1955), i.e., the effect of the dilution of radiocarbon in the atmosphere due
to the emission of fossil fuels (C-free). Pools that cycle fast, i.e., pools with sharp
age distribution peaks, such as dead roots and Oi in the HFS model or foliage in the
Porce model, followed most closely the radiocarbon dynamics in the atmosphere,
while pools that cycle slowly showed a wide range of values. Consequently, the

expected A*C values also vary largely.
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The distributions we obtained for the compartments of all models show very
unique shapes for different years and the A*C values are not normally distributed.
In 1965, just after the peak of excess “C in the atmosphere due to nuclear weapon
tests, pools that cycle fast had a wide A*C range with high probability, due to the
incorporation of radiocarbon values that changed rapidly over the period 1955 —
1964 CE. Compartments that cycle slowly have a narrower distribution with their
modes corresponding to negative A*C values, as they represent pre-bomb atmo-
spheric signals that varied less.

3.5.1 How do distributions of radiocarbon change over time as a

consequence of changes in atmospheric radiocarbon?

Our results clearly showed that distributions of radiocarbon in a compartmental
system at steady-state change considerably over time, despite the stationarity of the
age and transit time distributions for such systems, where the total mass of carbon
does not change over time. These changes reflect recent and expected dramatic
changes in the carbon isotopic signature of the inputs originating in the atmosphere,
including the bomb spike and the Suess effect, which acts as tracer of the global
carbon cycle.

In the non-steady-state case, the age and transit time distributions become also
time dependent. There are methods for obtaining age distributions of carbon in
compartmental systems out of equilibrium (Metzler et al., 2018), however, the addi-
tional complexity that would be incorporated to the algorithm is outside the scope
of this manuscript. We expect, nevertheless, that the topic of radiocarbon distribu-
tions for non-linear and non-autonomous systems can be discussed in future work.

For fast cycling pools, we expect changes to match that of the radiocarbon con-
tent in the atmosphere. Consequently, the radiocarbon distributions for fast cycling
pools present peaks in A*C values similar to those from the contemporary atmo-
spheric radiocarbon. That is an effect of the fast response of highly dynamic pools
to the variations in the isotopic composition of the system inputs. As fast pools are
the major contributors to the output flux, the total respiration also has similar nar-
row distributions close to the atmospheric AC in the year of observation t;. For
slow cycling pools that receive carbon from other pools, we expect wider distribu-

tions that include contributions from C fixed decades to centuries in the past. Thus,
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excess *C takes a longer time to be observed in the radiocarbon distributions of
slow cycling pools.

As a consequence of fossil fuel (1*C-free) emissions to the atmosphere, the di-
lution of atmospheric radiocarbon (Suess effect, Suess (1955)) affects radiocarbon
distributions, without affecting, however, the dynamic equilibrium (steady-state) of
the compartmental system. This further widens distributions in slow cycling pools,
and causes fast cycling pools to have lower A*C values than slow cycling pools.
The Suess effect becomes particularly relevant in the distributions for future years,
as shown in the distributions of radiocarbon based on the forecast of atmospheric
ACO, values. The A*CO; in the atmosphere is estimated to achieve values as low
as ca. -254 %o in 2100 for the RCP8.5 scenario (Graven, 2015). Such low values can
emerge in the radiocarbon distributions of the pools with relatively high density in
two cases: (i) if the pool cycles fast but the A™C values in the atmosphere present
high dilution (as in 2100), or (ii) with natural or bomb, however non-diluted, A*C
values in the atmosphere, but in very slow cycling pools (i.e., >2,500 yrs of car-
bon age). The latter case reflects sufficient time for radioactive decay to reduce ra-
diocarbon ratios in the carbon residing in the system. In experiments, this could
result in an inability to distinguish faster and slower cycling pools using A*C av-
erage values. Thus, one advantage of using these radiocarbon distributions is to
get insight into the dynamics of transfers in the compartmental system, highlight-
ing when these become less meaningful in the future years. Such issues can begin as
soon as in 2027, when the atmospheric A*CO, values start to decline to values never
observed before by natural processes (i.e., without the anthropogenic effects such as
the fossil fuel emissions). In the forecast for central Europe (Sierra, 2018), this tran-
sition year occurs as soon as 2022. This underlines the urgency of measurements in
the current situation and the use of archived samples from the last decades, to em-
phasize the difference between fast pools that will track the changing atmosphere
and slower pools that adjust more gradually and retain bomb *C signals even in

future decades.

3.5.2 How do empirical data compare to these conceptual radiocar-

bon distributions?

Measurements of radiocarbon in the output flux of a soil system suggest that field

measurements capture the mean value of the distributions, but not necessarily the



68 Chapter 3. Probability distributions of radiocarbon

variance of its distribution. The observations tend to be around the mean value with
a fairly small standard deviation. Conversely, the estimate of A“C values from the
model show that for slow cycling pools, the spread of the AC distributions can
capture almost all the atmospheric ACO history.

Although we do not have independent observations available for specific pools
to compare with our model predictions, we expect that for fast cycling pools the
measurements will fall in a narrow range of A%C values, as can be observed in
experiments assessing the fossil fuel CO, distribution by measurements of A*C on
deciduous leaves (Santos et al., 2019). For slow cycling pools, we would expect that
the variability of A*C experimental data will be broader.

Carbon pools that cycle slowly can be very important for climate change miti-
gation, since they could store carbon for a longer time. Therefore, an accurate un-
derstanding of their dynamics is crucial. A valuable tool to assess these dynamics
is using radiocarbon as a tracer to further constrain models. However, based on our
results and interpretations, we believe that future research work should attempt at
better capturing the spread of radiocarbon values in such pools.

We recognize that the variability in the observations includes measurement un-
certainty in addition to the expected variability due to the age distribution of car-
bon and the atmospheric radiocarbon history. Nevertheless, the comparison of the
variability between measurements and the theoretical distributions help to contex-
tualize the origin of the observed variance and interpret measurements performed

in different years.

3.5.3 What insights can these distributions provide for experimen-
tal and sampling design for improving model-data compar-

isons by capturing the entire variability of A*C values?

Overall, our results have implications for the interpretation of measured radiocar-
bon data. The radiocarbon distributions computed here can also give useful insights
for the design of empirical studies. The number of samples required to adequately
represent the internal variability in radiocarbon depends on the year of observation
and the particular compartment of interest. Our results suggest that fast cycling
pools can have their A'*C mean determined with a low sample size. For example,
this would be the case for dead roots and Oi pools in the HFS model; foliage and fine lit-
ter in the Porce model; and non-woody tree parts and ground vegetation in the Emanuel
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model. A priori, determining exact sample sizes may be a suitable approach for
future studies. For samples already collected, caution must be taken in interpret-
ing the results, since a bulk measurement may not capture the whole distribution of
possible radiocarbon values.

Our study opens up new opportunities to empirically determining radiocarbon
distributions in compartmental systems. For example, this could be achieved by
sampling designs that are representative of the compartments with higher variance,
making sure the number of samples catches the entire potential variability. This
way, it should be possible to determine empirical radiocarbon distributions. Con-
sequently, empirical determination of radiocarbon distributions in compartmental
systems could be used to obtain age and transit time distributions using inverse sta-
tistical methods. This offers tremendous opportunities for accurate estimations of
time metrics, incorporating the complexity of biological systems through multiple
interconnected compartments. However, more research is still needed to determine
whether radiocarbon distributions map to unique age and transit time distributions.
To guarantee the uniqueness of the age and transit time distributions from compart-
mental systems, one should be able to assure that only one combination of rates in
the compartmental matrix builds the estimated distributions.

Moreover, as pointed out by Gaudinski et al. (2000), limited information about
the cycling rates are obtained by *C measurements of bulk SOM made at a single
point in time. Therefore, being able to compute radiocarbon distributions for differ-
ent years of observation could improve the interpretations of the time-evolution of

carbon in compartmental systems.

3.6 Conclusions

We introduced here a new method to obtain probability distributions of radiocar-
bon in open compartmental systems based on previous knowledge on the age dis-
tribution of carbon and the time history of atmospheric A*CO,. By applying this
method to different models, we were able to infer potential shapes of radiocarbon
distributions in compartments that strongly change over time and depend on how
fast carbon cycles within each compartment.

Radiocarbon distributions (formally distributions of A*C) cannot be interpreted
directly as distributions of age of carbon. Distinctively to age, A*C values in a pool

do not increase/decrease monotonically; in addition, the A™C mean value changes
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over time due to inputs from the atmospheric signal and mixing inside and among
compartments even for systems at steady-state — in contrast to age distributions,
which do not change with the year of observation for such systems. This implies that
we can have two or more different calendar years with the same AC. Therefore,
despite age and transit time distributions for systems in steady-state being static,
radiocarbon distributions’ shape, expected value, mode, and variance are expected
to vary greatly over time, especially since the beginning of the Anthropocene epoch.

Radiocarbon distributions can be used together with the known changes in at-
mospheric A*CO, to evaluate how models predict the changing distributions of ra-
diocarbon in each compartment and its output over the last decades. This provides
a reliable and consistent method to test models against observations of systems in
equilibrium and to refine model representations of C dynamics in soils and ecosys-

tems.

3.7 Availability Statements

Data availability The atmospheric A*CO, datasets used in this research are avail-
able through Graven (2015), Graven et al. (2017), and Reimer et al. (2020) or
http://intcal.org. Data on the compartmental model presented in this re-
search as HFS model, including the independent A'*C data used for compar-
isons with our estimations are available through Sierra et al. (2012b). The coef-
ticients used for the Porce model are available in Sierra et al. (2021). The global
carbon cycle compartmental model used here, namely Emanuel model, can be

accessed in Emanuel et al. (1981).

Code availability The algorithm developed to estimate the radiocarbon distribu-
tions in the individual compartments, the whole system and the outflux, as
well as an R script to plot the distributions and calculate the expected val-
ues of the distributions have been permanently archived in Zenodo with the
digital object identifier https://doi.org/10.5281/zenodo.6373329 (Chanca,
2022) as well as a public GitHub repository through the link: https://github.
com/ingridchanca/RDCDistributionOpenComp.git.
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Chapter 4

Measuring carbon isotopes in the

central Amazon

Tropical forests, when undisturbed, are believed to have strong carbon uptake rates
(Stephens et al., 2007). It has also been estimated that tropical forests can store ap-
proximately 46 % of the carbon in living terrestrial reservoirs worldwide (Soepadmo,
1993), and for this reason, they may have an important role in mitigating global
warming, even though they account only for ca. 13 % of the ice-free land on the
Earth’s surface (Saugier et al., 2001). The vegetation and soil in tropical forests
not only store but also cycle huge amounts of carbon through two main processes:
photosynthesis and respiration. These two processes are responsible for the major
fluxes between the terrestrial biosphere and the atmosphere. While photosynthesis
produces carbohydrates using atmospheric CO; in a photochemical reaction, respi-
ration follows the inverse path by breaking down glucose into CO, and breathing it
back to the atmosphere.

Special attention should be reserved to tropical rainforests, as they proved to be
important in regulating climate, maintaining biodiversity, and sequestrating carbon
(Fu et al.,, 2018). An important forest in this category is the Amazon rainforest. It is
estimated based on checklists of tree taxa for the Amazon forests that they account
for ca. 11 % to ca. 20 % of the estimated number of the world’s tree species (Ter
Steege et al., 2016; Cardoso et al., 2017). Besides its large species diversity, it con-
tains as well a remarkable diversity of ecosystem types such as Terra-Firme, Virzea,
Igapé, Campina, Savanna, and Campinarana (Villa Zegarra, 2017). This large diver-
sity is, however, a source of complexity and uncertainties on the major fluxes of
carbon between the Amazon rainforest and atmosphere. A high variety of plant

and animal species, and a range of environmental features such as soil composition,
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atmospheric carbon dioxide concentration, relative humidity, wind, light, temper-
ature and nutrients, contribute to the complexity of the carbon dynamics within
these different ecosystems. Therefore, finding proxies for estimating the potential
C sequestration of the forest in an experimentally manageable way and that takes
such complexities implicitly is of great interest. A pivotal diagnostic metric for char-
acterising the potential of terrestrial ecosystems in the land C sequestration is the C
transit time, defined as the mean age of carbon mass in the ecosystem respiration
(Rasmussen et al., 2016; Sierra et al., 2017; Lu et al., 2018). Particularly radiocarbon
can be used to trace the carbon dynamics of different ecosystems, different compart-
ments and as a tool to estimate the C transit time of the ecosystem.

The main objective of this chapter is to estimate the average time carbon stays
in a central Amazon primary forest using radiocarbon as a tracer. To do so, the
questions addressed in this chapter are (i) can we observe differences in the cycling
rates between campinarana and terra-firme using A'*C measurements alone? (ii) how
do A™C values give us insights into the cycling rates of different compartments?
(iii) how long does carbon take to be respired by a terra-firme ecosystem in central

Amazon?

4.1 Theoretical background

The major uncertainties of the carbon cycle balance are linked to the poor compre-
hension of the feedbacks between processes in the terrestrial ecosystems and con-
centrations of carbon dioxide in the atmosphere (Pataki et al., 2003; Stephens et al.,
2007). Whereas photosynthesis consists of one main process, the assimilation of CO;
by primary producers, the ecosystem respiration flux is the result of the metabolism
of many different biological components (e.g. woody and non-woody tissue, soil
microorganisms). Ecosystem respiration is commonly conceptualized as the sum of
two main components, respiration from autotrophic organisms (mostly plants) and
respiration from heterotrophic organisms (fungi and bacteria).

Given the complexity of the respiration process, there is still a large uncertainty
in the partitioning of ecosystem’s respiration, which affects the ability to under-
stand carbon-climate feedbacks. The relative contribution of different sources to the
ecosystem respiration can be estimated by several approaches, ranging from tech-
niques that might disturb the conditions of the system such as root exclusion and
component integration (Lalonde and Prescott, 2007; Sapronov and Kuzyakov, 2007)



4.1. Theoretical background 73

to less invasive and disruptive methods such as the determination of isotopic car-
bon (stable and unstable) ratio (Hardie et al., 2009). Hence observations of carbon
isotopic ratios in the ambient CO, and in the respiration flux can help to disentangle
the different processes involved in ecosystem respiration.

The carbon isotopic ratio in terrestrial ecosystems is altered by fractionation ef-
fects caused during photosynthesis and respiration. Photosynthesis tends to select
12CO, molecules over heavier C isotopologues from the atmosphere as they will re-
act faster due to their lower mass. Consequently, the C isotopic ratio on the respired
CO; will be depleted (less heavier C isotopes, i.e. more negative C signal) when
compared to the C ratio in the free-atmosphere. Hence observing the variation of
this signal in the atmospheric air within and above the canopy is a tool for un-
derstanding the carbon cycle balance. Moreover, since C isotopes are subjected to
mass-dependent fractionation effects, it is important to take into account potential
effects of de novo assimilation on the interpretation of C isotope ratios. For instance,
in forests, CO, released from the soil can be reassimilated by the foliage, especially
at lower heights within the canopy, where also the light intensity is lower. The "re-
cycling’ of CO, contribute to a more depleted §'3C on leaves. This effect is known
as the canopy effect (Van Der Merwe and Medina, 1991, and references therein) and
it is particularly strong in dense forests.

As discussed in chapter 2, nuclear weapon tests in the atmosphere during the
1960s produced a large number of thermal neutrons that led to the production of
excess C. After the Limited Test Ban Treaty in 1963, the concentration of radiocar-
bon in the atmosphere started to decline due to its incorporation in the biosphere
(terrestrial reservoirs and ocean). Thus, the ratio 14C to C! works as tracer of the fate
of carbon in the atmosphere-biosphere cycle path.

The partition of C isotopes after biogeochemical processes due to fractionation
effects allows one to determine the sources of the C isotope signal. However, in this
chapter, the A'*C (corrected for mass-dependent fractionation effect, section 2.1.2)
is used to estimate the time C takes to transit the system, as the internal processes
occur at varied rates. Especially during the course of slow-cycling processes, some
14C might decay. The *C-to-C ratio of the ecosystem respiration is used to infer
the mean (transit) time that carbon takes from the moment of assimilation through
photosynthesis to the moment of release through respiration.

ITotal C = N(12C) + N(13C) + N(*#C) ~ N(*2C) + N(13C)
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There is some evidence in the past 20 years that a large fraction of carbon from
respired CO; in forests comes from carbohydrates recently metabolized (Waring et
al.,, 1998; Malhi et al., 1999, Trumbore, 2000; Chambers et al., 2004; Sierra et al.,
2021). The remaining fraction can take orders of magnitudes longer to be decom-
posed, generating a distribution of transit times. This distribution of transit times
is reflected in a distribution of radiocarbon values at the output flux, as shown in
chapter 3. However, as also shown in the previous chapter, the expected value of
this underlying distribution of radiocarbon is close to the experimental mean val-
ues of AMC in steady-state conditions. Thus, the estimate of the mean transit time
based on a mean value of A*C in the ecosystem respiration, despite not intrinsically

accurate, can be a good estimation of the order of magnitude of this quantity.

4.1.1 The Keeling plot method

Carbon stable isotopes can provide information on the sources composing the ob-
served signal of atmospheric CO, within a forest canopy. Carbon stable isotopic
signals are the result of the integration of diverse fractionation processes, each with
a different footprint. In order to estimate the origin of the composed signal, mixing
models can be used. This idea was used by Charles D. Keeling when developing
a method to identify isotopic sources in air samples (Keeling, 1958; Keeling, 1961).
The same approach could be used for the ratio of radioactive carbon and stable car-
bon (AC), to obtain insights on the transit time of carbon, i.e. the age of carbon in
the respiration source (Phillips et al., 2015).

The basis of the Keeling plot method is the conservation of mass (Equation 4.1)
and of the product of CO; concentration and the C ratio (Equation 4.2, Tans (1980)),
which leads to the requirement that the background signal does not change over
time (Keeling, 1958; Keeling, 1961). The CO; in the air within the canopy of a forest
is a mix of the CO; from the troposphere with the CO, from ecosystem respiration.
The carbon isotopic ratio of these elements can be combined in a simple mixing

model as

[Coz]canopy = [COZ]trop + [COZ]ER (4-1)

where trop stands for troposphere and ER for ecosystem respiration. The corresponding
equation for isotopic ratios A of the 1>C or C isotopes can be expressed as
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Acanopy [Coz]canopy = Atrop[coz]trop + AER[COZ]ER- (4.2)

Considering that [CO2]canopy is simply the sum of the concentration of the ecosys-
tem respired CO, ([COz]gr) and of the CO; in the troposphere ([CO;]r0p), equation
(4.2) can be reduced to:

[COZ]trop

A = ————(Apop — A A 4.3
canopy [Coz]canopy( trop ER) + AR ( )

The equation (4.3) has a linear relation of the form y = ax + b, where:

e the independent variable x is W,
canopy

e yis the C isotopic ratio in the canopy, i.e. Acanopy,
® 4= (Atrop - AER) [Coz]trop/ and

e b, or hereafter the y-intercept, is Agg, i.e. the C isotopic ratio of CO, respired
by the whole ecosystem.

4.1.2 Miller-Tans mixing model

The Miller-Tans model is a two-member mixing model, as the Keeling plot ap-
proach. The underlying assumptions made by Miller and Tans (2003) are the same
applied by Keeling (1958). However, by a rearrangement of the equations (4.1) and
(4.2), the Miller-Tans model becomes suitable for cases where both background CO,
concentration and isotopic composition change over time. This method consists of

a canopy-minus-background approach and the mixing model is described as:

Acunopy [COZ]canopy - At‘rop [Coz]trop - AER([COZ]canopy - [Coz]trop)/ (4-4)

where A represents the C isotope ratio (i.e. S13C or A*C). In equation (4.4), the
C isotopic ratio of CO; respired by the whole ecosystem (Agr) corresponds to the
slope of the linear equation.
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4.2 Study area

This study was performed in locations inside the ATTO (Amazon Tall Tower Obser-
vatory) site. The ATTO site is situated in the Uatuma Sustainable Development
Reserve (in portuguese: Reserva de Desenvolvimento Sustentdvel do Uatumd, RDS-
Uatuma), ca. 150 km NE of the city of Manaus, Amazonas, Brazil. Besides perma-
nent research plots, the ATTO site maintains three research towers equipped with
instruments for measurements related to diverse fields of study, such as greenhouse
gases, micrometeorology, and aerosols, among others. One tower is what names
the Brazilian-German project ATTO and stands for Amazon Tall Tower Observatory.
The ATTO tower is 325 m high and was installed in 2015 in the ATTO site. Two other
towers were built in 2010 and 2011. One of them is an 80 m heavy-duty guy-wired
walk-up tower (Instant UpRight, Dublin, Ireland, henceforth instant tower) and the
second one is an 81 m triangular mast tower, essential for the pilot measurements in
the ATTO site (Andreae et al., 2015).

The Amazon Basin, delimited by the Amazon river and its tributaries, occupies
ca. one-third of South America. The Amazon Basin contains several types of ecosys-
tems, including heath forests (in smaller and taller facies), lowland evergreen rain-
forests and savannah. In the RDS-Uatuma, several of those ecosystems are found.
Especially in the surroundings of the ATTO site, there are research plots in the heath
forests, known in Brazil by the Tupi language names campina (meaning 'dry and low
little forest’) and the ecotone campinarana (-rana means false, giving to campinarana
the sense of false campina), as well as plots and research towers on the locally called
terra-firme. More specifically, the three research towers of the ATTO site are located
in the plateau of the terra-firme ecosystem, ca. 120 m above sea level (Andreae et al.,
2015).

The ecosystems campinarana and terra-firme are distinct particularly in terms of
their floristic composition, structure and soil type, despite they can be found sepa-
rated by only a few kilometres. Among the several ecosystems in the Amazon Basin
campinaranas are one of the less productive ecosystems and compared to terra-firme
forests, they are about four times less productive (Villa Zegarra, 2017; Chambers et
al., 2001b). These two ecosystems were chosen for the measurements, because they
present accentuated carbon cycling differences, driven especially by the differences

in the soil characteristics, but simultaneously they share the same compartments
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and vegetation type (C3 plants). The campinas are a more distinct ecosystem regard-
ing carbon cycling when compared to terra-firme, however, the absence of accumu-
lation of litter and the major presence of shrubs would prevent the comparison of
the same compartments in both ecosystems.

Campinarana is one of the types of the so-called white-sand ecosystems (WSE),
that include also the campina. The WSE cover approximately 5 % of the Amazon
Basin (Adeney et al., 2016). Campinarana is a ecotone marked by sandy soils with
a continuous vegetation, whose canopy can be 5 — 25 m high (Figure 4.1a). This
ecosystem faces episodes of extremes from very low to very high in terms of its soil
water content. However, it does not get seasonally flooded as other ecosystems in

the Amazon rainforest, such as igapds.

FIGURE 4.1: Vegetation in (a) open forested campinarana, as in plot C3;
(b) terra-firme, similar to plot TF1. Picture (a) from Demarchi et al.
(2022). Picture (b) taken by Sebastian Brill at ATTO site.
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S Terra-firme is a local nomenclature for
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i ecosystem in the Amazon Basin. It is

non-flooded lowland evergreen tropi-
cal rainforest and it is the dominant

an ecosystem characterised by clayey
soils, tall trees (canopy ~ 35 m high,
with emergent trees achieving 45 m),
high biodiversity, among other eco-
physiological features (Figure 4.1b). The
dense terra-firme forests in central Ama-
zon can be subdivided according to to-
pography into plateau, slope and valley.

For this chapter a number of sam-
ples was collected, especially to over-
. come the lack of radiocarbon data in
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FIGURE 4.2: Map of the study area showing
the existing permanent plots, including the
ones where samples of this work were col-
lected, and the instant tower. TF are plots in
the terra-firme plateau, C stands for campinas

(foliage, fine litter, coarse woody debris
and wood) and atmospheric air were
collected in the plot TF1 (1.0 ha) and on
the instant tower (Andreae et al., 2015),

and campinaranas and F refers to forests of an
old riparian area. Figure from PELD-MAUA
project.

both locations in the terra-firme (non-
flooded) plateau ecosystem. Addition-
ally, samples from the same compart-
ments were collected in the plot C3 (0.5 ha), located in the campinarana ecosystem
(Figure 4.2).

4.3 Collection of samples

Tree leaves were collected in two conditions in the terra-firme ecosystem: in a vertical
profile around the instant tower and in a random sampling on trees in the plot TF1.
Leaf samples in both conditions were collected on the same day in May of 2018 (wet
season) as well as the leaves collected in the campinarana (plot C3). Leaf samples in a
vertical profile were collected a few centimetres from the edges of the instant tower
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at different heights. In total, leaves from 30 heights from the highest level of the
canopy next to the tower to forest ground (base of the instant tower) were collected.
The plots TF1 and C3 have an area of 1 hectare and, to perform the sampling, the
plots were subdivided into 10 random points of collection. For each point, a few
leaves were cut with gardening scissors from the closest tree. Each set of leaves was
immediately stored into a zip lock bag and received a sample ID on the bag.

Fine litter, the decomposing fallen leaves close to trees, was collected also in
the TF1 and C3, right next to the tree from where leaf samples were cut off. Thus,
the points of collection of litter samples were the same ones of the leaf samples.
The few grams of litter collected around each tree of the points of collection were
individually stored in zip lock bags and identified by a unique sample number.

Dead wood was also sampled in TF1 and C3. For each point of collection, there
was at least one fallen or decomposing tree, representing the coarse woody debris
compartment. Chunks of the fallen tree were removed with a machete and stored in
an identified zip lock bag. Additional information as the species or age of the tree
were not available. The texture of the wood varied among the samples, with some
being more soft while others were dense and hard.

In each point of collection on TF1 and C3 there was one standing tree. The trees
varied in size and species. In order to obtain the random variability of AMC, trees
were not pre-selected by size or species. However, trees with identification tags
were prioritized as more relevant information could be later obtained for those. The
samples representing the wood compartment consisted of stem cores sampled with
an increment borer of 5 mm diameter. The length of each sample varied according
to the tree width. In contrast with stem core samples collected for routine den-
drochronological studies, the stem cores collected here did not aim for the distance
between the center of the tree and the bark, as the center cannot be easily deter-
mined in the field. The stem cores were stored in plastic straws and closed with lids
for transportation. The increment borer was cleaned with pure alcohol and rinsed
with water between each sampling.

From all the compartments, the main aim was to determine the AM™C value of the
individual samples. Additionally, the leaves collected in a vertical profile had their
513C values determined by isotope ratio mass spectrometry (IRMS).

Atmospheric air was collected for the determination of AMCO, and 613CO,, be-
sides greenhouse gases concentrations. The samples of air were collected in a verti-

cal profile below the canopy (~ 35 m high), corresponding to heights of 4 m and 24
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m above ground level (agl). To obtain a reference signal of the troposphere, samples
of air were also collected at the top level of the instant tower, at 79 m agl. Those sam-
ples were collected in October 2019, during the dry season, every ca. two hours for
24 hours. They were collected each time with alternation of the heights, with three
samples corresponding to the reference height. In this way, the number of samples
summed up to 24 flasks.

The samples of air were collected in flasks made of borosilicate glass and with
a volume of three liters (hereafter 3-L flasks, Figure 4.3, Lux (2018)). The 3-L flasks
were prepared beforehand, being filled with transport air (dry ambient air with a
well-known composition) with an overpressure of 1.6 bar. Atmospheric air was
collected through a portable sampler that contains a pump enabling the air coming
from an inlet to be pressurized inside the volume of the flask (Figure 4.4). Each 3-L
flask was flushed with air for 15 minutes. Maintaining the flow rates at around 1.2
L/min and pressures at ca. 0.8 bar above atmospheric pressure, the samples likely
represent the air of the last minute of sampling.
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FIGURE 4.3: Technical drawing of 3L-flasks of ICOS made by Stephan
Baum; Figure from Lux 2018 (thesis).
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FIGURE 4.4: Picture of the portable sampler used to collect air samples
in 3L-flasks at the instant tower (80 m) in ATTO site.

The air collected in 3L-flasks at the instant tower in 2019 had their CO, con-
centrations measured in the Gas laboratory at the MPI-BGC. In order to check how
representative these samples were in the time of sampling, the CO, concentrations
measured in the laboratory after ca. 20 days of the collection were compared to
in-situ measurements performed with equipments based on the cavity ring-down
spectroscopy technique (G1301 and G1302 analyzers [Picarro Inc., USA], hereinafter
short-named as Picarro), which measures the concentrations of the CO,/CH,/CO
continuously on the instant tower at the heights of 4 m, 24 m, 38 m, 53 m and 79
m agl (Andreae et al., 2015). The in situ instruments provide average values of CO;

concentrations for every half hour throughout the year.

4.4 Preparation of samples for *C-AMS

Radiocarbon preparation and measurements were performed in four different ra-
diocarbon laboratories. Preparation of solid (leaf, litter, dead wood and stem core)

samples was performed at the LAC-UFF (Radiocarbon Laboratory at Fluminense
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Federal University), in Niter6i, Brazil and measured in the MICADAS (MIni CAr-
bon DAting System) of the 1*C-Analytik, MPI-BGC (Radiocarbon Laboratory at Max
Planck Institute for Biogeochemistry), in Jena, Germany. Carbon dioxide from air
samples extracted at the ICOS-CRL (Integrated Carbon Observation System — Cen-
tral Radiocarbon Laboratory) at Heidelberg University, in Heidelberg, Germany had
its A'*CO, measured at the CEZA (Curt-Engelhorn Zentrum Archdometrie) l4c.
AMS facility, in Mannheim, Germany.

The pretreatment of solid samples brought to LAC-UFF included: rinse with ul-
trapure water, drying in furnace at 40 °C, and crushing (ultra small leaves could
not be crushed into powder). Large chunks of dead wood were broken into smaller
pieces and rinsed several times to eliminate small insects that were still living in-
side the deeper parts of the sample. Additionally, stem cores were sanded before
crushing. For AC determination, the pretreated samples were further combusted
in quartz tubes containing cupric oxide (60 — 70 mg) and a silver wire at 900 °C for
5 hours. After combustion, the CO;, was extracted through a purification line under
vacuum (< 1 mTorr) by cryogenic traps (dry ice/ethanol and liquid nitrogen). The
dry ice/ethanol mixture achieves -78 °C and traps the water produced during the
combustion of the sample. Liquid nitrogen has a temperature of -196 °C, freezing
the CO,. The other gases, mainly Ny and O», could be pumped out of the line. The
pure CO, was transferred to graphitization tubes, which are borosilicate tubes con-
taining TiH,, zinc and iron powder; the latter settled inside a smaller tube to avoid
contact with the other reagents. The graphitization tubes were brought to the oven
at 550 °C for 7 hours, to become graphite by TiH,/Zn reduction. For the deter-
mination of 613C,,, 7 from leaves collected in the vertical profile, a small aliquot of
each sample pretreated at LAC-UFF was measured in an IRMS (Isotope Ratio Mass
Spectrometer) coupled to an EA (Elemental Analyzer).

Several analyses were performed in the air of the 3L-flasks. The 3L-flasks were
tirst shipped to the ICOS facility in Jena for measurements of the concentrations of
CO,, Hy, CO, CHy, N7O, and SFs. An aliquot was also used for determination of
§13CO,, and 8180 of CO, by IRMS. After the measurements in Jena, the remaining
air samples in 3L-flasks were shipped to the ICOS-CRL facility in Heidelberg, where
CO, was extracted and converted to graphite in the line as described on the thesis
of Lux (2018). The A'C of the samples was measured at the CEZA laboratory in
Mannheim. The extraction line of ICOS-CRL is similar to the one built at LAC-UFF

(section 2.5), however, GASPS was not used for those samples as it was still under
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tests.

4.5 Carbon isotopes in terrestrial compartments

Through the measurement of radiocarbon in samples representing slow-cycling pools
(coarse woody debris and wood) and fast-cycling pools (foliage and fine litter), it
was possible to observe the variability of A*C values corresponding to each com-
partment (Figure 4.5). The observations show large variances of A*C of slow-
cycling pools, whereas fast-cycling pools have a much smaller variability, even in
a vertical profile (leaves in terra-firme) or small sample size (fine litter). Table 4.1
summarises the observations of A*C for each compartment in each ecosystem. Er-

rors in A*C determinations were around 2.5 %o.

TABLE 4.1: AM™C values of samples (leaf, fine litter, dead wood and

stem core) representing four different compartments (foliage, fine lit-

ter, coarse woody debris and wood) in two different ecosystems (camp-
inarana and terra-firme) in the central Amazon, ATTO site.

Ecosystem Type n mean sd median min max
5 1181 63.0 91.7 527 2132
Campinarana Leaf 5 193 3.5 19.1 145 241
Campinarana Fine Litter 6 235 8.1 223 16.0 384
6
7

Campinarana Dead Wood

Campinarana Stem Core 50.6 86.3 13.6 -16.2 202.6
Terra-firme Dead Wood 90.4 40.5 95.6 29.6 1435
Terra-firme Leaf 28 17.8  10.1 169 -45 429
Terra-firme Fine Litter 6 260 4.7 269 176 30.7
Terra-firme Stem Core 7 1254 1124 118.8 28.3 3539

In a confidence interval of 94-95 %, a one-way analysis of variance (ANOVA)
shows that the interaction of type of compartment and ecosystem to which it be-
longs plays a role on the observed differences in AM™C values (F = 2.67), however,
those differences are better explained by the type of compartment (F = 14.01).
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FIGURE 4.5: Boxplots of the radiocarbon contents in samples collected
in 2018 from four different compartments in two different ecosystems
in the ATTO site. The whiskers mark the minimum and maximum val-
ues (with a few values outside marked as dots); the first quartile Q1 is
the lower part of the box and represents the 25th percentile; the line in
the middle of the box is the median (Q2); and the third quartile Q3 is
the upper part of the box, representing the 75th percentile. The number
of measurements of each box corresponds to n in Table 4.1.

Significant differences on AC between the ecosystems campinarana and terra-
firme were not observed (Kruskal-Wallis, p > 0.05; Games-Howell post-hoc test and
Dunn’s test, non-significant adjusted p-value). The only compartment with signifi-
cant differences in A™C between the ecosystems is the wood, represented by stem
core samples. The AC of stem cores from campinarana range from negative values,
i.e. before the radiocarbon bomb period, to large positive A*C values (maximum
value = 202.6 %o). In the terra-firme plateau the positive values span up to a value of

AMC = 353.9 %o, but the range does not cover negative values.

4.6 Carbon isotopes in atmospheric CO,

Pataki et al. (2003) suggest that, in general, to obtain a low standard error (< 1 %o)
in §'3Cgg (stable C isotope ratio of ecosystem respired CO,) through the Keeling
plot method (613Cpr = y-intercept), one should aim for CO, concentration ([CO;])
ranges larger than 75 ppm in air. The air samples collected at the instant tower in

October 2019 have a [CO;] range of ca. 112 ppm, if we take both day-time and
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night-time observations, and ca. 78 ppm for only night-time. Despite it is likely that
gas exchange between ecosystem and troposphere are not at equilibrium, which
could be seen as a violation of the assumptions underlying the Keeling method and
Miller-Tans model, it is reasonable to assume in a first order approximation that
equilibrium is a met condition in regional scales and for only C3 ecosystems as it
is the case of this study in the terra-firme forest (Pataki et al., 2003; Buchmann and
Kaplan, 2001).

In the Figure 4.6 it is possible to check the high agreement (R? = 0.98) between
both independent measurements of CO, concentrations (Picarro and laboratory).
The same figure is a good illustration of the uptake/outflux of CO; by the ecosys-
tem. The lowest values of [CO;], in ppm, occur around mid-day, where the maxi-
mum of the photosynthesis occurs at the Equator. This represents the process when
the forest is assimilating CO, for producing energy at its maximum. The minimum
[CO,] at 24 m during the days of collection corresponds to ca. 390 ppm. The counter-
part of this process occurs during the night, when in the absence of solar radiation,
plants do not perform photosynthesis and the major contribution of the ecosystem
to the atmosphere is through (dark) respiration, increasing the [CO,] in the canopy
air to a maximum. At the height of 24 m, this maximum in [CO;] in the days of mea-
surements occurs at 7:00 am (local time, AMT = UTC —4 = BRT - 1) and is equivalent
to ca. 501 ppm (slightly lower than the observation at 4 m, which corresponds to 530
ppm around the same time). The mean background [CO;] according to the Mauna
Loa station in October 2019 is ~ 409 ppm (data public available in GML NOAA Data
Page, file created on 7 March, 2022 and accessed on 7 April, 2022).


https://gml.noaa.gov/ccgg/trends/weekly.html
https://gml.noaa.gov/ccgg/trends/weekly.html
https://gml.noaa.gov/webdata/ccgg/trends/co2/co2_mm_mlo.txt
https://gml.noaa.gov/webdata/ccgg/trends/co2/co2_mm_mlo.txt
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FIGURE 4.6: Comparison between CO, concentrations measured
through inlets at 24 m height in the instant tower (80 m) with a Picarro

instrument and measured at the laboratory from air samples collected
in 3L-flasks.

The Keeling plot method was applied to the A*CO, measurements of the 3L-
flasks, including all the heights sampled, i.e. 4 m, 24 m, and 79 m agl (Figure
4.7). The obtained regression line had relatively good fit, with an R-squared of 0.4
and a significant intercept (p-value) of 0.003. According to the Keeling plot method
(equation 4.3), this intercept can be interpreted as the radiocarbon signature of the
respired CO, flux from the ecosystem.



4.6. Carbon isotopes in atmospheric CO, 87

Height(m) ® 4 ® 24 & 79

y=(33.9%7.6)-11.5x, R?=0.4

2.0 2.1 2.2 2.3 2.4
1/CO, (ppm™")

FIGURE 4.7: Keeling plot of A*CO, from air samples collected in the
ATTO site in a vertical profile at the 80 m walk-up tower.

Additionally, the Miller-Tans mixing model was applied to the A1*CO, results,
estimating a A" Cgg of 32.0 & 7.44 %, (Figure 4.8). The fit with the regression line in
this case was slightly better than when the Keeling plot method was applied (R? =
0.55 instead of 0.4; p < 0.001).
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FIGURE 4.8: Miller-Tans mixing model based on the A*CO, from at-
mospheric air collected in a vertical profile at the instant tower in ATTO
site during the dry season in 2019.
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4.7 Comparison between AMC in the canopy air and

fast pools

All the analyses in this section are on the terra-firme observations. While §'3C of
leaves show a linear correlation with height and A*C does not show any pattern
correlated to height at all in leaves, when we take into account only the C isotopes in
the CO; from flasks in a vertical profile, we can observe a very different relationship.
The A™C of CO; has a better (despite still weak, R? = 0.29) statistically significant
relationship with height, while for 63C in CO; this relationship with height is even
smaller (R?= 0.19) and not statistically significant. If we consider only night-time
measurements for the flasks samples, the relationship of A*C with height increases
to R% = 0.77, while for 613C we obtain virtually the same result (R2 =0.24, p = 0.26)
(Figure 4.9).

Height (m) © 4 o 24 o 79
a b

100 100

y=133-13.1x,R?*=0.77, P =0.01 y=137+11.1x,R?*=0.24, P =0.265
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6 8 10 -1 -10 -9
A™CO, (%) 8"°CO,-IRMS (%)

FIGURE 4.9: Relationship of A*CO, and §'*CO; from air samples with
the height above ground level in metres. Measurements corresponding
samples collected during the night.

The A™C from atmospheric CO; and fine litter or foliage are statistically different
(Tukey pairwise post-hoc test as well as Games-Howell post-hoc test). Statistical
significant (p < 0.05) differences were found between the groups: Leaf — CO, and
Litter — CO,. Statistically significant differences were observed in the group fine
litter — leaf using Games-Howell post-hoc test, however, this test could be limited for

a sample size smaller than six (as it is the case for fine litter samples; Table 4.1). No
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statistical significant difference was found between fine litter and leaf using Tukey
pairwise post-hoc test.

Terra-firme
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FIGURE 4.10: AM™C of samples from different compartments and
AM™CO;, of atmospheric air in terra-firme. Samples of the compartments
were collected in May 2018 (wet season), whereas air samples were
sampled in October 2019 (dry season).
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FIGURE 4.11: AC values of leaves and atmospheric CO; in a vertical
profile collected at the 80 m walk-up tower (instant tower) in ATTO
site. Leaf samples were collected in 2018 and air samples in 2019.
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In the figure 4.11, the reference values of A'*C in the atmosphere come from the
simulations in the RCP8.5 scenario performed by Graven (2015). The yellow dia-
mond dots represent the A™CO, measurements (samples collected in 2019), while
the pink circles are the A*C measurements on the leaves in a vertical profile col-
lected in 2018.

As A1Cj,¢ has no correlation with height, instead varying from 6 %o to 35 %o
within the whole profile, no correlation between ACy,, ¢ and A™CO; in the terra-
firme could be found in this study. When compared to slow-cycling compartments
such as coarse woody debris and wood, foliage presents a fairly narrow variability
of A1*C values, however, not as small as the variability observed for AMCO, values

in the ambient air (below and above the canopy).

4.8 Discussion

4.8.1 Canwe observe differences in the cycling rates between camp-

inarana and terra-firme using A'*C measurements alone?

The absence of statistically significant differences in the A*C of same pools in differ-
ent ecosystems suggests that radiocarbon alone is not able to constrain information
about the carbon cycling difference between ecosystems in the Amazon, particularly
for transition ecosystems. It does not mean, though, that it could not still be used
with success as a benchmark tool, especially for compartmental models.

It is important to notice that the number of samples included in this work is
not large (Table 4.1) (except for the foliage pool in terra-firme — n = 28), therefore, the
analysis and interpretations could be limited by the small sample size. As showed in
the previous chapter, for slow-cycling pools, the estimated underlying distribution
of radiocarbon is wide, which indicates the need of a larger number of samples in
order to capture the whole variability of AC values.

Campinarana is an ecosystem characteriscally slower than terra-firme concerning
the carbon dynamics, however, with AM™C alone in the four compartments studied, it
was not possible to observe this difference. It could be due to the fact that most of the
carbon stored in campinaranas is in the roots (Villa Zegarra, 2017), a compartment not
measured in this study. Therefore, it is expected that roots would show statistically
significant differences in their A*C when compared to the roots in terra-firme.
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The slow pools in this study, namely coarse woody debris and wood, showed
the expected high variability on A'C values as suggested from the previous chap-
ter. The stem cores in the campinarana captured even negative values of A*C, which
would correspond to atmospheric A*CO, values before the bomb spike. A potential
explanation could rely on the assumption that the campinarana, being a less produc-
tive environment, has a slower rate of increment of its tree stems; thus, the trees
could stand in the ecosystem for a longer time than the trees with the same diame-
ter at breast height (DBH) in terra-firme, storing in this way the C with radiocarbon
signals from an older atmosphere. However, direct comparisons between the mean
annual increment (MAI) of stems in campinarana and terra-firme plateau in simulta-
neous studies could not be found. In fact, sparse studies on the growth rates of trees
in the two ecosystems provide similar averaged values for adult trees with DBH >
50 cm. It is worth noting that the MAI is related to the growth of the diameter of
the stems and does not take the height of the trees into account. Considering that
the trees in terra-firme are about two times higher, the previous hypothesis could still
hold. However, if only the similarities of the growth in diameter of stems (i.e. MAI
=1 -3 mm yr!) of both ecosystems are considered, an alternative interpretation
is that the trees in campinaranas could be using older carbon, for example from the
roots, to built the stem biomass as a consequence of the limitation of macronutrients
as phosphorus (P) and nitrogen (N) in sandy soils (Luizado, 1995; Villa Zegarra, 2017;
Campos, 2017).

Dead wood is a relevant reservoir of carbon, as its development is related to mor-
tality and damage of trees. Coarse litter, which comprises trunks and large (> 10 cm
diameter) branches, composes ca. 30 % of the total surface litter inputs in the central
Amazon (Chambers et al., 2001a). In this study, the smallest A"*C values observed
in dead wood samples were 29.6 & 2.4 %o and 52.7 £ 2.6 %o for terra-firme and camp-
inarana, respectively, while the maximum values were 143.5 £ 2.4 %o and 213.2 +£ 2.4
%o (Table 4.1). The minimum A'C observed in terra-firme would correspond to the
AM™CO, in the atmosphere of 2012, 2013 CE (33.3 %o and 27.2 %o respectively, Graven
et al. (2017)), which equates 6 years until the year of collection. For the minimum
AM™C of dead wood in campinarana, two atmospheric A*CO, in different parts of the
bomb curve have similar values (Graven et al., 2017): 1957 CE (A#CO, = 51.9 %)
and 2008 CE (ACO, = 52.3 %o). These calendar years are equivalent to C ages of 62
and 11 years, respectively. Using the same approach, the maximum values would

correspond to carbon ages of 28 years and 35 years, respectively to terra-firme and
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campinarana. It is important to keep in mind that the interpretation of radiocarbon
contents in dead wood might be more problematic. The main reason is that the C
input of coarse woody debris pool (especially the fallen and standing dead trunks)
comes from live trees, which also show a high variability of C ages and A'*C val-
ues. Therefore, the observed mean A'C in dead wood is not simply related to the
turnover time of C, but also linked to the age of the original tree. This could lead
to a ‘pre-aging’ of the dead wood that cannot be easily estimated from radiocarbon
measurements alone.

In summary, these results showed that there are limitations in the use of radiocar-
bon to observe differences in cycling rates among ecosystems. Especially for inter-
connected slow-cycling pools (e.g. stems and dead wood), additional information
on the age of the sampled compartment might become crucial to estimate time lags
and to disentangle atmospheric A*CO, from the rising or falling part of the bomb

curve.

4.8.2 How do A™C values give us insights into the cycling rates of

different compartments?

Based on estimations of C turnover times, stock of C as biomass and physicochemi-
cal characteristics of soil, nutrients and so forth, it is known that different compart-
ments cycle C at different rates. Results from chapter 3 suggested that the cycling
rate of a pool could influence the mean A*C observed in the compartment, as a
consequence of the shape of the underlying distribution of radiocarbon in multi-
compartmental open systems at steady-state, such as the old-growth forest in the
ATTO region. It was estimated that slow-cycling pools would generate wide prob-
ability distributions of AC , while fast-cycling pools would show narrow distribu-
tions and mean values of AC close to the contemporaneous atmospheric A*CO.

The atmospheric A*CO, in the free-atmosphere (79 m agl, ca. 2 times higher
than the canopy level) shows almost no variability within measurements taken in
different times of the day and has a median ACO; of 4.6 %o (Figure 4.11). This
value matches exactly the median A*CO, value forecasted by Graven (2015) in the
RCP8.5 (or business-as-usual) scenario of fossil fuel emissions, which is the most dra-
matic scenario among the four Representative Concentration Pathway (RCP) sce-
narios presented by the IPCC fifth assessment report (AR5) in 2014 (IPCC, 2014b).
This result is remarkable, while potentially worrying, given that the ATTO site is
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located in an old-growth primary forest far from major cities, so that local fossil
contamination is unlikely.

Nevertheless, this observation also agrees with the atmospheric A*CO, value
that would be obtained by applying the decline rate observed by Levin et al. (2013)
of 3 %o yr~! to the last record for the tropical region reported by Graven et al. (2017).
The last data point of Graven et al. (2017) is in 2015 and corresponds to an atmo-
spheric AMCO; = 16.7 %o. The decline rate of 3 %o yr~! in the 4 years between 2015
and 2019 (year of collection of air samples in ATTO) returns an atmospheric A*CO,
= 4.7 %o. A direct observation that seems to agree with the A'*CO; at 79 m in the
ATTO site is provided by Levin et al. (2021). ACO, from samples collected at Alert
station (82.45° N, 62.52° W, 185 m asl, Canada - Arctic) average 3.4 %o (0 = 3.7 %) in
2018 and 0.2 %o (0 = 4.6 %0) in 2019 (Data in ICOS-ERIC Carbon Portal). The value
observed in Alert in 2018 seems to match the one observed in ATTO, considering
that the expected variation in A*CO, from high northern latitudes to the tropics is
less than 1.5 %o (Levin et al., 2021) and that the atmosphere takes about one year to
mix from North to South. However, an additional direct observation, in principle,
diverges from the ACO; observed in ATTO in 2019. Based on tree rings and at-
mospheric radiocarbon contents, Hua et al. (2021) estimate a AC of 12 %o for the
region surrounding ATTO (SH zone 3). This latitude has, however, a small compli-
cation. ATTO is located around the border of the zones 3 in the SH and NH, as the
transition is defined to be the Equator. Therefore, there is a chance that the NH zone
3 curve is more adequate or an average between SH and NH zone 3. NH zone 3 has
a mean AC of 0 %o in 2019 (Hua et al., 2021). The average of both SH zone 3 and
NH zone 3 would correspond to 6 %o, which approaches the observation at ATTO.

The agreement between the A*CO, at 79 m in the ATTO site and the estimations
cited suggests that this height is adequate as a reference of the background A*CO,
for an extended region. This background results from an atmospheric mixing that
have reduced inter-hemispheric differences since the 1970s associated to the tropical
low pressure belt (Ancapichun et al., 2021).

Fast pools such as foliage and fine litter have a much narrower variance, in ac-
cordance with the predictions presented in the previous chapter. However, when
compared to the A'*CO, in ambient air, the dispersion of AC values in fast pools
is 2 — 3 times larger. It was noted as well that the leaves in a vertical profile present
no correlation of their A*C values with their height in the canopy. Hitherto it seems


https://doi.org/10.18160/K6P6-WBH5
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not to exist a consensus on whether a positive or negative correlation should be ex-
pected or not. Hypothetically, there is no reason to believe such correlation would
take place, as the canopy effect is a consequence of the multifold fractionation ef-
fect led by the recycling of CO,. Once A*C notation removes the mass-dependent
fractionation on radiocarbon by normalising it as 0.975 of the '3C fractionation in
the photosynthesis (the latter obtained through 6'3C), the canopy effect observed on
513C;,, ¢ disappears in the A%Cy,, f-

On the other hand, a correlation between A*CO, in the canopy air and the sam-
ple height was found in this study (Figure 4.9). First, this suggests that the CO,
closer to the ground level has a higher proportion of older carbon and this propor-
tion gets smaller in the direction of the troposphere. In this case, a potential structure
describing the interconnection between foliage, wood and soil could be serial with-
out feedbacks, as flux feedbacks could increase the mix of C masses with different
A™C. Thus, this additional mix would be reflected in the A'*CO, because of the
respiration and decomposition, and most likely the correlation of ambient A*CO,
with height agl would disappear. However, it is necessary to check this hypothesis
with data that includes the ACO; of respiration from individual compartments,
such as foliage and wood, and soil efflux, besides ambient CO, from more heights.

Secondly, the apparent correlation arises the question whether the leaves at lower
heights are assimilating older carbon and, therefore, getting an apparent older age.
Measuring the radiocarbon of leaves at lower heights that are monitored, so that the
actual age of the leaf can be inferred, can test the latter hypothesis. Nevertheless,
the distinction between the leaf age and the age of the carbon in the leaf should be
always kept in mind, as they might be divergent. Soter (2011) observed that a pro-
nounced version of this effect could largely impact the chronologies of ancient sites
based on *C dating of short-lived organic materials, such as seeds. On one hand,
considering the respired CO, from soils is only about a decade old, the described
effect would be negligible on leaves, as a modern radiocarbon signal would not
greatly shift the A4Cj,, - On the other hand, if a difference between the leaf age and
the carbon age based on *C is observed, this could work as an additional informa-
tion on the C transit time of soils; or could be an indicative of a higher contribution
from a pool respiring older carbon, such as tree stems under C source limitation
(Herrera-Ramirez et al., 2020) or coarse woody debris. Alternatively, leaves at dif-
ferent heights might grow using different sources of carbon, not necessarily linked
to the ambient CO;.
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According to one of the post-hoc statistical tests, there are significant differences
between leaf and fine litter A'*C values. This difference implies a time lag between
these two pools. In general, in tropical forests, fine litter is expected to decompose
in less than a year, whereas carbon may stay in living plant tissues such leaves for a
few years. Therefore, the observed A'*C of fine litterfall in fact might be accounting
for the carbon fixed a few years before the collection, as a result of the time spent
in the foliage. A similar interpretation was given in the page 7 of the final report
of the "Carbon dynamics in vegetation and soils" (LBA-ECO Team CD-08 Phase I)
(Trumbore et al., 2005).

The two slow-cycling pools studied here, represented by dead wood and stem
core, presented a large variability of A'C values. This result also resonates with the
predictions from the previous chapter. The live wood itself presents a wide range
of AMC values in the terra-firme, but this variability is not statistically different from
the one observed in the dead wood in terra-firme. This could be due to the fast
growth rate of standing trees — if not only the diameter, but also the height is taken
into account — and the fast decomposition rate enabled by the terra-firme soils in the
plateau, especially during the rainy season. Thus, in a multi-compartmental model
based on terra-firme observations, it is expected that the decomposition rates corre-
sponding to wood and coarse woody debris pools would be similar, but differences
could be related to their respective stocks or fluxes within adjacent pools. Since
terra-firme is the dominant ecosystem in the Amazon Basin (~ 65 %), such model
would probably approach accurately the dynamics of carbon for the whole central
Amazon region. The differences coming from other ecosystems (e.g. campinarana,
where stem core and dead wood are significantly distinct) could be applied through
a weighted contribution to an overall model for the central Amazon or could be
modelled separately to address ecosystem-scale research questions.

4.8.3 How long does carbon take to be respired by a terra-firme

ecosystem in central Amazon?

So far, literature values of A*C for Amazonian soil efflux and plant respiration are
lacking. Such values could provide a better orientation about the sources and pro-
portions driving the integrated A'*CO; of the canopy air.

The estimation based on the Miller-Tans mixing model for the terra-firme plateau
on ATTO site gives a AYCEr of 32.0 + 7.4 %o. This value is in agreement with the
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atmospheric A*CO, for the year 2012 CE (A'C = 33.3 %o, Graven et al. (2017)) and
corresponds to a mean transit time of 7 to 9 years (2019 CE minus 2012 CE for the
mean), assuming a one-pool model where the input is the atmospheric CO; radio-
carbon and the output is the A*CO; of the ecosystem respiration. Several years BCE
have similar atmospheric ACO; in Graven et al. (2017), however, it would imply
that the mean transit time of the ecosystem respiration is in the order of thousand of
years, which is not in accordance with estimations of mean C transit times based on
other proxies. However, according to the compilation of Hua et al. (2021), the year
1957 would also agree with this AY¥Cgr, which leads to a mean transit time of 63
years. Nevertheless, considering the records of Graven et al. (2017) and simulations
of Graven (2015) were in closer agreement with the ACO, observations at 79 m
in ATTO, the discussion will continue exploring the first mean transit time (7 — 9
years).

Despite the large standard error of the A1Cgr estimated through both Keeling
method and Miller-Tans model (ca. 7 %0) when compared to common standard er-
rors obtained for 5'3Cgg (< 1 %), the standard deviation in years for the estimate of
mean transit time is not large, as the atmospheric A1*CO, declines at about the same
rate (5 %o yr~—!, Graven et al. (2017)). For the background A'*CO, based on measure-
ments in western Europe (e.g. Jungfraujoch station), this decline for the late 2010s
occurs at a slower rate of ca. 3 %o yr_1 (Levin et al., 2013). The decline estimated for
the central Amazon region based on observations around 2012 CE was 4.3 %o yr~!
(Mubhr et al., 2018).

An estimation of the global carbon mean transit time lays between 19 and 30
years (95 % confidence interval), however the mean turnover time in latitudes near
the Equator is estimated to be around 15 years (Carvalhais et al., 2014). Yet for a
tropical forest in Colombia, the estimation of the mean transit time of the ecosystem
based on a linear 7-pool model (Porce model of chapter 3) corresponds to 11.2 4= 1.2
years (Sierra et al., 2021). Incubation experiments of soil samples from a terra-firme
slope in the Colombian Amazon, when modelled as an homogeneous pool model,
returns a mean transit time of 9 to 13 years for the soil (A'*CO, of soil respiration =
85 =+ 12 %o for samples collected in 2011) (Sierra et al., 2013).

In spite of three completely different approaches to estimate the mean transit
time in fairly close (< 2,000 km) regions (namely the one in Sierra et al. (2021), the
incubations from Sierra et al. (2013) and this study), the values obtained are similar.

Yet the one-pool-based estimation of the mean transit time in central Amazon in


https://meta.icos-cp.eu/resources/stations/AS_JFJ
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this study is 2 — 4 years lower than the one obtained through the Porce model (7
pools). However, assuming both environments have a similar mean transit time, this
difference at the ATTO site could be related to missing internal processes overlooked
in a simpler model. At the current state of data, it is not possible to infer whether the
negligence of the fluxes of carbon between vegetation and soil in this region could
indeed change the mean transit time of the central Amazon region to a higher or
even lower value.

An additional difference between the mentioned approaches relates to the car-
bon transit time distributions. Through a multi-compartmental model as the Porce
model, it is possible to estimate the underlying distribution of the transit time, tak-
ing into account the different ages of carbon in different compartments. In one-pool
model approaches, the estimation is limited to the mean of an unknown underlying
distribution as the distribution of ages in the system is unknown. Sometimes it is
simplified to the turnover time, defined either as the stock over flux of carbon or the
inverse of the decomposition rate. The knowledge of the distribution of transit time
of carbon is relevant to accurately interpret the behaviour of the system. The transit
time distribution of the whole ecosystem is usually skewed, influenced by the dis-
tribution of carbon ages from slow-cycling pools that, in general, have a long tail.
Thus, the respired CO, of a ecosystem might have a mean transit time of a few years
to decades because a high proportion of carbon is respired in a few years, but the
mean value does not allow to infer the proportion, if any, of carbon that is respired
later, after a few decades. In the Porce model (Sierra et al., 2021) it was estimated
that 50 % of carbon, given by the median of the transit time distribution, is respired
by the ecosystem in ca. half a year, while 95 % of carbon take up to 70 years to be
respired.

Future research should aim to better constraining the different pools and their in-
terconnections, in order to more accurately model the carbon ages and transit times,
especially focussing on their underlying distributions. Carbon isotope mixing mod-
els are powerful considering their mathematical simplicity, however, they rely on ro-
bust data, that should be encouraged to be obtained, especially for the radiocarbon
isotope. Additionally, sampling strategies can be improved. A deeper discussion in

the latter is given in section 5.1.
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4,9 Conclusions

The carbon cycle in the Amazon rainforest can vary largely, as a consequence of
the high diversity of species and ecosystems. Radiocarbon can be useful to trace the
dynamics of carbon in different C pools and ecosystems. Moreover, radiocarbon can
be measured in the field and modelled, providing an estimation of the mean transit
time of C in the ecosystem.

This study used radiocarbon to address three research questions related to how
can AC distinguish cycling rates of slow and fast pools in different ecosystems and
what the ecosystem’s C transit time estimated from: it.

The main findings can be summarized as:

(i) According to the A'*C there are no significant differences between the cycling
of aboveground carbon in the campinarana (a white sand ecotone) and terra-firme
(lowland evergreen rainforest). This suggests that despite the age of carbon masses
in different compartments might vary, on average the aboveground carbon has sim-
ilar radiocarbon values.

(ii) The A'™C values in different compartments within a single ecosystem are
distinguishable. These differences can be related to the individual cycling rates of C
pools, further describing their dynamics as fast or slow.

(iii) Based on a two end-member mixing model on ambient air samples in a ver-
tical profile in terra-firme it was possible to estimate the AC of the CO, respired by
the whole ecosystem. The A¥Cpg value obtained estimates a mean C transit time of
7 to 9 years, in accordance to a study in a tropical forest in Colombia.

Despite there are no clear differences between the aboveground C cycle in camp-
inarana and terra-firme, the cycling differences could be prominent in the below-
ground carbon. This suggests these two ecosystems might use different strategies
of carbon allocation, at the same time, compensating for the particular limitations in
each of them: lack of nutrients in campinarana forest soils and competition for light
by plants in the dense terra-firme forest.

It is virtually impossible to directly measure the C transit time of an ecosystem.
However, A"*C of C pools might be extremely useful to estimate mean transit times
and to disentangle cycling mechanisms. Moreover, coupling radiocarbon measure-
ments with the theory of compartmental dynamical systems is a step towards ac-

curate estimations of ecosystem’s time metrics. Therefore, investment of resources
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and research onto both the experimental and theoretical aspects of radiocarbon as

an environmental tracer may not be overlooked.
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Chapter 5
General Conclusion

This doctoral thesis was motivated by the need to better understand the carbon cycle
in one relevant, yet one of the most threatened biomes in the world: the Amazon
rainforest. One way to accomplish that is by quantifying accurately the time carbon
spends in the ecosystem. Since it is not trivial to measure time-related quantities
such as the age of carbon in an ecosystem pool or the transit time of carbon moving
through the entire ecosystem, a tracer becomes very useful for this purpose.

Radiocarbon is a very useful tracer of the carbon cycle in ecosystems because it
decays on timescales that are much longer than most ecosystem processes. How-
ever, for long it is known that the concentrations of radiocarbon in the atmosphere
and, consequently, in the biosphere, change over time. Several factors contribute
to the variations of radiocarbon contents in the atmosphere. These factors can be
natural variations linked to changes on the geo- and solar magnetic fields or an-
thropogenic effects impelled by burning of fossil fuels and nuclear weapon tests.
Independent of the factors leading to the variation of radiocarbon contents in the
atmosphere, those alterations are well-documented thanks to records of the past
carbon isotope signals on several materials. In the last century, also the contempo-
raneous changes could be successfully recorded through monitoring of air samples.
The documentation and modelling to fill the gaps on actual data builds the radiocar-
bon history in the atmosphere up to 55,000 years ago. This information is crucial for
the calibration of archaeological samples, but in this thesis we focussed on modern
samples, that are linked to the information collected especially since the fifties and
predictions up to 2100 CE.

The records and predictions of radiocarbon in the atmosphere were crucial to
fulfil the goal of this thesis. This goal was to better understand the variations of

radiocarbon contents in terrestrial ecosystems, including an estimation of the time
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carbon takes to be release by a central Amazon primary forest. The specific objec-
tives related to the general goal of this thesis were ranked in the introduction.

The main objectives of this thesis were addressed in three chapters. Objective 1
was related to the development of a theoretical approach to use radiocarbon distri-
butions in open compartmental systems to better understand C cycling in ecosys-
tems.

In environmental studies using radiocarbon as a tracer of biogeochemical pro-
cesses within the terrestrial ecosystems it is common to emphasise the mean values
of A™C on samples. The samples represent C-pools that can vary in stock and cy-
cling rate of carbon. In chapter 3, I presented a simple algorithm developed to es-
timate the underlying distribution of radiocarbon in interconnected compartments
with continuous exchange of carbon with the surroundings in a dynamical equilib-
rium state. Undisturbed soils and old-growth forests fall in this category and it was
found that for such systems there is a correspondence between the speed of cycling
of a C-pool and its radiocarbon distribution.

As a consequence of the non-monotonic increase or decrease of atmospheric
AMC values, the radiocarbon distributions vary according to the year of observation.
This behaviour is contradictory to the carbon age distributions, which are static at
steady-state. This distinction is relevant when one tries to obtain a carbon age from
a radiocarbon measurement. An open system at steady-state will always have the
same carbon age or transit time distribution, hence it will return the same mean car-
bon age or transit time. On the other hand, as the radiocarbon distributions change
over time, the mean AC will also vary according to the year of observation. Thus, a
same mean system age might correspond to different mean AC values depending
on when the samples were collected.

Fast-cycling pools tend to present a narrow distribution of AC values with the
mode around the values of the contemporaneous atmospheric A*CO,. Conversely,
slow-cycling pools have a wider distribution of radiocarbon values, in some cases
presenting multiple peaks.

It was also observed that a mean value of A™C of soil CO, efflux is close to
the expected value of an underlying distribution of radiocarbon that has probability
densities of A'C values weighted by the carbon masses. These results indicated that
the theoretical radiocarbon distributions presented can help the interpretations of
radiocarbon contents obtained in experiments as long as they are under dynamical

equilibrium.
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Additionally, the results of chapter 3 provided insights into sampling design for
an improved model-data comparison of radiocarbon measurements. It was sug-
gested that slow-cycling pools need more samples than fast-cycling pools, when
one aims to capture the whole variability of AC values. The minimum sample size
may also depend on the year of collection. Moreover, the radiocarbon distributions
in open compartmental systems at steady-state offer opportunities to better incorpo-
rate the complexity of terrestrial ecosystems in the estimation of system diagnostic
times.

Towards the end of the 21 century, especially in the most dramatic scenario of
emissions of greenhouse gases, the use of radiocarbon as a tracer might be severely
impaired. This lamentable outcome could also be observed through the radiocar-
bon distributions obtained in chapter 3. The unique natural labelling promoted by
the bomb *C might become less meaningful already in the near future, when the
atmospheric A*CO; cross values never observed in the well-documented history of
atmospheric radiocarbon.

However, while this alarming fate does not arrive, it is important to use the full
potential of the radiocarbon as a tracer in environmental studies. Objective 2 of this
thesis aimed for the collection of samples representing the C compartments and am-
bient air in the highly complex Amazon rainforest. In contributing to this objective,
I constructed a dedicated vacuum line to purify the samples before conversion to
graphite at LAC-UFE. This process was detailed in section 2.5, where the line called
GASPS (Gas Samples Purification System) is compared to the extraction and graphi-
tisation system of ICOS-CRL at Heidelberg University. GASPS has the flexibility
of extracting CO; from air samples and purifying pre-combusted organic samples
without changing its set-up. GASPS is not an automated system, however, for the
purposes of this thesis such automation would not optimise the whole procedure,
as at LAC-UFF the samples are graphitised in sealed tubes and the latter requires
human operation in the current set-up of LAC-UFFE. The construction of GASPS con-
tributed to LAC-UFF by expanding the types of samples that can be prepared in this
laboratory.

In chapter 4, I presented results of A"*C in C-pools of two primary forests in
the central Amazon. Via measurements of A*CO, in the canopy of the domi-
nant ecosystem in Amazon (terra-firme) and background measurements performed
at heights two times above the canopy level, it was also possible to estimate the

mean transit time of the ecosystem. These results tackled objective 3 of this thesis.
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Firstly, the radiocarbon measurements of paired compartments in the two dis-
tinct ecosystems in the central Amazon (campinarana and terra-firme) have not pre-
sented significant differences. This result suggests that radiocarbon measurements
alone might not provide sufficient information on the C cycling of different ecosys-
tems. The only significant difference observed between ecosystems occurred for the
wood pool (represented by stem cores), indicating a much slower C cycling of this
compartment in campinarana.

However, the significant differences of AC on aboveground C-pools in these
two very distinct ecosystems allowed us to conclude that radiocarbon can provide
consistent and measurable differences between compartments.

Lastly, a two end-member mixing model (Miller-Tans model) was applied to the
observations of A'*CO,. By comparing the A*C of the ecosystem respiration es-
timated by the Miller-Tans model with the atmospheric A™CO, records, a mean
transit time of 8 years was estimated for carbon passing through a central Amazon
forest. This estimation is consistent with mean transit times obtained by diversified
approaches performed by other studies in tropical forests close to the Equator and

in the Eastern Amazon.

5.1 Future research

Through this work we addressed questions of significant relevance for the radio-
carbon community. At the same time, it is recognised that gaps still exist and more
work is necessary to address the new questions emerging from the studies presented
here. Upgrades to all presented studies might be performed to enhance the accuracy
of the estimations and their interpretations.

Experimental aspects at LAC-UFF introduced by this thesis can be improved,
allowing higher throughput of samples prepared without affecting the accuracy of
the measurements. The vacuum line installed at LAC-UFF in the course of this the-
sis (GASPS) could incorporate a more efficient cooling trap, allowing higher mass
flow rates of the gas samples. Additionally, a combination of GASPS with an auto-
mated graphitisation equipment (e.g. AGE, IonPlus) could optimise the extraction
of CO, and graphitisation process. Any adaptations have to be thoroughly tested
with control samples and are encouraged for future work.

Chapter 3 dealt with radiocarbon distributions in open systems that are under
steady-state conditions. Future research can profit of the insights into radiocarbon
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distributions of interconnected multi-compartmental systems to benchmark mod-
els. However, in order to accommodate more realistic systems, an algorithm incor-
porating time dependencies on the inputs and the matrix exponential of the system
should be developed. Additionally, taking into account systems out of equilibrium
in future works on theoretical radiocarbon distributions could allow comparisons
of models describing disturbed ecosystems.

The radiocarbon measurements of C-pools in the central Amazon presented in
this thesis might improve our comprehension of carbon cycling in this biome. The
estimation of the mean transit time of carbon based on mixing models of A*C and
CO; concentrations could be improved by more frequent analyses of air samples
in a vertical profile that incorporate more heights within the canopy. In addition,
measurements of the A*CO, in the free-atmosphere would provide a more accurate
radiocarbon value for the background signal. The latter has been addressed recently,
during the course of this thesis, with the installation of an integrated air sampler and
an auto-sampler for 3L-flasks, both collecting samples at the height of 321 m at the
ATTO tower. The first batch of those samples should be analysed in the near future.

An alternative to the two end-member mixing model approach performed in this
thesis is the estimation of C transit time distributions. To obtain such distributions, a
compartmental model describing the ecosystem could be implemented, analogously
for instance to the Porce model (Sierra et al., 2021). Such compartmental model
may be derived from estimations of stocks of carbon and its fluxes among different
vegetation and soil C-pools.

Additionally, improving the strategy for radiocarbon sampling by expanding it
to belowground pools and the efflux of 1*CO, of the different pools individually
might offer insights into the number of compartments and the interaction among
them. In the context of the central Amazon, this strategy is to be implemented.
Firstly, data on carbon stocks and fluxes reported in different studies is being put
together. Further, measurements on the AC of belowground pools (roots, bulk soil
and soil fractions) is to be performed complementing the A*C of these compart-
ments in the central Amazon published elsewhere. Lastly, future measurements on
the A'CO, of the respiration of individual pools supplement the few reported data
for this region.

Despite the relevance and benefits that could be provided by estimations based
on such a model and radiocarbon measurements, this strategy demands time and

resources that could not fit this doctoral thesis. Nevertheless, it is highly encouraged
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for future research in the central Amazon.

The use of radiocarbon as tracer of the carbon dynamics in terrestrial ecosystems
is a powerful tool. However, radiocarbon research in such context needs synergy,
especially in areas of high dynamical complexity as the Amazon rainforest. When
aiming to couple the radiocarbon results with the theory of dynamical compart-
mental systems, this task becomes even more challenging, because the collaboration
becomes crucial in order to understand and represent the right processes leading
carbon through atmosphere — biosphere — atmosphere.
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Appendix A

Supplementary material of chapter 3

Contents of this file
1. Figures Al to All

Introduction

This supporting material contains twelve additional figures.

Figures A.1 and A.2 show respectively the evolution over time of the expected
values of AC and the comparison of these values with empirically obtained A*C
values in the total soil CO, efflux for the years between 1996 and 2010 (with ex-
ception of 2005) in the Harvard Forest, USA. Nine figures show the distributions of
radiocarbon separately for each pool, the total outflux and whole system. Three of
them (Figures A.3, A.4, and A.5) were produced for the Harvard Forest Soil model,
referred as HFS model in the main manuscript; additional three figures (Figures A.6,
A.7,and A.8) represent the same estimations for the Porce model; the last three fig-
ures (Figures A.9, A.10, and A.11) correspond to radiocarbon distributions for the
Emanuel model. The radiocarbon curve, model parameters and methods employed
to produce these figures are the same described in the main manuscript (section
3: Methods) and code and scripts can be accessed in the public GitHub repository
through: https://github.com/ingridchanca/RDCDistributionOpenComp.git.
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FIGURE A.1: Evolution of the expected AMC values of outflux (red)
and whole system (light blue) for the HFS model between the years
1900 and 2100. The ribbons are the standard deviation of the expected
values of AMC predicted by the model through a weighted mean.
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Mean and Expected A'C over time
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FIGURE A.2: Change over time (AD 1996 - 2010) of the expected
AMC values (orange) and of the mean AMC values of observations
(green) from samples of total soil CO; efflux in the Harvard Forest (HFS
model). There are no measurements on samples of soil efflux for the
year 2005, therefore, for this year, only the theoretical estimation is pro-
vided. Error bars represent the standard deviation of the expected A*C
values (orange) and the uncertainty of the observations of A“C (green).
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FIGURE A.3: A™C distributions of the HFS model for each of the seven
pools, outflux, and whole system . The year of observation is 1965 —
just after the bomb peak in 1964 — and the distributions are computed
over 1,000 years, with discretization & = 0.1. The bin size b is equal to

40 %o.
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FIGURE A.4: AM™C distributions of the HFS model for each of the seven

pools, outflux, and whole system . The year of observation is 2027 and

the distributions are computed over 1,000 years, with discretization h =
0.1. The bin size b is equal to 10 %o.
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FIGURE A.5: A™C distributions of the HFS model for each of the seven

pools, outflux, and whole system . The year of observation is 2100 and

the distributions are computed over 1,000 years, with discretization h =
0.1. The bin size b is equal to 10 %o.
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FIGURE A.6: AM™C distributions of the Porce model for each of the
seven pools, outflux, and whole system . The year of observation is
1965 —just after the bomb peak in 1964 — and the distributions are com-
puted over 1,000 years, with discretization & = 0.1. The bin size b is

equal to 40 %o.
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FIGURE A.7: A“C distributions of the Porce model for each of the

seven pools, outflux, and whole system . The year of observation is

2027 and the distributions are computed over 1,000 years, with dis-
cretization i = 0.1. The bin size b is equal to 10 %.
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2100 and the distributions are computed over 1,000 years, with dis-
cretization i = 0.1. The bin size b is equal to 10 %.
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