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Abstract

Jaqueto, P. (2021). Speleothem magnetism: environmental and geomagnetic records from
Brazil (PhD Thesis). Instituto de Astronomia, Geofisica e Ciéncias Atmosféricas, Uni-

versidade de Sdo Paulo, Sdo Paulo.

In the last decade, a revival in the use of stalagmites for paleomagnetic and environmental
magnetism was observed. The advent of more sensitive magnetometers and a new generation
of radiometric dating techniques made it possible to obtain high-resolution magnetic records
in speleothems. In this thesis, both aspects of speleothem magnetism research were explored.
First, a database of magnetic mineral properties from 22 caves in Brazil was built to compre-
hend the magnetic signal recorded in tropical-subtropical karst regions and how it relates to
biomes and climate at different latitudes. This database has demonstrated the pervasive occur-
rence of low-coercivity magnetic minerals, without significant changes in magnetic mineral-
ogy across the studied speleothem, all presenting pedogenic magnetite/maghemite (and some-
times goethite). Its concentration parameters presented some correlation with the local biome.
These results reinforce the hypothesis that the soil's local dynamics above the cave control the
magnetic signal recorded in speleothems. Then, two high-resolution records of the geomag-
netic field were obtained from sites in western Brazil under the influence of the South Atlantic
Anomaly. In this region, the geomagnetic field presents the lowest intensity value of the
globe. Both sites provided coherent directional and relative paleointensity results. The last
two millennia were investigated with two stalagmites from Pau d’Alho cave (15.21° S, 56.81°
W) and revealed fast angular variations (> 0.10°/yr) for two distinct periods at 860 CE to 960
CE and 1450 CE to 1750 CE. These variations correspond to records obtained in South Africa
with a westward time lag of ~200 years and express the recurrence of the South Atlantic
Anomaly in the last two millennials in the southern hemisphere. This behavior is explained by
the westward drift of reverse flux patches at the core-mantle boundary accompanied by their
intensification and expansion. A stalagmite from Dona Benedita cave (20.57° S, 56.72° W)
encompasses ~2100 years of record from mid-to-late Holocene. In contrast to the Pau d'Alho
speleothems, the Dona Benedita speleothem revealed low angular variations below 0.06°/yr,
expressing a low activity of non-dipolar sources in South America for this period, ultimately
revealing that the South Atlantic Anomaly is an intermittent or absent feature whose expres-
sion depends on the non-dipole/dipole ratio of geomagnetic components and the density of re-

verse flux patches in the southern hemisphere. Therefore, the magnetic record of speleothems



provided key information for the reconstruction of soil dynamics and for tracking at high-res-
olution the evolution of the geomagnetic field in South America, where data is known to be

Scarce.

Keywords: Rock magnetism. Environmental magnetism. Geomagnetism. Paleomagnetism.

Karst. Speleothems. South America.



Resumo

Jaqueto, P. (2021). Magnetismo em espeleotemas: registros ambientais e geomagnéticos do
Brasil (Tese de doutorado). Instituto de Astronomia, Geofisica e Ciéncias Atmosféricas,
Universidade de S&o Paulo, S&o Paulo.

Na tltima década, um renascimento no uso de estalagmites para magnetismo paleomagnético
e ambiental foi observado. O advento de magnetémetros mais sensiveis e uma nova geragao
de técnicas de datacdo radiométrica possibilitaram a obtencdo de registros magnéticos de alta
resolucdo em espeleotemas. Nesta tese, ambos o0s aspectos da pesquisa do magnetismo em
espeleotemas foram explorados. Primeiramente, um banco de dados de propriedades de
minerais magnéticos de 22 cavernas no Brasil foi construido para compreender o sinal
magnético registrado em regides carsticas tropicais-subtropicais e como ele se relaciona com
biomas e clima em diferentes latitudes. Este banco de dados demonstrou a ocorréncia de
minerais magnéticos de baixa coercividade, sem alteracdes significativas na mineralogia
magnética e todos apresentando magnetita/maghemita pedogénica (e as vezes goetita). A
concentracdo de minerais magnéticos apresentou correlagcdo com o bioma local. Esses
resultados reforcam a hipotese de que a dindmica local do solo acima da caverna controla o
sinal magnético registrado nos espeleotemas. Em seguida, dois registros de alta resolucdo do
campo geomagnético foram obtidos no Brasil central, uma area sob influéncia da Anomalia
do Atlantico Sul. Nesta regido, o campo geomagnético apresenta o menor valor do globo.
Ambos os sitios forneceram resultados coerentes direcionais e de paleointensidade relativa.
Os ultimos dois milénios foram investigados com duas estalagmites da caverna Pau d'Alho
(15,21° S, 56,81° W) e mostram varia¢Ges angulares rapidas (> 0,10 °/ano) por dois periodos
distintos em 860 AD a 960 AD e 1450 AD a 1750 AD. Essas varia¢des correspondem aos
registros obtidos na Africa do Sul com uma defasagem de tempo de ~ 200 anos e expressam a
recorréncia da Anomalia do Atlantico Sul para os Gltimos dois milénios no hemisfério sul.
Estas variagcdes podem ser explicadas pela deriva para oeste e l6bulos de fluxo reverso na
interdace manto-nucleo acompanhadas por sua intensificacdo e expansdo. Depois, uma
estalagmite da caverna Dona Benedita (20,57 ° S, 56,72 ° W) abrange um periodo de 2100
anos de registro do Holoceno médio a tardio. Em contraste com os espeleotemas Pau d'Alho,
a estalagmite da caverna Dona Benedita revelou baixas variagdes angulares, com valores
menores que 0,06 °/ ano, expressando uma baixa atividade de fontes ndo-dipolares na

Ameérica do Sul para este periodo. Esta baixa atividade mostra que a presenca da Anomalia do



Atlantico Sul é intermitente ou ausente durante este periodo para esta regido, cuja expressao
depende da razdo ndo-dipolar/ dipolar das componentes do campo geomagnético e da
densidade dos l6bulos de fluxo reverso hemisfério sul. Portanto, podemos concluir que o
registro magnético de espeleotemas forneceu informacdes essenciais para a reconstrucdo da
dindmica do solo e para o registros em alta resolucdo da evolucdo do campo geomagnético na
América do Sul, onde os dados sdo sabidamente escassos.

Palavras-chave: Magnetismo de rochas. Magnetismo ambiental. Geomagnetismo. Paleomag-
netismo. Carste. Espeleotemas. América do Sul.



Contents

Chapter 1 INFOAUCTION ...ocuviiieiece et sre e ns 13
1.1 Environmental MagnetiSm ........c.ccceiiiiiiieiecie e 15
1.2 Karst environment and iSOtOPIC STUTIES ........ccuveieieieiiiiercreseeee s 19
1.3 Speleothem MAagNELISIM ........coviiiiiieee e 23
1.4 TRESIS OULHING ...t 28

Chapter 2 Speleothem Magnetism database............ccceeveiieiiiieiiciece e 29

2.1  Magnetic mineralogy of speleothems from tropical-subtropical sites of South

N 1111 o OSSPSR 29
Chapter 3 ~ Geomagnetic Field Recorded in Stalagmites..........cccoovviiiviienvenenieseee e 53
3.1  Speleothem record of geomagnetic South Atlantic Anomaly recurrence.................. 53

3.2 Stalagmite paleomagnetic record of a quiet mid-to-late Holocene field activity in

CENTrAl SOULN AIMEIICA ...c.vieei ettt st e teeseesseenbe e enreeneeenee e 71
Chapter 4 Conclusions and PErSPECLIVES..........coiiiririiieieie ettt 89
4.1  Karst environment and the origin of magnetic minerals.............ccccoveiviiiiiicinenen, 89
4.2  Earth’s magnetic field record of stalagmites ............cccceviiiiiiiiniicnc 90

Chapter 5 RETEIBINCES ....ooiieiieie bbb 93






Page |13

Chapter 1 Introduction

Retrieving climate information through instruments is limited in time to the last four centu-
ries. Information about the climate beyond the instrumental era is obtained indirectly from
natural archives, where different types of "indicators™ or "proxies” enable the reconstruction
of the climate in the last thousands to millions of years. These paleoclimatic and paleoenvi-
ronmental “proxies” (e.g., concentration, types of deposited materials, gas concentration) need
to be: sensitive to changes in the environment, preserved in time, and its relation to climate
has to be understood. The natural archives' sensitivity and the proxies have to be understood
in terms of global or local environmental variations (Ruddiman, 2008). Moreover, these prox-
ies must be converted into parameters that can be incorporated into general circulation models

to simulate global climate response at a particular time.

Paleoclimatic proxies are divided into four major categories: lithological/mineralogical, geo-
chemical, geophysical, and paleontological (Ruddiman, 2008). Examples of lithological/min-
eralogical categories include indicators of glaciation, such as ice-rafted debris, moraines,
varved sediments, indicators of warm climate, such as carbonates and evaporites, and indica-
tors of paleoprecipitation, such as speleothems and paleosols loess deposits. With ice-cores
and chemical sediments studies, the geochemical category includes stable isotopes like
18010, 13C/*2C, major and trace elements like iron, magnesium, and strontium. The geophys-
ical category includes dating and rapid climate oscillations accessed through paleomagnetism
and electrical conductivity studies. The paleontological category includes tree rings, plank-
tonic and benthic foraminifera, pollen, and others (Gornitz, 2009), which provide estimation

of age, paleotemperature, paleoclimate, and ocean productivity.
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Figure 1-1: Resolution of climate records. (Upper) A time span of the processes that are present in the climate
information. (Lower) Types of climate archives and resolution. (Figure modified with the addition of speleothem
records (Ruddiman, 2008)).

The duration and resolution of each record will allow the comprehension of different pro-
cesses and the effects of specific forcings (Figure 1-1). Among the terrestrial records, speleo-
thems are one of the most used archives for paleoclimatic information. Speleothems are sec-
ondary carbonate deposits formed in caves (see section 1.2) and have the advantage that their
location tends to be sheltered from perturbation and changes in reducing conditions with a sta-
ble climate over some time (Fairchild et al., 2006). One of the strengths of speleothem-based
studies is the chronological control made through Uranium-series dating, which provides very
precise dating back to 800,000 years (Cheng et al., 2013) (Figure 1-1). Studies of oxygen and
carbon isotopes in stalagmites have documented climatic changes associated with Heinrich
events, East-Asian monsoon intensity, shifts in Intertropical Convergence Zone, atmospheric
COg, and regional relative proportions Cz and C4 vegetation (Fairchild and Baker, 2012;
Meyer et al., 2014).
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A proxy that has also been used in speleothems to assess paleoclimate is their magnetism
(Hatfield, 2014). Magnetic properties are usually sensitive to the presence of iron. Iron is the
fourth most abundant element in the crust and is commonly combined with oxygen and sulfur
through inorganic or biological mediated processes. They form iron oxides and iron hydrox-
ides when combined with oxygen and iron sulfides with sulfur. Studying these magnetic min-
erals, their concentration in rocks and sediments, how they are formed, transported, deposited,
and related to climatic conditions constitutes a research topic called ‘environmental mag-

netism’ (see section 1.1).

1.1 Environmental magnetism

The field of ‘environmental magnetism’ started effectively in the early 20th century with the
study of Quaternary Swedish varved lake sediments by Gustaf Ising (Maher, 1998). It com-
prises the measurement of magnetic susceptibility and natural remanent magnetization of the
layered sediments. It has shown a yearly periodicity in magnetic properties, with varves de-
posited during spring being more magnetic than those from the winter.

Information about the magnetic minerals assembly focuses primarily on three broad ques-
tions: (1) composition, (2) concentration, and (3) size of magnetic particles (Evans and Heller,
2003). Information provided by these parameters is intimately linked to the iron cycle. This
cycle operates at different scales, including global iron connections (desert dust, ocean bio-

chemistry, and climate) and local or in situ transformation of iron oxides and iron sulfides.

Environmental magnetism is broadly used in paleoclimatic reconstructions. Wind-blown dust
(loess) deposits have been a subject of intense investigation through the past decades (Maher,
2011). The north-central Chinese loess plateau covers the last three million years of Earth’s
history. It is composed of layers of paleosols (fossil soils) and wind-blown dust, where mag-
netic susceptibility tracks monsoonal variation. The layers more enriched in nanoscale mag-
netic grains reflect warmer interglacial and wetter climates, whereas weakly magnetic dust
layers correspond to drier, colder glacial periods (Ahmed and Maher, 2018; Maher, 1998;
Maher and Thompson, 1999). These results have been correlated with marine oxygen isotope
changes (Figure 1-2) and interpreted as the strong coupling between the Asian monsoon sys-
tem and global glacial cycles (Evans and Heller, 2003). The causes of the magnetic enhance-

ment in loess soils were also extensively investigated. The magnetic minerals in these soils
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comprise a mixing of iron-hydroxides, maghemite and magnetite. The enrichment is closely
connected to well-drained, oxidizing soils, where the pedogenic formation of magnetite is in-
duced by rainfall variation, soil wetness and local redox conditions (Ahmed and Maher,
2018). The ultrafine magnetite formed in the range size of superparamagnetic (SP) to a stable
single domain (SSD, ~50 nm) will undergo slow oxidation forming a thin maghemite rim that
depends on pH and temperature and can take millions of years to fully oxidize into maghemite
(Ahmed and Maher, 2018).
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Figure 1-2: (a) Magnetic susceptibility results from wind-blown deposits in the Chinese loess plateau and (b)
marine benthic oxygen isotope from the eastern equatorial Pacific (ODP site 677) (Ahmed and Maher, 2018).

These environmental changes recorded by magnetic minerals in sediments, wind-blown de-
posits, lakes, and speleothems occur in two ways. Magnetic minerals have already been origi-
nated elsewhere and then are transported (detrital) or created/transformed in situ (authigenic).
The process of in-situ transformation can occur via inorganic chemical reactions or be biolog-
ically mediated (Evans and Heller, 2003). These pathways of transformation are of interest in
soil science, environmental magnetism, and paleoclimate science, especially concerning rain-
fall and the magnetic enhancement in soils (Figure 1-3) (Balsam et al., 2011; Heslop and
Roberts, 2013; Maxbauer et al., 2016a). Despite the long efforts to understand magnetic
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enhancement, no general theory was provided yet, due to the complexity, diversity, and inter-
action of processes involved (Evans and Heller, 2003; Jordanova, 2017; Maxbauer et al.,
2017).

Five mechanisms have been proposed to explain the magnetic enhancement in soils:

(1) ‘fermentation’ process (Maher and Taylor, 1988), in which redox oscillation of
wet/dry cycles promote the formation of very fine-grained magnetite; this ‘fermenta-
tion’ process under anoxic condition is often coupled to the microbial reduction of Fe®*
in a process called dissimilatory iron reduction (DIR) mediated by Geobacter metal-
lireducins. It is generally assumed that this bacteria plays an essential role in magnetic

mineral production (Maxbauer et al., 2016a).

(2) organic process through magnetotactic bacteria and their magnetofossils (Fassbinder
etal., 1990).

(3) burning produces small particles, limited to specific locations varying with iron con-

tent, organic matter, the temperature of burn, and soil porosity (Maher, 1998).

(4) dehydration of lepidocrocite (relevant in gley soils), also related to burning at tem-
peratures higher than 200 °C (Maher, 1998).

(5) atmospheric fallout minerals composed of magnetic spherules are characterized by

dissociation from clay fraction in soils (Maher, 1998; Maher and Thompson, 1999).



Page |18

1e-5

MS (m°/kg)
s

1e-8

1e-9 5 T T T
0 500 1000 1500 2000

Rainfall (mm/yr)

Figure 1-3: Magnetic susceptibility results from soil samples in 272 localities by rainfall (mm/yr), showing the
increase of magnetic mineral concentration until a value of ~1000 (mm/yr), then the dissolution of magnetic
minerals occur and reduce the concentration (Balsam et al., 2011).

Understanding these pathways of soil-forming magnetic minerals is essential to understand
deposits that occur in natural archives, such as marine and continental records. One of the
most studied records for paleoclimate reconstruction is speleothems. These secondary car-
bonate deposits have been studied in environmental magnetism with two main objectives: (1)
paleoclimate reconstruction in regional and local climatic scales, soil dynamics in the
epikarst, local hydrological conditions, and long-term changes in precipitation (Bourne et al.,
2015; Jaqueto et al., 2016; Lascu and Feinberg, 2011); (2) depositional processes inside the
cave, involving the transport of the magnetic mineral from the epikarst/karst system to the tip
of the stalagmite, focused on the deposition process and the reliability of the geomagnetic rec-
ord in these samples (Lascu et al., 2016). For this reason, the karst system and the speleothem
formation will be briefly introduced and how the magnetic minerals are present in these rec-

ords.
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1.2 Karst environment and isotopic studies

The karst system is characterized by the feedbacks of climate, hydrology, biology, and geol-
ogy, where speleothems (secondary carbonate deposits) are used as an archive to understand
past climate changes because their composition allow the simultaneous use of carbon and ox-
ygen stable isotopes and their content of U, Th and Pb allow precise dating, allowing sub-an-
nual resolution analysis (Hartmann and Baker, 2017). Its development starts with the dissolu-

tion of carbonate rock at the surface through the reaction:

Equation 1-1

CaCO; + CO, + H,0 & Ca?* + 2HCO3

which is characterized by strong water-rock interaction at long timescales, resulting in cal-
cium (Ca?*) and bicarbonate (2HCO3) as a solution. This reaction occurs in both directions;
in the vadose zone (unsaturated zone), the dissolution of soluble rocks prevails (mainly lime-
stone), while for the speleothem, it occurs in the opposite direction by the precipitation of cal-
cite (CaCOs).

The soil horizon and the epikarst constitute dissolution regions. Epikarst or subcutaneous zone
is defined as the uppermost layer of the carbonate rock, it develops close to the topography
surface through rapid dissolution working as storage, and further concentration of the down-
ward flow routed karst conduits and flow paths development. The soil on epikarst plays an es-
sential hydrological role as it stores precipitation. The capacity depends on physical proper-
ties, depth, soil clay, and organic matter. Because of the surface heterogeneity, the soil may
present high variability resulting in preferential lateral pathways for the downward stream or
diffuse flow (Hartmann and Baker, 2017).

The process begins with the CO- in the water from the atmosphere (~400 ppm) and a large ex-
tent, to the biological process in soil, like plant root respiration and decomposition, often
ranging from 5,000 ppm to 50,000 ppm (Hartmann et al., 2014). So, as the water interacts
with the upper epikarst and soil, high pressure of CO. in an aqueous solution descends until it
reaches the cave. In the cave environment (Figure 1-4), a degassing occurs since the pressure
of COz in the cave is lower, and calcite will precipitate (according to the equation above). The

most important variable for this effect is the CO> at the cave atmosphere, although some
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temperature variation for the high latitude caves and uncommon not saturated humidity may

occur.

ﬁ CO, degassing and speleothem growth
WIEW
)
Stalagmite Air Circulation
Water Flow
\ -H___\*
— Flowstone .~

Figure 1-4: Chemical sediments formation through CO2 degassing (Fairchild et al., 2006).

Precipitation of secondary carbonate deposits occur in three different main speleothems (Fig-
ure 1-4): (1) Flowstone, which is a generic term for a laminated deposit originated from flow-
ing water associated with strong water flows from fissures and conduits; (2) Soda-straw stal-
actites, formed on cave ceiling; (3) Stalagmites, originated from ground growth, usually cylin-
drical type, depending mainly from drip-water flow rate, water supersaturation and drop fall
height (Fairchild et al., 2006). This heterogeneous flows and storage behavior results in differ-
ent drip-rate flow characteristics: (1) drips solely fed by fissure matrix; (2) matrix and en-
larged fissures or cracks; (3) by water routed through a reservoir while traveling through ma-
trix and conduits; (4) exclusively by water passed through overflow storage that has fill before
the water reaches the drip (soil, depression in fissures) (Hartmann and Baker, 2017; Hartmann
etal., 2014).

The majority of paleoclimate studies in stalagmites are done through stable oxygen-isotope
(Lachniet, 2009). Stable oxygen-isotope in speleothem is a terrestrial alternative to marine/ice
cores bolstered by observing that caves can reflect mean annual temperature and/or precipita-
tion. Oxygen is the second most abundant gas (O2) in the atmosphere. It occurs in nature as
three isotopes. The lighter 0 accounts for almost 99.76 % of the total, 1’0 corresponds to
only 0.04 %, and the heavier 30 accounts for 0.2 %. Individual measurements of the 80/*%0
ratio in natural materials report as departures in parts per mil (%o) from the value of a stand-

ard:
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Equation 1-2

L B (180/160)Sample_(180/160)
6 O(in %0) — (180/160)

standard % 1 0 0 0

standard

where samples with positive 680 values are said to be ‘0 enriched in (compared to °0), and
samples with negative 580 values are said to be 0 depleted. The heavier the oxygen iso-
tope, the more rapidly it is removed from the atmosphere when condensation and precipitation
occur. Repeated cycles of evaporation and precipitation through time leave the water vapor

progressively more enriched in %0 (Lachniet, 2009).

Another used proxy in stalagmites is the stable carbon isotopes (§**C). This proxy can provide
information about climate and vegetation, but the interpretation is not straightforward. The
signal obtained can be related to complex mixed-signal (interdependent), derived from the at-
mosphere, soil, epikarst, and cave, and be site-specific and even unique of each stalagmite
record of reservoir mixtures and different flow paths (Baldini et al., 2021; Fohlmeister et al.,
2020). The carbon transfer dynamic into the cave is influenced by the soil gas CO2 (soil respi-
ration), with a signal derived from the density of the dominant photosynthetic pathways (C3,
C4, and CAM plants). This CO. gas will be incorporated in the percolating water (solution)
and temperature-dependent, that late will be introduced to the carbon isotope that will be rec-
orded in the stalagmite (Fohlmeister et al., 2020; Novello et al., 2021). Also, “in cave” effects
like cave ventilation can increase the 5'3C values due to the changes in pCO; and seasonal re-

lated, that can obscure the vegetation signal (Wong and Breecker, 2015).

A stalagmite from Pleistocene to the Holocene from southern Brazil shows values of 20 and
d13C (Figure 1-5) that allowed us to interpret the primary supply of carbon originated from bi-
ogenic CO; from the soil. The soil is linked to the summer and winter extratropical circulation
pattern, paced by the obliquity of the Earth (Figure 1-5), that will impact the biological pro-

cesses (Cruz et al., 2006). Also, high-resolution stalagmite records from Brazil for the last two
millennia (Novello et al., 2021) showed &*3C values related to the C3 photosynthetic pathway,
and it is in agreement with the higher concentration of CO> in the atmosphere since the transi-

tion from the Last Glacial Maximum (Novello et al., 2019).

The complexity in interpreting the stable isotopes is reduced with a multiproxy approach
(Baldini et al., 2021). Examples of other proxies to be combined with stable carbon and oxy-

gen isotopes are trace elements (e.g., Mg/Ca, Sr/Ca) and environmental magnetism (Jaqueto
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et al., 2016). In a multiproxy study using 5'C, 5'80, and rock magnetism, a higher amount of
magnetic minerals with less negative values of 80 and less negative §*3C values (C4 photo-
synthetic pathway) was observed at a multidecadal scale, allowing an interpretation where in-
creased soil biomass associated with denser vegetation retains the magnetic minerals in the

soil, reducing the flux of these minerals into the cave (Jaqueto et al., 2016).
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Figure 1-5: Stable isotopes (oxygen and carbon) and growth-rate records from a stalagmite from southern Brazil,
compared to summer insolation (Cruz et al., 2006).
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1.3 Speleothem magnetism

The first rock magnetic study in stalagmites was carried out in English caves at the end of the
1970s (Latham et al., 1979). The beginning of this research topic research focuses on the geo-
magnetic secular variation recorded in these samples (Inokuchi et al., 1981; Latham et al.,
1989; Latham et al., 1980, 19864, b; Morinaga et al., 1985, 1986, 1989). The choice of stalag-
mites was intended as an alternative to sedimentary records for the Brunhes epoch, avoiding
bioturbation, depositional and post-depositional processes. Also, the correspondent age data in
sedimentary records from lakes and ocean sediments could not be the same as the magnetiza-
tion lock-in, whereas for stalagmites they could be well-constrained using U-Th dating (lim-
ited to < 350 ka). Another significant development of the rock magnetism community was the
introduction of cryogenic magnetometers, providing the necessary sensitivity (~10* Am?2) to
measure samples with low magnetic content (Goree and Fuller, 1976). One of the drawbacks
of the first studies was that the U-Th dating in speleothems was at its first stages of develop-
ment. The errors were close to ~1000 years, attributed to the presence of 232Th isotope (origi-
nated in soil and not from radioactive decay) (Latham et al., 1979), therefore hampering the
reconstruction of the geomagnetic secular variation with a proper resolution. So, this topic of
research stayed dormant for several decades waiting for new experimental developments
(Lascu and Feinberg, 2011).

In the 1990s, some few studies in secular variation continued to be published (Lean et al.,
1995; Openshaw et al., 1997), but were mostly focused on the magnetic mineralogy of stalag-
mite samples (Perkins, 1996; Perkins and Maher, 1993) and conducted by research groups
with a strong background on environmental magnetism (Maher and Thompson, 1999). The
combination of rock magnetism, x-ray diffraction, and electron microscopy, allowed the re-
searchers to distinguish three-grain morphologies and different origins for the natural rema-
nence carriers in speleothems: (1) ‘Abraded grains’ interpreted as detrital origin composed
mainly of magnetite (FesO4) and hematite (Fe2Oz) with less contribution of titanomagnetite
(Fe2TiOg4), ranging from 0.01 pum to 10 um. These grains have their origins on flood streams
or from overlying strata and soil via drip water. (2) ‘Regular grains’ with crystalline morphol-
ogy, probably composed of magnetite. Two subgroups were identified, one with uniformly
sized grains (0.05 um to 0.1 um) that resembles bacterial magnetite, and a second group com-

posed of inorganic authigenic magnetite ranging from 0.01 pum to 0.1 pm. (3) ‘Needle-like’
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morphology, associated with goethite, with grains smaller than 2 pum, but their origin was still
unknown (Perkins, 1996).

Over the past ten years (Lascu and Feinberg, 2011), there has been a revival of speleothem
magnetism research for different reasons: (1) The accurate U-Th dating obtained with less
amount of material promoted by a change from alpha spectrometry to the convergence of
Thermal lonisation Mass Spectrometry (TIMS) (Edwards et al., 1987a), and ultimately to
multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) that permitted
extraordinarily robust (precise and accurate) chronological control with ages less than 800 ka
(Baldini et al., 2021; Cheng et al., 2013). (2) A new generation of DC squid magnetometers
allowed measurements of magnetization lower than 101> Am2 (Lascu and Feinberg, 2011). (3)
Magnetic microscopy techniques applied to stalagmites provide magnetic measurements at
the same resolution as trace-elements studies (Feinberg et al., 2020; Fu et al., 2021; Fukuyo et
al., 2021).

The new advances in instrumentation allowed studies of speleothem magnetism as a climate
archive and as geomagnetic secular variation in high spatial and temporal resolution. Some of

these advances will be summarized below.

1.3.1 Speleothem magnetism as a climate archive

The environmental significance of the magnetic signal recorded in speleothem depends on the
age resolution of the stalagmite and the hydrological setting of the karst system. The pro-
cesses that affect the magnetic mineralogy can be related to the atmosphere (rainfall, tempera-
ture, monsoon dislocation), the epikarst (soil formation, vegetation photosynthetic pathways
change, soil pCOg, rate of carbonate dissolution, colloid solution), the allochthonous input of
magnetic particles (flooding events, soil-washdown, or wind-blown particles), and also the

authigenic formation of magnetic minerals in situ.

The primary interpretation of environmental magnetism parameters in speleothems is a corre-
spondence between higher magnetic mineral concentration and wet periods related to detrital
inputs in episodic wet events at millennial-scale, as observed in speleothems from China and
USA (Bourne et al., 2015; Xie et al., 2013; Zhu et al., 2017). Also, in a stalagmite from China
that encompasses the Marine Stage Isotope 5a/4 transition, the solar activity was observed in a
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power spectrum of the saturation magnetization, expressing the correlation of this parameter

with precipitation.

In tropical sites and at the multidecadal scale, a detailed study was performed on a stalagmite,
the soil above the cave, and in sediments inside the cave (Jaqueto et al., 2016). The unmixing
of isothermal remanent magnetization and anhysteretic remanent magnetization were used to
identify the origin of the magnetic minerals. The magnetic carrier in this stalagmite is magnet-
ite (~90 %), with a magnetic fingerprint in the detrital + extracellular and pedogenic fields of
the Egli's (2004) diagram (Figure 1-6). This cluster formed from the analysis of unmixing
IRM and ARM acquisition curves points that magnetite was produced in the soil, opposing
the idea that these minerals are only incorporated on flood events, where higher coercivities
were expected (allochthonous origin). So, the proposed model combined magnetic properties,
5180 and §%3C, to relate the vegetation cover type, soil erosion, and rainfall amount to the con-
centration of magnetic minerals in the speleothem. It showed that the less stable soils in the
Medieval Climate Anomaly (less rainfall), resulted in higher fluxes of magnetic minerals
through the drip water. Conversely, during the higher rainfall typical of the Little Ice Age in
these latitudes, a denser vegetation (Cs4) inhibited the input of magnetic minerals (Jaqueto et
al., 2016). So, a strong regional climate component must be considered when interpreting the

magnetic mineralogy.



Page |26

0.5

o %% ' R
0.4 3 L ud:pgz'“ 0%
3 @Mx & +

00 mm

] ey o
03 3 ﬁ-ibp. " ;
. n I pe o + W+ I ]
] r. ]

. o o %00 o+ ]

2] ALHO 6 - ]

- Extemal Soil OC@ o * 1

] Internal Sediments le) [ ]

Lascu and Feinberg (2011) ) ) 1
Oscte et al. (2012) 1

Font ct al. (2014) “"

Bourne et al. (2015) [ 7

Detrital + Extracellular Magnetite : ! 1

Pedogenic Magnetite @ —

Detrital + Pedogenic Magnetite o |

Detrital @

Loess

Eolian Dust

Urban Pollution

Biogenic Soft

Biogenic Hard

DPARM
E0syAR

0.1 H

0O +XéoDmOn

10 100
MDF __ (mT)

ARM

Figure 1-6: Magnetic fingerprints identified from speleothems, soil, and internal sediments from Pau d’Alho
cave (Jagueto et al., 2016).

1.3.2  Speleothem magnetism as geomagnetic recorder

In the past years, several new geomagnetic field records from speleothems (stalagmites and
flowstones) were published but most of them limited to the Northern Hemisphere (Chou et al.,
2018; Lascu et al., 2016; Osete et al., 2012; Ponte et al., 2018; Ponte et al., 2017; Pozzi et al.,
2019; Zanella et al., 2018). The combination of high-resolution dating, annual layer counting,
and paleomagnetic data better determined the age and duration of the Laschamp geomagnetic
excursion (Lascu et al., 2016). This geomagnetic excursion was dated between 42.25-39.70 ka
B.P., its main phase encompassing 700 yrs, where the virtual geomagnetic pole was located in
a latitude of -30° (Figure 1-7). This result agrees with cosmogenic nuclide production rates

and better defines the main phase of the excursion (Brown et al., 2018).
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Figure 1-7: Paleomagnetic results from a stalagmite in North America. (2) Magnetic inclination record, (b) Mag-
netic declination record, (c) relative paleointensity record, (d) Magnetic grain size parameter, (e) Virtual geo-
magnetic pole from the stalagmite record, (f) U-Th dating points, (g) close up on the thickness of the magnetic
excursion event, (h) growth-rate of the speleothem derive from the U-Th dating (Lascu et al., 2016).

The use of speleothems as geomagnetic records has several advantages over other sedimen-
tary archives. The requirements for an excellent paleomagnetic record are (1) uniform mag-
netic mineralogy over the same sample, (2) uncomplicated behavior when defining the mag-
netic vector through principal component analysis, (3) no coherence between the relative

paleointensity data and changes in magnetic mineralogy and (4) agreement in different rela-

tive paleointensity normalizers (Korte and Constable, 2006). On Holocene stalagmites, a good
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agreement with geomagnetic field models that only accounts for lava flow and archeological
artifacts was demonstrated (Ponte et al., 2018; Zanella et al., 2018). So, speleothems can ex-
pand the Holocene records to places where archeological artifacts are limited to the Age of
Exploration (15th to the 18th century). This demand for new continuous records has been ad-
dressed in global Holocene field models that stated that regional field variations in the south-

ern hemisphere could not be accessed without sediments (Panovska et al., 2015).

1.4 Thesis outline

The following chapters of this thesis represent a collection of papers and results obtained us-
ing mostly magnetic techniques applied to the study of speleothems. The main objective of
this thesis was to determine a framework for the speleothem magnetism research topic, ex-
panding the comprehension of the environmental significance of magnetic parameters in this
kind of material and its use as a magnetic recorder of the Earth’s magnetic field. The content

of each chapter is outlined below.

e Chapter 2: A speleothem magnetism database is presented, this work was recently
published (Jaqueto et al., 2021), and it was the first paper that encompassed a wide
range of latitudes. Then a comparison of magnetic parameters with different biomes
was made to understand their impact on the variability of the magnetic signal.

e Chapter 3: This chapter focuses on the depositional processes of the magnetic miner-
als encapsulated in stalagmites and their reliability is recording the Earth’s magnetic
field recorded. It comprises two papers covering the last 6000 yr. The first one, al-
ready published (Trindade et al., 2018), comprises the record of the last 1500 yr and
demonstrates the recurrence of the South Atlantic Anomaly, whereas the second one,
recently submitted (Jaqueto et al., submitted) reveals that this feature is intermittent or
absent during the mid-to-late Holocene.

e Chapter 4: Concluding remarks are presented, focusing on the results obtained in the

thesis and how future work could be developed on this research topic.
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Chapter 2 Speleothem Magnetism database

The following chapter was published in “Frontiers in Earth Science”; the supplementary ma-

terial can be found on the online version of the following paper.

Jaqueto P, Trindade RIF, Feinberg JM, Carmo J, Novello VF, Strikis NM, Cruz FW,
Shimizu MH and Karmann | (2021) Magnetic Mineralogy of Speleothems From
Tropical-Subtropical Sites of South America. Front. Earth Sci.
9:634482.d0i:10.3389/feart.2021.634482

2.1 Magnetic mineralogy of speleothems from tropical-subtropical sites of South

America

2.1.1 Abstract

Fe-bearing minerals are a tiny fraction of the composition of speleothems. They have their
origin in the karst system or are transported from the drainage basin into the cave. Recent
studies on the magnetism of speleothems focused on the variations of their magnetic mineral-
ogy in specific time intervals, and are usually limited to a single sample. In this study, we de-
scribe a database of environmental magnetism parameters built from 22 stalagmites from dif-
ferent caves located in Brazil (South America) at different latitudes, comprising different cli-
mates and biomes. The magnetic signal observed in these stalagmites is dominated by low-
coercivity minerals (~20 mT) whose magnetic properties resemble those of magnetite formed
in pedogenic environments. Also, a comparison with few samples from soils and the car-
bonate from cave's walls shows a good agreement of the magnetic properties of speleothems
with those of soil samples, reinforcing previous suggestions that in (sub-)tropical regimes the
dominant magnetic phase in speleothems is associated to the soil above the cave. Spearman’s
rank correlation points to a positive strong correlation between magnetic concentration param-
eters (mass-normalized magnetic susceptibility, natural remanent magnetization, anhysteretic
remanent magnetization and isothermal remanent magnetization). This implies that ultrafine
ferrimagnetic minerals are the dominant phase in these (sub-)tropical karst systems, which ex-
tend across a diverse range of biomes. Although the samples are concentrated in the savannah
biome (Cerrado) (~70%), comparison with other biomes shows a higher concentration of
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magnetic minerals in speleothem underlying savannahs and lower concentration in those un-
derlying moist broadleaf forests (Atlantic and Amazon biome) and dry forests (Caatinga).
Thus, rainfall, biome, and epikarst dynamics play an important role in the concentration of
magnetic minerals in speleothems in (sub-)tropical sites and indicate they can be an important

target for paleoenvironmental research in cave systems.

2.1.2 Introduction

Speleothems, together with ice-cores, are among the best continental records used in paleocli-
mate and paleoenvironment reconstruction thanks to their precise chronology, widespread ge-
ographic distribution and continuous growth. Environmental magnetic studies of speleothems
show variations in magnetic mineral concentrations that correlate to decadal to millennial-
scale climate fluctuations at regional and/or global scales (Table 1) (Bourne et al., 2015; Chen
et al., 2019; Jaqueto et al., 2016; Regattieri et al., 2019; Xie et al., 2013; Zhu et al., 2017). The
magnetic mineral assemblage and the relative concentration of different magnetic phases in
speleothems can be interpreted in terms of (Figure 2-1): (i) atmospheric processes (rainfall,
temperature), (ii) epikarst processes (soil formation, vegetation change, soil pCOy, rate of car-
bonate dissolution), (iii) allochthonous detrital input, including flooding events or wind-blown

particles, and (iv) modification of the magnetic mineralogy in-situ, in the speleothem.

Precipitation is a major factor in speleothem formation. The karst system encompasses disso-
lution and precipitation regimes related to the carbonate-water interactions (Fairchild et al.,
2006). The dissolution phase operates as a cascading system, comprising the atmosphere, the
soil-ecosystem, the epikarst, and the cave system itself (Fairchild and Baker, 2012). It in-
volves the transformation of carbon dioxide gas (CO2()) that dissolves into water to form the
species (COxzq)) reacting with water to form carbonic acid (H.COz). This ‘weak’ acid will
progressively dissolve the limestone (CaCOs) and this reaction will produce calcium (Ca?*)
and bicarbonate (HCO3). At the precipitation phase, in the cave system, a degassing of CO>
will occur (when the solution is in contact with the cave atmosphere) and the secondary car-
bonate will form (CaCOg), mainly calcite. The kinetics of the degassing reaction during cal-
cite precipitation usually lasts from minutes to hours (Dreybrodt, 1999; Dreybrodt et al.,
1997; Dreybrodt and Scholz, 2011), and favors the acquisition of detrital remanent magnetiza-
tion. Furthermore, the absence of postdepositional perturbation, like bioturbation or
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compaction, helps conserve the magnetic remanence and allows the speleothem to retain relia-
ble directional and paleointensity data (Lascu et al., 2016; Trindade et al., 2018; Zanella et al.,
2018).

Soils play an important role in speleothem formation since soil's microbial activity and root
respiration are the main factors controlling the pCO: in the solution, which in turn will drive
carbonate dissolution (epikarst). In karst environments, soils are generally classified as Ren-
dzina soils (Leptsols developed in carbonates (Jordanova, 2017)). They develop over 10 to
100 years with a thin humic (A) horizon, overlying an incipient illuvial (B) horizon or the
bedrock itself, and are often well-drained with good aeration and a brown-to-black soil color
(Jordanova, 2017). The combination of well-drained soil together with a large amount of or-
ganic and enhanced biological activity will promote an active pedogenesis producing fine-
grained pedogenic iron oxides (SP/SSD magnetite fraction) with the magnetic enhancement of
the soil relative to the host carbonate (Figure 2-1). So, the synthesis of pedogenic magnet-
ite/maghemite via an abiotic route or via iron-reducing bacteria will be controlled by the
biome's characteristics and by the wetting and drying cycles in the soil (Jaqueto et al., 2016;
Jordanova, 2017; Maxbauer et al., 2016a)

Transport of small-sized detrital particles derived from the soil into the cave system will occur
through diffusive infiltration (Figure 2-1) along rock’s fissures. These particles will be incor-
porated into the speleothem after reaching the top of the stalagmite by dripwater (Bosch and
White, 2004; Bosch and White, 2018; Bourne et al., 2015; Font et al., 2014; Fu et al., 2021;
Jaqueto et al., 2016; Regattieri et al., 2019; Zhu et al., 2017). Alternatively, detrital particles
may reach the speleothems from sinking streams, from detrital material stored in the conduit
system, or result from flooded surface steams and episodic storm flows (Bosch and White,
2004; Feinberg et al., 2020). Also, detrital input close to cave entrances can be derived from
wind-blown material (pollen, dust) (Fairchild et al., 2006). Finally, authigenic formation can-
not be ruled out in some cases with the formation of goethite needles and biogenic magnetite
at the precipitation site (Perkins, 1996; Strauss et al., 2013).
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Figure 2-1: Schematic description of the karst vadose zone (Hartmann and Baker, 2017), with processes that are
related to the speleothem magnetism.

Most studies dealing with the environmental magnetism of speleothems interpret the variations
in magnetic mineral concentration as a proxy for paleoprecipitation (Table 1). For example, Xie
et al. (2013), Zhu et al. (2017) and Bourne et al. (2015) show a millennial-scale correlation
between magnetic parameters and proxies for paleoprecipitation in China and the southwest
United States. Chen et al. (2019) used saturation magnetization (Ms) to track rainfall variation
during MIS5a/4 transition and the power spectrum of Ms showed that solar activity plays an
important role in precipitation variation in southern China. More recently, Reggatierri et al.
(2019) linked climate proxies (with stable oxygen and carbon isotope) soil stability and evolu-

tion (magnetic parameters), and land-use on a Holocene speleothem from Northern Italy.

In tropical sites, Jaqueto et al. (2016) suggested an inverse correlation at the multidecadal scale
between paleoprecipitation and magnetic mineral concentration in a speleothem from western

Brazil. In their model, the concentration of magnetic minerals in the stalagmite was governed
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by soil erosion and vegetation cover. A period of less rainfall (compared to the average) would
be associated with less stable soils, resulting in higher fluxes of magnetic minerals into karst
systems. Conversely, wetter periods would be associated with denser vegetation that inhibits
the flux of the soil's detritic material into the cave. In this case, the relation between paleopre-
cipitation and magnetic mineral concentration is not a direct one and depends on the soil dy-

namics and the vegetation cover in addition to the regional climate.

In the present study, we will explore the variations of magnetic mineralogy through different
biomes in South America through a large speleothem magnetism database covering a wide
range of latitudes (4°S to 24°S). Also, we present two detailed case-studies where the mag-
netic signal of the speleothems is compared to the soil above the cave and the host carbonate
to constraint the source of magnetic minerals inside the speleothems.



Table 2-1: Speleothem magnetism studies and their respective resolution and interpretation
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Study

Location

Average sam-

Climatology Cave Sample Timespan Magnetic parameter Comparison Interpretation
ple resolution
Heavy rainfall resulted in the enhanced
Xie et al., Monsoonal, warm-wet sum- Heshang
China HS4 0.15 ka - 7.10 ka (6.94 ka) 74 years ARM/SIRM Peatlands Hopanoids transport of coarse magnetic particles to
2013 mer and a cool-dry winter. Cave
the cave.
613C, Peatlands Hopanoids,
Flux of soil-derived magnetic minerals
Zhuetal., Eastern Asian and Indian Heshang ENSO variability, stalagmite BAO3
China HS4 0.15 ka - 7.10 ka (6.94 ka) 74 years IRMsoft_flux correlate with rainfall amount and
2017 monsoon systems Cave - 6180 and core V21-30 - §180
intensity.
foraminifera
Changes in magnetite concentration as
Humid, temperate climate,
Bourne et Buckeye 58.71 ka - 125.21 ka (66.49 IRMsoft, SIRM, IRM- 613C, 6180, Antarctic ice core reflecting variations in local pedogenic
USA and well-developed, midlati- BCC-010 2015 years
al., 2015 Creek Cave ka) hard, S-ratio, IRM0.3T CO2, Vostok ice core CO2 processes, controlled by changes in re-
tude seasonality.
gional precipitation.
Jaqueto South America Summer NRM, ARM, SIRM, Concentration of magnetic minerals in
Pau D'Alho
etal, Brazil Monsoon with 90% of this ALHO06 1891 CE - 535 CE (1.35 ka) 40 years HIRM, IRM_soft, S-ra- 613C, 6180 the stalagmite is governed by soil erosion
Cave
2016 amount falling tio, ARM/SIRM above the cave.
Subtropical monsoon cli-
Magnetic property in speleothems is in-
Chen et mate, more than 65% rain- Tangnei
China TN-1 77.9 ka to 82.3 ka (3.04 ka) 15 years Ms and Hc 613C, 6180, solar variability terpreted to be related to regional precip-
al., 2019 fall falls during the monsoon Cave
itation.
season
Regattieri Alpine climate, with precipi- Magnetic susceptibility concentration and
Rio Mar- Magnetic susceptibil- 613C, 6180, Growth rate, lake
etal., Italy tation correlated with south- RMD1 0.4 ka to 9.7 ka (9.3 ka) 60 years carbon stable isotope ratio related to soil
tino Cave ity level
2019 ern Europe

stability and pedogenesis.
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2.1.3 Regional Setting

The central part of South America is dominated by warm and humid conditions, where the
South America Summer Monsoon (SASM) is responsible for 70% of the rainfall from No-
vember to February (Campos et al., 2019; Garreaud et al., 2009). Present-day interannual cli-
mate variability is controlled by EI-Nifio Southern Oscillation associated with warmer and
rainfall below average on the Northern part and wetter conditions on the Southeastern part.
Decadal and interdecadal variability is also present and forced by Pacific Decadal Oscillation
with smaller amplitudes (Garreaud et al., 2009), while paleoclimate reconstitution of the
SAMS based in 5180 of speleothems showed strong centennial variability linked to solar cy-
cles (Novello et al., 2016).

The biomes at each karst system have different biodiversities like plant structure (trees vs
grasses), leaf type (broad vs needles), plant spacing (forest vs savannah), and climate that con-
trols the organism type. Four main biomes are present in the main karst areas in Brazil (Figure
2-2) (Olson et al., 2001; Ribeiro et al., 1983; Whitmore and Prance, 1987):

1. Amazon biome (moist broadleaf forest), located in the north and northwestern part of
Brazil, is characterized by low variability in temperature with a higher precipitation
amount between 1800 mm/year to 2200 mm/year. Its ecoregion is classified as Neo-
tropical, with high biodiversity, forest composition dominated by evergreen with a
dense high canopy, and the transition on its border is characterized by less dense un-
derstory.

2. Cerrado biome (savannah), located in the Central part of Brazil, is characterized by
seasonal rainfall, with a dry period during winter and a humid period in summer with
average precipitation between 1000 mm/year to 1500 mm/year. Its ecoregion is classi-
fied as Neotropical and it has a border with other biomes (Amazon, Atlantic,
Caatinga). The vegetation has characteristics of nutrient-poor, deep and well-drained
soils. Forest composition varies from an open field to a tall closed forest, which gives
a distinctive biota feature in a mosaic fashion.

3. Caatinga biome (dry forest), located in the northeastern part of Brazil, is characterized
by a hot and dry climate with a precipitation amount between 700 mm/year to 750

mm/year (6 to 11 dry months). Its ecoregion is classified as Neotropical, forest



Page |36

composition is considered heterogeneous, sparse, and diverse ranging from low
shrubby to tall caatinga forest.

4. Atlantic biome (moist broadleaf forest), located in the southwestern part of Brazil
along the southern coast, is characterized by high levels of rainfall between 1600
mm/year to 1800 mm/year. Its ecoregion is classified as Neotropical, with outstanding
biodiversity in endemism. Forest ranges from coastal plains to the highest mountains,
creating a vegetational gradient from shrubs to montane forests.

2.1.4 Material and Methods

South American caves occur over a wide range of latitudes and the speleothems within them
act as climate archives extending back hundreds of millennia (Cruz et al., 2005). The choice
of selected caves for this study was based on the availability of speleothems held at the Insti-
tuto de Geociéncias from Universidade de Sao Paulo and also the aim to sample different bi-
omes (Figure 2-2, Supplementary Figure S1). In general, four specimens of each stalagmite
were prepared with ~7.5 mm of diameter and ~10 mm of height (Supplementary Figures S2-
S5) (specimens do not have a radiometric age control). The resulting speleothem database
(Figure 2-2) consists of 139 specimens (Supplementary Table), where 90 specimens were pre-
pared from 22 different speleothems, 34 specimens from soil samples from the epikarst for 4
caves, and 15 specimens from the host carbonate from 2 different caves. In two specific sites
(pink squares, Figure 2-2, Jaragua Cave (21.09° S, 56.58° W) and Lapa dos Anjos (15.44° S,

44.40° W), the samples consist of the stalagmite, soil, and carbonate.
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Brazilian Biomes

[ Amazon (Tropical and Subtropical
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Figure 2-2: Map of South America, with Brazilian caves (black dots), the speleothems sampled (white circles),
and the caves with samples from a stalagmite, soil, and carbonate (pink squares) for rock magnetic characteriza-
tion in different biomes (Cerrado, Caatinga, Amazon, Atlantic Forest, Pantanal, Pampa) (Olson et al., 2001).

2.1.5 Rock Magnetic Parameters

Rock magnetism techniques are commonly used in environmental studies aiming to under-
stand three different parameters: composition, concentration and granulometry (Evans and
Heller, 2003). Magnetic concentration parameters include mass-normalized values of mag-
netic susceptibility (), natural remanent magnetization (NRM), anhysteretic remanent mag-
netization (ARM), isothermal remanent magnetization (IRM). Although they are referred to
concentration dependent, each of these parameters different segments of the grainsize distri-
bution and magnetic mineralogy in a sample. Magnetic susceptibility is the induced magneti-
zation created by a small applied field, and in case of speleothems it is influenced by ferro-
magnetic minerals, diamagnetic carbonates, and paramagnetic minerals from clays and silts.
NRM is the total natural remanence held by low coercivity minerals (10s of mT by (titano)-
magnetite/maghemite), as well as by from high coercivity minerals (100s to 1000s of mT by
hematite and goethite). Laboratory induced remanences are useful for tracking a variety of
other characteristics. ARM is the magnetization acquired during the application of a small DC
field superimposed over an alternating field (AF) demagnetization step. ARM activates only
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those grains whose coercivities are less than the peak field reached during the AF step, and
are usually lower coercivity minerals such as magnetite and maghemite. IRM is the magneti-
zation acquired after the application of a strong DC pulsed field. Depending on the strength of
the pulsed field, IRMs may include the saturation remanence of all low coercivity minerals,
and portions of the hematite grain size distribution (which typically requires field upto ~5 T
to saturate). Goethite has a coercivity of >57 T (Rochette et al., 2005) and therefore its rema-
nence is not included in an IRM. Generally, IRM is interpreted as an indicator of magnetic
mineral concentration. The ratio of ARM to IRM is often used as a granulometric tool, where
higher ratios suggest a higher fraction of fine grained, low coercivity minerals capable of car-
rying a stable remanence (Maher, 2011). Another grain size dependent parameter is the me-
dian destructive field of ARM and IRM demagnetization curves, where higher values suggest

smaller average grain sizes (Maher, 2011)

The S-ratio is a parameter used to quantify the fraction of an IRM that is held by low coerciv-
ity minerals. (Bloemendal et al., 1992) defined the S-ratio as

Sratio = =
ratio IRMgyy

1 <IRM@1T - IRM@0.3T>
2

where values close to 1 indicate that minerals with coercivities <300 mT dominate the rema-
nence, while lower values suggest increasing contributions from higher coercivity minerals.
Also, the remanence held by the high coercivity fraction is termed the “Hard-Isothermal Rem-
anent Magnetization” (HIRM) and is calculated by multiplying the complement of the S-ratio
by the IRM1t value (Maxbauer et al., 2016a).

2.1.6 Methods

2.1.6.1 Rock magnetism concentration parameters

Rock magnetic measurements were performed on bulk specimens. Measurements of magnetic
susceptibility (%), NRM, ARM, IRM were conducted in a magnetically shielded room with an
ambient noise field less than 500 nT at the Laboratorio de Paleomagnetismo at Universidade
de Séo Paulo (USPMag).
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The magnetic susceptibility of each specimen was measured ten times at low frequency (F1:
976 Hz) in a Kappabridge MFK1 by AGICO Itd. Remanence measurements were carried out
using a 2G Enterprises superconducting rock magnetometer (RAPID) (noise level < 5x102
Am2). The IRM consisted of applying two different fields using a pulse magnetizer by 2G en-
terprise (model 2660). The pulse-field was applied along the Z-axis for all specimens in fields
of 1000 mT, and a back-field of -300 mT. At least two measurements were carried out in the
RAPID magnetometer at each step.

2.1.6.2 Unmixing of magnetic remanence

Analyses of the coercivity distribution are regularly applied in environmental magnetism stud-
ies to identify different magnetic populations in natural sediments (Heslop, 2015; Roberts et
al., 2019). The protocol for measuring ARM (incorporated into the RAPID system) was to ap-
ply a direct DC field of 0.03 mT superposed by an alternating field of 300 mT in the Z-axial
coil at least two times, followed by a 300 mT demagnetization field in the quartz tube, and
then an alternating field with 76 steps was performed, following a detailed stepwise demag-
netization procedure (Egli, 2004a). The demagnetization of IRM was done in two of four
specimens for each stalagmite and followed the same steps as the ARM demagnetization (76
steps). Soil IRM intensities were close to the upper limit of the superconducting rock magne-
tometer (> 10° Am2) causing higher standard deviations in the magnetization readings. For
this reason, for these samples, we used the back-field IRM curves obtained in a vibrating sam-
ple magnetometer (VSM) by Princeton Measurements Corporation (model 3900) at the Insti-
tute for Rock Magnetism at Univervisity of Minnesota. To comprehend the magnetic subpop-
ulations and their differences in the varying latitudes and biomes, the skewed generalized
Gaussian (SGG) functions were analyzed using the software MAX UnMix (Maxbauer et al.,
2016b).
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2.1.7 Results

2.1.7.1 Rock Magnetism concentration parameters

Magnetic susceptibility was used to understand the contribution of different types of magnetic
carriers in the karst system. The specimens were mass normalized, rather than volume nor-
malized to avoid issues arising from varying porosities. Speleothems and carbonates show
similar low magnetic susceptibility values (Figure 2-3). These low values are due to the the
diamagnetic contribution from the calcite matrix and their low concentration of ferromagnetic
material. The reference value of susceptibility for pure calcite is -4.46x10° m3/kg (Schmidt et
al., 2006). The median value found for the stalagmites is -2.00x10° (+6.78x10%) m3/kg, point-
ing to the calcite matrix. The median value for the carbonates is 6.71 x10°° (+6.48x10°)
m3/kg. The soil has a magnetic susceptibility median value of 6.92x10° (+3.12x10°) m3/kg,
which is 3 to 4 orders of magnitude higher than that of calcite and carbonate (Supplementary
Tablel).
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Figure 2-3: Box-plot of magnetic susceptibility results from stalagmite (orange), carbonate (gray), and soil
(green), blue dashed line represent the pure calcite value (Schmidt et al., 2006).
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The NRM, ARM, and IRM of all samples are shown in Figure 2-4. These results also indicate
the contrast between the soil and the speleothems and the host carbonate, with lower median
values from stalagmites NRMszi: 1.10x107 £1.48x10° Am?/kg; ARMstai: 1.61x107 +£2.21x10°
> Am?/kg; IRMstar: 7.48 x10® £3.50x10* Am2/kg, a similar value for the carbonates NRMcarb:
1.60x1077 +1.45x10”" Am2/kg; ARMcar: 3.07x107 +3.97x10”" Am2/Kg; IRMcar: 2.93x10°
+3.14x10° Amz2/kg, and values of two to four orders of magnitude higher in the soil, with me-
dian values of NRMsoii: 1.22x107° +5.88x10° Am2/kg; ARMsoii: 2.11x1073 +8.46x10* Am2/Kkg;
IRMsoit: 2.52 X102 +8.96x10° Am2/Kkg.
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Figure 2-4: Box plot of remanent magnetization of stalagmites (orange), carbonates (grey) and soil (green), for
natural remanent magnetization (NRM), anhysteretic remanent magnetization (ARM) and isothermal remanent
magnetization (IRM).

2.1.7.2 S-ratio and HIRM

The distributions of S-ratio (Figure 2-5) show a distinctive grouping behavior when compared
to the concentration parameters. Soil and speleothems show a predominance of low coercivity
phases (stalagmite with median S-ratio: 0.97 £0.07; soil with median S-ratio: 0.99 +0.01) and
a high coercivity contribution being more prominent in the carbonate (median S-ratio: 0.70
+0.15). The HIRM that is the concentration of high coercivity minerals shows that these min-
erals are present with median values from stalagmites of 7.0 x10® +1.9x10° Am?/kg, car-
bonates 1.0 x10° +1.1x10° Amz2/kg and for soil 2.7 x10* +1.6x10* Am2/kg (Figure 2-5).
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Although for soil the values are higher in content than carbonate and speleothems, they only
represent ~1% of the total IRM@1T, whereas for carbonate they represent 30% and for stal-
agmites 3% of the total IRM@1T.
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Figure 2-5: Environmental magnetic parameters showing the fraction of remanence held by grains with coercivi-
ties <300 mT (S-ratio) and the remanence held by high-coercivity minerals (HIRM) for stalagmites (orange),
carbonate (gray) and soil (green).

2.1.7.3 Median destructive field of ARM and IRM

Demagnetization curves from stalagmites, carbonate, and soil indicate the presence of a low-
coercivity magnetic phase in all specimens. Results from ARM have higher noise for stalag-
mites and carbonate due to the low-magnetization values close to the magnetometer noise
level (5x10°*2 Am?), where only 63% of the stalagmite specimens could be analyzed. The
IRM demagnetization curves also show the presence of a low coercivity magnetic phase in all
stalagmites and soil samples (Figure S6). Conversely, the carbonate presents higher coercivi-

ties.

Unmixing of the demagnetization curves of ARM and IRM was done using the MAX UnMix
software (Maxbauer et al., 2016b), except when the noise dominates the signal. Only one

component was fit for the whole dataset. Stalagmite and soil have similarly low values in
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coercivity (Figure 2-6) (stalagmite: MDFarm: 18.8 £1.1 mT; MDFrm: 20.3 £1.0 mT, soil:
MDFarm: 17.7 £1.0 mT; MDFrm: 14.8 £1.0) and dispersion (stalagmite, DParm: 0.29 £0.02;
DPirm: 0.39 £0.02; soil: DParm: 0.28 £0.01; DPjrm: 0.37 £0.01). The carbonate has median
values of MDFarm: 37.6 £1.1 mT; MDFrm: 32.2 #1.1 mT; DParm: 0.37 £0.04; DPirm: 0.49
+0.03. The results obtained of the median coercivity from both ARM and IRM measurements
(Figure 2-6 and Figure 2-7) indicate that the magnetic signal of stalagmites is similar to that
of the respective soil, and contrasts with that of the host carbonate.
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Figure 2-6: Magnetic coercivity results from the adjustment of skewed generalized Gaussian (SGG) functions
from the detailed demagnetization curves of ARM and IRM for stalagmites (orange), soil (green) and carbonate

(gray).

All speleothems irrespective of their location have coercivity values close to the detrital and
pedogenic (plus extracellular) magnetite fields shown in Figure 2-7. The biplot of magnetic
properties Karm/IRM by the median destructive field of ARM (MDFarwm) also show an agree-
ment with fingerprint components: detrital pedogenic, detrital, detrital and extracellular mag-
netite and pedogenic (DP, D, D+EX, PD) (Egli, 2004b), supporting the soil-derived origin of
the recorded magnetic signal. The results for carbonate data are not in agreement with the
magnetic behavior of the speleothems and soil, and are instead related to the magnetic mineral
assemblage associated with their Neoproterozoic origin. Previous studies in stalagmites also
found the same detrital/pedogenic magnetic component (Bourne et al., 2015; Jaqueto et al.,
2016; Zhu et al., 2017), but they used median destructive field (ARM and IRM) and
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dispersion parameters instead of Karm/IRM. The Karm/IRM parameter was preferred instead

of the dispersion parameter that does not have a clear physical meaning (Egli, 2004b).
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Figure 2-7: (a) Average coercivity distribution of anhysteretic remanent magnetization (ARM) and (b) isother-
mal remanent magnetization (IRM) of stalagmite (dashed orange), soil (dashed green) and carbonate (dashed

gray) obtained from skewed generalized Gaussian (SGG) function (Max Unmix). Reference values of pedogenic
+ extracellular magnetite (PD+EX) (blue), pedogenic (PD) (black) and detrital + pedogenic (pink) retrieved from
average values of ARM analysis by Egli (2004b). (c) Biplot of Karm/IRM and median destructive field (MDF)
of ARM from stalagmites (orange squares), soil (green squares) and gray (carbonate squares). Magnetic proper-

ties taken from Egli (2004) represent detrital pedogenic (yellow), detrital (light gray circles), detrital extracellu-
lar magnetite (light blue circles) and pedogenic magnetite (purple circles).

2.1.7.4 Two case studies: Jaragua and Lapa dos Anjos caves

Two sites containing stalagmite, carbonate and soil samples were chosen to refine this analy-
sis. Lapa dos Anjos cave (15.44° S, 44.40° W) and Jaragué cave (21.09° S, 56.58° W) are
both located in the Cerrado biome. The average annual precipitation from 1979 to 2016 is

993.3 mm/year and 1402.7 mm/year, respectively (Figure S1, Cerrado East#2 and Cerrado
West #2). Both sites show a similar mean temperature of 23.0 °C.

Stalagmites from both caves are considered ‘clean’ (without ‘dirty’ layers) (Supplementary

Figure S2) and their median IRM values are 1.58x10°® Amz2/kg (Lapa dos Anjos) and 3.20x10°



Page |45

® Am2/kg (Jaragua cave) (Figure 2-8). Their host carbonates correspond to the Neoproterozoic
formations of Sete Lagoas (Lapa dos Anjos) and Bocaina (Jaragué cave) and their median
IRM values are 5.06x10° Amz2/kg and 1.71x10° Am2/kg, respectively. The soil has median
IRM values of 2.59x102 Am?/kg and 2.96x10 Am?/kg, respectively. Stalagmites and soil at
both sites show high S-ratios consistent with magnetic mineral assemblages dominated by low
coercivity phases, with median values of 0.98 and 0.99 for Lapa dos Anjos cave and 0.97 and
0.99 for Jaragua cave, respectively (Figure 2-8). By comparison, the carbonates at each site
show greater remanence contributions from high coercivity minerals with S-ratios at Lapa dos

Anjos of 0.64 and Jaragua cave of 0.93.

The IRM demagnetization curves for stalagmites and soil yield lower median destructive
fields, again showing the important role of lower coercivity minerals. The median MDF val-
ues for Lapa dos Anjos cave are 23.9 £3.1 mT and 15.1 £4.0 mT for stalagmites and soil, and
for Jaragua cave the median MDF values are 19.7 +3.2 mT and 15.7 £1.3 mT. In contrast, the
carbonate bedrocks for Lapa dos Anjos and Jaragua caves have median MDF values of 43.4
+2.1 mT and 24.2 +5.9 mT, respectively (Figure 2-8). The coercivity values for stalagmite
and soil from both caves have their magnetic properties in the same cluster as detrital, detrital
pedogenic and detrital extracellular magnetite (Figure 2-7). These results indicate that the
dominant magnetic minerals in tropical stalagmites are mainly derived from overlying soils.
Although magnetic minerals from host carbonate may be present, overall, they have a low

contribution to the magnetic signal.
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Figure 2-8: Magnetic properties of the caves: Lapa dos Anjos (upper) and Jaragua (bottom). (First column) Iso-
thermal remanence magnetization (IRM) after a pulse-field of 1T. (Second column) S-ratio shows the presence

of the low coercivity phase. (Third column) Median destructive field from IRM demagnetization.

2.1.8 Magnetic Parameters and Biomes

2.1.8.1 Spearman’s rank correlation

To compare the results obtained within the database we calculated the Spearman’s rank corre-

lation coefficients for 54 stalagmites specimens where IRM demagnetization was performed.

The following magnetic properties (Section 2.1.5) were considered in the analysis: concentra-

tion parameters (magnetic susceptibility, NRM, ARM, IRM), composition parameter (S-ra-

tio), granulometry parameters (yarm/SIRM, MDFrwm), (Figure 2-9). Spearman’s correlation is

recommended to avoid a linear relationship since most magnetic parameters have non-Gauss-
ian distributions (Hu et al., 2019).
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Figure 2-9: Spearman rank correlation of magnetic properties of speleothems (Susceptibility, Natural Remanent
Magnetization (NRM), Anhysteretic Remanent Magnetization (ARM), Isothermal Remanent Magnetization
(IRM), S-ratio, Median Coercivity Field of IRM and Susceptibility of ARM by IRM).

In the speleothems, a strong correlation (>0.84) is found among the magnetic concentration
parameters (Susceptibility, NRM, ARM and IRM) (Figure 2-9). This result supports the idea
that the different magnetic concentration parameters (Table 2.1) are essentially recording the
same signal, with a predominance of ultrafine magnetite/maghemite in (sub-)tropical karst
system. The strong correlation found using diverse rock magnetic parameters that responds
different to concentration, granulometry, types of magnetization and magnetic mineralogy
(Section 2.1.5), shows that previous interpretations of the pedogenic origin of magnetic grains
prevails tropical in karst systems and can be used to interpret local soil dynamics and rainfall

regimes (Fu et al., 2021; Jaqueto et al., 2016).

The proportion of low-coercivity minerals indicated by S-ratio have a weak correlation coeffi-
cient (0.16 to 0.25) with magnetic concentration parameters. Antiferromagnetic minerals have
been previously reported in stalagmites, mainly goethite and hematite (Font et al., 2014;
Lascu and Feinberg, 2011; Strauss et al., 2013), this positive weak correlation with S-ratio
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could indicate that the concentration parameters favor the input of low-coercivity minerals
(magnetite, maghemite) and the changes observed in concentration parameters can be associ-
ated with a detrital concentration in dripwater, instead of changes in mineralogy. So, changes
in mineralogy tracked by S-ratio that correlate with magnetic concentratrion parameters
would mean a more complex dynamics in karst system with changes of the dominant mag-

netic mineral phase, which is not found in (sub-)tropical regimes.

Coercivity parameters (MDFrm) have a strong negative correlation (0.71 — 0.78) with mag-
netic concentration parameters (Figure 2-9). This could indicate a better selection of magnetic
mineral grain-size and/or changes in soil oxidation reaction (Ge et al., 2014). This is also evi-
denced by a negative moderate correlation (-0.41) with S-ratio, where a high coercivity could
mean the presence of weathering (carbonate), detrital flood grains, and hematite (stable ‘old’
soils). Granulometry parameter (yarm/SIRM) has a moderate negative correlation with
MDFrm (-0.65) and could be related to magnetic interaction between grains (Egli and Lowrie,
2002).

2.1.8.2 The influence of biomes on magnetic mineral formation

Biomes are defined by climate, leaf structure, leaf type, and plant spacing (Fairchild and
Baker, 2012). In karst systems, the most common soils are Rendzina soils, with a characteris-
tic of few centimeters and with relatively permeable bedrock, which allows the free drainage
of soil profiles and anaerobic conditions. So, we grouped the samples by their biomes (Figure
2-2, Figure S1) (Olson et al., 2001), compared with a magnetic concentration parameter
(IRM) and coercivity to test for any correlation with different biomes (Figure 2-10). We chose
these parameters based on the correlation between concentration parameters and coercivity

due to their similarity with soil values.

The results from IRM grouped by biome (Figure 2-10) show a lower concentration in the Am-
azon, Atlantic and Caatinga biome, and higher concentrations and higher dispersions for the
Cerrado biome. The coercivity values show a higher value for Amazon, Atlantic and Caatinga
biomes and lower values for Cerrado. Interestingly, these results are exactly consistent with
the soil study of (Maxbauer et al., 2017), which examined magnetic properties of modern soils

as a function of grassland (savannah) and forest biomes in mid-latitude Minnesota. The
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coherence observed between speleothem coercivity and IRM with the biomes may simply be
a further expression of the close relationship between pedogenic processes at the surface and
incorporation of pedogenic minerals into underlying karst features. Thus, in tropical settings
such as Brazil, the magnetic mineral assemblages in speleothem may best be interpreted

within the context of pedogenic processes.

e Cerrado biome (savannah shrubland): a high concentration of magnetic minerals (me-
dian IRM of 1.40x10* Amz2/kg) and low coercivity (median MDFigrm ~18.4 mT) sug-
gests a greater flux of magnetic minerals from the epikarst than other biomes.

e Caatinga (dry forest): higher coercivity (median MDFrm ~24.4 mT) observed may be
indicative of maghemitization (partial oxidation of magnetite) (Ozdemir and Dunlop,
2010) due to fewer dry/wet cycles, thereby inhibiting magnetic enhancement. Lower
magnetic mineral concentrations are observed (median IRM of ~7.17x10® Am?/kg).

e Amazon and Atlantic biomes (moist broadleaf forest): lower IRM values (median IRM
of ~4.28x10° Am2/kg and ~5.05 x10® Am2/kg, respectively) compared to Cerrado,
and higher coercivity values (median MDFrm ~27.7 mT and 23.9 mT respectively).
Two processes may explain this behavior: enhanced maghemitization may increase the
coercivity, while the prevalence of waterlogged soils and the concomitant dissolution
of magnetic minerals could lower their concentration and diminish the transport of

magnetic minerals to the cave system.
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Figure 2-10: Magnetic properties of the stalagmites organized by their respective biomes. (left) Isothermal rema-
nent magnetization and biomes; (right) Median destructive field of adjusted from IRM demagnetization curve
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and its values by each biome. Amazon biome (greens), Atlantic biome (red), Caatinga biome (yellows) and Cer-
rado biome (oranges).

2.1.9 Summary and Conclusions

This study presents a database of stalagmite magnetic properties, including parameters related
to magnetic mineral composition and concentration and grain size. In two instances we com-
pared these values to those of overlying soil and host carbonate. These results expand our
knowledge of speleothem magnetic properties in tropical-subtropical regimes far beyond what
could be achieved through the examination of one or more speleothems from a single cave.
Additionally, this database provides robust evidence that the main magnetic component in
Brazilian stalagmites is derived from soils overlying karst systems and that processes affect-
ing pedogenic enhancement are reflected in these speleothems. The presence of low coercivity
magnetic minerals is pervasive across different latitudes and biomes. Median destruction field
values from the demagnetization of IRMs show similarities between stalagmites and soil,
whereas host carbonates showed consistently higher values. The fraction of remanence held
by low-coercivity magnetic minerals as observed via the S-ratio (>90%) also shows this rela-

tionship.

Statistical analysis of stalagmite magnetic properties using Spearman’s correlation shows a
high correlation among rock magnetism concentration parameters (susceptibility, NRM,
ARM, IRM). Thus, although different parameters have been reported in literature, they are
essentially recording the same phenomena within (sub-) tropical zones. The weak correlation
between magnetic concentration values with coercivity values shows that changes in mineral-

ogy are not the main control in the karst system.

When compared within the four different biomes, the Cerrado biomes have a high concentra-
tion of magnetic minerals with coercivity values ~18.4 mT, whereas Caatinga, Amazon, and
Atlantic biomes have a lower concentration of magnetic minerals and higher coercivity values
of 24.4 mT, 27.7 mT and 23.9 mT, respectively. This result is consistent with known trends in
pedogenic processes and are further evidence for the important role of pedogenic magnetite in

Brazilian speleothems.
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Future research on the fine-scale magnetic processes in karst systems would benefit from in-

depth studies of soil profiles, constraining the physical and microbiological properties and pe-
riodically monitoring underlying caves, as is often done for oxygen and carbon isotopes stud-
ies. This approach would allow researchers to explore how the flux of magnetic particles into

cave environments vary with time and seasonal across multiple biomes.
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Chapter 3 Geomagnetic Field Recorded in Stalagmites

The following section (3.1) encompasses a published paper in “Proceedings of the National
Academy of Sciences,” where the first two authors share the primary authorship of the manu-
script, as described in the published version. The supplementary material can be found on the
online version of the journal. In this manuscript, | contributed to the study's design, sampling,
measurements, paleomagnetism statistics and analysis, software development for relative
paleointensity analysis, comparison with Africa data to test the recurrence of South Atlantic
Anomaly and the draft and final form of the manuscript. The second study (section 3.2) ex-
pands the record of the Holocene for South America and has been submitted to ‘Nature Com-
muninations’. In this manuscript, | contributed to the study's design, sample preparation,
measurements, paleomagnetism statistics and analysis, analysis of the geomagnetic power

spectrum, draft and final form of the manuscript.

3.1 Speleothem record of geomagnetic South Atlantic Anomaly recurrence

Trindade, R.1.F., Jaqueto, P., Terra-Nova, F., Brandt, D., Hartmann, G.A., Feinberg, J.M.,
Strauss, B.E., Novello, V.F., Cruz, F.W., Karmann, I., Cheng, H., Edwards, R.L., 2018. Spe-
leothem record of geomagnetic South Atlantic Anomaly recurrence. Proceedings of the Na-
tional Academy of Sciences, 201809197.

3.1.1 Abstract

The diminishing strength of the Earth’s magnetic dipole over recent millennia is accompanied
by the increasing prominence of the geomagnetic South Atlantic Anomaly (SAA), which
spreads over the South Atlantic Ocean and South America. The longevity of this feature at
millennial timescales is elusive because of the scarcity of continuous geomagnetic data for the
region. Here we report a unique geomagnetic record for the last ~1500 years that combines
the data of two well-dated stalagmites from Pau d’Alho cave, located close to the present-day
minimum of the anomaly in central South America. Magnetic directions and relative
paleointensity data for both stalagmites are generally consistent and agree with historical data
from the last 500 years. Before 1500 CE the data adhere to the geomagnetic model

ARCH3K.1, which is derived solely from archeomagnetic data. Our observations indicate



Page |54

rapid directional variations (>0.1 °/yr) between ~860-960 CE and ~1450-1750 CE. A similar
pattern of rapid directional variation observed from South Africa precedes the South Ameri-
can record by 224 + 50 years. These results confirm that fast geomagnetic field variations
linked to the SAA are a recurrent feature in the region, and the delay between continents pos-
sibly reflects the westward migration of the anomaly. We develop synthetic models of re-
versed magnetic flux patches at the core-mantle boundary and their expression at the Earth’s
surface. This model qualitatively resembles observational data, suggesting that the observed
field behavior can result from the superposition between westward and southward moving,

mid-latitude patches, combined with their expansion and intensification.

3.1.2  Significance Statement

Experimental and modeling evidence demonstrate the recurrence of the South Atlantic Anom-
aly. The areal growth of this geomagnetic anomaly accompanies the fast decay of the Earth’s
magnetic field, but its origin and longevity are still poorly understood given the scarcity of ge-
omagnetic data in the southern hemisphere. We report a ~1500-year record with unprece-
dented resolution obtained close to the present-day minimum of the anomaly in South Amer-
ica from continuously grown cave speleothems. This unique record reveals rapid variations in
direction and intensity of the local field as a function of the location and magnitude of the
anomaly. Synthetic secular variation models show this feature reflects westward migration,

expansion and intensification of reversed flux patches on the core-mantle boundary.

3.1.3 Introduction

The South Atlantic Anomaly (SAA) marks the position of the weakest geomagnetic field on
Earth, and has long been recognized as a major sink for high-energy particles in the magneto-
sphere, with consequences for orbiting satellites, as well as telecommunication networks and
transmission grids (Heirtzler, 2002). Historical geomagnetic data from ship-logs, magnetic
observatories and more recently from satellites indicate that the SAA has been a prominent
feature of the geomagnetic field since at least 1590 CE (Finlay et al., 2016b; Hartmann and
Pacca, 2009; Thebault et al., 2015). These records indicate that the size of the anomaly has in-

creased concomitant with increasing prominence (i.e., ever weakening field intensity), and the
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anomaly has migrated continuously westward at a mean longitudinal speed of 0.17 ° yr'!'. Ar-
eal growth and intensity decay are linked to the first-order variations of the geomagnetic field,
more specifically, the relative increase of non-dipole terms relative to the overall field geome-
try (Hartmann and Pacca, 2009; Pavon-Carrasco and De Santis, 2016) and the steady decay in
the dipole moment itself at a rate of ~15 nT yr'! (Finlay et al., 2016b; Jackson et al., 2000).
These effects reflect deep Earth processes emanating from the core-mantle boundary where
the proliferation of reverse flux patches (RFPs), particularly beneath the South Atlantic,
causes a breakdown in symmetry in the advection sources of the axial dipole moment (Finlay

et al., 2016b; Gubbins et al., 2006).

Reconstructing the SAA anomaly at the so-called archeomagnetic (or millennial) timescale is
not trivial, mainly due to the scarcity of geomagnetic data in the southern hemisphere (Brown
et al., 2015; Donadini et al., 2009). Besides recent advances in data acquisition (Hare et al.,
2018; Poletti et al., 2016; Roperch et al., 2015; Tarduno et al., 2015a), the archeomagnetic da-
tasets from Africa and South America that are essential for the reconstruction of the SAA evo-
lution contribute respectively only 2.5 % and 2.8 % to the global geomagnetic database
(Brown et al., 2015). Directional and intensity data recently obtained for Africa indicate rela-
tively rapid directional changes (> 0.1 ° yr'!) between ~400-550 CE, ~550-750 CE and ~1225-
1550 CE accompanied by a fast decrease in intensity of -54 + 36 nT yr'! (Hare et al., 2018;
Tarduno et al., 2015a). In comparison, a recent assessment of the archeomagnetic database for
South America revealed only two intensity values before 1500 CE (Poletti et al., 2016). Most
archeomagnetic data from South America is limited to historical lava flows and baked clay
artifacts produced after the arrival of Europeans at 1500 CE. Several attempts to obtain arche-
omagnetic data from pre-Columbian archeological artifacts in Brazil and neighboring coun-
tries have been unsuccessful, mostly due to the incomplete baking of native ceramics
(Hartmann et al., 2011). As a consequence, the only records of the geomagnetic field for
South America at the millennial timescale are provided from studies of lake sediments (e.g.,

Escondido Lake (Gogorza et al., 2004)).

Baked-clay archeological artifacts and sediments are the classical archives used to reconstruct
the geomagnetic field at millennial timescales. However, each of these records comes with ca-
veats, particularly in recovering the Earth’s field fluctuations at the centennial to millennial
timescales. Baked clay archeological artifacts (and lavas) provide an absolute measure of the

field intensity based on thermoremanent magnetization (Coe, 1967), but these materials
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provide only episodic snapshots of the field. Sediments have the advantage of providing a
continuous directional record of the local geomagnetic direction, but age uncertainties from
sediments are typically on the order of hundreds to thousands years (Korte et al., 2011;
Panovska et al., 2015). Sedimentary paleomagnetic records can also be afflicted by a delay
between the age of sedimentation and the age of magnetization (Egli and Zhao, 2015; Nilsson
et al., 2014; Roberts et al., 2013; Tauxe et al., 2006) or be obliterated by further diagenesis
(Roberts, 2015). In addition, sediments can be affected by dewatering and compaction after
remanence acquisition (Lascu and Feinberg, 2011; Tauxe and Kent, 2004), which produces
shallower magnetic vectors. Speleothems, on the other hand, present several advantages over
archeomagnetic and sedimentary archives by being usually continuous over thousands of
years and readily dated at a very high precision by the radiometric 2*°U-***Th method (half-
life of 245,000 years). As chemical precipitates, speleothems are not affected by post-deposi-
tional compaction effects (Lascu et al., 2016). Moreover, in contrast with soft sediments, the
time lag between deposition of magnetic particles on the top of the stalagmite and remanence
lock-in is very short, comprising hundreds of seconds at most (Dreybrodt and Scholz, 2011;
Lascu and Feinberg, 2011; Latham et al., 1979; Morinaga et al., 1989), therefore ideally al-
lowing the radiometric age obtained for each layer to be directly attributed to the remanence

recorded 1n it.

Here we provide a ~1,500 years geomagnetic field record for central South America based on
the magnetic remanence of two rapidly-grown and well-dated stalagmites. This high-resolu-
tion record reveals periods of rapid changes in the direction and intensity of the field out-of-
phase with similar events in Africa (Hare et al., 2018). Then, synthetic models of migration,
expansion and intensification of reversed magnetic flux patches are applied to test the mecha-

nisms at the origin of the observed field variations.

3.1.4 Sampling and Dating of Pau d’Alho Stalagmites

Paleomagnetic and relative paleointensity data were obtained from two stalagmites from the
Pau d’Alho cave system (15°12"20" S, 56°48'41" W), which is located near the present-day

minima of the SAA, in Midwest Brazil. Samples Alho 06 and Alho 31 are cylindrical stalag-
mites, respectively 240 mm and 135 mm tall, with a nearly constant diameter of ~6 cm. The

dominant mineralogy, determined by X-ray diffraction in both samples, is magnesian calcite
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(~97%) with minor amounts of dolomite and quartz attributed to the detrital contribution from
weathered dolomitic host rock. The internal structure is marked by a very regular stratigraphy
of alternated millimetric layers of light grey to brownish calcite, with no evidence of hiatuses.
Different strategies were used for their azimuthal orientation. Alho 31 was oriented in situ
with a magnetic compass, and its declination was rotated by the azimuth measured during
sampling, whereas Alho 06 had its declination rotated to the average declination of the IGRF
model (-3.68 ©) for the age of the youngest specimen (1932 CE + 23 CE). The speleothem
samples were cut into specimens consisting of thin slices of ~7 mm (Alho 06: 34 specimens)
and ~5 mm (Alho 31: 27 specimens). U-Th dating shows mean growth rates of 0.169 + 0.004
mm yr! (543 CE to 1932 CE) for Alho 06 (Novello et al., 2016) and 0.151 = 0.008 mm yr
(1090 CE to 1922 CE) for Alho 31 (Figure 3-1, Table S1). These relatively high growth rates
imply that each 7 mm or 5 mm specimen records a few decades of the geomagnetic field (~39
years for Alho 06 and ~32 years for Alho 31). Changes in growth rate are observed in both
stalagmites, most pronouncedly at 30-50 mm from the top for Alho 06 and 40-75 mm from
the top for Alho 31. The conversion of depth to age follows the model of Figure 1 and there-
fore takes these changes into account (see Methods). The most significant increase in accumu-
lation rates observed in the two studied stalagmites occur in the interval between 1600 and
1820 CE, when precipitation was higher in the region associated with the Little Ice Age pe-
riod (Novello et al., 2016). Both stalagmites ceased growth at the beginning of the last cen-
tury, probably also due to changes in the hydrology of the cave resulting either from a dry pe-
riod or by the blocking, in the epikarst, of the drip water supply to the speleothems.
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Figure 3-1: Stalagmites from Pau d’Alho cave (15°12'20"S, 56°48'41”"W). Samples Alho 31 (upper) and Alho 06
(lower) with respective U-Th dating points and age-model. Dashed lines indicate 95% confidence calculated
from Monte Carlo fitting of ensembles of straight lines.

3.1.5 Origin and Identification of Magnetic Minerals

The main magnetic mineral in both stalagmites is magnetite. Low temperature experiments on
bulk samples show a Verwey transition (~120 K) in room-temperature saturation isothermal
remanent curves (Figure S1). This transition is accentuated when analyzing the magnetic sep-
arates from the same samples (Figure S2). Goethite is also found, being identified by the char-
acteristic separation of field cooling and zero-field cooling curves in both bulk samples and
separates (Figures S1 and S2). The origin of magnetite can be inferred from coercivity unmix-
ing analyses of anhysteretic remanent magnetization curves (ARM) (Figure S3) (Maxbauer et
al., 2016b). ARM data in all previous studies of speleothems plot in the field of extracellular
and pedogenic magnetite (Egli, 2004a), including stalagmites from Spain (Osete et al., 2012),
Portugal (Font et al., 2014), South China (Zhu et al., 2017), Brazil (Jaqueto et al., 2016) and
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different sectors of the United States (Bourne et al., 2015; Lascu and Feinberg, 2011) (Figure
S4). In the Pau d’Alho cave, the magnetic mineralogy of soils above the cave was compared
to the magnetic minerals present in the stalagmite (Jaqueto et al., 2016). Their similarity fur-
ther reinforces a pedogenic origin for the magnetic particles deposited in the stalagmite, likely
formed through dissimilatory iron-reduction in the soil (e.g., (Bourne et al., 2015; Jaqueto et
al., 2016)). Type and size of magnetic minerals throughout the speleothems vary little and
typically present, respectively for Alho 06 and Alho 31, median destructive fields (MDF) of
~16 mT and ~13 mT and dispersion parameter (DP) of ~0.29 and ~0.27 (Figure S2). First or-
der reversal curves (FORC) for Alho 06 and Alho 31 indicate that magnetite grains are in the

single-domain range without significant magnetic interaction (Figure S5).

3.1.6 Paleomagnetic Directions and Paleointensity

Detailed stepwise alternating field demagnetization (AF) of all specimens was performed in a
superconducting rock magnetometer, followed by principal component analysis (see Meth-
ods). Specimen’s volume varies from 1.08 to 2.61 cm? (mean of 1.79 cm?). Initial magnetic
moment of Alho 06 and Alho 31 are, on average, 2.8 x 10° A m? and 2.3 x 10° A m?, respec-
tively. This relatively high initial magnetization enabled useful directional data on a resolution
of tens of years per specimen to be obtained in a commercial SQUID magnetometer, which in
our case has a practical sensitivity higher than 6 x10'! A m? (see Figure S6 and Supplemen-
tary information). Vector directions were calculated with an AF field range varying from 12
mT to 35 mT, which corresponds to 12% to 54% of the NRM (Figure 3-2). A magnetic rema-
nence (< 10%) that persisted above an applied field of 120 mT is associated with goethite
(Figure 3-2). Five specimens out of 61 displayed unstable behavior during demagnetization or

maximum angular deviation (MAD) > 20°, and these specimens are not further discussed.
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Figure 3-2: Examples of magnetic directions and relative paleointensities. Orthogonal vector plots and stereo-
graphic projections of alternating field demagnetization data, and respective relative paleointensity estimates for
two specimens from each stalagmite (ages and specimen numbers are indicated). Gray arrows indicate the mag-
netic vectors obtained with principal component analysis (AF field range in red). Relative paleointensity was es-
timated following the pseudo-Thellier method (Tauxe et al., 1995), with m representing the slope of the curve
ARMgained'N RMleft-

The two stalagmites record deposition between ~1100 CE and ~1920 CE. Almost all magnetic
declinations agree within error for this time period, whereas the magnetic inclinations show a
~10° difference between stalagmites (Figure 3-3, Table S2). One possibility to account for
this systematic difference is the rolling of magnetic particles at the border of the stalagmite
(Ponte et al., 2017). Magnetic grains in Alho 06 are arranged along an inclined plane as de-
picted from anisotropy of remanence measurements (Figure S7), suggesting that its specimens
comprise the sloping border of the stalagmite. In contrast, magnetic grains in Alho 31 speci-
mens (Figure S7) are arranged along the horizontal plane being thus immune to these effects.
Other possibility would be a different degree of compaction between the stalagmites, but the
average anisotropy degrees for Alho 06 and Alho 31 are 1.035 and 1.040, respectively, which
imply compaction similar corrections of less than 2° for both stalagmites (Jackson et al.,

1991).
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The Alho 06 record covers a longer period of time starting at ~543 CE. Taking the entire rec-
ord, magnetic declinations starting from 543 CE show two cycles of changing declination,
with positive peaks at ~900 CE and ~1700 CE, and a negative peak at ~1200 CE. Declination
has been decreasing since ~1700 CE. The magnetic inclination for the same stalagmite in-
creases from ~543 CE until ~1100 CE, followed by a progressive decrease from about -40° to

near 0° in recent times.

In addition to the directional data, the relative paleointensity was estimated for all specimens
that presented MAD values lower than 20°. Paleointensity estimations were made across the
same alternating field range used in the vectorial analysis (Figure 3-2). We retained only spec-
imens whose standard error of the slope is less than 5% and the NRM fraction used in pseudo-
Arai plots exceeds 25% (Table S2). The well-defined, straight pseudo-Arai plots obtained
from our specimens corroborate the single-domain nature of the magnetic assemblage inferred
from FORC curves, whereas curved pseudo-Arai diagrams would indicate the presence mul-
tidomain grains (Tauxe, 1993). There is a considerable variability of relative intensity esti-
mates in these weakly magnetic rocks, particularly in the 1200-1400 CE interval for Alho 31
and at around 1600 CE for Alho 06. Notwithstanding, a general trend of geomagnetic field
evolution for the past millennium is reproduced in the two stalagmites (Figure 3-3). The two
curves also overlap the general pattern defined by the high quality archeointensity data for
South America (Poletti et al., 2016), with marked intensity peaks at ~900 CE and ~1450 CE
observed against a backdrop of decreasing field strength (Figure 3-3).
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Figure 3-3: Continuous magnetic results and comparison with geomagnetic models. Radiometric ages (U-Th),
magnetic declination, maximum angular deviation (MAD), magnetic inclination and relative paleointensity for
specimens from Alho 31 (dark green) and Alho 06 (dark blue). Paleomagnetic results are compared to global ge-
omagnetic field models for the Pau D’ Alho cave location. CALS3k.4e (light blue) stands for “Continuous model
from Archeomagnetic and Lake Sediment data” for the last 3 ka (Korte et al., 2011). Model ARCH3k.1 (orange)
stands for “Archeomagnetic data” for the last 3 ka (Korte et al., 2009). Model HFM.OL1.A1 stands for “Holo-
cene Field Model”. This last model accounts for archaeomagnetic, lava flows and sedimentary data covering the
past 10 ka, and is is less sensitive to outliers than CALS3k.4e yielding more stable estimates (Panovska et al.,
2015). From 1840 to 1990 CE the three geomagnetic models are constrained by the gufm1 model (Jackson et al.,
2000). Also shown are the high quality South American archeointensity data from bricks, ceramics, tile and his-
toric basalts for the last 700 years (pink squares and error bars), these data were relocated to the Pau d’Alho loca-
tion for comparison (Poletti et al., 2016).
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3.1.7 Stalagmite Record vs. Geomagnetic Field Models

Previous use of speleothems as recorders of the geomagnetic field has been focused on long-
term variations or magnetic excursion events (Lascu et al., 2016; Latham et al., 1979). Here,
we show that two well-dated, fast-grown stalagmites reproduce the field within error at a ~40
years resolution for the last 1500 years (Figure 3-3). The speleothem record matches both in
direction and intensity the evolution of the field described by the geomagnetic models for re-
cent times, when historical records are used to constrain the models HFM.OL1.A1,
CALS3k.4e and ARCH3k.1 (Figure 3-3). Before 1200 CE the models diverge, most likely
due to the different datasets on which they are based on (Panovska et al., 2015; Terra-Nova et
al., 2016). It is noteworthy that field direction and intensity retrieved from the stalagmite data
follow the ARCH3k.1 model (Korte et al., 2009), which was constructed solely from archeo-
magnetic data with no input from South America. Archeomagnetic data from South America
for the 800-1200 CE obtained after the model was made are plotted in Figure 3 and corrobo-
rate the ARCH3k.1 model. In contrast, the other models (HFM.OL1.A1 and CALS3k.4e) in-
clude lake sediment data from Argentina that typically drive the model to lower intensities in

the 400 CE to 1000 CE interval, a pattern that is not reproduced in our stalagmite data.

3.1.8 Rapid Directional Changes in South America and South Africa

A combined curve of paleosecular variation was constructed for the two stalagmites (Figure
3-4, Table S3). This curve traces a coherent loop that matches the ARCH3k.1 model within
error for the Pau d’Alho location. The data describes a clockwise loop from ~570 CE to
~1450 CE, followed by a northward departure up to ~1700 CE and then a rapid westward mi-
gration until ~1920 CE. The validity of the stalagmite results is reinforced by the good match
of the angular variation recorded in this archive compared to that of the geomagnetic model
from the period between 1590 CE and 1900 CE (Figure 3-4), where the ARCH3k.1 model is
constrained by the historical records (Jackson et al., 2000; Korte et al., 2009). Before 1590
CE, the variation observed on the stalagmite record is ~0.10 ° yr'! until ~1450 CE, with a
peak of 0.12 ° yr'! at ~900 CE. After ~1450 CE, there is a general increase, with marked shifts
at ~1500 CE and ~1700 CE.
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Figure 3-4: Geomagnetic secular variation. (a) Stereonet of 100 years window combined stalagmites directional
data with 95% confidence ellipses with respective mean ages and comparison to model ARCH3Kk.1 (Korte et al.,
2009); the color scale corresponds to age. (b) Angular variation of the field from South America (grey line) and
South Africa (dark red line) (Hare et al., 2018); orange dashed line represents the model ARCH3k.1 for Pau
d’Alho location and dark brown dashed line represents model ARCH3k.1 for the center of South Africa (Hare et
al., 2018). Red (grey) bars indicate intervals with rapid directional variation in the geomagnetic field in South
America (Africa).

The angular variation of Pau d’Alho stalagmites can be compared to that obtained from arche-
ological burnt clay structures in South Africa (Hare et al., 2018). A meaningful coherence be-
tween them is observed from 1225 CE (South Africa) to 1449 CE (South America) where
both paths increase their angular variation to ~0.13 ° yr'! (Figure 3-4) with a time-lag of 224 +
50 years. This result is validated by the ARCH3k.1 model in their respective locations for this
period. Between ~1200 CE and ~600 CE the same trends are observed in stalagmite and burnt
clay structures, with a decrease in South Africa from ~550 CE to ~750 CE and a similar de-
crease in South America from ~850 CE to ~1150 CE. Interestingly, the increase in directional
changes recorded in Pau d’Alho stalagmites is accompanied by a decay in intensity values in

the ARCH3k.1 model; this is observed at ~900 CE and at ~1450 CE. These rapid changes in
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paleointensity were found in South Africa (Hare et al., 2018), again with a time lag of approx-

imately 200 years between Africa and South America for the last period.

3.1.9 A Recurrent South Atlantic Anomaly?

The SAA may be a very ancient feature of the geomagnetic field (Tarduno et al., 2015a). Ac-
cording to Tarduno et al. (Tarduno et al., 2015a), a large and long-lived mantle heterogeneity
stationed beneath Africa would control the preferential location of reverse flux patches (RFP)
at the core-mantle boundary (CMB) by inducing local topographic roughness at the CMB
making this region a preferential site for flux expulsion from the core. The tracking of RFPs
throughout the last 3000 years using the available geomagnetic field models attests to the re-
currence of reverse patches at specific regions and supports the hypothesis their link to mantle
heterogeneities (Terra-Nova et al., 2016), but when kernel functions that link the location of
reverse patches at depth to the location of the anomalies at the planet’s surface are considered,
a straightforward link between these features and the SAA has not been be established (Terra-
Nova et al., 2017).

In order to test the mechanisms that would potentially contribute to the rapid field changes ob-
served in South America and South Africa and the delay observed between the records at each
side of the South Atlantic, we conducted a series of seven synthetic tests of secular variation
(SV) (Figure 3-5, Table S4) over a 400 years timespan. In these tests, advection is given by
westward and southward drift, stretching is represented by expansion of RFP and diffusion by

its intensification (see details in the Supporting material and in Table S4).
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Figure 3-5: Secular variation scenarios. (i) in blue for westward drift, (ii) in red for southward drift, (iii) in purple
for westward coupled with southward drift, (iv) in green for intensification, (v) in black for intensification and
expansion, (vi) in orange for eastern intensification and expansion and (vii) in navy for all SV mechanisms.
Dashed lines denote the snapshot where an RFP is just below the measuring point, navy dashed line overwrite
purple dashed line. Note that for westward drift (blue curve) there is a mirror effect whereas for SV scenarios
with southward drift a faster decay is observed as RFP approaches and slower enhancing is observed as it goes
away. These effects are not seen when all SV mechanism are applied due to its large influence time (navy lines).

Westward drift of an RFP is the most efficient mechanism for rapid changes of declination
(scenario i, Figure 3-5). Pure southward drift and pure intensification effects can be neglected
as sole mechanisms behind the observed variations (scenarios ii and iv in Figure 3-5 and Ta-
ble S4). Intensification of an RFP coupled with its expansion is more efficient if the RFP
grows eastwards than just below the measuring point. In contrast, scenarios that combine ex-
pansion and intensification of an RFP are more effective in changing inclination than those
involving westward drift. Note that apart from westward drift all SV scenarios produce

sharper changes in inclination than in declination. Field intensity decreases in all tested SV
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scenarios, but those involving exclusively advection of an RFP were the least efficient. Inten-
sification works better when coupled with expansion and when the RFP is not below the
measuring point. Finally, when all SV mechanisms are combined the directional and intensity
changes are the most pronounced. Of the scenarios considered, this is the only one where
rapid intensity decay and sharp directional changes occur and are shifted in time (Figure 3-5
and Table S4). Usually, the fastest intensity decay can be thought as the result of the arrival of
the anomaly and the rapid changes in declination correspond to when the center of the anom-

aly is the closest to the measuring point.

The synthetic scenarios are simple approximations of the field and lack the complexity of the
Earth’s actual magnetic field. But these models do give insights into how an RFP can alter the
geomagnetic record and what to expect in a measuring point where an RFP region is promi-
nent as over the South Atlantic Ocean. In our analysis, westward drift alone does not suffice
to explain the rapid changes observed. Westward drift is by far the main source of observed
sharp changes in declination, but intensification and expansion of RFPs are needed to produce
the abrupt variations of inclination and the rapid decay of intensity also seen in our observa-
tions. Moreover, in a scenario where changes in inclination are more pronounced than in dec-
lination the SV needs more than a zonal source of field. Our results suggest that upwelling
structures and diffusion were present at least as early as ~1450 CE in the South Atlantic re-
gion, and possibly as early as ~860 CE. Therefore, a weak field anomaly at the South Atlan-
tic is expected to be recurrent as previously suggested by Tarduno et al. (2015) and Hare et al.
(2018). In addition, our results indicate that the anomaly cannot be locked into the South At-

lantic region since a westward drift is an essential component of its time-evolution.

3.1.10 Materials and Methods

U-Th dating. Radiometric dating was carried out at the Minnesota Isotope Laboratory using a
multi-collector inductive plasma mass spectrometer (MC-ICO-MS, Thermo-Finnigan NEP-
TUNE)(Cheng et al., 2013). Ten new U-Th ages were obtained for Alho 31 sample (Table
S1). Ages for Alho 06 were compiled from Novello et al. (Novello et al., 2016). Age-models
and corresponding 95% confidence limits were obtained through Monte Carlo fitting of en-

sembles of straight lines with the software StalAge (Scholz and Hoffmann, 2011).
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Paleomagnetic and paleointensity measurements. Remanent measurements were carried
out in Laboratério de Paleomagnetismo of Universidade de Sdo Paulo (USPmag). Remanence
was measured in a 755-1.65 2G Enterprises DC SQUID magnetometer (noise level ~107!!
Am?) with coupled alternating field (AF) and direct current coil in a u-channel system. An
analysis of the practical sensitivity of the equipment using the acetate tray is provided in the
Supplementary information. The specimens were submitted to stepwise AF demagnetization
along 30 steps up to 140 mT. Directions were analyzed using principal component analysis
(Kirschvink, 1980). The criterion for direction acceptance was a maximum angular deviation
(MAD) below 20°. Relative paleointensity estimates followed the pseudo-Thellier method
(Tauxe, 1993). The anhysteretic remanent magnetization has been preferred over the satura-
tion isothermal remanent magnetization to calculate the relative paleointensity estimates
(Lerner et al., 2017). Specimens were submitted to a direct field of 0.05 mT along the same
AF steps used in the demagnetization. The slope of the ARMgainei-NRMier curve was calcu-
lated using the line fitting method of (Coe, 1967). Acceptance criteria were: (1) standard error
of the slope less than 5%, (2) fraction of the NRM used in line fitting above 25% and (3)
MAD of the corresponding vector below 20°.

Anisotropy of anhysteretic remanence. This procedure investigates the preferred orientation
of ferromagnetic minerals. All specimens were previously demagnetized (120 mT); then a
weak magnetization was acquired with a direct current field (0.5 mT) simultaneously with a
decaying alternating field (peak at 100 mT). A total of six orthogonal positions were used and
the induced anhysteretic remanence was measured in a superconducting rock magnetometer.
The tensor is represented as magnitude ellipsoid in a lower hemisphere, equal area plot, with
principal axis lengths (Kmax, Kint, Kmin) equal to the corresponding eigenvalues (Jackson et al.,
1991). The mean tensor was calculated using Jelinek and Kropacek statistics (Jelinek and

Kropacek, 1978).

Magnetic mineralogy. Pau d’Alho bulk samples were subjected to ARM acquisition curves
with a direct current field of 0.05 mT superposed by an alternating field in 33 steps up to 120
mT. The magnetization curves were analyzed using the software MAXUNMIX (Maxbauer et
al., 2016b). Hysteresis and First-Order Reversal Curve (FORC) were performed in a Princeton
Measurements Corporation vibrating sample magnetometer (VSM). The procedure for obtain-
ing the FORC diagram was a variable-resolution that enables high-resolution analysis (Zhao

et al., 2015). The procedure was adopted in both stalagmites after adjustment of hysteresis
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curves through the software XFORC (Zhao et al., 2017), the generated script for the measure-
ment with variable-resolution uses discrete averaging time of 200 ms. In addition, low-tem-
perature experiments were performed on bulk samples and magnetic extracts. Magnetic ex-
traction was performed following the procedure described by Strehlau et al. (2014), which
consists in dissolving the carbonate and then separate the resulting residue into a magnetic
“extract” using a Nd-magnet and a weaker magnetic “remainder”. In practice, the extract will
preferentially contain strongly magnetic minerals such as magnetite and maghemite, while the
remainder will contain comparatively weaker magnetic phases such as hematite and goethite
or extremely fine grained magnetite. Measurements were performed in a Quantum Designs
Magnetic Properties Measurement System (MPMS-5S) housed in the Institute for Rock Mag-
netism (IRM) at the University of Minnesota (Strehlau et al., 2014). They consisted of room-
temperature saturation isothermal remanent magnetization (RTSIRM) and field-cooling-zero-
field cooling (FC-ZFC). RTSIRM corresponds to a cooling-heating cycle at null field from
room temperature 300 K down to 10 K after the initial application of a direct field of 2.5 T at
room temperature. Another experiment comprises two parts. The field cooling (FC) cycle
consists of applying a direct field of 2.5 T from 300 K to 10 K and then measure the rema-
nence during warming back to room temperature with null field, while the zero-field cooling
(ZFC) cycle consists of cooling in null field until 10 K, then applying a 2.5 T direct field at 10

K and warming the sample back to room temperature while measuring the remanence.

Geomagnetic angular variation. The directional variation of the geomagnetic record was
evaluated using data from both stalagmites combined in a running mean with 100 years of in-
terval (Fisher, 1953). The angular rate was calculated by the ratio of the angular distance be-
tween each point of the path and the corresponding interval of time. The error of angular rate
was calculated using the propagation of the 63% of confidence angle (as3) as the angular error
for each mean and the standard deviation of the ages from the grouped directions (Hare et al.,

2018) (Table S3).

Synthetic models. To test plausible scenarios for recurrent weak field intensity and rapid
field variations at the South Atlantic region, we performed synthetic tests of simple radial
field configurations at the core-mantle boundary and estimated their effects on the Earth’s sur-
face using appropriate kernel functions (Terra-Nova et al., 2017). The synthetic fields were

built from a background axial dipole field superimposed by local patches modeled by gaussi-

ans (Amit, 2014; Terra-Nova et al., 2017). Fluxes were set to maintain f s B,.dS = 0. In our
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synthetic secular variation scenarios, advection is given by westward and southward drift,
stretching by expansion and diffusion by intensification of reverse flux patches (RFP). West-
ward drift value used was the classical one of 0.2 ° yr'! (Bullard et al., 1950). Southward drift
is 0.15 ° yr'! based on the evolution of the Patagonia RFP from 1930 until 1970 in the geo-
magnetic model gufiml (Jackson et al., 2000; Terra-Nova et al., 2017). Intensification is based
on values of reversed flux intensification on the southern hemisphere during the historical pe-
riod (Olson and Amit, 2006). Expansion scenarios use estimations of reversed flux area

growth from 1880-1990 CE (Metman et al., 2018).
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3.2 Stalagmite paleomagnetic record of a quiet mid-to-late Holocene field activ-

ity in central South America

Plinio Jaqueto, Ricardo I.F. Trindade, Filipe Terra-Nova, Joshua M. Feinberg, Valdir F. No-
vello, Nicolas Strikis, Peter Schroedl, Vitor Azevedo, Beck E. Strauss, Francisco W. Cruz,
Hai Cheng, R. Lawrence Edwards. Stalagmite paleomagnetic record of a quiet mid-to-late

Holocene field activity in central South America. Submitted to Nature Communications.

3.2.1 Abstract

Speleothems can provide high-quality continuous records of the direction and relative
paleointensity of the geomagnetic field, combining high precision dating (with U-Th method)
and rapid lock-in of their detrital magnetic particles during calcite precipitation. Paleomag-
netic results for a mid-to-late Holocene stalagmite from Dona Benedita Cave in central Brazil
encompasses ~2150 years (3147 BP to 5306 BP, constrained by 14 U-Th ages) of paleomag-
netic record from 58 samples (resolution of ~39 years). This dataset reveals angular variations
of less than 0.06°/yr and a relatively steady paleointensity record (after calibration with geo-
magnetic field model) contrasting with the fast variations observed in younger speleothems
from the same region under influence of the South Atlantic Anomaly. These results point to a
quiescent period of the geomagnetic field during the mid-to-late Holocene in the area now
comprised by the South Atlantic Anomaly, suggesting an intermittent or an absent behavior at

the multi-millennial timescale.

3.2.2 Introduction

Direct observations of the geomagnetic field since the mid-19th century revealed a low-inten-
sity region in the South Atlantic. This South Atlantic Anomaly (SAA) is nowadays the most
prominent expression of the non-dipolar field on Earth's surface (Amit et al., 2021; Constable
et al., 2016). Centennial-scale reconstructions of the SAA are fundamental for a complete
knowledge of the origin and persistence of such important geomagnetic feature. Nevertheless,
the most common materials used to track the variations of the past geomagnetic field are ar-
cheological artifacts, volcanic rocks, and sediments. These can be divided into two main
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classes (Donadini et al., 2009). The first type comprises archeological and volcanic materials
which acquire thermal magnetic remanence upon cooling. They provide spot readings of the
field's absolute paleointensity estimates and directional data when the original orientation of
archeological structures and rocks can be assessed, but they rarely provide continuous strati-
graphic records. The second material type comprises sediments, and their natural magnetism
is acquired during deposition or after (post-depositional magnetic remanence). Sediments pro-
vide a continuous variation of the geomagnetic field, being good recorders of its directional
behavior, and may also provide relative paleointensity estimates if certain conditions are satis-
fied (Tauxe, 1993). However, their age may not correspond to the age of remanence acquisi-
tion due to the time difference between sedimentation and the lock-in of magnetic particles in
sedimentary strata (Korte and Constable, 2006; Tauxe, 1993).

A combination of records from archeological artifacts, volcanic rocks, and sediments is used
to construct geomagnetic field models. Due to their time coverage, sedimentary records are
key to understanding the geomagnetic field's time evolution at the centennial to millennial
timescales (Gonzalez-Lopez et al., 2021). For example, these models reveal a persistent and
dominant westward drift at high latitudes (Nilsson et al., 2020) and a dominant 1350 years cy-
cle in the dipole tilt variation for the past 9,000 years (Nilsson et al., 2011). It has also been
shown for the last 10,000 years that the southern hemisphere has a weaker average field
strength than the northern hemisphere. Furthermore, the Atlantic hemisphere has more active
secular variation than the Pacific hemisphere (Constable et al., 2016). Nevertheless, data cov-
erage is described as a limiting factor when attempting more refined models, especially to un-
derstand short-time variations at high resolution in the southern hemisphere (Constable et al.,
2016; Gonzalez-Lopez et al., 2021; Korte et al., 2011; Panovska et al., 2015).

One material that offers good global coverage and can be used for studies at the centennial to
millennial timescale is cave speleothems (Lascu and Feinberg, 2011). Directional data from
speleothems have been preferentially used to study the timing and structure of geomagnetic
field excursions when the virtual geomagnetic pole locally departs more than 45° from its
time-average position (Chou et al., 2018; Lascu et al., 2016; Osete et al., 2012; Pozzi et al.,
2019). Also, speleothems are also a promising material to study the recent secular variation of
the geomagnetic field at high temporal resolution (Ponte et al., 2018; Trindade et al., 2018;
Zanella et al., 2018). In particular, a speleothem from central South America covering the last

1500 years demonstrated high rates of angular variation (>0.1°/yr.) and intensity drops with a
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time lag of ~200 years when compared to equivalent events in South Africa (Hare et al., 2018;
Tarduno et al., 2015). These records were interpreted as a result of the recurrence of the South
Atlantic Anomaly as it migrates westward (and southward), combined with its expansion and
intensification. Here we present a paleomagnetic study of a speleothem from Dona Benedita
cave, in central Brazil, with ages within 3000-6000 BP. This study reports new U-Th ages,
paleomagnetic directions, relative paleointensity and an assessment of the magnetic mineral-
ogy of one well-dated speleothem, expanding the record of the geomagnetic field in central
Brazil to ~6000 BP.

3.2.3 Results

3.2.3.1 Sampling and U-Th dating

Dona Benedita cave (20.57°S, 56.72°W) is located in Central-western Brazil (Figure 3-6),
along the karst of Serra da Bodoquena that comprises carbonate and terrigenous rocks from
the Corumbéa Group (Neoproterozoic) (Sallun and Karmann, 2007). The present-day climate
in the study area is humid tropical with an average temperature between 22 °C and 24 °C,
with a five-month-long dry season during the austral winter (MJJAS) and annual rainfall of
~1419 mm (Sallun and Karmann, 2007). The vegetation is dominated by woodland and sa-
vannah forests that correspond to the Brazilian Cerrado Biome.

The stalagmite DBE50 from Dona Benedita cave was available in the collection of the Insti-
tuto de Geociéncias, Universidade de S&o Paulo. The sample is a fragment of a candle-like
stalagmite 417 mm in height (Figure 3-6). A total of 58 paleomagnetic specimens were cut us-
ing a diamond wire saw to avoid loss of material. The average size of the specimens is ~6.9
mm in height, ~14.7 mm in length, and ~11.1 mm in width. The specimen’s sizes were chosen
to maximize the noise-to-signal ratio and avoid the layers' curvature on the speleothem's bor-
der. For the magnetic mineralogy study, powder samples of ~0.03g were prepared. The stalag-
mite DBESO0 covers ~2159 years, from 3147 BP to 5306 BP, with an average specimen reso-
lution of ~39 years (Figure 3-6). The high 232Th content of the speleothem, with an average of
~9963 ppt is a result from its high fluvial detrital content. This value provides a low
230Th/232Th ratio with an average of ~ 3.4x107°; typical U-Th dating assumes an initial
230Th/232Th ratio of 4.4x10® + 2.2x10® (Cheng et al., 2013). The low values found for
230Th/232Th ratios in this speleothem are expected in a sample with visible clay and silt layers
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(Figure 3-6) and imply a relatively high error in age determinations (2c error of ~434 years).
From the 14 U-Th analyses, 6 points were discarded in the geochronology model due to age
inversions (where an older age is stratigraphically above a younger age) (Supplementary Ta-
ble 1), and the main age model was generated with the remaining age estimations using the
software COPRA.
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Figure 3-6: (a) Location of Dona Benedita cave (pink star) and Pau d'Alho cave (Trindade et al., 2018) (yellow
circle). Also represented are the records from lakes (purple circle) (Gogorza et al., 2006; Gogorza et al., 2004),
archeointensity and volcanic rocks (orange circles) for ages after 2000 BP available in the GEOMAGIAS50 data-
base v3.4 (Brown et al., 2015). (b) Stalagmite DBE50 from Dona Benedita cave and (c) age model obtained
through U/Th dating; data in red are inverse ages that were discarded in the age model. The solid cyan line repre-
sents the age model obtained with the COPRA algorithm (Breitenbach et al., 2012) and dashed lines represent
95% confidence intervals. Arrows represent growth-rates with minimum and maximum values in solid black and
average value in dashed cyan.

3.2.3.2 Rock Magnetism

Rock magnetic low-temperature experiments included field-cooled (FC) and zero field-cooled
(ZFC) measurements, and room-temperature saturation remanent magnetization (RTSIRM)
were performed in magnetic extracts obtained from the samples. In addition, bulk rock sam-
ples were submitted to stepwise anhysteretic remanence (ARM) acquisition, and the corre-

sponding curves were deconvolved to identify different magnetic components.
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ZFC-FC experiments show that fine particles dominate the magnetic signal, as the FC data
are higher than their ZFC equivalents (Figure 3-7). They also indicate the presence of goethite
by the separation between curves at all temperatures (Strauss et al., 2013). The presence of su-
perparamagnetic magnetite is suggested by a drop in remanence between (10 K and 50 K)
(Ozdemir et al., 1993). Previous studies in the same region have interpreted the magnetic min-
erals present in speleothems in this tropical-subtropical karst system as soil-derived (Jaqueto
et al., 2021; Jaqueto et al., 2016), and the presence of superparamagnetic minerals is con-
sistent with other studies of soil magnetism (Jordanova, 2017). The Verwey transition (~120
K) is suppressed in FC-ZFC curves, but this phenomenon can be attributed to the maghemiti-

zation of the original magnetite particles (Ozdemir and Dunlop, 2010).
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Figure 3-7: Magnetic mineralogy from magnetic extracts of stalagmite DBE5O0; (left) Curves of Field-cooling
(2.5 T) (black circles) and Zero-field cooling (gray circles) measured on warming; (right) Curve of room temper-
ature saturation isothermal remanent magnetization (RTSIRM); the Verwey transition (~120 K) which is charac-
teristic of magnetite is signaled by the drop observed in the cooling curve (black circles).

The presence of magnetite is confirmed in RTSIRM experiments by the Verwey transition as
a prominent drop in magnetization at ~120 K during cooling (Figure 3-7). The presence of
partially oxidized magnetite and pure stoichiometric magnetite suggests a core-shell structure,
with a magnetite core and a maghemite shell, a common feature of magnetic particles found
in soils (Ahmed and Maher, 2018; Ge et al., 2014).

Finally, the median destructive field (MDF) of ARM for sample DBE50 (Jaqueto et al., 2021)
shows values of ~16 mT (low-coercivity) and a dispersion parameter of ~0.28, consistent with

extracellular magnetite of pedogenic origin according to the scheme of (Egli, 2004b), also
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supporting the transport of these particles from the soil in the epikarst into the cave through
drip water. This pedogenic magnetic fingerprint has also been found in other speleothems
(Bourne et al., 2015; Jaqueto et al., 2016; Zhu et al., 2017).

3.2.3.3 Paleomagnetim

Paleomagnetic directions were isolated after AF demagnetization between steps 8 mT and 30
mT (Figure 3-8, Supplementary Table 2). The magnetic stability of the characteristic compo-
nent can be asserted by its internal coherence and by the low values of maximum angular de-
viation (MAD) and deviation of the angle (DANG) (Tauxe and Staudigel, 2004). The mean
MAD found was ~3.8° and the mean DANG was ~2.8° (Figure 3-8). Compared to the MAD,
the lower value of DANG indicates that the characteristic magnetic component points to the
origin (Heslop and Roberts, 2016). The inclinations show good agreement with the expected
Geocentric Axial Dipole for the site location (inclination -36.9°). The fisher mean values ob-
tained for the declination was -5.2°, and for the inclination was -41.7° for an ags ~ 2.0° and
N=58 (Figure 3-8, Supplementary Table 2).

The results were then plotted with their age correspondence and compared with different geo

magnetic models after rotation of the declinations to the mean declination of model
CALS10k.2 (Constable et al., 2016) for the same period (Figure 3-8). The geomagnetic mod-
els chosen for comparison comprise the period covered by our data: CALS10k.2 (Constable et
al., 2016), HFM.OL1.Al (Constable et al., 2016), pfm9k.1a (Nilsson et al., 2014),
SHA.DIF.14k (Pavon-Carrasco et al., 2014) and BIGMUDI4k.1 (Arneitz et al., 2019), the last
one being the most updated but limited to the last 4000 years (Figure 3-8).
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Figure 3-8: Paleomagnetic results of DBE5O0 stalagmite; (a) orthogonal plot for specimen DBE50_40, with re-
spective horizontal (red) and vertical (blue) components and the characteristic direction in cyan shade (from 9
mT to 30 mT). Directional data was obtained using the PMAGPY software (Tauxe et al., 2016). (b) Relative
paleointensity for the same specimen calculated with the pseudo-Thellier technique (Tauxe et al., 1995) along
the same steps (n=9), corresponding to a magnetization fraction of 63% (f=0.63). The slope of the Arai-plot was
obtained in Paleointensity.org software (Beguin et al., 2020). (c) Equal area plot of characteristic directions for
all specimens of the DBES5O0 stalagmite (in-situ). (d) Demagnetization plot obtained after stepwise alternating
field up to 70 mT for all DBE5SO0 specimens (black curves), and their respective gradient (green lines) showing
the preponderant contribution of magnetic fraction with remnant coercivity between 10 mT and 30 mT.
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Figure 3-9: Magnetic direction data for stalagmite DBE50 (black dots): (a) inclination, (b) declination, (c) maxi-
mum angular deviation (MAD) and Deviation angle (DANG). Also represented are the following geomagnetic
models for the location of Dona Benedita cave: CALS10k.2 (light blue curve), HFM.OL1.A1 (green curve),
pfm9k.1a (gold curve), BIGMUDI4k.1 (light pink curve), SHA.DIF.14k (dark green curve). Results obtained for
stalagmite ALHO6 (Pau D'Alho cave, red dots) were relocated to the DBESO0 site location. An 8° filter (dashed
line) was applied for MAD values of DBE50 specimens.

Magnetic directions show good agreement with the models. Magnetic inclination (Figure 3-9)
shows a decrease from -35° to -50° at the beginning of the record (5500 BP to 5000 BP), fol-
lowing the trend of models CALS10k.2 and HFM.OL1.Al, although inclination from the stal-
agmite is about 10° lower than these models between 5500 to 4500 BP. The model pfm9k.1a
presents higher values for inclination than the speleothem but keeps the same tendency,
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except for a peak at ~4800 BP. The model SHA.DIF.14k differs significantly from the data
and other models with peaks of low inclination at ~3200 and ~4800 BP. After ~5000 BP, the
speleothem record shows a linear increase of inclination from -50° to -30° until 3000 BP (Fig-
ure 3-9), which agrees with the tendency of all models and remarkably matches the BIG-
MUDI4k.1 (from 4000 BP onwards). Declination results (Figure 3-9) shows a westward trend
at the beginning of the stalagmite record, between 5500 BP to 4200 BP, which is not in per-
fect agreement with the geomagnetic models that tend to be flat at the same time interval.
Then, a short-term (800 years) eastward trend is observed from 4500 BP to 3800 BP, followed
by a westward trend from 3800 BP to 3000 BP. This pattern agrees with the amplitudes ob-
served in the BIGMUDI4k.1 model and follows the HFM.OL1.Al as well, but it is not pre-
dicted by the CALS10k.2 or the SHA.DIF.14k models.

The relative paleointensity (RPI) estimates were obtained through the pseudo-Thellier method
from an average fraction of 0.58 +0.07 of the natural remanence encompassing eight steps.
The best-fit (slope of Arai diagram) mean value was -0.19 +0.01 (Figure 3-10, Supplementary
Table 2). These results were then normalized by multiplying the absolute value of the slopes
by the median value of 197.5 (See Methods for further information). Then, a cubic spline with
75 years knot was calculated to plot the RPI curve for the DBESO stalagmite (Figure 3-10).
The RPI results present a high variability compared to the geomagnetic field models. How-
ever, they are compatible with the range of absolute GEOMAGIA50.v3.4 datapoints (Brown
et al., 2015) within a 2000 km radius from the cave location (Figure 3-10). A decrease in in-
tensity at the beginning of the stalagmite record from 5500 BP to 4500 BP is observed, fol-
lowed by a higher intensity peak between 4500 BP and 4000 BP, and finally, a higher varia-
bility (also observed on few data points from the database) towards lower intensities from
4000 BP to 3100 BP. The average trend defined by the speleothem record agrees with the
models between 5500 BP and 3500 BP. Nevertheless, it is significantly lower for the younger
record segment between 3500 BP and 3000 BP.
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Figure 3-10: Geomagnetic field variations in central Brazil. (a) Relative paleointensity data for stalagmite
DBES50 (black dots) and cubic spline fit for 75 years knots (black curve). Models: CALS10k.2 (light blue curve),
HFM.OL1.Al (green curve), pfm9k.1a (gold curve), BIGMUDI4k.1 (light pink curve), SHA.DIF.14k (dark
green curve). Results from ALHOG6 (Pau D'Alho cave; (Trindade et al., 2018) relocated to the Dona Benedita
cave coordinates are shown in red dots. Absolute intensity (blue dots) and respective errors (bars) within a ~2000
km radius from Dona Benedita cave were obtained from Geomagia v3.4 (Brown et al., 2015). (b) Angular varia-
tion within a 150 yrs window for directions from Dona Benedita stalagmite (black dots) and Pau d'Alho cave
stalagmite (red dots) showing the contrasting behavior before and after the geomagnetic dipole decay and the
likely onset of SAA (yellow shade).

3.2.4 Discussion

The DBES0 speleothem contains tiny amounts of partially oxidized magnetite in a core-shell
structure likely originated from the pedogenic process in the soil above the cave, and also
some amount of goethite, as found in other examples worldwide (Bourne et al., 2015; Jaqueto
etal., 2021; Jaqueto et al., 2016; Lascu and Feinberg, 2011; Trindade et al., 2018; Zhu et al.,
2017). In contrast to lake sediments, the magnetization acquisition in speleothems is faster,
and they seem to be spared of post-deposition effects (Lascu and Feinberg, 2011). As a result,

the relation between radiometric dating and the age of magnetization acquisition is also more
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straightforward. The homogeneity of the magnetic mineralogy observed in this case and other
speleothem favor more robust relative paleointensity estimations. The high-quality directional
and paleointensity record of DBE50 expands the previous records of Pau d'Alho cave speleo-
thems collected in the same region (Trindade et al., 2018). These younger speleothems cov-
ered the last 1500 yrs and revealed fast geomagnetic field variations linked to the SAA and
recurring similar features (Figure 3-9 and Figure 3-10) with angular velocities higher than
0.1°/yr in two different time intervals at ~1050 BP and ~500 BP (Figure 3-10). In contrast, the
DBESO0 stalagmite data reported here show no significant drops in intensity and the angular
velocities are lower than 0.06°/yr for the whole interval between 3147 BP and 5306 BP. This
low angular variability is predicted by almost all models, except for the SHA.DIF.14k (Figure
3-10). Taken together, the DBESO0 results express a low secular variation activity in the mid-
to-late Holocene in central South America (Figure 3-10). Therefore, it suggests the configura-
tion that enabled the recurrent appearance of low intensity and strongly non-dipolar anomalies
like the South Atlantic Anomaly was not being expresses at the Earth’s surface in the region
at that time.

The South Atlantic Anomaly is usually attributed to the motion and intensification of geomag-
netic reverse flux patches (RFPs) at the core-mantle boundary (CMB) (Olson and Amit, 2006;
Tarduno et al., 2015b; Terra-Nova et al., 2019; Terra-Nova et al., 2017). These features arise
from the expulsion of toroidal field lines by diffusion due to flow upwelling at the top of the
core (Bloxham, 1986). Normal flux patches (NFPs), on the other hand, arise from the concen-
tration of poloidal field lines by downwelling at the edge of the tangent cylinder (Olson et al.,
1999). Furthermore, geomagnetic flux patches are responsible for a significant North-South
hemispherical asymmetry in the advective sources of the axial dipole moment observed nowa-
days (Finlay et al., 2016a; Olson and Amit, 2006). Ideally, in a pure axial dipole field, the
minimum intensity is located along the geographic equator. However, the contribution of non-
axial dipole field components may lead to a departure from this ideal case resulting in com-
plex field morphologies, i.e., a weaker dipole field may result in a more prominent contribu-
tion of localized non-dipolar features such as RFPs and NFPs, leading to a significant disloca-

tion of the field minima away from the geographic equator.

To assess the evolution of RFPs and NFPs through the last 10,000 years, we identified these
features in models CALS10k.2, HFM.OL1.Al and pfm9k.1a. Similar work was conducted for
the last 3,000 years for NFPs (Amit et al., 2011) and for RFPs (Terra-Nova et al., 2015,
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2016). Figure 3-11 shows our results for model CALS10k.2 (other models in Figure 3-13 and
Figure 3-14). A marked contrast is observed in the occurrence of RFPs for three different time
intervals (Figure 3-11). Interval #1 (50-2150 BP), which comprises the time of the South At-
lantic Anomaly and other similar recurrent features, shows several RFPs in the southern hemi-
sphere. The simultaneous tracking of the SAA minimum and RFPs and NFPs through time
showed the position, motion, and amplitude of the anomaly are highly influenced by the inter-
play between three persistent geomagnetic flux patches: an RFP below southern South Amer-
ica, the South Pacific high-latitude NFP and a low-latitude intense NFP near Africa (Terra-
Nova et al., 2017). These flux patches are tracked in the considered models (Figure 3-11). In-
terval #2 (3000-5100 BP), which corresponds to the time interval covered by the DBES5O rec-
ord reported here, shows much fewer RFPs, with almost all of them in the northern hemi-
sphere (Figure 3-11). Finally, in interval #3 (6500-8600 BP), the RFPs are more frequent,
mainly located at higher latitudes in the southern hemisphere and mid-to-high latitudes in the
northern hemisphere (Figure 3-11). Results obtained from models HFM.OL1.A1 (Figure
3-13) and pfm9k.1a (Figure 3-14) also show these same contrasting concentrations of RFPs

between the time intervals considered.
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Figure 3-11: Tracking of normal (NFP) and reverse (RFP) flux patches at the core mantle boundary for model
CALS10k.2 (Constable et al., 2016). (a-c) the location of NFP (yellow) and RFP (purple) for time intervals #1
(a, 50-2150 BP), #2 (b, 3000-5100 BP), #3 (c, 6500-8600 BP). (d) longitudinal evolution of NFP (yellow circles)
and RFP (purple circles); dashed lines indicate the azimuth of the positive peak of shear wave velocity in the
mantle (Masters et al., 2000), rectangle shades correspond to interval #1 (light grey), #2 (light purple), #3 (light
red) (e) latitudinal evolution of NFP (yellow circles) and RFP (purple circles); dashed lines indicate the ex-
pected latitude of the tangent cylinder in the northern and southern hemispheres. The size of purple and yellow
circles is proportional to the intensity of the flux patch. Also, the Dona Benedita results comprehends the second
interval.

In all models, intense NFPs are observed throughout the past 10,000 years follow the azi-

muthal positions coincident with the positive peak of shear wave velocity anomalies at the
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lowermost mantle (Figure 3-11) in the seismic model (Masters et al., 2000), reinforcing the
strong mantle control on these features as previously signaled (Gubbins, 2003). In latitude, the
normal flux-patches are limited by the expected coordinates for the tangent cylinder at 72°
(Figure 3-11).

We can now consider the role of the dipole strength and the non-dipole components to the
variability of the field for the considered time intervals. Figure 3-12 shows the spectral power
of the dipole and non-dipole components from models CALS10k.2, HFM.OL1.Al and
pfm9k.1a. Interval #1 shows a continuous decrease of the dipole concomitant to a general in-
crease of the non-dipole components, expressed by a relatively high non-dipole/dipole ratio of
~0.02 (Figure 3-12), which is likely the source of the high angular variations observed in the
past two millennia. In contrast, interval #2, shows the lowest non-dipole/dipole ratios of the
time intervals considered (Figure 3-12) and corresponds to the low angular variations rec-
orded in Dona Benedita speleothem (Figure 3-10). In interval #3, all analyzed models show a
non-dipole/dipole ratio increase to values higher than 0.02 (Figure 3-12). The DBE5O0 record,
therefore, covers a time of quiet field activity in the South Atlantic and South America, which
coincides with an interval of limited occurrence of RFPs in the southern hemisphere, when the
non-dipole field components were less prominent regarding the total field. Generally, our re-
sults suggest that the occurrence of South Atlantic-like features along the mid-latitude belt of
the South Atlantic is an intermittent phenomenon whose expression at the surface depends on
the ratio between the dipole to non-dipole field components, as it determines the existence of
the reversed flux in the southern hemisphere. This is in agreement with the intermittent SAA-
like feature in a model of the geomagnetic field spanning 30-50 ka (Brown et al., 2018) and
with the strongly time-dependent nature of the SAA area shape and center for the historical
and modern field (Amit et al., 2021).
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Figure 3-12: (a) Energy at Earth’s surface of dipole and non-dipole moments for the past 10,000 years for mod-
els CALS10k.2 (light blue curve), HFM.OL1.A1 (green curve), pfm9k.1a (gold curve), with selected time inter-
vals #1 (50-2150 BP, light grey), #2 (3000-5100 BP, light purple) and #3 (6500-8600 BP, light red). (b-d) box-
plots for non-dipole to dipole ratios for time intervals #1, #2 and #3 for models (b) HFM.OL1.Al (Constable et
al., 2016), (c) CALS10k.2 (Constable et al., 2016) and (d) pfm9k.1a (Nilsson et al., 2014). The energy of the di-
pole and non-dipole and its subsequent ratio was calculated from the gauss coefficients of the models up to 10
degrees (Lowes, 1974).

3.2.5 Methods

3.2.5.1 U-Th dating and age model

Radiometric dating by the U-Th method was done at the Isotope Laboratory of the University
of Minnesota (USA) and Xi'an Jiaotong University (China). A total of 14 new U-Th ages
were obtained from powder samples (~100 mg) following stratigraphic horizons of the spele-
othem. The chemical procedure for separation of uranium (U) and thorium (Th) follows the
procedure described in (Edwards et al., 1987b), and the analysis was performed in a multi-col-
lector inductively coupled plasma mass spectrometer [NEPTUNE (Thermo-Finnigan)], fol-

lowing the methodology described in (Cheng et al., 2013). The final age model for DBE50
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stalagmites was calculated using the software COPRA, and a linear interpolation method was
adopted (Breitenbach et al., 2012).

3.2.5.2 Low-temperature remanence experiments

Stalagmites usually have a low content of magnetic minerals, so the preferred method for low-
temperature experiments is to first separate the magnetic mineralogy from the carbonate ma-
trix (Strauss et al., 2013; Strehlau et al., 2014). It consists of dissolving the carbonate in a
mildly acidic buffer solution (pH ~4), followed by a flask extraction method using a Nd mag-

net and an orbital shaker to extract the magnetic minerals (Strehlau et al., 2014).

The extracted magnetic minerals were used in two protocols to measure low-temperature
magnetic properties in a Quantum Design Magnetic Properties Measurement System (MPMS-
XL) with a sensitivity of ~101* Am? at the Institute for Rock Magnetism (IRM) at the Univer-
sity of Minnesota. The first protocol consisted of applying a 2.5 T field during cooling from
room temperature to 10 K (Field Cooled (FC)). The magnetic moment was then measured in 5
K steps during warming up to room temperature. After this cycle, the specimen was cooled up
to 10 K without a field, and a 2.5 T field was imparted at 10 K (Zero Field Cooled (ZFC)),
then the magnetic moment was measured in 5 K steps during warming up to room tempera-
ture. This protocol has been used to identify the presence of goethite (separation between FC-
ZFC curves), low-temperature magnetic transitions, like the Verwey transition ~120 K for
magnetite and Morin transition ~260 K for hematite, and also as a grain-size indicator for
magnetite and its oxidation state (Jaqueto et al., 2016; Ozdemir and Dunlop, 2010; Strauss et
al., 2013). The second protocol is the room-temperature saturation isothermal remanent mag-
netization (RTSIRM), where a pulsed field of 2.5 T was applied at room temperature, and the
remanence was measured during cooling (300 K to 10 K) and warming (10 K to 300 K) at 5 K
steps. The RTSIRM protocol examines those magnetic minerals that hold remanence at room
temperature. It is sensitive to stoichiometric magnetite (Verwey transition) and its oxidation
state (Ozdemir and Dunlop, 2010; Strauss et al., 2013). Also, goethite has been recognized by
the increase in magnetization as the temperature cools by a factor of two in RTSIRM experi-

ments (Lascu and Feinberg, 2011).
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3.2.5.3 Paleomagnetism

Rock magnetic experiments were carried at the Institute for Rock Magnetism (IRM) at the
University of Minnesota in a magnetically shielded room with a noise field of less than 100
nT. Remanence measurements were made in a u-channel superconducting magnetometer (2G
enterprises) with an inline alternating field demagnetization device, with a noise field of less
than ~3.0x10"** Am2. Demagnetization and acquisition of anhysteretic remanent magnetiza-
tion (ARM) were carried in 25 steps up to 70 mT. For the ARM acquisition, a steady field of
0.05 mT was applied concomitant to an alternating field following the pseudo-Thellier proto-
col (Tauxe et al., 1995).

The analysis of directions was made with the PmagPy software (Tauxe et al., 2016) to obtain
the characteristic remanent magnetization direction (ChRM) using a routine for principal
component analysis (PCA) (Kirschvink, 1980). For relative paleointensity estimates, the slope
obtained with ARMgained by NRMiest (Arai plot) was calculated using the line fitting method
with the software Paleointensity.org (Beguin et al., 2020). Because the sample was not azi-
muthally oriented in the field, the procedure adopted to reorient it was to calculate the fisher
mean for the directional results and compare with the geomagnetic field model CALS10k.1b
for the same period, then the difference in mean declination between them was used to rotate
the declination results.

To compare the relative paleointensity (RPI) results with the absolute paleointensity record,
the data were normalized following the calibration method used in the CALS7k.2 model
(Korte and Constable, 2006), by multiplying the median ratio of the geomagnetic field model
CALS10k.1b by the slope of the pseudo-Thellier method. The angular variation was calcu-
lated using a running mean with a 150 years window (encompassing an average of three spec-
imens) for the angular distance between the directions divided by the time interval (Hare et
al., 2018; Trindade et al., 2018).

3.2.5.4 Identification of magnetic flux-patches at the core-mantle boundary

We identified the center of flux patches, both normal (NFP) and reversed (RFP), in geomag-
netic field models CALS10k.2, HFM.OL1.A1 (Constable et al., 2016) and pfm9k.1a (Nilsson

et al., 2014) by defining the local maxima and minima of the radial magnetic field at the core-
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mantle boundary. Following a methodology previously used in archeomagnetic field models
(Terra-Nova et al., 2015), we assigned a patch as normal or reversed based on its polarity to
the axial dipole and its relative position to the magnetic equator. However, here we used a dif-
ferent approach for the identification of the magnetic equator. We identified all null-curves of
the radial magnetic field at the core-mantle boundary and assigned the magnetic equator to the
one present at least once in all longitudes. This updated method is more robust than the previ-
ous strategy and fails only if the magnetic equator reaches the geographic poles. Also, no fil-
tering technique was applied as it is different to previous geomagnetic patches identifications
(Amit et al., 2011; Terra-Nova et al., 2015).
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3.2.6 Article supplementary figures
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Figure 3-13: Tracking of normal (NFP) and reverse (RFP) flux patches at the core mantle boundary for model
HFM.OL1.Al (Constable et al., 2016)(a-c) the location of NFP (yellow) and RFP (purple) for time intervals #1
(a, 50-2150 BP), #2 (b, 3000-5100 BP), #3 (c, 6500-8600 BP). (d) longitudinal evolution of NFP (yellow circles)
and RFP (purple circles); dashed lines indicate the azimuth of the positive peak of shear wave velocity in the
mantle (Masters et al., 2000), rectangle shades correspond to interval #1 (light grey), #2 (light purple), #3 (light
red) (e) latitudinal evolution of NFP (yellow circles) and RFP (purple circles); dashed lines indicate the expected
latitude of the tangent cylinder in the northern and southern hemispheres. The size of purple and yellow circles is
proportional to the intensity of the flux patch.
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Figure 3-14: Tracking of normal (NFP) and reverse (RFP) flux patches at the core mantle boundary for model
pfm9k.1a (Nilsson et al., 2014) (a-c) the location of NFP (yellow) and RFP (purple) for time intervals #1 (a, 50-
2150 BP), #2 (b, 3000-5100 BP), #3 (c, 6500-8600 BP). (d) longitudinal evolution of NFP (yellow circles) and
RFP (purple circles); dashed lines indicate the azimuth of the positive peak of shear wave velocity in the mantle
(Masters et al., 2000)(Masters et al., 2000), rectangle shades correspond to interval #1 (light grey), #2 (light pur-
ple), #3 (light red) (e) latitudinal evolution of NFP (yellow circles) and RFP (purple circles); dashed lines indi-
cate the expected latitude of the tangent cylinder in the northern and southern hemispheres. The size of purple
and yellow circles is proportional to the intensity of the flux patch.
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Chapter 4 Conclusions and perspectives

This thesis provides insight into the origin of magnetic minerals in speleothems and how these
materials record the geomagnetic field variations. The main contribution and prospects for

this topic of research are summarized below.

4.1 Karst environment and the origin of magnetic minerals

Early research in speleothem magnetism was limited to single-site studies focused on inter-
preting the variation of the magnetic content through time. This thesis presented a more com-
prehensive view of the magnetic mineralogy present in the (sub-)tropical karst system (Chap-
ter 2). It consists of a collection of stalagmites from 22 different cave locations with various
latitudes and biomes, which were later compared to soil and host carbonate in two specific

sites.

The obtained results showed the dominance of low-coercivity minerals (>90%) in the mag-
netic signal, which corroborates previous stalagmite studies. Also, a high Spearman’s rank
correlation was obtained between different rock magnetic concentration parameters (mass-
normalized magnetic susceptibility, natural remanent magnetization, anhysteretic remanent
magnetization, and isothermal remanent magnetization). The observed correlation strengthens
the interpretation of the magnetic signal as originated from the low-coercivity minerals, such
as magnetite and maghemite derived from pedogenic processes in soils overlying karst sys-
tems and that those processes affecting pedogenic enhancement are pervasive in tropical
zones. This relationship was also confirmed by comparing soil and host carbonate in specific
sites where the dominant magnetic coercivity in the stalagmites resembles the soil but not the
host carbonate. Another comparison between biomes and the speleothem magnetism database
was made since the different biomes could directly affect the production of pedogenic mag-
netite and its local rainfall regimes. From this analysis, the Cerrado biome showed the highest
concentration of magnetic minerals when compared to Caatinga, Atlantic, and Amazon bi-
omes. This relationship can reflect the higher seasonality in Cerrado that promotes pedogenic
magnetite formation and its transport through more recurrent wet and dry cycles when com-

pared to others.
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The construction of a speleothem magnetism database with good coverage in South America
presented in this thesis provides a framework for future high-resolution studies using rock
magnetism techniques in stalagmites. Furthermore, it facilitates interpreting the main mag-
netic signal as a relationship between soil formation and transport into the cave system, avoid-
ing the interpretation of carbonate weathering and/or allochthonous sediments. Although, we
bear in mind that each karst and cave system (even the same cave hall) have their own for-
mation and development that could capture specific depositional/climatic signals.

A more sophisticated solution for high-resolution studies of magnetic signals nowadays is
magnetic microscopy technology. This technique has already started to be used in stalagmites
(Feinberg et al., 2020; Fu et al., 2021; Fukuyo et al., 2021). The use of magnetic microscopy
would enable a better understanding of the magnetic signal in each layer (annual to sub-an-
nual scale). It also has the potential to achieve the same or better resolution than isotopic and
trace-elements investigations. However, it is worth noting that acquiring magnetic maps is
very time consuming and can therefore be prohibitive for studies of an entire karst system.
These new technologies could be combined with regular discrete samples in stalagmites for
specific objectives. Also, to better constrain the seasonality variation, it is suggested that an-
nual cave monitoring focusing on magnetic mineralogy should be done to improve the inter-

pretation and separation of the different signals that can compose each stalagmite layer.

4.2 Earth’s magnetic field record of stalagmites

A significant contribution of this thesis is the stalagmite record of the Earth’s Magnetic Field
retrieved from two caves from Brazil (Chapter 3). These are the first reported records using
stalagmites for the southern hemisphere and provide good coverage for South America for the

last 6,000 years.

The first study encompasses two stalagmites from the Pau d’Alho cave system in central Bra-
zil (Trindade et al., 2018). These stalagmites provided a 1500-year record from ~1930 CE to
~500 CE with an average resolution of ~35 years per specimen. The paleomagnetic direction
and relative paleointensity obtained showed a reliable record of the past inclination and decli-
nation compared to the geomagnetic field models that incorporate archeomagnetic, lava flows,

and sedimentary data. The Pau D’Alho cave is located in an area of influence of the South
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Atlantic Anomaly. The obtained record was able to test whether the anomaly has a recurrent
feature beyond the instrumental era. The observed values of angular variation demonstrated
two distinct periods with fast variation (higher than 0.10°/yr) in 860 to 960 CE and 1450 to
1750 CE. These variations match the records in South Africa with a westward time lag of
~200 years (Hare et al., 2018). These fast variations expressed in the geomagnetic field at the
surface are linked to mantle heterogeneities beneath South Africa, a preferred location for re-
versed flux patches at the core-mantle boundary, making this region a site for flux expulsion
from the core. Synthetic models to account for the directional and intensity variations ob-
served in our data showed that westward drift is the primary source of changes in declination,
but also intensification and expansion of reversed flux patches are needed to reproduce the
observed inclination and the decay of intensity. Also, this record showed that speleothems of-
fer an alternative for archeomagnetic, lava flow and lake sediment data, where continuous di-
rectional variation can be obtained without the difficulties of lock-in deposition commonly

found on sedimentary strata.

A second study was conducted in a cave in Serra da Bodoquena karst area in central Brazil.
The stalagmite DBE50 from Dona Benedita cave (20.57°S, 56.72°W) encompasses ~2159
years, from 3147 BP to 5306 BP, with an average specimen resolution of ~39 years. This
sample showed a steady geomagnetic field for this period, which contrasts with the behavior
of the last 1500 years as expressed in the first study (Trindade et al., 2018). Although few
studies from South America were incorporated in the construction of the geomagnetic models,
the inclination results obtained in Dona Benedita have a good correspondence with most
available models. The low variability recorded in the DBESO0 stalagmite can be an indicator of
the dominance of dipole sources for this period. After calculating the angular variation rates,
the values are lower than 0.06°/yr. It is the lowest variation on the whole Holocene for the re-
gion, reinforcing the low activity of non-dipole sources at this location as also expressed by
the ratio of non-dipole by dipole sources in geomagnetic field models.

To summarize, speleothems are excellent archives of the Earth’s magnetic field and may al-
low high-resolution (multidecadal) directional studies, especially for South America, where
little data is available (<5% of the globe). Also, the possibility of using a superconducting
guantum interference device microscope could enable annual resolution for these records and
provide an unprecedented directional data variation for South America and other parts of the

globe. As the speleothem magnetism record expands, it will be possible to constrain the
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influence of heterogeneities in the core-mantle boundary expressed at the Earth’s surface, and

high-quality regional field models could be constructed.
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