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Introduction

The development of archaeometrical research has been characterized by interdisciplinary
fields. Thus, different approaches and new subfields of knowledge and applications are
created. In the case of geophysics, with particular interest in the geomagnetic field
(hereafter GMF), the study of the past magnetic field of the Earth and its evolution, called
Palaeomagnetism, gave important information on its history through geological periods.
Researchers found out that the principles and methods used in Palaecomagnetism can be
applied on archaeological materials, especially those made from baked clay. These methods
help to understand better the GMF in recent times, that is around the last 9000 years, with
the appearance of artifacts made from baked clay. The geomagnetic information obtained
can help to date the last moment when the artifact was heated and cooled. Hence, the
studies of archaeomagnetism evolved in the common ground of different disciplines (for an
overview see Brown et al.,2021).

In the last two decades, a considerable amount of archaeomagnetic studies have been
published worldwide, but the majority come from Europe, and in general, the North
Hemisphere (Herve, et al., 2019; Brown et al.,2021). This is a serious disadvantage since it
IS very important to have a homogeneous distribution of the data if a researcher wants to
build reliable models of the geomagnetic field and apply them for archaeological purposes.
Even so, in the resent years there has been progress in acquiring data from places all over
the world, like Middle East (Gallet, et al., 2015; Shaar, et al., 2016; Ben-Yosef et al., 2017),
Africa (Di Chiara, 2020), China (Cai, et al., 2020), South East Asia (Cali, et al., 2021), New
Zealand (Turner, et al., 2020), Mesoamerica (Mahgoub, et al, 2019b; Garcia, et al., 2021),
South America (Goguitchaichvili, et al., 2019) and the Caribbean (Cejudo, et al., 2019).

For the Colombian case, to date, four investigations have been published on
archaeomagnetism, specifically on intensity (Berkovich, et al., 2017; Cejudo, et al., 2019;
Obregdn, et al., 2019; Rojas, et al., 2020). Due to the situation described, these publications
take important first steps to understand the characteristics of archaeomagnetic data obtained
in northern South America, their relationship with surrounding regions of the continent, the
magnetic attributes of the archaeological artifacts, and to establish the interest in the future
development of a secular variation curve for the country.

In order to contribute to this problematic, in the present project thirty-nine (39) ceramic
fragments excavated from three funerary contexts of the archaeological site of Nueva
Esperanza - Sector TCE (municipality of Soacha, in the Sabana de Bogota) were selected as
follows: 10 fragments from TCE06-(B-2)-VI-R57-T21, 20 fragments from TCE14-H10-11-
R6-T30 and 9 fragments from TCEO4-H3-111-R13-T43. The archaeological data and the
samples used are part of the work reported by Rivas (2021). From these contexts, TCE14-
H10-11-R6-T30 had previous radiocarbon dating information available. Thus, the general
objective of this research was focused, as the ones mentioned above, to understand the
archaeomagnetic characteristics of the samples and their potential as reference points using
archaeointensity. It is expected that this project helps to cement interest in
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archaeomagnetism in Colombia in order to provide data for macro-regional models and as a
viable form for dating.

The first part of the document gives a background in several concepts around the magnetic
properties of materials and the geomagnetic field of Earth. This with the purpose of
explaining the principle of archaeomagnetic dating.

The second section will present the archaeological context. First a general description of the
studies of the Muisca Chiefdoms and the interest of archaeologist to study them as complex
societies is given. After will come the localization, and brief description of the
archaeological interest regarding the Nueva Esperanza site, giving an emphasis on the
chronological question. This will also include the geological information about the area and
a background on the mineralogical studies carried out with Muisca pottery.

The third section will be dealing with the methodologies applied. It starts describing how
the samples were selected and prepared according to each of the experiments carried out.
These experiments were the Thellier-Thellier method, the thermomagnetic analysis and
isothermal remanent magnetization (IRM). Petrographic observations and SEM-EDS
analysis was also carried out by prof. Lambrini Papadopoulou from the Geology
Department of the University.

The fourth section presents the results of each experiment

The fifth section will address the discussion of the results. It is divided in four subchapters.
The first part will present dialogue of the rock magnetic and SEM-EDS analysis, and the
implications around the Thellier-Thellier method. The second part will be a detailed
description of the information available in the publications regarding archaeomagnetic
studies in Colombia, giving a general overview of the data situation. The third part is
similar to the previous one, but the archaeomagnetic models of areas surrounding
Colombia. From the previous information and the results of the Thellier-Thellier
experiment, the fourth part shows a comparison between the intensity levels with the dates
associated.

Finally, we will present some general conclusions and comments from the project and
future expectations.



Overview of basic magnetic concepts

o The Earth’s magnetic field

The exact mechanisms behind the reason why the Earth's magnetic field is generated are
still a matter of discussion. The consensus is that the field is associated with the outer core,
a region 3000km beneath the planet's surface that is composed of molten iron and nickel
slowly churning. According to this hypothesis, the field is generated because of the
movement of free electrons in this layer. And due to the Earth's rotation along with
gravitational and thermodynamics effects, the generated field behaves as a self-sustaining
dynamo.

The magnetic field of the Earth resembles the field produced by a simple bar magnet, with
two poles, located in the center of the Earth (named “geocentric axial dipole), which is
tilted nowadays by approximately 11° with respect to the rotational axis. Because of this,
the positions of the Earth’s magnetic poles do not coincide with its geographic poles. In
present times, the north geomagnetic pole is situated in the north of Canada and the South
geomagnetic pole is in Antarctica. The geomagnetic field is often visualized in terms of
field lines that emanate from the south geomagnetic pole and converge at the north
geomagnetic pole (Figure 1) (De Marco, 2007). Although the magnetic field at the Earth's
surface is predominantly explained as an axial dipole, the actual magnetic field is more
complicated. Significant deviations from a dipole field exist since there are additional, non-
dipolar aspects in the geomagnetic field, but due to the limitations of the present project,
this matter will not be addressed.

To understand the geomagnetic field information at a certain point of the Earth's surface, it
can be represented as a vector that manifests two characteristics: direction and intensity.
The direction is determined by two angles: declination (D) and inclination (I). The first one
(D) is the angle between the horizontal component of the magnetic-field vector (H) and the
geographic north, while the second one (1) is the angle between the horizontal plane and the
total field vector (F). These direction values are dependent of the orientation of the location
where the measurements are being done. The intensity (F), which is independent of the
orientation factor, represents the strength of the field at a certain point, and thus, affecting
the strength of magnetization that magnetic minerals will obtain (Tarling 1983; De Marco
2007). These magnitudes are often represented in cartesian coordinates, where X
corresponds to the north, Y to the east, and Z is the vertical component, regarded as
positive in a downward direction (Tarling 1983) (Figure 2). In geomagnetism, the most
used unit in the International System of Units for the magnetic field intensity is the Tesla
(T), in a scale of micro (uT) and/or mili (mT).
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e Magnetic properties

This subchapter will present a series of important concepts that help to understand magnetic
properties, and that will be mentioned several times during the present project. These
definitions were taken from Tarling (1983) and the glossary of De Marco (2007).

The best start is to define magnetic moment. This concept expresses the magnetic intensity,
or strength, of a magnet. The magnetic moment can be expressed in terms of volume (A/m)
or weight (Am2/kg). The effect of a magnetic moment in a material is known as
magnetization. Only materials with iron oxides can acquire magnetization.

When a material is magnetized, there are going to be regions where the magnetic moments
of the atoms are parallel, separated by walls. These regions are called magnetic domains.
They form spontaneously to minimize the energy potential of a magnetized material. The
effect of the magnetic domains can vary depending on the grain of the material. A grain is a
macroscopic sample of a crystalline mineral that will generally consist of multiple
conjoined crystals of varying shapes and sizes. Each of these crystals, within which the
atoms are arranged on a single regular lattice, is termed grain. So, when an entire grain of a
mineral is being magnetized in the same directions, the effect is called a single domain
behavior. When a grain is divided into several magnetic domains, each one magnetized in a
different direction, is called multidomain behavior.

These properties of the magnetic materials can be affected by different parameters.
Coercivity, is one of those, which consists in the magnetic field that must be applied to a
material in order to change its magnetization in the opposite direction, depending directly
on the grain size and shape. Another parameter, the magnetic anisotropy, is when the
magnetic material shows a directional variation of the magnetic properties, based on the
magnetic forces applied on it. The last one we present here is the magnetic susceptibility,
which is a value that expresses the ability of a sample to acquire a magnetization in a
magnetic field. Different materials have different levels of magnetic susceptibility.

Depending on the ability of materials to get magnetized, and the behavior of the electrons at
an atomic level, there are three groups. The first one, diamagnetic materials, consists in
materials that practically lose the magnetization induced when the magnetic field is
removed. This is due to their susceptibility being small, almost imperceptible. The second
group, paramagnetic materials, are materials that at an atomic level present magnetic
moments that do not interact with each other. Also, their orientation is random, so the
produced magnetization is zero. When a magnetic field is applied, the magnetic moments
are aligned according to the field, but as soon as the field is removed, the orientation goes
back to random. In contrast with the two first groups, is the third group, the ferromagnetic
materials, which are materials that can produce their own magnetic field in the absence of
an applied one. These materials have atoms with magnetic moments, but unlike the
paramagnetic case, adjacent atomic moments interact strongly. During removal of the
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magnetizing field, magnetization does not return to zero but retains a record of the applied
field. The recording, and keeping, of past magnetic fields is called remanent magnetization.

Inside the ferromagnetic materials there are other three types, based on the crystal structure
which affect the spin alignment of the atoms, and therefore the behavior of the magnetic
energy (Figure 3). The first category is the ferromagnetic (sensu stricto), in which the
atomic spins are aligned parallel to each other, resulting in a very strong external field
generated even in the absence of an applied field. The second case is the antiferromagnetic,
where the atomic spins are aligned in an anti-parallel form, making each layer cancel the
other due to equivalent magnetic moments. The third case is the ferrimagnetic, where the
spins are also aligned in an anti-parallel form but have different magnitudes so that the
materials have weaker magnetization than the ferromagnetic ones, tacking the direction
towards the stronger layer. Most of the important ferromagnetic minerals fall in this last
category.

(a) (b) (c)

W RN ARR (i
A N

Figure 3- Spin alignment in: (a) ferromagnetism (seunsu stricto), (b) antiferromagnetism and (c)
ferrimagnetism. Taken from Tauxe, 2005 in De Marco, 2007

The final concept that we decided to bring in this chapter is the Curie temperature. When
the temperature is rising, there is a point where a material loses its ferromagnetic properties
and becomes paramagnetic. On cooling, back through this temperature, magnetic moments
of ferromagnetic materials become parallel. Each material has its own Curie temperature
The understanding of the Curie temperature, next to the general characteristics of
ferromagnetic materials and remanent magnetization, form the basis for the principles of
archaeomagnetism, which will be explained further in a later chapter.

e Magnetism and minerals of interest

The most common ferromagnetic minerals are the iron oxides (e.g., magnetite, maghemite
and haematite), the iron oxide hydroxides (e.g., goethite) and the iron sulfides (e.g., greigite
and pyrrhotite) (De Marco, 2007). From these, the most important magnetic minerals
subjected to archaeomagnetic studies are three iron oxides: magnetite (Fe304),
maghaemite, (y-Fe203) and haematite (a-Fe203). Their importance lies in the fact that they
are found in most soils, clays and rocks used to form archaeological materials. Fine grained
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iron oxides are responsible for the red color of baked clay when heated in an oxidizing
atmosphere or greyblack when heated in a reducing atmosphere.

Other minerals of interest are the titanomagnetites, pyrrhotite and greigite. Of all these
minerals, it is important to know the Curie temperature and Coercivity (Table 1), because
these characteristics will help in the archaeomagnetic interpretation.

Ms Tcor Tn ¥ H
Mineral Formulas
(Am?/kg) (°C) (E-06 m3/kg) (mT)
Magnetite Fe;0q4 90-92 575-585 200-1100 10-50
Ulvéspinel FerTiO4 -153 ~1*
xFesOs(1-x)
Ti-magnetite 60% 24 150 25-120 8
Fe,TiO,4
Ilmenite FeTiO3 -233 1-1.13
Haematite 1-FerOs 04 675 0.1-7.6 =1000
Maghaemite y-Fe2O3 70-80 ~-600 400-500
Pyrrhotite FesSs ~20 ~320 0.1-300 100-500
Greigite FesSy ~25 ~333 60-100
Goethite xFeOOH <] ~100-120 0.26-0.28 =1000
Lepidocrocite vFeOOH -196

Table 1 - Main characteristic of the most common magnetic minerals. From this table we want to highlight
the Curie temperature and the Coercivity (H). Table taken from De Marco, 2007.

e Remanent magnetization

There are different ways that the recording, and maintaining, of past magnetic fields can
happen inside ferromagnetic materials. In other words, different types of remanent
magnetizations. The main one that must be understood is the Natural remanent
magnetization (NRM), which is the in-situ remanent magnetization of a natural sample,
such as rocks, baked clay, and other materials, as first measured in the laboratory (De
Marco, 2007). Tarling (1983) define the NRM as the summation of all components of
specimen remanence acquired by natural processes. What we can take from these
definitions is that the NRM is composed of one or more magnetizations, depending on the
history of the sample. Samples with a geological time span tend to have a more complex
magnetization process than the archaeological samples, due to their long exposure to
various magnetizing factors. It is important to remark that, to some extent, all
magnetization that can affect the NRM can be replicated in laboratory conditions (Tarling,
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1983). For the case of the archaeological samples, which is the interest of the present
project, three types of magnetizations are of interest: the Thermoremanent magnetization
(TRM), the Viscous remanent magnetization (VRM), and the Isothermal Remanent
Magnetization (IRM).

The TRM is acquired by a sample after its cooling from a temperature higher than the Curie
Temperature in an ambient magnetic field (De Marco, 2007). Tarling (1983) defines this
type of remanence as the one acquired by cooling over a range of temperatures starting at or
below the Curie temperatures. One crucial difference here is that Tarling refers to
“temperatures” as in plural. So, when the samples reach a temperature higher than the Curie
temperature, and then proceed to cool down in room temperature, they gain the Total-TRM
(tTRM). The remanent magnetizations acquired from temperatures lower than the Curie
temperature, are called Partial-TMR (pTRM). The understanding of the TRM is the basis to
the Thellier-Thellier method for achaeointensities, which will be explained in the
Methodology chapter.

The VRM is a particular case since it is considered an undesirable component of
magnetization, due to instability, and that can be eliminated by thermal demagnetization
processes at low-moderate temperatures, or by alternating field demagnetization at low
fields (Tarling, 1983; De Marco, 2007). This instability is because the VRM is acquired
spontaneously by a sample after an exposure to a weak magnetic field, meaning that the
magnetic domains react at temperatures approx. to 200°C or lower, and their magnetization
directions can realign at room temperature with enough time. Even if this kind of
remanence can be eliminated by thermal demagnetization in laboratory processing, it is
important to have account of it to avoid errors.

The IRM is acquired by a sample after the application of an increasing magnetic field and
removal of the field. This field is generally strong and is applied in a few seconds. Due to
the uncommon natural circumstances that the IRM can happen, this is a remanent
magnetization that is considered mostly for laboratory work (Tarling, 1983; De Marco,
2007).

e Basic principles of archaeomagnetism

Archaeomagnetic dating is based on the constant change, both in direction and intensity, of
the Earth's magnetic field. The principle of archaeomagnetism consists of the property that
archaeological materials rich in iron oxides retain a stable thermoremanent magnetization
(TRM), after being heated above certain elevated temperatures (the Curie temperature) and
subsequently cooled (Tarling, 1983; Gomez-Paccard & Pavén Carrasco, 2018b). This
magnetization creates a record in the material which preserves the direction and intensity of
the geomagnetic field, of the region and the moment, when it was last heated. If the
magnetization remains unchanged, it can be used to provide information about the past
geomagnetic field. Using this principle, and studying material properly dated by other
methods, geophysicists can establish master curves of geomagnetic field variation for a

-13-



particular region, called secular variation curves (SVC), which can then be used as a dating
guide for baked archaeological materials of unknown age (Tarling, 1983; Gémez-Paccard
& Pavon Carrasco, 2018; Brown, et. al., 2021).

Because iron oxides are present in most clay sources, this dating method is useful when
working with ceramics or other fired clay materials such as kilns, bricks, burned walls, or
similar (Tarling, 1983; Schnepp, 2018). Although this form of paleomagnetism has become
useful for archaeological dating, the study of the material in this framework also allows to
obtain information on the composition, provenance, and baking process of the object
(GOomez-Paccard & Pavon Carrasco, 2018).

It is important to notice that the accuracy of the curves depends on the data available for the
region, which means that the study of well dated materials is essential to obtain better
reference curves (Schnepp, 2018; Gomez-Paccard & Pavon Carrasco, 2018b; Brown, et. al.,
2021). There are three values that can be determined when doing an archaeomagnetic
research (which we have previously mentioned): the angles of declination (D), inclination
(1), and the intensity magnitude (F). Respectively they represent the direction of the
magnetic compass relative to the geographic north, the tilt of the magnetic field line, and
the field’s strength (Tarling, 1983; Schnepp, 2018; Gomez-Paccard & Pavon Carrasco,
2018b; Brown, et. al., 2021).

Materials sampling protocols to obtain archaeodirection (declination and inclination) are
well established in paleomagnetism laboratories (for an example see English Heritage,
2006). In order to obtain accurate information on archaeodirection, the sample must be
oriented from fired clay elements that remain in situ, such as kilns. On the other hand,
Gobmez-Paccard & Pavon Carrasco (2018a) describe that one of the advantages of intensity
studies is that they can be carried out on objects that are not taken from clay elements in
situ, such as pottery fragments. The technique used to obtain intensity was developed by
Emile and Odette Thellier during several decades of work (Tarling, 1983; LeGoff, et al.,
2006; Brown, et. al., 2021), resulting in a demagnetization process the called Thellier-
Thellier method (Thellier & Thellier 1959). This will be explained more in depth in the
Methodology chapter.
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Archaeological Context

e Overview of the Muisca Chiefdoms as Complex Societies

For this section, a summary of how the Muisca Chiefdoms have been studied from the
archaeological perspective, trying to understand them as complex societies, will be
presented. The purpose is to give a general context of the importance of the Nueva
Esperanza — TCE sector site, the area where the samples are from.

The 'Muiscas' or '‘Muisca Chiefdoms' are the names given to the prehispanic population that
inhabited the lands of the Eastern Andean Highlands of Colombia, in a greographical
region called the Cundiboyacense Plateau. For archaeological purposes, the
Cundiboyacense Plateau is usually divided into two macro-regions, the southern valleys of
the Sabana de Bogota and the northern, higher, valleys of Boyaca. This idea has been used
to facilitate the interpretation between the archaeological and ethnohistorical records
because the Spaniards described different powerful rulers among the chiefs of the South
and the North (Botiva, 1989).

The archaeological chronology stablished for these societies consider their appearance
during the first millennium BC until the Spanish Conquest (XVI century) and Colony
(XVII and XVIII centuries) (Boada & Cardale de Schrimpff, 2017). Even so, the exact date
of appearance and the dates of changes between the prehispanic subperiods, on the different
regions that conforms the Cundiboyacense Plateau, have been subjects of debate for several
decades (Silva Celis, 1981; Botiva, 1989; Boada & Cardale de Schrimpff, 2017).

Although the name 'Muisca' is used to describe these societies, ethnohistoric research and
archaeological record are showing that these people were different among each other, with
cultural similarities but not a political union (Gamboa, 2013; Langebaek, 2019). Still, for
the sake of pragmatism, this name is still used (Langebaek, 2019).

The Muisca Chiefdoms have been considered as one of the most complex and hierarchized
societies that the Spaniards observed with their arrival to America. This idea was
consolidated in the Spanish chronicles (Broadbent, 1964; Langebaek, 1987; Therrien, 1996;
Gamboa, 2013; Langebaek, 2019) and it lasted during the formation of the Colombian
nation in the 19th century and with the arrival of the first foreign archaeologists in the early
decades of the 20th century (Therrien, 1996; Langebaek, 2003; Langebaek, 2019). Since
then, one of the interests within the archeology of the Cundiboyacense Plateau has been to
identify factors that could have influenced the social complexity of the prehispanic
inhabitants of the area.

Reichel-Dolmatoff (1986), applied the concepts of ‘chiefdoms' and 'early states' in the
prehispanic societies of Colombia. He puts the Muiscas as an incipient state, a political
conglomerate that exceeded the stage of the chiefdom but did not reach the complexity of a
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state. The base of this approach are the records left by the Spaniards. Despite this, the same
author also points out that the archaeological record that accounts for the social
characteristics observed by the Spaniards is scarce. Years before, Sylvia Broadbent (1965)
evidences the same, although she attributes it to the scarce scientific research in the area. In
turn, Haury and Cubillos (1953), from one of the first excavations carried out in the Sabana
de Bogota with adequate academic rigor, raised the idea that the prehispanic inhabitants of
the region did not seem to have the degree of complexity described by the Spaniards,
arguing ecological reasons that prevented this.

Currently, no one considers the Muiscas as incipient states, and the concept of 'chiefdom'’ is
not often used, in preference of speaking of complex societies, but Reichel-Dolmatoff's
questions persist. Archaeological investigations have emphasized explaining the emergence
of Muisca society understood as complex societies in a regional scale (Langebaek, 1995),
the participation of agriculture in these processes (Boada, 2006; 2007), the dynamics of
social change in different sequences of occupation together with settlement patterns and
established relationships with the environment (Langebaek, et al., 2001), and the concern to
identify a social hierarchy based on evidence of specific activities that would produce
accumulation of wealth and prestige (Boada, 2007).

Research around the concept of prestige has suggested that some chiefs gave more
importance to the celebrations than to the accumulation of wealth (Salge, 2007; Fajardo S. ,
2011). Some other hypotheses deal with several subjects: the development of kinship
through the sequences of occupation in prehispanic periods as the base of complexity
(Romano, 2003; Boada, 2007); the control of settlement formation and construction of
houses due to the great importance they had for the Muiscas, according to linguistic and
ethnohistoric data (Henderson & Ostler, 2009); the access to favorable soil for cultivation,
from the perspective of domestic units within a particular political group (Kruschek, 2003);
the consumption and distribution of foreign ceramics (Patifio, 2005); the differentiation
present in the funeral practices and their respective garments (Langebaek, 2012); the
control of specific areas that could allow microverticality and contact with other societies
(Arguello, 2015); or in the pattern of settlement and demographic levels according to social
forces of attraction (Fajardo S. , 2016).

Several authors have highlighted the importance of addressing the domestic unit as an
analytical basis to reach other data on social behavior and social complexity processes,
which may not be observed in other work scales, such as the regional one (Romano, 2003;
Patifio, 2005; Henderson & Ostler, 2009; Fajardo S. , 2011). At the same time, at the
regional level, Boada (2013) analyzes the demographic dynamics associated with the
prehispanic populations of the Sabana de Bogota, explaining that the social trajectory that
took place in this area differs from what is being evidenced for other sectors of the
Cundiboyacense Plateau. She explains that this may indicate that the formation of the
different prehispanic complex supralocal communities in the Cundiboyacense Plateau may
have varied from base-factors. Finally, Langebaek (2019) expresses that, although
sometimes the Muisca Chiefdoms do not appear too hierarchical for us, as modern
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observers, the archaeological research has demonstrated that they were societies with
different and deep levels of complexity and that the investigations must carry on because
we only have discovered the tip of the iceberg.

This paradigm was constructed with ethnohistorical evidence, and several types of
archaeological research have contributed to understanding these past societies. Regional
surveys, excavations, settlement patterns, funerary contexts, kinship structure, agriculture,
craftsmanship, demography and so many other subjects common in archaeological
discussions have been treated in this region, nowadays supported by new techniques and
methodologies such as ancient DNA, isotope analysis, biomarkers, in-depth statistical
analysis, among others. However, the matter of chronology is still on debate, and thus the
importance of the site.

For the Cundiboyacense Plateau, the pre-Hispanic chronology is highly debated in terms of
dates, social changes related to these and the different places in which the area is
subdivided (for example, differences between the Sabana de Bogota and the northern part
belonging to Boyaca), but there is an established division: Herrera (which has already been
proposed with interal subdivision, see Boada & Cardale, 2017), Early Muisca and Late
Muisca (Langebaek 2008: 68-71, Boada & Cardale, 2017). Chronological debates focus
mostly on the time limits of the first two sequences. This complication is deepened when
comparing the chronologies with the associated ceramic types, since often there is no
common agreement, and also because is possible that the types had different moments of
development withing the regions of the Cundiboyacense Plateau, as several authors have
already begun to show (Arglello 2015: 38, Jaramillo 2015: 32-43). The challenge that
archaeology faces with refining the chronology of the Sabana de Bogota responds to the
need of better understand social changes within temporary spaces in this region (Jaramillo
2015).

For the Sabana de Bogota, the southern part of the Cundiboyacense Plateau, the latest
chronological division proposed for pre-Hispanic times (Boada & Cardale, 2017) is as
follows: Early Herrera (400 BC - 200 AD), Intermediate Herrera (200 AD - 700 AD), Late
Herrera (700 AD - 1000 AD), Early Muisca (1000 AD - 1350 AD) and Late Muisca (1350
AD - 1600 AD). Still, the same authors express that this chronology is not exempt of any of
the challenges previously mentioned. Also, there are still problems differencing the division
between the Herrera sub periods, and the transition to the Early Muisca period. That is why
some authors still prefer to squeeze all the Herrera subperiods in one and put the Early
Muisca period earlier in the sequence, this being the case of the Nueva Esperanza site.

e The Nueva Esperanza archaeological site

The Nueva Esperanza site is located in the southern part of the Sabana de Bogota, in the
vicinity of the Soacha municipality -E977235 N977318 (Magna Sirgas Colombia -
Bogotd)-, 2572 m.a.s.l. (Rivas, 2021) (Figure 4). Its surrounding areas are already of high
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archaeological potential, due to the excavation of nearby sites during the last decades, and
the presence of the Salto de Tequendama, a waterfall that according to the Spanish records,
was an important landmark to the Muisca cosmology.
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Figure 4- Localization of the Nueva Esperanza site inside the Colombian territory. The purple highlight in the
satellite image is the TCE area. Taken from Rivas (2021:37)

The geological information for the site (Figure 5 and Figure 6), which will be explained
next, is taken from Gonzales (2016c), Romano (2016) and Rivas (2021). The
archaeological site is located on a terrace of natural origin Coluvio - Alluvial (Qta),
elongated in a North - South direction on the Guaduas geological formation (KPggu) with
an inclination less than 15 °, and as part of the Guadalupe group (Ksg). The Guaduas
formation (KPggu) is formed in its upper part by variegated claystone, with layers of fine-
grained quartz arenite. In its lower part there is clay, siltstone, and quartz sandstone with
layers of carbon. Gonzéales (2016c) mentions that due to the non-expansive fine textures of
these rocks, they could be used in pottery work. The Guadalupe formation (Ksg) is
subdivided into the Labor and Tierra (Kslti) formations, made up of fine to medium-grained
sandstone in thick layers; the Plaeners formation (Ksp) whose composition is siliceous and
chert in thin to medium layers, with intercalations of mudstones and fine quartz sandites;
and lastly the Hard Sandstone formation (Ksad), basically composed of fine-grained quartz
sandstone in thin to very thick layers, with intercalations of coarse siliceous siltstones.
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CONVENCIONES

HALLAZGO ARQUEOLOGICO NUEVA ESPERANZA

LEYENDA

FORMACION GUADLIAS
Parte Supenor: arcillol ta abigarrada, con capas de arentta de cuarzo de grano fino

Parte Infenior: arcillolita, limolita y arenita de cuarzo con capas de carbdn

Ks Ksp
Ksad

GRUPO GUADALUPE
Ksglt: Formaci&n Labor y Tierra. Arenita de grano fino a

medio en capas gruesas
Ksgpl: Formacién Plaeners: Limol ita silicea y chert, en capas delgadas
a medias, con intercalaciones de lodolita y arenita fina de cuarzo
Ksgd: Formacién Arentsca Dura: Arentta de cuarzo de grano fino, en capas
delgadas a muy gruesas, con Intercalaciones de limolitas siliceas gruesas

Figure 5 - Geological map of the area. Taken from Gonzalez (2016c¢:23)
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Figure 6 - Geological stratigraphy of the area. Taken from Gonzalez (2016c:26)
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The site has a recent and outstanding history on the archaeology of the Eastern Andes of
Colombia, being the product of several years of research from different preventive
archaeology projects, providing a large amount of information on a pre-Hispanic (Muisca)
settlement that will keep feeding, for years to come, the discussions briefly exposed in the
paragraphs above (Gonzalez, 2016b; Romano, 2016; Rivas Estrada, 2021). Because this
site is one, if not, the most extensive archaeological excavation made in Colombia to the
date, the evidence for any kind of research is at hand. Particularly, a topic of interest for this
project, are the discussions around the chronology of the site related to the dates obtained
and the ceramic typologies.

The analyzes carried out in two different sectors of Nueva Esperanza (Gonzalez, 2016a;
Lizcano, 2016) showed that for this area of the Sabana de Bogota there are a majority of
clear typologies with respect to the Herrera Period (400 BC-200 AD). Although there are
also some for the Early Muisca Period (200 AD-1000 AD) and the Late Muisca Period
(1000 AD - 1600 AD), it can be observed that there is a process of change, in typological
fashions mostly based on temper descriptions, among the 9th-11th centuries approximately,
which is when the transition is considered. Despite this, the process is not very clear at the
level of ceramic materiality, which raises doubts regarding the relative chronology (the
authors speak in particular of the Funza Cuarzo Abundante type, which they subdivided),
which means that it can be an interesting point were applying archaeomagnetic dating helps
to refine chronological limits and materiality characteristics. As stated before, the Nueva
Esperanza site was excavated by different companies within different preventive
archaeology projects, so the ceramic group studied for this project is from the TCE sector.

e Mineralogical information from the pottery of the area

The studies to determine the mineralogical composition from the Muisca pottery are scarce
and difficult to track, mostly because a part of them are nonpublished data. Even so, there
has been some efforts that, when compared to each other, can give a general idea of the
composition and even a possible provenance of certain typological groups. All studies that
will be presented are based on thin section and petrographic analysis. The earliest record
found is from Paepe & Cardale (1990), who try to determine if there are differences at the
mineralogical level between the three typologies established for the Herrera period (at that
moment) in the Sabana de Bogota. The three typologies are Mosquera Rojo Inciso (MRI),
Mosquera Roca Triturada (MRT) and Zipaquira Desgrasante Tiestos (ZDT). For the ZDT
and the MRT, the authors explain that they were made from local sources but may have
different variations according to the possible manufacturing area inside the Sabana de
Bogota. The MRI is a different case. Although the researchers divided the MRI into four
subgroups, two of them are originating from foreigner sources. The MRI type (a) presents
temper from volcanic origin, places where rocks of andesitic, dacitic, riodacitic and
rhyolitic type are frequent. The type (b) presents temper from magmatic and metamorphic
origin. For the first case the authors suggest that the origin could be the Magdalena River,
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west to the Sabana de Bogota; and for the second case they suggest that the origin could be
Central Highlands, west to the Magdalena River. These suggestions were supported with an
atomic absorption spectroscopy analysis that the researchers also carried out.

The next work was the report made by Fernandez (2009) about two pottery fragments. One
from the typology Funza Cuarzo Fino (FCF) and the other one from Tunjuelo Laminar
(TL), usually associated with the Early Muisca period. They were obtained in the
municipalities of Suba and Cota, respectively. The author observed two groups of temper,
one of volcanic origin composed by beta quartz (with bays and straight extinction), feldspar
(zoned plagioclase or with twinning of albite, pericline or Carlsbad) rock fragments (tuff of
crystals, chert and porphyritic rhyolite) and heavy minerals (hornblende and pyroxene). The
other group of temper is of sedimentary origin, composed by phosphate quartz sandstone
(very fine-grained, well selected), silica-cemented quartz sandstone (very fine-grained, well
selected), phosphate lodolite (partially transformed into chert), quartz siltstone (phosphate-
clayey), claystone, shale and chert. According to his observations, the fragment of FCF had
more quantity of volcanic temper than sedimentary, while the case of the TL was the other
way around. What arises from this information is that, as the previous investigation stated,
the presence of volcanic rock is not common for the area of the Sabana de Bogota.

The last information to present is by Calderén (2016). This is a very important source of
information because it comes from the petrographic study on thin sections cut from Nueva
Esperanza samples. The author analyzed the results of twenty samples, coming from
different typologies that characterize the three main periods of the Muisca occupation
(Herrera, Early Muisca and Late Muisca). His findings are quite similar to the observations
made by the previous authors. The petrographic analysis identified high percentages of
plagioclase in seven of the samples: sample 2 (61.4% - MRI), sample 4 (54.8% - ZDT),
sample 3 (38.2% - MRI), sample 9 (22.3% - FCA), sample 8 (16% - FCA), sample 10 (16%
- FCA), sample 12 (15% - FCA). The author highlights this information because it indicates
that a temper of igneous origin was used, which is not common in the region. In the rest of
the sample, the tempers correspond to sedimentary rocks of marine origin with
preeminence in their composition of quartz, iron oxides and clay minerals, which agree
with the predominant rock types in the geological formation of the area

Observing the typologies of the samples that were analyzed, together with the information
from the previously exposed studies, we begin to see a possible tendency of non-local
temper for certain typologies of the Herrera and Early Muisca periods.
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Methodology

e Sample preparation

As was mentioned in the Introduction, thirty-nine (39) ceramic fragments excavated from
three funerary contexts of the archaeological site of Nueva Esperanza - Sector TCE
(municipality of Soacha, in the Sabana de Bogota) were selected as follows: 10 fragments
from TCEOQ6-(B-2)-VI-R57-T21, 20 fragments from TCE14-H10-1I-R6-T30 and 9
fragments from TCEO04-H3-111-R13-T43. To be able to manage them and keep track during
the different experiments that were realized, each fragment was renamed (Table 2).

Also, most of the equipment used required regularly shaped sub-samples called
"specimens”. To create them, in the context of this project, the first step was to select the
most suitable fragments of pottery, in other words, the fragments with less evidence of bad
baking process, or that did not show any burning after made. These needed to be cut into
cubes of similar dimensions (2cm x 2cm, approx. The thickness depended on the fragment
itself), that were called in alphabetic order (Figure 7). A workshop saw located in the
facilities of the Aristotle University of Thessaloniki was used to cut the fragments (Figure
8).

From the original thirty-nine samples, twenty were selected to create at least three
specimens per fragment. Of those twenty, five were selected to have an extra cut that were
subject of the petrographic analysis done by prof. Lambrini Papadopoulou. So, for example,
if a specimen is called “TC14-11a” it means it is the first cut of a FCAl fragment that
comes from the TCE14-H10-11-R6-T30 context.

Original name Typology | N fragments | New name
TCE06-(B-2)-VI-R57-T21 DG 10 | TC6 - (from 1 to 10)
DG 7 | TC14 - (from 1t0 7)
TCE14-H10-1-R6-T30  LRT 3 | TC14 - (from 8 to 10)
FCA1 5 | TC14 - (from 11 to 15)
FCA3 5 | TC14 - (from 16 to 20)
DG 5| TC4 - (from 1to 5)
TCEO4-H3-III-R13-T43 |3 21 TC4 - (from6t0 7)
RT 1| TC4-8
FCA2 1| TC4-9

Table 2 - Names given to the pottery fragments during the present project
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Figure 8 - Workshop saw used to cut the samples into the specimens

Now, the next step is regarding the shape of the specimens. As was said before, most of the
equipment used required regularly shaped, which is cylindrical. To create this, the
specimens were put on a plexiglass mold with cylindrical shapes. Then, gypsum plaster was
cast into the mold, covering the pottery fragment, and forming an object of the desired
shape. The result was a cylinder of 2.5 cm in diameter and 2.2 cm long, approx. This new
shape of the specimens was then covered by a layer of alumina cement, that would help to
protect the specimen from the high temperatures of the oven during the Thellier-Thellier
method. Then, a line was drawn on one of the tops and side of the cylinder, as a guide of
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the Z-axis for the Thellier-Thellier method. Due to this project being focused on intensity
values, these guides can be arbitrary. But is important to remark that in the case of direction
values, the lines highly depend on the sampling process made on the field. The specimen’s
name will be written on the top (Figure 9, Figure 10).

e oo B PIIE T T hcccsiyrpcrng g~

PIIIE Bl VIIPY, EIIIN — YA

Figure 10 - Specimens aligned before a heating/cooling cycle of the Thellier-Thellier method. The guidelines
help to maintain the same order which is important for the field applied.

Not all the specimens prepared were used in the Thellier-Thellier method. A few were used
for the IRM measurements. And some were not made into the cylindrical shapes but were
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grinded to be used for the thermomagnetic measurements. These decisions were made
based on the initial NMR measurement, the relation between the fragments of the same
contexts, and the idea that no more, and no less, of three specimens per sample were going
to be used for the Thellier-Thellier method. The next table (Table 3) presents a summary of
what specimen was used for each one of the experiments:

Sample | Specimen | Th-Th | IRM | TherMag | Petrography SEM
a X
b X
TC6-1 ¢ X X X
d
e
f
a X
TC6-2 b X
c X
d X
a X
b X
TC6-3 c X
d X
e
a X
TC6-4 b X
c X
a X
TC6-7 b X
c X
a X
TC6-8 b X X
c X
a
TC6-10 b
c X
a X
TC4-1 b X
c X
a X
TC4-3 b X X
c X
a X
TC4-5 b X
c X
d X
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a X
b X
TC4-6 c X X
d X
e
a X
TC4-8 b X
o X
a
TC4-9 b
o X
a X
TC14-11 b X
c X
d X
a
TC14-12 b X
c X
d
a
TC14-14 b
c X
a X
TC14-16 b X
c X
a X
TC14-6 b X
c X
d
a X
TC14-10 b X
c X
a X
TC14-9 b X
c X
TC14-17 n/a X

Table 3 - Summary of samples and specimens used
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e Experimental procedures

As mentioned before, the Thellier-Thellier method is used to obtain the intensities which
will give the data for the archaeomagnetic dating, but this is not the only process made
during experimental analysis on this framework. Rock magnetic measurements can identify
the presence of particular ferromagnetic minerals of the sample due to their magnetic and
chemical characteristics (Tarling, 1983). The importance of identifying these minerals lies
in the fact that the resulting information can provide an insight on how the magnetic
remanence was obtained, and also helps to build and interpret the demagnetization process,
and remagnetization, which in this case is the Theller-Thellier method (Tarling, 1983; De
Marco, 2007).

Also, the results of the rock magnetic measurements have been considered as a guideline to
pre-select specimens that would be expected to give good quality intensity values in the
Thellier-Thellier method. But as Kondopoulou, et al. (2017) demostrate, sometimes this is
not the case, with specimens whose magnetic measurements were considered not good but
even so gave high quality of intensity values in the Thellier-Thellier, and also the other way
round. The authors explain this behaviour, among other things, due to the particular
geological composition of the samples, giving an argument on why it is so important to
have good knowlendge of the geology of the studied region. Because of this it is important
to always make both types of measurements, to have more information available to provide
a more accurate interpretation.

o Rock magnetic measurements

Two rock magnetic measurements were used for the present project: Thermomagnetic
Measurement and Isothermal Remanent Magnetization Measurement (IRM).

» Thermomagnetic Measurements

In general, the thermomagnetic measurements have the objective to produce two curves
that represent the monitoring of the magnetic susceptibility against an increasing
temperature and subsequent cooling, respectively. There is a moment when, due to a certain
high temperature reached, the magnetic susceptibility will decrease to near cero values.
Those temperatures are the previously mentioned Curie temperatures, which are
characteristic for each mineral and can be used to identify the main ferromagnetic minerals
the sample contains, and which have defined the magnetic behavior (Tarling, 1983; De
Marco, 2007). When the maximum temperature imparted to the sample is reached it will
begin to decrease to get a reverse curve (the cooling one). If this second curve is similar to
the first one, even with some minor changes, it means that there were no important
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chemical changes during the heating and the sample is stable at a mineralogical level (De
Marco, 2007).

As De Marco (2007) explains, archaeological burnt materials usually present single Curie
temperatures and reversible heating and cooling curves. Generally, tiles, bricks and high-
fired baked clays show stable susceptibility behavior. However, when both curves do not
coincide, it means that irreversible chemical changes happened or that it has a complex
combination of ferromagnetic minerals. This is the tendency of burnt soils or plasters.

Usually, the samples for this experiment are heated until 700°C. If the curves coincide in
this case, it probably means that magnetite (or titanomagnetite) can be the dominant
ferrimagnetic phase. Experiments on heating clays showed that crystallized hematite
appears upon heating above 800-1100°C, therefore, the absence of hematite is a further
indication that such high temperatures were not achieved (De Marco, 2007). For a pre-
selection for the Thellier-Thellier method, the ideal is that the sample is as stable as
possible, which means that both curves must be similar.

» Isothermal Remanent Magnetization Measurement (IRM)

When a material is exposed to a strong magnetic field, it acquires a magnetization known as
Isothermal Remanent Magnetization (IRM). This ability is often used in laboratory
experiments, in order to distinguish a particular mineralogy of a sample (Tarling, 1983).
The difference in the magnetic susceptibility and coercivity of magnetite and hematite
makes this method of analysis the most effective for distinguishing the presence of Ti-poor
titanomagnetites and Ti-poor ilmenohematites (Tarling, 1983).

The usual procedure in this analysis is to induce IRM by exposing a sample to an
increasing magnetizing field, then measure resulting IRM. After, repeat the procedure using
a stronger magnetizing field (De Marco, 2007). According to the results, there can be three
general interpretations (Tarling, 1983; De Marco, 2007): if a sample contains only soft
magnetic minerals (like titanomagnetite or ferromagnetic titanohematite), the acquired IRM
would be during fields of 300 mT or less, but no additional IRM would be acquired in
higher field levels. If only hematite (or goethite) is present, IRM is gradually acquired in
fields up to 3 T. Samples containing both titanomagnetite and hematite (or goethite) rapidly
acquire IRM in fields of 300 mT or less, followed by gradual acquisition of additional IRM
in stronger fields. This last possibility allows detection of small amounts of hematite (or
goethite) even when coexisting with more strongly ferromagnetic titanomagnetite.

Unlike the thermomagnetic measurement, the IRM has the advantage that it does not
involve any chemical changes (Tarling, 1983). For a pre-selection for the Thellier-Thellier
method, the ideal is that the sample is magnetized as fast as possible, which means that the
IRM resulting curve shows that the acquired magnetization happened during fields of 300
mT or less, with no additional magnetization acquired in higher fields.
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o Thellier-Thellier experiment

The Thellier-Thellir method is the most used to obtain intensity in archaeomagnetism, with
new variants that have been developed over the years, that seek to improve the quality of
the information obtained (Tarling, 1983; Brown, et al, 2021). The basic idea is to replace
the NRM of the sample with a laboratory induced TRM, applying an intensity field that
must be as close as possible to the intensity of the geomagnetic field at the time the samples
were last burnt. Therefore, any previous chronological context of the samples is important,
especially with the lack of an SVC.

To achieve the objective of the experiment, the general process works with the
demagnetization of the sample, which is carried out through heating and cooling cycles.
The method consists of stepwise double heating, based on the law of additivity of partial
thermoremanent magnetizations () TRM). For each temperature step, two heating cycles are
done, by reversing the laboratory field inside the oven. The laboratory field applied both
during heating and cooling the samples along their Z axis, should be representative of the
ancient intensity (Thellier & Thellier, 1959).

So, the first step is the measurement of the remanent magnetization possessed by the
samples and then moving on to its replacement by the new pTRMs, produced by each
cycle. The gradual increase in temperature in the first steps can be of 50°C. When moving
to higher temperatures, the change is smaller, reaching 5-10°C. The point is to reach the
Curie temperature of the samples, after doing the necessary temperature cycles. The
mentioned "Law of Additivity" states that the sum of all independent pTRMs will result in
the total TRM, which is why is important to keep control on each of the heating and
cooling steps (De Marco, 2007). Other important principle that justifies the behaviour of
the pTRMs is the "Law of Independence”, which states that a remanence acquired by
cooling between any two temperature steps are independent of those acquired between any
other two temperature steps (De Marco, 2007).

Between two and three temperature steps “pTRM checks” are performed, which consist in
the repetition of lower temperature pTRM steps. These checks allow to verify that the
ability of the sample to acquire a pTRM has not changed due to the occurrence of chemical
alteration during the previous heating (Thellier & Thellier, 1959).

The idea is to create an NRM-TRM plot (the most common to represent this is the called
"Arai plot") (Figure 11) which shows the connection between the NRM component left in
the sample after every heating and the pTRM acquired at each step, including the checks
(Gomez-Paccard & Pavon Carrasco, 2018a). The samples characterized by a high-quality
linear plot represent stability in the remanent magnetization. The idea of this replacement is
based on the “Law of Reciprocity”, which assumes that the blocking and unblocking of the
remanence occur at the same temperature, but, if the plot obtained is not of high-quality,
means that this Law did not apply, which translate that the sample has a more complex
composition that made unsuccessful the measurement (De Marco, 2007).
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Finally, there are two important factor that must be considered during the experiment, in
order to have a reliably record: the TRM anisotropy and the cooling rate. As stated in the
first chapter, the anisotropy makes reference to the possibility that the magnetization of
some materials is easier in some directions than others. Here we will talk particularly of the
anisotropy caused by the thermoremanent magnetization. Now, this means that the
magnetization direction recorded in such materials will tend to be distorted from its true
value towards one of these more favorable directions, hence affecting the apparent intensity
of the field recorded (English Heritage, 2006). To keep control of this during the
experiment, when a specimen loses 70% of its magnetization it is aligned to its different
axis, heated, cooled and then measured, also reversing the field (X+, X-, Y+, Y-, Z+)
(Figure 12). Gémez-Paccard & Pavén Carrasco (2018a) explain that the control of the field
induced in the laboratory is one of the possibilities for the TRM anisotropy check, although
there are authors that have developed other methods.

For the cooling rate, it means that during the experiment, the cooling part of the cycle can
affect the TRM acquisition due to fans integrated in the oven. But is important to remark
that the archaeointensity of interest was obtained by the sample during past times, with an
environmental cooling rate, and not an accelerated one, and the idea is to check this too
measuring additional TRM acquisition steps at different cooling rates (Gomez-Paccard &
Pavén Carrasco, 2018a). So, for the experimental procedure, what was done is that, when
the specimens finished the demagnetization process, they were heated two last times. In the
first one, they were left in the oven to cooldown slowly, which happened between 24-48
hours. In the second one, the fast cooling that was normally used was applied (fans of the
oven). This way, any errors from the quick, laboratory cooling can get corrected (cooling-
rate effect)

As Tarling (1983) explains, the biggest problem is that the measures needed for intensity
are more numerous than those for direction, which implies more sources of error; but it is
still an area worthy of research and use. In a similar way, Gomez-Paccard & Pavon
Carrasco (2018a) claim that obtaining archaeointensity information is more complicated
(than the case of direction) and also requires very long experimental times, thus why recent
archaeointensity compilations are poorly distributed, both temporally and spatially.
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Figure 11 - Arai plot of the specimen TC14-9c, shown for the purpose to demonstrate the linear plot
described

Figure 12 - Alignment of the specimens on their X axis (top) and Y axis (bottom). They are heated and then
cooled in this position, in contrast to the main Z axis.
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o Petrographic observations and SEM-EDS analysis

Archaeological ceramics are artefacts created from heated clay that were fabricated and
used by past societies. The development of ceramic technology by past humans to create
objects of a desired shape that could endure is considered as a crucial step in development
of ancient technology (Quinn, 2013). Regarding the field of materials science,
archaeological ceramics can be studied on many levels using different techniques, with the
aim to understand the characteristics of the raw materials from which they were formed.
These techniques are not only directed to understand the clay, but also any other material
that was used to decorate the artefact, like pigments (Noll & Heimann, 2016).

The techniques used can go from the simple visual observations of the form and surface
decoration to the scientific characterization of their components and microscopic structures
using specialized analytical equipment. This can be generally subdivided into geochemical
and mineralogical approaches, depending on the focus of the technique, being also
complementary (Quinn, 2013; Noll & Heimann, 2016). The data obtained from this kind of
analysis are generally used to interpret their place of manufacture (also called provenance),
thus providing evidence for archaeological discussions via processes such as trade and
exchange, distribution and migration; or also to bring up information regarding the
technological development that helped to create the artefact (Quinn, 2013; Noll &
Heimann, 2016; Tite, 2016).

The focus of the present project is to understand the archaeomagnetic characteristics of the
samples and their potential as reference points using archaeointensity, and besides the
experiments previously described, it was decided to apply petrographic observations and
SEM-EDS analysis to understand more of the geochemical and mineral components of the
sample, that could characterize their magnetic properties. Although these techniques were
not the main objective of the project, we decided to briefly explain them.

Thin section petrography and scanning electron microscopy (SEM) can be used to detect
compositional and microstructural characteristics of the ceramics, but at a different scale.
Quinn (2013) describes the thin sections as 30 pum thick slices of an artefact fixed onto a
glass microscope slide, which are analyzed using a polarizing light microscope or
petrographic microscope, producing optical effects that can be used for the identification of
rocks and minerals. Using thin sections is mostly to examine the composition of the main
paste of ceramic artefacts, decoration, or deterioration (Quinn, 2013). In comparison to the
optical microscopy process of the thin sections, a scanning electron microscope (SEM)
provides more in-depth information mainly for two reasons: SEM provides a higher
magnification of the specimen and when equipped with an X-Ray energy dispersive
spectrometer (EDS), it gives quantitative information regarding the chemical composition
of the different phases or components present in the sample (Tite, 2016). Even so, this does
not mean that SEM is a replacement of the optical petrographic technique but is more a
complementary approach between both studies.

-32-



Besides being able to determine the composition by energy-dispersive X-ray microanalysis,
the SEM is also able to create an image of the object. As Noll and Heimann (2016) explain,
the SEM’s function is based on the production of an electron beam that can be focused
down to a diameter of 1um, and depending on the readings, the equipment can generate a
high-resolution image of the surface (secondary electrons) or an image that gives semi-
qualitative elemental information (backscattered electrons). So, in overall, the SEM-EDS
can give information regarding its chemical composition, supported by an image that gives
a morphological approach (Figure 13).

Even so, SEM suffers from some limitations. Samples have to be conductive in order to be
studied and for this reason, nonconductive samples are coated with a thin gold or carbon
film to prevent surface charging by the impinging primary electron beam, and this can
affect the quality of the produced image (Noll & Heimann, 2016).

2mm

Figure 13 - Top images are thin sections under the petrographic microscope. Left under plain polarized light
(PPL) and right under crossed polarized light (XPL). Bottom is the backscattered SEM from the same area.
The points are the places where x-ray spectrometry was applied. From sample TC6-1
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Results

o Rock magnetic measurements
» Thermomagnetic Measurements

As was said before, the thermomagnetic measurements have the objective to produce two
curves that represent the monitoring of the magnetic susceptibility against an increasing
temperature and subsequent cooling. The objective of this curves is to determine
approximately the Curie temperature of the sample, and to see if there were any chemical
changes induced. As Table 3 shows, the thermomagnetic experiment was carried out on six
samples, two from each context studied.

The instrument temperature applied in this experiment was from 50°C to 700°C and
backwards. The results can be seen in Figure 14. What the graphics indicate is that the six
samples generally show a good reversibility of the heating and cooling curves, giving
evidence that no significant mineralogical changes occur during heating. For the case of the
Curie temperature, the ones of TC14 and TC6 appear to be a bit before reaching 600°C. On
the other hand, both cases of the TC4 appear a bit after 600°C. This means that the samples
have a majority of magnetite minerals, with the possibility of very few other harder
components.

For the thermomagnetic measurements, the instruments used were the MS2WFP models of
Furnace and Power Supply Unix, located in the Laboratory of Geophysics of the Aristotle
University of Thessaloniki (Figure 15).
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Figure 14 - Thermomagnetic curves of the samples analyzed
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Figure 15 - Models MS2WFP of Furnace (left) and Power Supply Unix (right), by Bartington Instruments

» Isothermal Remanent Magnetization Measurement (IRM)

As was said before, when a material is exposed to a strong increasing magnetic field, it
acquires a magnetization known as Isothermal Remanent Magnetization (IRM). This ability
is often used in laboratory experiments, in order to distinguish a particular mineralogy of a
sample (Tarling, 1983). As Table 3 shows, four specimens were selected for this
experiment. One from the TC6 context, one from the TC4 context and two from the TC14
context.

The specimens were measured in their initial state (NRM), and for fourteen magnetic fields
applied, ranging from 30 to 1205 mT. The result can be seen in the Figure 16.

According to the graphic, all the specimens acquired saturation between 200 and 300 mT.
But still there is a gradual incrementation on the stronger fields, although small. This
indicates that there is a dominance of soft magnetic minerals, like titanomagnetite or
maghemite, but with a small presence of other harder minerals.

For the IRM measurements, the instrument used was the ASC Scientific, model IM-10-30
Impulse Magnetizer, located in the Laboratory of Geophysics of the Aristotle University of
Thessaloniki (Figure 17).
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Figure 16 - IRM acquisition of the specimens analyzed

Figure 17 - ASC Scientific IM-10-30 Impulse Magnetizer, Bartington Instruments
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o Thellier-Thellier experiment

As explained in the previous chapter, there are three main moments for a Thellier-Thellier
experiment: the stepwise increment of temperature for each cycle, the TRM anisotropy
measurements done when the specimens lost 70% of their magnetization, and the cooling
rate correction measurement that is done when the specimens are nearly totally
demagnetized.

The first and lowest temperature in which the samples were heated was 100°C, while the
highest temperature most specimens reached was 570°C. At the beginning, the temperature
was raised by a step of 50°C for each heating, until it reached the 400°C. After the step
difference dropped to 40°C, and then to 30°C. Every two temperatures, a check
measurement was taken (pTRM check). There were two moments where the samples lost
70% or more of their magnetization, and thus the TRM anisotropy measurements were
taken. These temperatures were 480°C and 510°C. The cooling rate measurement were set
at 570°C, doing one at a slow cooling rate and other one with the normal faster process
with the fans of the oven. This process is summarized in the Table 5.

The laboratory magnetic field used for an experiment must be close to the expected
archaeointensity value. After checking the information from the previous studies in the
region, it was decided that the magnetic field used in this experiment would be of 45uT.

The oven used for the experiment was the Magnetic Measurements Thermal Demagnetiser
(Serial Number 142), distributed by Magnetic Measurements. It worked with the TTi L301
power supply, by Thurlby Thandar Instruments, providing the steady magnetic field for the
whole experiment as the samples were burnt and cooled down (Figure 18). The
measurements of the magnetization of the samples were done with the Molspin Limited
spinner (Figure 19). Both instruments located in the Laboratory of Geophysics of the
Aristotle University of Thessaloniki.

°C Field direction 350 | + 510 | +
100 | + 350 | - 510 | -
100 | - 200 | + Second batch anisotropy
test
150 | + 400 | - 540 | +
150 | - 300 | pTRM check 540 | -
100 | pTRM check 440 | + 480 | pTRM check
250 | + 440 | - 570 | +
250 | - 480 | + 570 | -
300 | + 480 | - 570 slow | +
300 | - 400 | pTRM check 570 fast | -
200 | pTRM check First batch anisotropy test

Table 4 - Heating/cooling steps done during the Thellier-Thellier experiment
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Figure 18 - Magnetic Measurements Thermal Demagnetiser (below) with the TTi L301 power supply (top)

Figure 19 - Molspin Limited spinner
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After each step, the measurements were checked using the software ThellierTool 4.2. This
software helped to maintain control of the specimen’s demagnetization process with Arai
Zijdelverd, and decay plots. Those specimens that began to show a highly non-linear
pattern were discarded along the process (Figure 20). From the 48 specimens that were
originally selected for the Thellier-Thellier, 34 finished all the cycles. By the end of this
experiment, the data of these 34 specimens were analyzed using the RenArMag_v3511
software, applying the TRM anisotropy correction. After this, several were discarded, and
at the end only 24 were completely analyzed with the cooling-rate corrections, which gives
a 50% of success rate.

Table 5 presents the summary of the results obtained from the RenArMag_v3511 software.
The criteria stablished to determine what specimen was discarded before the corrections
was based on the guidelines presented by Gomez-Paccard (2006), along with the
parameters suggested by the ThellierTool 4.2. software and the final plots obtained.

In general, the specimens of the three contexts behave in a similar way. There were only
two TRM anisotropy steps, and those two temperatures were close between them (480°C
and 510°C). Also, the temperature of saturation was the same of all the samples, except for
two (TC6-2a and TC6-2b) that reached saturation one step before. During the first steps, the
specimens didn't show a very linear pattern, but this tends to normalize between 300°C-
400°C. Even so, in most of the samples, this lineal patter was not the best, but decent
enough. Figure 21, Figure 22 and Figure 23 show two cases of each context. All the plots
of the analyzed specimens are present in the Appendices.

It is important to remark two aspects that happened during the experiment: the first one is
that the context TC14 was the one that got more specimens rejected, and the second one is
that during the 480°C step several specimens presented an erroneous data, which affected
the interpretation of said specimens. The problem with this situation was that because some
of the specimens had the TRM anisotropy test at 480°C and a pTRM-check, we had to be
careful of how to manage this erroneous data. Therefore, for some of the specimens this
step was deleted if it did not interfere with the TRM anisotropy test. In the Appendices
section is possible to see the plots of some of these cases, like the specimens TC6-7a, b, c.
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Figure 20 - Arai, Zijdelverd, and decay plots (clockwise order) of two specimens. TC14-10a (top) was

discarded after the 400°C, in comparison to the results of TC4-6a (bottom) which endured the full experiment
with success.
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same sample, TC4-5a (top) and TC4-5c (bottom)
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o Petrographic observations and SEM-EDS analysis

Before starting this section, we must clarify that these experiments were not done by the
author of the present project but were a collaboration with Prof. Lambrini Papadopoulou
from the Geology Department of the Aristotle University of Thessaloniki. Prof.
Papadopoulou made the thin sections, then communicated the petrographic observations to
the author. Based on these observations, the SEM-EDS analyses were done on a few
selected sections, and then again, the results were given to the author and discussed with
Prof. L.Papadopoulou. For more details, Table 3 shows which sample was used for what.
First, we are going to present the summary of the petrographic observations from the thin
sections, and then the information of interest obtained from the SEM-EDS analysis.

Five samples were selected for the petrographic observations: TC4-3, TC4-6 ,TC6-1,TC6-
8, and TC14-12. The first three samples belonged to the same ceramic typology
Desgrasante Gris (DG), while the fourth one was classified as Funza Cuarzo Abundante 3
(FCAZ3) and the fifth one as Funza Cuarzo Abundante 1 (FCAL). In general, all the samples
presented quartz and feldspar in a notable amount, but there are very small differences
between the five samples. The first three samples, the ones that belong to the DG typology,
tend to present more shards that looked like metallic minerals. Also, the second, third and
fourth sample present particles with more homogeneous shape, which could mean a
different source location or different technology. All samples, except the fifth one, present a
notable amount of pottery shards in their compositions. Even with these differences, all
particles observed can be obtained in the region, because they correspond to the local
geology, and it is possible that local sand was used as temper for the ceramic fabrication.

Three representative samples, among the previous five, were selected for the SEM-EDS
analysis: TC4-6, TC6-1, and TC14-12. For a better understanding, and based on the
petrographic observations, the results are divided in what was analyzed: clay, shards (either
pottery shards or metallic minerals), and others (feldspars, quartz clusters, among other
particles). For each thin section, two circles were marked. In each circle some images were
taken, and for each image different spots were analyzed. So, the results will be presented by
sample, then by circle (C1 or C2). The images for each circle are named with a number and
letter ‘a’ (1a, 2a, and so on), and the spots analyzed only by consecutive numbers.

The complete results and photographs from the petrographic observations can be seen in
the Appendices. Here we will present tables that summarize the compound percentage of
the points analyzed (Table 6, Table 7, Table 8) making emphasis on the magnetic ones, and
the images taken with the SEM-EDS (Figure 24, Figure 25, Figure 27, Figure 26, Figure
28, Figure 29).

For the TC4-6 sample the clay has a high silica composition with SiO, ranging from 60.42
to 88.64 wt% while Al>O3 shows a larger variation from 7.33 to 26.61 wt%. Other oxides
that are present are FeO (1.29-3.75 wt%), TiO2 (0.05-6.01 wt%), CaO (0.9-1.74 wt%),
MgO (0.35-1.16 wt%), KoO (1.03-4.51 wt%) and Na,O (0.34-1.18 wt%). Most of the
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shards showed a concentration of 1-7.92 wt% of FeO, with <1% of TiO>. Shard C1-2a has a
high concentration of FeO while shard C2-2a has high concentrations of FeO and TiO2
probably due to iron and titanium oxides which are evidenced by the bright color in the
SEM backscattered image. In general, the most common compound present was SiOa,
followed by Al2Os. This information shows that indeed most of the particles observed
before were pottery shards, with some concentrations of iron oxides and a few presences of
titanium oxides, which are magnetic minerals. In the case of other particles, several quartz
grains were observed, a feldspar, and a zircon.

For the TC6-1 sample, the clay has a high silica composition with SiO- ranging from 59.65
to 96.73 wt% while AlOs shows a larger variation from 2.97 to 29.19 wt%. Other oxides
that are present are FeO (0.11-5.63 wt%), TiO2 (0.01-1.49 wt%), CaO (0.03-1.61 wt%),
MgO (0.19-0.93 wt%), KoO (0.07-2.71 wt%) and Na.O (0.07-0.54 wt%). Most of the
shards showed a concentration of 1-5% of FeO, with <1% of TiO2. But three spots detected
high concentrations of FeO, one of 45.07% (C1-2a-1), other of 22.35% (C2-1a-1) and other
of 90.64% (C2-1a-4). From these three, the first two also presented a level of 1% of TiO2.
Thanks to the SEM backscattered image we can confirm that C2-1a-4 is actually an iron
oxide. This information shows that indeed most of the particles observed before were
pottery shards, with some concentrations of iron oxides and a few presences of titanium
oxides, which are magnetic minerals. In this sample, clusters of quartz were also observed.

For the TC14-12 sample, the clay has a high silica composition with SiO, ranging from
61.29 to 77.4 wt% while Al,O3z shows a larger variation from 19.39 to 25.76 wt%. Other
oxides that are present are FeO (3.16-5.66 wt%), TiO2 (0.41-0.81 wt%), CaO (0.76-1.62
wt%), MgO (0.53-0.96 wt%), K>0 (0.97-3.13 wt%), Na20 (0.19-0.62 wt%) and MnO (0.22
wt%). Only one shard was found and analyzed, showing the lack of pottery fragments,
something already detected from the petrographic analysis. This shard contained quartz in
an aluminosilicate matrix. In the case of the particles, several quartz grains, feldspar and
also amphiboles were observed.
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-_ [ca
la 2a 3a la 2a

1 2 3 1 2 5 6 1 2 2 3 4 5
Na20 0.19 0.99 1.02 0.63 0.53 0.79 0.53 0.62 1.05 0.95 2.75
MgO 0.95 1.19 0.98 0.76 1.1 0.7 0.87 1.92 0.86 0.27
Al203 26.45 19.87 27.4 24.87 30.84 20.2 24.23 29.54 28.68 17.63 1.08 24.27 38.3
Sio2 63.32 72.95 58.15 49.68 57.4 70.6 62.83 60.98 60.18 22.92 1.36 46.78 50.86
K20 4.27 2.58 4.11 5.18 5.43 2.85 4.56 4.39 4.24 1.74 0.21 4.16 4.94
Cao 0.98 0.53 1.17 0.74 0.9 0.91 0.66 0.66 0.99 2.21 0.52 0.52 0.62
TiO2 0.81 1.24 0.86 0.78 0.85 1.28 1.53 0.81 0.55 96.23 0.78
FeO 3.85 1.53 7.92 16.43 3.09 3.22 4.56 1.77 3.81 51.86 0.83 21.61 2.43
__ N 00 _=

la 2a la la

4 5 6 3 4 5 3 4 5 8
Na20 0.92 0.7 0.73 0.97 0.77 0.34 0.83 1.18 Na20 6.96
MgO 0.76 0.89 0.85 0.76 0.35 0.8 1.16 Al203 24.15
Al203 22.45 19.85 22.73 16.38 14.44 21.74 7.33 21.67 26.61 Sio2 62.76
Sio2 69.09 73 69.22 75.62 76.56 69 88.64 63.58 60.42 K20 0.49
K20 3.45 2.41 2.96 2.48 2.92 3.46 1.03 3.84 4.51 CaOo 5.35
Cao 1.26 1.37 1.18 1.22 0.96 1.36 0.9 1.34 1.74 FeO 0.18
TiO2 0.28 0.57 0.62 0.27 0.05 6.01 0.89 BaO 0.13
FeO 3.75 2.44 2.16 2.12 2.67 2.43 1.29 1.94 3.35

1
2
3
4

Table 6 - Summary of the percentage of each compound detected with the SEM-EDS on the sample TC4-6

la 2a la la la

1 2 1 2 3 1 2 3 4 5 4 3
Na20 0.19 0.02 0.11 0.29 0.4 0.1 0.19 0.42 0.26 0.22 Na20 0.14 gtz
MgO 0.84 0.79 1.1 0.5 0.97 0.56 0.48 0.77 0.82 Al203 1.16
Al203 26.08 19.83 16.46 20.61 27.88 24.38 24.93 26.84 2.8 18.86 Sio2 98.22
Sio2 65.27 72.28 34.28 72.38 62.36 47.66 70.01 65.25 6.66 71.01 K20 0.37
K20 3.04 1.86 1.46 1.97 3.37 3.13 1.62 2.33 3.26 CaO 0.13
CaO 0.63 0.9 0.38 0.46 0.46 0.68 0.81 0.22 0.09 0.29 FeO 0.08
TiO2 0.58 0.66 1.04 0.63 0.89 1.07 0.8 0.52 0.62
FeO 3.36 3.62 45.07 3.07 3.8 22.35 1.14 3.72 90.64 4.79
__ e

la 2a la

5 6 7 8 4 5 6 7 6 7 8 9 10
Na20 0.2 0.07 0.54 0.23 0.14 0.38 0.11 0.11 0.19 0.1
MgO 0.86 0.69 0.41 0.21 0.72 0.52 0.58 0.93 0.62 0.19 0.22 0.03
Al203 21.46 23.17 20.61 18.21 22.05 28.8 14.23 29.19 26.53 11.92 5.86 2.97 3.18
Sio2 68.17 66.33 70.46 74.03 69.64 59.29 80.31 59.65 63.1 85.83 92.72 96.73 95.19
K20 1.62 2.18 1.89 1.34 1.71 2.71 0.94 1.84 2.53 1.15 0.28 0.07 0.05
CaO 1.25 1.44 1.61 0.79 0.78 1.01 0.46 0.81 0.88 0.56 0.15 0.03 0.21
TiO2 1.04 1.15 0.54 1.35 0.56 1.49 0.42 1.7 1.11 0.01 0.15
FeO 5.34 4.72 3.83 3.76 4.3 5.56 2.81 5.63 4.84 0.52 0.5 0.11 1.42

Table 7 - Summary of the percentage of each compound detected with the SEM-EDS on the sample TC6-1
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Na20
MgO
Al203
Si02
K20
CaO
TiO2
Cr203
MnO
FeO

3a

0.13
0.78
20.58
64.03
1.01
0.53
0.46

12.59

Na20
Al203
Sio2
K20
CaO
FeO
BaO

la

7.23
23.36
63.6
0.22
5.39
0.16
0.04

2.1
18.15
64.61
11.87

0.29
0.42
2.57

2a

8.43
21.72
65.07

0.61

4.1

0.12

Table 8 - Summary of the percentage of each compound detected with the SEM-EDS on the sample TC14-12

CIN
la 2a

5 6 7 8 3 4
Na20 0.19 0.2 0.39 0.2 0.22 0.62
MgO 0.96 0.53 0.92 0.57 0.92 0.85
Al203 25.76 15.81 23.35 19.39 20.94 20
Sio2 61.29 77.4 67.39 72.7 70.39 70.58
K20 3.13 0.97 141 141 2.11 1.96
CaO 1.62 1.12 1.58 1.03 0.76 1.32
TiO2 0.8 0.71 0.7 0.41 0.67 0.81
FeO 5.66 3.16 4.1 4.24 3.92 3.98

MnO 0.22
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Na20
MgO
Al203
Sio2
K20
CaO
TiO2
Cr203
MnO
FeO

2a
1
1.75
11.18
10.7
48.6
0.52
11.05
1.05
0.2

14.99

-_:

2
1.69
14.29
9.06
48.07
0.39
10.54
1.45
0.16
1.08
13.21
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Figure 24 - SEM-EDS images from sample TC4-6. C1. From top to bottom: 1a, 2a, 3a. Left is the clean
image, right shows the spots of analysis
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Figure 25 - SEM-EDS images from sample TC4-6. C2. From top to bottom: 1a, 2a. Left is the clean image,
right shows the spots of analysis
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Figure 27 - SEM-EDS images from sample TC6-1. C1. From top to bottom: 1a, 2a. Left is the clean image,
right shows the spots of analysis
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Figure 26 - SEM-EDS images from sample TC6-1. C2. la. Left is the clean image, right shows the spots of
analysis
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Figure 28 - SEM-EDS images from sample TC14-12. C1. From top to bottom: 1a, 2a, 3a. Left is the clean
image, right shows the spots of analysis
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Figure 29 - SEM-EDS images from sample TC14-12. C2. From top to bottom: 1a, 2a. Left is the clean image,
right shows the spots of analysis
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Discussion

The discussion will be divided in four parts. The first one will be about the results from the
rock magnetic experiments and the SEM-EDS analysis, to check if the geochemical and
mineralogical information obtained can give certain degree of context to the behavior of the
specimens during the Thellier-Thellier experiment. The second one will be a
contextualization of the previous archaeomagnetic studies in Colombia. This is tied with
the third part, which gives the contextualization of the archaemagnetic models of areas
surrounding Colombia, because with these two, the idea is to explain the situation in which
the data obtained from this project are going to be integrated. Finally, the last subchapter
will be a comparison from all the published data from the area of interested, with the new
intensity measurements being accordingly relocated to Bogota.

e Implications from the rock magnetic experiments and the SEM-EDS
analysis

An important information acquired through the thermomagnetic measurements is the Curie
point of a sample, this helps in the process of understanding a sample’s consistency and
allows to observe possible mineralogical transformations resulting from the heating-cooling
process. We must remember two things: first, if the second curve (the cooling one) overlaps
the first one, even with some minor deflections it means that there were no important
chemical changes during the heating and the sample is stable at a mineralogical level (De
Marco, 2007); second, if both curves do not coincide and the cooling is above the heating
one it means that irreversible chemical changes happened

Now, if the curves coincide in a heating done until 700°C, this probably means that
magnetite, titanomagnetite or maghemite can be the dominant ferrimagnetic phase. The
results that we obtained show that the six samples generally show a good reversibility of
the heating and cooling curves, giving evidence that no significant mineralogical changes
occur during heating. The cases of TC14 and TC6 appear to lose magnetization a little
before reaching 600°C. On the other hand, both cases of the TC4 appear to be a bit after
600°C. According to the Table 1, the magnetite has a Curie Temperature around 575-585
°C, while the maghemite has one of around 600°C. Thus, at least from the thermomagnetic
perspective, it is possible that there is a majority of magnetite in the cases of TC14 and
TC6, while in the cases of TC4 possibly maghemite is dominant.

Parallel to this experiment, are the IRM results, which show the magnetic acquisition of
saturation. The important aspect here is to check at what field level does the sample
acquired most of the IRM. The results obtained showed that all the specimens acquired
high level of saturation between 200 and 300 mT, but still with a gradual incrementation on
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the stronger fields. This indicates the dominance of soft magnetic minerals, like magnetite,
titanomagnetite or maghemite, but with a small presence of other harder minerals.

When we compare the results of both rock magnetic experiments, we see a similar
behavior. Both experiments show that, even if the results are promising, there are some
small amounts of other minerals that can affect the quality. Minerals like magnetite or
maghemite are, apparently, the rule, but still is not the perfect scenario.

Keeping this information and comparing it with the results of the SEM-EDS analysis, we
see a congruency. The TC4-6 and TC6-1 samples showed constant (and sometimes high)
levels of FeO, and from the magnetic results, we can assume that they consist from
magnetite and maghemite. These samples also show low levels of TiO2. The difference
starts when we look to the results of the TC14-12 sample, where we see the participation of
more compounds besides the FeO. Also, it is important to notice that this last sample did
not present a notable amount of pottery shards. It is important to remind that the
archaeologist have observed that for this area, some typologies have pottery sherds as
temper (Boada & Cardale, 2017)

When we bring together the results of the three experiments and check them against the
percentage of success from the Thellier-Thellier method, some observations rise. But
before, we remind that at the end of the Thellier-Thellier (Table 5) method most of the
TC14 specimens were discarded, followed by the specimens from TC4. This happened also
with the specimens discarded during the experiment. So, the question is what could have
happened.

In the case of the samples analyzed from the TC14 group, the magnetic experiments were
considered successful, but the SEM-EDS analysis did show different information at an
elemental and particle level. It is possible that the lack, or presence, of the pottery shards on
the specimen could affect the results from the Thellier-Thellier method, these shards being
also firing events. Depending on the temperature to which they were fired and if this is
higher than the new ceramic product, they can affect seriously the outcome of the Thellier
experiment. Another possibility falls on the other elements present in the sample, which for
the TC14 appears to be very different.

Even so, this creates some contrast with the sample TC4-6. This sample is a very particular
one because it was considered successful in the Thellier-Thellier experiment, and the
thermomagnetic experiment (check Table 3). In the case of the SEM, the data did not show
anything out of order, but if we look closely to the thermomagnetic curves, the cooling line
is above the heating line during the first 450°C, and the three specimens from this sample
used in the Thellier-Thellier were discarded after the 400°C measurements.

Although some of these results could explain the behavior during the Thellier-Thellier
method, it is hard to generalize for all the context, only from some few samples. Even so,
although most of the successful specimens came from samples belonging to the DG
ceramic typology, it would be difficult to explain with the evidence at hand. Which is why
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it is important to keep going with these kinds of studies on the archaeological material from
Colombia, and that this data help as some first steps.

Finally, comparing the results of the SEM-EDS analysis against the information mentioned
in the subchapter "Mineralogical information from the pottery of the area”, we see that the
samples studied in the present project may have been fabricated with local materials, some
already mentioned by Calderén (2016). The only exception detected was the amphibole
present in the TC14-12 sample. And as we said before, observing the typologies of the
samples that were analyzed, together with the information from the previously exposed
studies, we begin to see a possible tendency of non-local temper for certain typologies of
the Herrera and Early Muisca periods. But even with this, we keep an open question mark,
and an encouragement for more petrographic studies and a proper provenance project.

e Previous archaeomagnetic studies in Colombia

As mentioned in the introduction, very few archaeomagnetic data have been published for
Colombia, all of them on intensities due to the archaeological characteristics of the country,
which provides a big number of ceramic fragments and not so many fired features in situ
for pre-Hispanic times. An “intensity” measurement refers to the intensity of the magnetic
field (represented with micro-Tesla (uT)), one of the three previously mentioned
characteristics that define the orientation (Declination, Inclination) and the magnitude F of
the geomagnetic vector on a place on Earth’s surface, and so, used for archaeomagnetic
analysis.

It is important to note that the results presented by these investigations are the expected in a
region with no prior archaeomagnetic studies, which means that the intensity data obtained
were compared with global models to see the possibility of a correlation, due to the lack of
a regional secular variation curve. Also, these first investigations started from comparing
the information with other forms of dating in order to understand the local archaeomagnetic
characteristics, and then discuss the efforts to build the reference curves. Therefore, the
published results that will be shown in this chapter, as well as those of the present project,
start from contexts previously dated by radiocarbon (or thermoluminescence in the case of
the Piedras Blancas site). At the end there will be a map with the location of the Colombian
archaeological sites with archaeomagnetic data (Figure 30).

Another important aspect to clarify is the definition of the global models. It is common that
the researchers compare their results with global models to give a more concise discussion
around their data according to global datasets. The following models are those that the
authors who published Colombian data have used.

1. The ARCH3K.1 model is defined by the webpage GEOMAGIA (2021) as
“Constructed using available archaeomagnetic data up to 2009. It covers the past 3
ka. Data are strongly biased towards the Northern Hemisphere and Europe in
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particular. The model gives reasonable field values for the Northern Hemisphere but
should not be used for global studies or Southern Hemisphere field predictions.”.

2. The same webpage defines the CALS10K.1b model as one that “Covers the past 10
ka and incorporates the largest number of data to date. It is based on sediment, lava,
and archeological data available up to 2011. The data compilation is dominated by
sediment data. The final model is an average obtained from bootstrap sampling (the
'b' in the model’s name denoting bootstrap sampling) to account for uncertainties in
palaeomagnetic and chronological data”.

3. SED3K, also defined by GEOMAGIA, is “Constructed using available sediment
data up to 2009. It covers the past 3 ka. Data have a better global distribution (less
biased towards the Northern Hemisphere) than ARCH3k.1 and can be used for
prediction in the Southern Hemisphere. The model output is smoothed in time as a
result of the sedimentary recording process and the methods of sub-sampling
employed".

4. Finally, the SHA.DIF.14 K, proposed for the Holocene by Pavon-Carrasco et.al.
(2014), is a model based on archaeomagnetic and lava flow data, avoiding the use of
lake sediment data. Particularly the authors cover with the model the last 14000
years, from the 12000 BC to the 1900 AD.

The first published data for Colombia were from Berkovich, et al. (2017) for two sites in
the Middle Magdalena Valley: La Sonrisa (Honda, Tolima) and La Salada (Puerto Bogot4,
Cundinamarca). For La Sonrisa, the authors report three radiocarbon dates (all cal. BP)
associated with different moments of the human occupation identified: L2-1 is 749 + 37,
L2-3is 789 + 74 and L1-3 is 348 £ 93. For La Salada, only one radiocarbon date (also cal.
BP) was reported: 1714 * 56. These results were the point of comparison for the
archaeointensity results. For the L2-3 occupation the total mean value of the corrected
intensity was 34.0 + 0.9uT, for L2-1 it was 33.2 + 2.5uT, for L1-3 28.2 £ 0.9uT, and for La
Salada 39.2 + 2.7uT. The authors compared these data with two global models, ARCH3K.1
and CALS10K.1b, but did not find a tendency between both sources, encouraging future
research to create the regional intensity curve.

The second dataset was presented by Cejudo, et al. (2019) for the archaeological site
Portalegre, in the municipality of Soacha (Cundinamarca), in the Sabana de Bogota
(Eastern Colombian Andes). The results showed good quality data for thirty-seven
specimens cut from two potsherds, each potsherd associated to one radiocarbon dating
(presented in AD vyears): for Soacha 6 it is 1230 + 110 and for Soacha 7 1035 *+ 115
(Cejudo, et al., 2019). For Soacha 6 the total mean value of the corrected intensity was 33.2
+ 2.89uT and for Soacha 7 this was 45.31 £ 3.17uT. The authors compared these results
with the global geomagnetic model SHA.DIF.14 K, but the patterns observed disagree with
the radiocarbon information. In response to this, they propose a regional variation curve for
Southern Mexico and the Caribbean. The result is a reference curve that goes from 3000BC
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to 2000AD, and they compare it with the curve from Central Mexico and the Southern USA
(CMSUS) (Goguitchaichvili, et al.,, 2018), as well as the one from South America
(Goguitchaichvili, et al., 2019). Some similarities between the Caribbean and the CMSUS
were observed, but a very distinctive behavior of these two with the South American one
was noticed. Finally, the authors suggest that the Caribbean curve “should be considered as
the most reliable dating tool in Colombia and surrounding regions” (Cejudo, et al., 2019).

The same year Obregén, et al. (2019) presented the data from samples taken from the
archaeological site of Piedras Blancas (Medellin, Colombia) located on the Northwestern
Colombian Andes. In a different target than the other articles, the objective of this one is to
compare thermoluminescence dating previously done to the artifacts, with archaeomagnetic
one. After the experiments, two specimens were considered with high quality information:
UIA167PS5D and UIA167CII2AN4. The thermoluminescence date of the first one is 1505
+ 24 AD, but in the second case the thermoluminescence information was from two
associated sherds and not from that specimen. The ages of those sherds are 1574 + 32 AD
and 1632 £+ 63 AD. For the first specimen, the archaeointensity value was 37.3 +2.4uT, and
for the second one 34.5 + 2.6uT. The results show that thermoluminescence provides a
more exact dating, but there is a reason behind this. The authors explain that due to the lack
of a regional register of archaeomagnetic values, they needed to compare the results of this
dating with the global data model SHA.DIF.14k, which presented a big range of errors and
even several time spans of chronologic provenance. Finally, they concluded that the
thermoluminescence technique gives a better dating, complementing the information from
the typological chronology, but they also call for data to create a reliable archaeomagnetic
record for the past two millennia of the Colombian territory.

Finally, the last publication on the subject was by Rojas, et al. (2020), for the San Pedro
archaeological site, located in the Momposina Depression, in the northern part of
Colombia. Although the authors said that nine fragments were selected for the
archaeointensity experiment, they only report eight results with their corresponding
radiocarbon dating. For a better understanding, next will be presented the specimen’s name,
with the radiocarbon dating (BP) associated and the total mean value of the corrected
intensity:

SP-8854; 1450 + 30; 26.87 + 1.59uT SP-8857; 1450 £ 30; 21.52 + 2.25uT
SP-6537; 1410 + 30; 28.32 £ 3.74uT SP-6423; 1410 = 30; 26.18 £3.42uT
SP-6574; 1410 + 30; 23.89 +£2.22uT SP-7582; 1400 + 30; 20.96 + 2.94uT
SP-18546; 70 + 30; 29.62 + 3.07uT SP-27008; 1260 + 30; 24.85 £2.96uT

Table 9 - Summary of the archaeointensity results reported by Rojas, et al. (2020). The first number is the
specimen’s name, then the radiocarbon dating (BP) and then the total mean value of the corrected intensity

The authors compared the data obtained with three different global models, SHA.DIF.14k,
ARCH3k and SED3k. The first two reported unsatisfactory analysis, but with the third one
they found some similarities. Even so they explain that the SED3k model is based on
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sediment information, which is not the ideal for this cause. Hence, the authors keep calling
for an effort to construct a secular variation curve for Colombia and continue obtaining
more data.

From all the above information on published archaeomagnetic data from Colombia, we can
draw a general comment: though these data were obtained following the adequate protocols
and in certified laboratories, their number is quite low. For example, Berkovich, et al.
(2017) presents results of seven pottery fragments, each one with six specimens analyzed,
reporting the mean intensity depending on the context. Cejudo et al (2019) started with
seventy-two specimens belonging to six pottery fragments, but after the study, only two
potsherds which provided thirty-seven specimens gave valuable information. Obregon et al
(2019) provide archaeointensity results from only two specimens associated to two
different sherds. Finally, Rojas et al., (2020) present results from 8 pottery fragments, each
one with six specimens analyzed, giving a total of forty-eight measurements. The authors
report the mean intensity for each fragment. This study is filling better the quality criteria
concerning the number of fragments/specimens.

This information is important because, if we take into account the fact that every pottery
fragment-or sherd- corresponds to a firing event, then it is more than clear that these
numbers cannot be representative for a whole period. Moreover, several studies conducted
on the thermal properties of ceramics and pottery have proved that these can vary not only
between pots of the same firing but also within the same pot. (Gosselain, 1992; Livingstone
Smith, 2001)
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e Sites with archaeomagnetic
data
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Figure 30 - Map showing archaeological sites with archaeomagnetic data in Colombia. Drawn by
archaeologist Carlos Reina by request of the author.
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e Considerations of archaeomagnetic models used in areas surrounding
Colombia

Because Colombia does not have a local secular variation curve (SCV), the
archaeomagnetic studies made on its territory with the aim of dating must be compared
with other models. In the past, the researchers made this comparison with global models
without a satisfactory conclusion. So, to try to solve this for the present project, it was
decided to bring into discussion what could be another possibility among the
archaeomagnetic models of the neighboring areas. This decision was made based on the
explanation by Cejudo, et al. (2019), regarding the curves of other parts of the continent.

Geographically speaking, Colombia is considered as part of the South American continent,
but this is not the case for the GMF. As explained by Cejudo, et al. (2019), the
archaeomagnetic data from Colombia do not appear to have similarities with the southern
areas of the continent. This is probably due to the South American Anomaly, also called the
South Atlantic Anomaly (SAA), which consists in the emergence of an area of low field
intensity spanning the southern Atlantic Ocean, Africa and South America, that is corelated
to the decay of the dipole moment (Campuzano, et al., 2019). Indeed, studies carried out
mainly in Argentina, showed that the data for this area are influenced by the South
American Magnetic Anomaly , so the SVC for intensities that the researchers were able to
build with these data work for Peru, Brazil, Argentina, Chile, and Bolivia, for a timespan of
two millennia (Goguitchaichvili, et al., 2015; Goguitchaichvili, et al., 2019).

The other possibility are the curves proposed in Mesoamerica, as shown by Cejudo, et al.
(2019), where for their comparisons they used the one proposed by Goguitchaichvili, et al.
(2018). This intensity SVC covers the last three millenia for Mesoamerica and also the
southern USA. The authors propose that this curve may potentially be used as dating tool of
burned archaeomagnetic artifacts carrying thermoremanent magnetization. The work by
Goguitchaichvili, et al. (2018) was the starting point for a discussion regarding the quality
of the data available for Mesoamerica. After that proposal, Hervé, et al (2019), while
presenting thirteen new intensity data acquired on potteries from Chalcatzingo in Mexico,
made a critical analysis of the intensity measurements of Central America. The authors
explain that, although the large number of intensities available for the last thousands of
years in the region may show that the curve is well established, much of this information
had experimental errors. Thus, the above researchers suggest that what can be considered as
high-quality data is actually a minority in the dataset, which leads them to propose a curve
that presents several differences with the one of Goguitchaichvili et al. (2018). They
conclude by mentioning that the analysis made of the Central America dataset drastically
highlights the need of new high-quality data with precise dating for almost all periods. The
authors also point to the fact that the dating information can be very uncertain as the
probability of no contemporaneous cooling is high for two reasons: either sherds came from
different archaeological layers or from a single layer associated to a long-lived settlement.
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The same year, a third curve was proposed. Mahgoub, et al, (2019a) who worked with data
taken from volcanoes in Mexico for an SVC for the past 44000 years. They compared the
later years of the data with the curve of Goguitchaichvili, et al., (2018), reporting some
differences, possibly due to the selection of the data to build each curve and the area that
they decided to work with (which from Goguitchaichvili, et al. contains information from
southern USA), and also the quality of the data, in a similar fashion of the critique by
Hervé, et al (2019). Shortly after, Mahgoub, et al, (2019b) present the reports of 41
intensity data covering the past 3600 years which, together with 38 previously published
data of similar quality, are used to construct an intensity SCV for Central Mexico. They
performed this study, based on the comments explained in the previous publication, to
provide new high-quality intensity data dated between 1550 BCE to 1798 CE. The authors
present this new model as they believe it to better describe the GMF evolution in Mexico,
because it relies on a larger new data set with strict selection criteria.

One of the aspects that both groups, Hervé, et al. (2019) and Mahgoub, et al. (2019a,
2019b) were critical regarding the curve of Goguitchaichvili, et al. (2018) was the
incorporation of the data from the southern USA, explaining that this extension would
induce more error on the SVC. Now, while in Mexico there was a general discussion
regarding the quality of the data, the same concern appeared in the southwest USA (Jones,
et al. ,2020). Although they do not mention the work by Goguitchaichvili, et al. (2018), the
data the authors discuss belong geographically to that area, explaining that some of the
measurements lack standard quality controls (e.g., cooling rate correction), showing a
similar problem of what has been described for Mexico.

After this, Garcia, et al. (2021) propose a fourth curve, that could be considered as an
upgrade of the one by Goguitchaichvili, et al. (2018). The starting point are the
discrepancies found with the previous studies, so they perform a new, critical re-evaluation
of both available data and model construction techniques paying special attention to values
retrieved from unpublished thesis, and other sources like historical records for the later
centuries (Goguitchaichvili, et al., 2020). They claim that the selected data, which are
distributed throughout the last 3600 years in Mexico, allowed the development of a reliable
SVC. Also, they decided to separate the curves of Mexico and Southern USA, but they
compared them, noticing that they still have similarities.

To finish this detailed discussion regarding the Mesoamerican curves, we present a case
study. Alva Valdivia, et al. (2021) performed an archaeointensity dating to pottery samples
from the Chihuaha area, in Northern Mexico. These samples come from the Casas Grandes
cultural area, specifically from the Paquimé site. They worked on two archaeological
typologies, Mimbres and Ramos, which have an age period between 900 and 1450 CE.
Also, they do not have associated datings, like radiocarbon or thermoluminescence. The
curve they decided to use was the one developed by Mahgoub, et al. (2019a, 2019b), giving
an absolute age range of 960-1100 CE for Mimbres type, and of 1300-1600 CE for Ramos
samples. This information was considered as satisfactory and accurate by the authors. In a
part of the discussion presented, they explain that they decided not to use the curve by
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Garcia, et al. (2021) because this one was built with data not considered as high quality by
other studies, quoting Herve, et al (2019) and Mahgoub, et al. (2019a, 2019b).

It is important to note that all the studies quoted in the Mesoamerican discussion also
compared their results with several global models, always founding big differences, and
thus discarding the possibility of using them for the moment.

The other curve that Cejudo, et al. (2019) used, besides Mesoamerica and South America,
was the one they called Southern Mexico and the Caribbean, which could be the one of
major interest for the present project. The issue is that to this date, we have not found any
other research that has used this curve, but still, this does not discard the possibility of us to
use it.

In order to give a bigger context to this application, the archaeomagnetic information in
neighboring countries to Colombia (that were not part of the aforementioned anomaly) was
consulted. For Ecuador, Herrero Bervera, et al. (2020) describe a case similar to the
situation observed in Colombia. The authors begin by explaining that indeed for these
latitudes there is a lack of archaeomagnetic data, for which there is no reference curve, and
they doubt the usefulness of global models since the information on which they were built
is mainly based on the northern hemisphere. With this argument, they go on to present a set
of absolute archaeointensity determinations from pottery collections recovered from three
dated (with C14) archaeological sites located at the highlands of north central Ecuador:
Atuntaqui, Otavalo and La Chimba. The Atuntaqui and the Otavalo sites belong to the
prehistoric Late Period (1250-1505/1525 AD), while the age of the La Chimba site is much
earlier, belonging to the early ceramic period (700 BC- 250 AD). The point of interest from
this research is that the authors, due to the lack of a reference curve, decided to compare the
values obtained with sites from Colombia and Peru. In the Colombian case, they compared
with the intensity values obtained by Berkovich, et. al. (2017), observing that, the values
obtained in the lower charcoal lens of the Otavalo site were similar to those from La
Sonrisa site (specifically L2-1 and L2-3). Also, thanks to the C14 dating information from
both sites, part of the realization was that they were also similar at a chronological level,
putting the contexts around the XIII century. Herrero Bervera, et al. (2020) also mention
that there are few other archaeomagnetic data from Ecuador, but they come from earlier
periods, and they are so scattered, that it is difficult to make any comparison.

For Venezuela it looks like there is not much information. Rada, et al. (2011), in their
research to characterize different manufacturing techniques from several archaeological
sites located on islands in the northern coast, made rock magnetic analysis but did not work
on archaeomagnetic data. Even so, they quoted an article by Brandt and Costanzo-Alvarez
(1999 in Rada, et al. (2011)) which is presented as a preliminary archaeomagnetic study of
prehispanic Venezuelan pottery. Sadly, at the time this document was written, the article
could not be located in digital media. For Panama, and other countries from Central
America relatively close to Colombia, it was not possible to locate some information.
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The above compilation, from the Colombian data and the models from surrounding regions,
clearly demonstrates the following points. First, the existing dataset for Colombia is very
small regarding the number of reliable data and therefore the need to complete it with new,
accurate ones gives an additional value to the present project. Second, the composite curve
for the Caribbean of Cejudo et al. (2019) is the closest possibility for comparison with our
data, and although the data from Colombia is few, we will use the curve in the next
discussion. And third, another comparison could be done with the curves for Mexico but
only regarding their trend, not for detailed conclusions.

So, for the next part of the Discussion we will plot all Colombian published data, plus the
data reported by Herrero-Bervera et al. (2020) that is contemporary to the Colombian data,
based on relevant ages, and accordingly relocated to Bogotd, in order to visualize our new
data in a broader context.

e Archaeointensity data from Colombia and Northern Ecuador relocated to
Bogota

For the relocation exercise we followed the process made by Cejudo et al. (2019), which
consisted in a relocation for Bogota and for Costa Rica. The relocation procedure is
important when several intensity values from different areas are going to be integrated to be
analyzed as a whole. The idea is to apply the following equation to transform the intensity
values, standardizing them for one location (hence the name relocation). As Cejudo et al.
(2019) explain, Hs are the original archaeointensities;, HR are the relocated
archaeointensities, 0s are the geographical colatitudes and OR is the colatitude of relocation
point. The coordinates considered for Bogota were Lat 4.61°, Lon —74.08°.

(1 + 3cos 6z?)
(1 + 3cosb,?)

HRZHS

Cejudo et al. applied the relocation process to try to create a reference curve for Central
America and the Caribbean area, as previously explained. But in our case, we want to
compare the available data and see if there is and early evidence of a pattern. As we can see
in the Figure 30 the sites of Nueva Esperanza, Portalegre, La Sonrisa and La Salada are
close to the center of Colombia, where Bogota es located, so their intensity value was not
relocated. On the other hand, Piedras Blancas, San Pedro, and the Ecuatorian sites of
Atuntaqui, Otavalo Mound (Lower charcoal lens) and Otavalo Mound (Upper charcoal
lens) were relocated. This data is express in the Table 10.
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Table 10 - Intensity values from the different sites of Colombia and northern Ecuador. Also, relocation values

of some of them

tant to have

reference of other dating methods related to the archaeological context. On the table, the

is impor

As we stated before, for an area with few archaeomagnetic data, i
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dates that are in light blue are the ones reported on the respective article. An important
aspect is that the CE dates from Rojas et al., and Herrero Bervera et al., are calibrated.
Herrero Bervera et al. mentions that the calibration was done with CALIB Rev. 6.0.1.
Meanwhile the BP dates presented by Berkovich et al. are also calibrated. They mention
using OxCal 4.2.4 with the reference curve IntCal13. Cejudo et al. does not clarify but is
possible that are not calibrated. Regarding Obregon et al., those dates are from
thermoluminescence. For the present project, the date was calibrated using OxCal 4.4.2
with the reference curve IntCal20. Initially, we wanted to track down all the conventional
dates from the original reports and make our own calibration using the same settings of the
Nueva Esperaza dating, so we had a standardized data (at least for the radiocarbon dating),
and hence try to correlate in a more correct way with the intensity levels. But this was not
possible because of lack of time and logistical difficulties. Due to this situation, we decided
to use the BP information of all, calibrated and non-calibrated, for the sake of the
comparison. We expect that in a future publication, we can correct this situation and
keeping the original idea. The result of the comparison of the intensity values against the
date provided is the following:
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Figure 31 - Comparison of the intensity values, against the date (BP), from several sites of Colombia and
northern Ecuador.

For this graphic, the data are shown according to the respective publication. In the case of
the present project, the data plotted are the mean value per sample, not context. Although in
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Table 10 we also presented the mean value per context, we preferred to use the one per
sample to avoid the interference of possible outliers. Also, we must consider that, as
mentioned before, each fragment of pottery is a heating event in itself, so grouping several
intensity levels could be misleading. Sadly, two contexts used for the present project did
not have direct carbon dating associated (TC6 and TC4), hence that data shown on the X
axis are based on the archaeological period presented in Table 10. Although this is a” time-
uncertain” based solution, it is the best possible with the available information, to give the
intensity values some chronological approach. This can be seen in the high error levels.
Originally the idea was to use three preselected contexts with associated carbon dating, but
because of logistical difficulties during the COVID pandemic at the moment of selecting
the samples to study, we had to work with what was at hand.

Although the data are few, it is possible to mention some patterns that could lead us to
future hypotheses and discussions. First, there is a possible trend of the early dates, around
1000BP and older, showing intensity levels of less than 30uT. Second, most of the recent
dates, earlier than 1000BP, have intensity levels between 30uT to 40uT. If we try to
associate the intensity values from the samples of TC6 and TC4, even with the dating
problem they presented, they actually show to fit to each trend, which makes sense
according to the associated archaeological period. The TC-6 samples, being from the Early
Muisca period, are part of the trend of the older dates; while the TC-6 samples, being from
the Late Muisca period, are from the early dates. One of the difficulties is that the time span
of these trends is, by minimum, 400 hundred years, which is difficult for creating a
reference curve. The other difficulty is the outliers present, for which we cannot be sure if
they are effectively outliers, or just invalid information due to the lack of data.

To try to solve this, we will compare this information with the Caribbean curve of Cejudo,
et al (2019). We remind that these researchers presented two curves, one with relocation to
Bogota and another with relocation to Costa Rica, preferring the latter, but even so, they
stated that the most notorious difference between the two curves is between 1000BC to 0.
So, we decided to apply the curve relocated to Bogota. The results are shown in Figure 32.

We remark that for Figure 32, the X axis is in Common Era, not BP like Figure 31. After
placing the results on the Caribbean curve, they seem to agree only in the years between
1100 and 1500 CE. The earlier and later intensity values fall outside of the curve. Although
this is a first iteration of the curve and requires future work with bigger datasets, we can
make the archaeomagnetic dating exercise of the TC4 samples, which fall inside the curve’s
range of error. According to the intensity values and the curve, both samples of this context
date of around 1100-1200 CE, which coincides with the archaeological chronology.
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Conclusion

The general objective of this research was focused to understand the archaeomagnetic
characteristics of the samples and their potential as reference points using archaeointensity.
The mineralogical information provided by the rock magnetic experiments and the SEM-
EDS analysis gave us some reasons behind the Thellier-Thellier success rate. At the same
time, these results show us the importance to start developing a proper provenance study
for the archaeological ceramic of the area, providing some early evidence of possible trace
elements and a possible difference of raw materials between the earlier and late periods.

The Thellier-Thellier experiment itself gave us intensity values, and with the application of
the respective corrections, is something always welcomed in areas with few data of this
kind. With an overview of the published archaeomagnetic information of Colombia and
northern Ecuador, and of the debate regarding the models and curves proposed to the
surrounding areas, we could create a context for the intensity values obtained and comment
regarding the situation of the archaeomagnetic studies in the region. Indeed, as was
expected, the data were so few that comparing to other models or being one on its own was
not possible. But, by comparing them, we proposed several possibilities that should be
checked when more data is available. We remark that these kinds of studies are the
important first steps to culminate in an SVC. As happened in other parts of the world, the
archaemagnetic studies in order to create a reliable dating method takes time and several
research projects.
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Appendices

o Thellier-Thellier results from the specimens

It is important to remark that the intensity shown in the Arai plot do not correspond to the
final result. This is because this intensity is previous to the analysis and corrections. Even
so, we present the graphs to show the linear behavior of the 24 specimens. For the final
intensity, and the temperature range applied, check Table 5. The graphs were done with the
ThellierTools 4.2 software.
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o Thin sections under the petrographic microscope

Left images are samples under plain polarized light (PPL), right images are under cross
polarized light (XPL).

TCA4-3:
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TC6-1:
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TC6-8:
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TC14-12:
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