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APRESENTACAO

A colecao “Ciéncias Exatas e da Terra: Exploracdo e Qualificacdo de Diferentes
Tecnologias 4” € uma obra que objetiva uma profunda discussao técnico-cientifica fomentada
por diversos trabalhos dispostos em meio aos seus 21 capitulos. Esse 4° volume, bem
como o volume 3, abordara de forma categorizada e interdisciplinar trabalhos, pesquisas,
relatos de casos e/ou revisdes que transitam nos varios caminhos das Ciéncias exatas e da
Terra, bem como suas reverberacgdes e impactos econémicos e sociais.

Tal obra objetiva publicitar de forma objetiva e categorizada estudos e pesquisas
realizadas em diversas instituicbes de ensino e pesquisa nacionais e internacionais. Em
todos os capitulos aqui expostos a linha condutora é o aspecto relacionado as Ciéncias
Naturais, tecnologia da informacgéo, ensino de ciéncias e areas afins.

Temas diversos e interessantes s&o, deste modo, discutidos aqui com a proposta
de fundamentar o conhecimento de académicos, mestres e todos aqueles que de alguma
forma se interessam por inovacgéo, tecnologia, ensino de ciéncias e demais temas. Possuir
um material que demonstre evolugcdo de diferentes campos da engenharia, ciéncia e
ensino de forma temporal com dados geograficos, fisicos, econdmicos e sociais de regides
especificas do pais € de suma importancia, bem como abordar temas atuais e de interesse
direto da sociedade.

Deste modo a obra Ciéncias Exatas e da Terra: Exploracdo e Qualificacdo de
Diferentes Tecnologias 4 apresenta uma profunda e solida fundamentacéo teérica bem com
resultados praticos obtidos pelos diversos professores e académicos que desenvolvem seu
trabalho de forma séria e comprometida, apresentados aqui de maneira didatica e articulada
com as demandas atuais. Sabemos o0 quéo importante é a divulgacao cientifica, por isso
evidenciamos também a estrutura da Atena Editora capaz de oferecer uma plataforma
consolidada e confidvel para estes pesquisadores exporem e divulguem seus resultados.

Francisco Odécio Sales
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RESUMO: Estudos com Métodos de Tragos
de Fissdo em Zircao, MTFZ, mostraram que ha
uma grande variagdo no ataque quimico entre os
gréos de zircdo de uma mesma amostra, mesmo
para rochas hospedeiras igneas. Ha uma grande
variagdo na densidade superficial de tragos de
fissdo em diferentes microareas de um mesmo
grao, resultando em algumas micro areas com
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densidade de tracos uniforme, e outras onde a
estruturacristalinafoitotalmente (ou parcialmente)
danificada ap6s o processo de ataque quimico.
Gréos de zircdo separados de rochas igneas,
sedimentares e metassedimentares, incluindo a
Fish Canyon Tuff, foram caracterizados através
de microscopia 6ptica e LA-ICPMS. Essa consiste
na caracterizacéo isotdpica dos graos através de
espectrometria de massa por ablacdo a laser
(LA-ICPMS). Essas analises foram realizadas
antes e apds o processo de ataque quimico para
compreender a estrutura cristalografica do grao
e sua provavel relagdo com as idades via U-Pb e
tracos de fisséo obtidas no mesmo gréo. As idades
de U-Pb foram obtidas em diferentes microareas
do grédo, e, em alguns casos especificos, nas
mesmas regides nas quais a densidade de tragcos
de fissdo foram determinadas para determinar a
idade via o MTFZ. Os resultados indicam que em
alguns gréos de zircédo as idades via U-Pb néo
foram similares, o que pode estar relacionado
aos danos ocasionados na estrutura cristalina.
Entretanto, em areas onde a densidade de
tracos de fisséo € uniforme, o sistema isotopico
permanece fechado, o que implica nas idades
obtidas pelos dois métodos de datacdo serem
geolégicamente compativeis.
PALAVRAS-CHAVE: Mineral zircdo, densidade
de tracos de fissdo, ataque quimico, método de
tracos de fiss@o, datacéo isotdpica via U-Pb.
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METHODOLOGICAL ADVANCES IN ZIRCON FISSION-TRACK AND U-Pb
DATING

ABSTRACT: Studies using Zircon Fission-Track Method, ZFTM, showed that there is a strong
etching variation from grain to grain of a same sample, even for igneous host rocks. There
is significant fission-track density variation on different micro-areas of the same zircon grain
surface, resulting in some small areas where the fission-track density is uniform, and others
where the crystalline structure was totally (or partially) damaged after the chemical etching
process. Zircon grains belonging to igneous, sedimentary and metasedimentary samples,
including the Fish Canyon Tuff, were characterized through optical microscopy and LA-
ICPMS. The latter consists of the isotopic characterization of the grains by laser ablation.
These analyses were made before and after the chemical etching process to study the
crystallographic structure and its likely relation with U-Pb and fission-track age obtained in the
same grain. The U-Pb ages were obtained in different micro-areas of the same grain and in
some cases specifically at the same regions where the fission-track age was determined. The
results show that in some zircon grains the U-Pb ages are not similar which could be related
to damage in its crystalline structure. However, in areas where the fission-track density is
uniform the isotopic system remains closed, which means that, in these cases, the ages are
geologically compatibles.

KEYWORDS: Zircon mineral, fission-track density, chemical etching, fission-track method,
U-Pb isotopic dating.

11 INTRODUCTION

Zircon is a common accessory mineral in igneous, sedimentary and metamorphic
rocks. This mineral has a tetragonal structure that consists of edge-sharing SiO,
tetrahedrons and ZrO, dodecahedrons, (Robinson et al., 1971; Nasdala et al., 2001), whose
main chemical composition is 67,22% of ZrO, and 32,78% of SiO, (Utsunomiya et al., 2004).
Zircon is capable of incorporating trace elements as U and Th in concentrations in parts per
million (ppm). The most abundant isotope of natural uranium is 238U, which is susceptible to
spontaneous fission.

The uranium fission produces latent tracks, which are disarranged and devoid of
crystalline structure because of the large amounts of charge, mass and energy released
after the fission process. In a natural sample, the density of fission tracks that cross the
surface depends on the concentration of 238U in the mineral and the elapsed time since the
tracks started to accumulate. Thus, if the track density can be measured, the time can be
estimated. This conception led to the development of the fission track method (FTM) as a
thermochronological dating tool (Galbraith, 2005) for crystalline and amorphous minerals.

The FTM is based on the counting of individual fission tracks. These latent tracks
have a diameter of about 1 A that can be seen under an ordinary optical microscope after
a convenient chemical etching process. The fission tracks are naturally accumulated

throughout the mineral’s geological history. Thus, knowing the half-life of the natural decay
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by spontaneous fission of the 238U, the number of decays and the uranium content in the
sample, it is possible to obtain the retention age of the fission tracks in the mineral. The
fission-track ages are determined using a mathematical equation given by lunes et al. (2002,
2005). The zircon fission-track method (ZFTM) is used routinely in laboratories all over
the world. The ZFTM combined with U-Pb (uranium-lead) and U-Th/He (uranium-thorium/
helium) dating methods becomes a powerful tool for conducting tectonic studies.

One of the great difficulties in ZFTM is related to the chemical etching process
(Garver, 2003). Generally, grains belonging to the same sample show different fission-track
densities when observed under an optical microscope. According to the characterization
studies performed on the zircon surface as a function of the etching time, this behavior
may occur in different micro-areas of a grain (Dias et al., 2009; Tello et al., 2012). After
etching, depending on the fission track distribution on the zircon prismatic surface (parallel
to the c-axis), the grains, previously sanded and polished, can be optically classified into:
homogeneous, heterogeneous, hybrid and anomalous (Dias et al., 2009; Tello et al., 2012;
Resende et al., 2014). Homogeneous grains have a uniform surface-track distribution over
the surface, while heterogeneous grains present some irregularities in the track distribution
throughout the surface, i.e., some micro-areas of the grain have a higher fission-track
density than others. This is characteristic of an anisotropic etching on the mineral surface.
On the other hand, hybrid grains present some surface micro-areas with uniform track
density and regions where the crystalline structure has been drastically damaged by etching.
Finally, anomalous grains do not present any fission-track revelation on their surface as the
crystalline structure is significantly destroyed after the etching process.

According to Resende et al. (2014), a total of 514 zircon grains collected from the
Bauru Group, located north of the Parana Basin, Brazil, were analyzed to determine the
percentage of each type of grain. They were classified as being 10% heterogeneous, 20%
hybrid and 60% anomalous. These proportions have also been observed in igneous rocks
collected in different regions of Brazil. The Cretaceous rocks of the Parana Basin are
composed mainly of sandstones with different grain sizes (coarse, medium, fine and very
fine granulation), colors (pale brown to reddish) and characteristics (conglomeratic, clay,
mudstone) (Tello et al., 2012).

The present work aims to show the methodological advances acquired in the dating
process of different type of zircon grains via ZMTF and U-Pb in order to infer that grains
classified as heterogeneous or hybrids can be used for thermo-chronological studies.
Furthermore, obtaining U-Pb ages in different micro-areas of a grain allows it to be

isotopically characterized to better understand its crystalline structure.
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21 SAMPLE PREPARATION

For the dating method the rock samples, after being collected, undergo a series of
experimental procedures that aim to granulometrically prepare and concentrate the minerals
of interest without changing their chemical constitutions. The separation process of heavy
minerals (zircon and apatite) consists of sequentially performing the following steps: 1)
crushing to reduce the samples to granulometric fractions; ii) sieving to separate the sprayed
material in coarse (> 200 um) and fine (80-200 um) aliquots; iii) grinding of the coarse
portion to reduce the granulometry to dimensions of approximately 80-200 um (where the
zircon concentration is more numerous); iv) magnetic and dense liquid separation. Once
this is done, the next step consists of carefully selecting zircon grains by analyzing their
following features: optics (colour, brightness, transparency and clarity) structure (size and
shape). For more details on the mineral separation procedure see Tagami et al., 1988.

The fission-track ages were determined using the external detector method (EDM).
In this procedure, the zircon grains are individually dated, which allows the observation of
significant fluctuations in their ages and possible variation in the uranium content (Tagami
e O’Sullivan, 2005). In the EDM the fossil tracks (>*®U spontaneous fission) are counted in
the mineral, while the induced tracks (?**U induced fission) are registered and counted in an
external detector (muscovite mica). The induced tracks are obtained through the irradiation
of the zircon grains (mounted and arranged in a 10X10 matrix in Teflon PFA (1 cm x 1 cm),
sanded, polished and coupled to a thin layer of muscovite mica) with thermal neutrons in
a nuclear reactor to induce the fission of the 2%U isotope, whose fragments penetrate the
external detector.

For the spontaneous track revelation in the mineral, so they can be visible under an
optical microscope, the zircon samples are chemically etched with an eutectic mixture of
NaOH:KOH (1:1), 225 + 2 °C (Tagami et al., 1996) at variable times. The ideal etching time
is when surface fission tracks have a size of approximately 2 um (Yamada et al., 1995). The
induced tracks are observed under the microscope after the mica is chemically etched with
a solution of 48% HF at 15 °C for 90 minutes. The chemical treatment corrodes the material
surface with a higher corrosion rate in the region damaged by the passage of radiation
(fission tracks).

31 FISSION-TRACK DATING

Any mineral that has sufficient amount of uranium isotope as a natural impurity
can be dated through FTM. These minerals naturally accumulate spontaneous fission
tracks throughout their geological history. Moreover, the tracks are stable below a given
temperature. Thus, moving from a situation of complete track loss to a total track retention,
through a temperature range called partial annealing zone or closing temperature. This
temperature is defined as the maximum temperature (isotherm) supported by the grain
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before being completely erased. Thus, the fission-track ages provide an apparent age related
to the cooling path through the isotherms that define the effective retention temperature of
the fission tracks in the mineral. This temperature is approximately (240 + 50) °C for zircon
(Dias et al., 2009).

The fission-track age can be used to date different geological process, e.g., rock
formation, cooling, uplift, erosion, overlapping of thermal events. Furthermore, it allows
to study the thermal history of the region where the samples were collected through the
annealing phenomenon (track shortening due to temperature effects in geologic time scale).

The Raman spectroscopic and microscopic characterizations of zircon grains
collected in the Barreiras Formation (located near the city of Matacara, Paraiba state,
northeastern Brazil), before and after the chemical etching process of 6, 12 and 18 hours,
indicate the crystalline structure of the homogeneous grain is significantly preserved even
after a chemical treatment of 18 hours (Tello et al., 2012). For this reason, this type of grain
is widely used in FTM by the Scientific Community of Fission Tracks. However, since the
amount of homogeneous grain found in rock samples is frequently low, it is necessary to
investigate other grain types of the same aliquot to be possibly dated via FTM.

The morphological (via optical microscopy), structural (via Raman spectroscopy) and
chemical (via scanning electron microscopy coupled to an energy dispersive spectrometer)
investigation of 500 grains from the Bauru Group revealed the following proportion in the grain
classification: 60% anomalous, 20% hybrid, 10% heterogeneous and 10% homogeneous.
Since the anomalous grain surface is significantly damaged after etching, these grains are
not used in the FTM. Cretaceous rocks belonging to the Paran& Basin, where the Bauru
Group is located, have an average uranium content of 150 ppm and an average Th/U of 0.7.
The zircon grains from the Bauru Group have a uranium content of approximately 150 ppm,
while the content for the grains from the Barreiras Formation is about 130 ppm.

Optical microscopy analysis of zircon grains belonging to the Bauru Group shows
that the anisotropic feature of the chemical etching on the grain surface (regions with and
without fission tracks) is an intrinsic characteristic of many zircons. However, since these
grains with anisotropic feature have the same properties as those whose etching is isotropic
(grains widely dated via FTM), they can also be used in the FTM through the external
detector method (Dias et al., 2009). Therefore, the ages of heterogeneous and hybrids
grains (together with homogeneous grains) can be determined via ZFTM.

The fission-track age distributions for the three grain types described above are shown
in Figure 1 (Resende et al., 2014). The age distribution for homogeneous grains has a mean
value of (271 + 22) Ma, while for heterogeneous and hybrid grains it is about (270 + 18) Ma
and (251 = 13) Ma, respectively. The insets in this figure show the statistical fluctuation of
the ages around the mean value for each grain type, together with their standard deviations
calculated by using the Poisson distribution. Regarding the random fluctuation of the ages
and their respective experimental errors, there is an internal consistency in obtaining the

Ciéncias Exatas e da Terra: Exploracao e Qualificacao de Diferentes Tecnologias 4  Capitulo 13




ages, i.e., there are no structures that could possibly indicate systematic errors. Therefore,
the three age distributions are similar. Note that the three types of grains are from the
same aliquot. Moreover, the reduced chi-square value for the distributions is 0.519, which
results in a probability of 0.6 for the chi-square distribution (Dawson et al., 1971; Bevington
e Robinson, 1992). The ages are statistically compatible as the probability belongs to
the selection range (0.5; 0.95). Moreover, the three obtained fission-track ages are also
geologically compatible (Dias et al., 2011).

The inclusion of heterogeneous and hybrid grains in the dating process significantly
increases the statistics of the pool of ages obtained for each zircon sample. Therefore,
the results in Figure 1 indicate a major advance in the dating method via fission tracks,
especially in the case of detrital rocks, where the concentration of homogeneous grains is
usually low. Thus, excluding the heterogeneous and hybrid grains from the FTM analysis
make the dating of many samples unfeasible (Resende et al., 2014).
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Figure 1 — Fission-track age distribution for homogeneous (a), heterogeneous (b) and hybrid (c)
grains. The solid lines represent the relative probability and the inset shows the fluctuation of
ages around the mean value (Resende et al., 2014).
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41 U-Pb DATING METHOD

The U-Pb dating method is based on the decay chains of the uranium isotopes: 238U
and 2%U. Both isotopes decay until they reach the stable elements (33U —...—)2%Pb and
(**U—...—) 2°7Pb. However, the reasons for the decay of the two chains are different. The
238 — 206Pp decay series has a half-life of 4.47 x 10°years, while the half-life of the 235U —
207pPp chain is 0.704 x 10°years. When a mineral grain is formed and cools below the closing
temperature of the U-Pb system (approximately 900 °C in geologic time scale), the U decays
towards Pb begin to be recorded in the mineral, i.e., the lead isotopes (2°Pb e 2°7Pb) created
by the decay series (?*®U e 23%U) are trapped in the mineral and their concentration increases
over time. If the grain does not undergo any process that releases the radiogenic lead, the
starting age for lead retention is independently and accordingly given by the ratio between
daughter- and mother-elements: 2°6Pb/23¢U e 2°7Pb/235U. If there has been any loss of lead
from the grain, as inherited from both isotopic ratios (?*°Pb/2**U and 2°7Pb/?**U) they will be
discordant. Even when the ages are discordant, the nature of the U-Pb isotopic system
(i.e., the fact of being formed by two decay series) allows estimating the age for starting the
radiogenic lead retention. Additional details of this methodology can be found in Torquato e
Kawashita (1996) and Williams (1998).

The behaviour of a closed system can be analyzed using a Concordia diagram,
which provides additional information about the geological history of minerals when
quantifying the behaviour of an open system (Schoene, 2014). In a Concordia diagram
the ages 238U — 2%%Pb and 23U — 207Pb are all mathematically and statistically concordant.
These ages indicate that there was no loss or gain of any U, Th, Pb isotopes or intermediate
daughter-elements. Since the closing temperatures are higher for the U-Pb system, it
provides older ages than the FTM.

U-Pb radiometric dating was performed on zircon grains belonging to the Fish
Canyon Tuff (FCT) sample after the etching process in micro-areas with and without fission
tracks (Resende et al., 2019). According to Curvo et al. (2013) the chemical etching used in
FTM dating process helps to better position the laser on the grain surface to avoid reaching
regions with mineralogical mixtures, thus improving the closeness of agreement between
the U-Pb ages. The FCT sample comes from a pyroclastic rock formed from an intense
volcanic extrusion during the Tertiary (~30 Ma) in the volcanic mountains in San Juan
during the collapse of La Garita Boiler, United States, and since then, it has not suffered
any reactivation (Resende et al., 2019). Heavy minerals, zircon and apatite, from the FCT
sample are used as natural standards for FTM dating.

The isotopic characterization was carried out in two different micro-areas in three
FCT zircon grains. Figure 2 shows the optical images of grains 2, 12 and 22 before and after
the chemical etching. Circles A and B represent the surface regions where the laser was
positioned to obtain the U-Pb ages (Resende, 2015).
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Figure 2 — Photomicrographs of grains 2 (a), 12 (b) and 22 (c) of the FCT sample (nominal
magnification of 400X) (Resende, 2015).
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According to the spectroscopic and microscopic characterizations of the grains above,
they are classified as: grain 2 heterogeneous, 12 homogeneous and 22 heterogeneous.
Regarding the isotopic characterization, the ages 2°’Pb/?*U and 2°°Pb/?*U are discordant
in A and concordant in B. This discrepancy may be attributed to: i) a mineral inclusion in
the ablated region; ii) mineral phases and inclusions in the grain structure that can cause
the opening of the U-Pb system and iii) the leaching and metamictization phenomena that
create a drastically damaged crystallographic area in the mineral, which opens the U-P
system (Resende et al., 2019). Therefore, the FCT sample can not be used as standard for
the U-Pb dating method.

Figure 3 shows the Concordia diagram with the U-Pb ages. The ages are denoted
by ellipses whose major axis represents the standard deviation (+ 20) of the mean age
value of each grain. In addition, the age distributions are relatively situated far away from
the Concordia curve, which indicates this sample does not behave as standard for the U-Pb
isotopic system.

The difficulty in obtaining precise ages by the U-Pb isotopic method is related to
several geological factors, e.g. loss of radiogenic Pb, imbalance among the intermediate
daughter-elements in the U and Th decay chains, etc., and experimental factors inherent to
the methodology.

The mean value of the U-Pb age of (28.33 +0.68) Ma for the FCT sample is compatible
with the value of fission-track ages of about (26.6 + 1.1) Ma (Figure 4) determined for
the same sample. This result indicates the chemical etching used in FTM dating process
does not significantly influence the age determination via the U-Pb isotopic system. This
is because the chemical etching corrodes a surface layer of the grain of a few microns,
whereas the laser ablation reaches depths from 1 to 30 um (Resende, 2015).

The right panel of Figure 4 shows the radial diagram of the ages of each grain. The
y-axis corresponds to the standard deviation, which varies about = 20 in relation to the
central age of the sample. The age is given by the projection of a dotted line from the origin
to the circular axis that intercepts the age point of each grain. The distribution of individual
ages in relation to the horizontal age represents its dispersion.
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Figure 3 — Zircon U-Pb Concordia diagram for the igneous standard sample FCT (Resende,

2015).
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Figure 4 — Age distribution with individual age fluctuation and radial age diagram for the FCT
sample. In the age fluctuation diagram VM is the age mean value (Resende, 2015).

51 FINAL REMARKS

The presented analysis aimed to show the methodological advances in zircon fission-
track and U-Pb dating methods, which suggest the possibility of both techniques being
simultaneously used in geological region studies. The ages via the two dating methods were
statistically concordant. This high level of agreement obtained by combining both methods
is related to the direction of the laser ablation at areas with uniform fission-track density.
That intrinsically accords with the use of the chemical etching to reveal morphological
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nuances of the mineral crystalline structure that are imperceptible via optical microscopy
and other imaging techniques, e.g. cathodoluminescence and secondary electrons, and
indistinguishable by Raman spectroscopy, scanning electron microscopy and electron
microprobe.

In cases the U-Pb ages are discordant in the same grain, they can be misinterpreted
as distinct ages of metamorphic (re)crystallization (Resende et al., 2019). In fact, this may
be related to lack of preserved crystalline structure of the mineral, which leads to the opening
of the U-Pb isotopic system. If the sample goes through a cooling stage at temperatures
sufficient to rebuild the crystalline structure, the isotopic system closes again, causing the

age to be related to the cooling phenomenon instead of the recrystallization.
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