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ABSTRACT
Since 1964, the Center for Geochronological Research — CPGeo, one of the interdepartmental centers of the Instituto de

Geociéncias (1G) of Sao Paulo University, has developed studies related to several geological processes associated with

different rock types. Thermal Ionization Mass Spectrometry Isotopic Dilution (ID-TIMS) has been the technique widely

used in the CPGeo U-Pb Laboratory. It provides reliable and accurate results in age determination of superposed events.

However, the open-system behavior such as Pb-loss, the inheritance problem and metamictization processes allow and

impel us to a much richer understanding of the power and limitations of U-Pb geochronology and thermochronology.

In this article, we present the current methodology used at the CPGeo-1Ge-USP U-Pb laboratory, the improvements on

ID-TIMS method, and report high-precision U-Pb data from zircon, monazite, epidote, titanite, baddeleyite and rutile

from different rock types of several domains of the Brazilian south-southeast area, Argentina and Uruguay.

Key words: U-Pb ID-TIMS methodology, U-Pb geochronology of accessory minerals, CPGeo-IGc-USP U-Pb labo-

ratory.

INTRODUCTION

The Centro de Pesquisas Geocronologicas (Center for
Geochronological Research — CPGeo) is one of the in-
terdepartmental centers of the Instituto de Geociéncias
(IG) of Sao Paulo University. Since 1964, the Inter-
departmental Laboratory of Isotopic Geology focus the
study of the Earth’s geologic processes, dealing with
themes such as plate tectonics, plutonism, volcanism,
sedimentary rocks, tectono-thermal evolution, and more
recently environmental studies.

CPGeo gathers modern laboratories installed in
an area of 1080 m? and is equipped with seven mass
spectrometers for radiogenic and stable isotope analy-
sis. Among the up-to-date pieces of equipment there
are three solid-source mass spectrometers (two VG 354
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and a Finnigan MAT 262) and two gaseous-source (a
MAP 215 Ar-Ar and a Europa GEO 20/20). An internal
network (GEOCRON) links all laboratories. Soon Nep-
tuno, Triton, Shrimp II and Noblesse will be added to
the laboratory.

In the U-Pb Laboratory of the CPGeo-1Gc-USP, the
isotopic dilution method ID-TIMS — Isotope Dilution —
Thermal Ionization Mass Spectrometry — is used, as well
as in other laboratories in Brazil (e.g. Para-Iso Isotope
Geology Laboratory-UFPA, Krymsky et al. 2007). The
method is considered one of the most precise among the
isotopic techniques available for U-Th-Pb geochronol-
ogy of accessory minerals, because it is relative insensi-
tive to chemical yields or mass spectrometric sensitivity
(Parrish and Noble 2003), and is therefore largely used
by the scientific community.

According to Kosler and Sylvester (2003) the in
situ U-Pb geochronology was introduced ca. two dec-
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ades ago with the development of the high-resolution,
secondary ion mass spectrometry technique (SIMS or
SHRIMP).

TIMS analyses, comparatively to SIMS analyses,
have the advantage of producing high-precision U-Pb
data, being specifically important when dating super-
posed events or even a single crystal, in order to define
crystallization ages. However, ion microprobe analysis
has the advantage of higher spatial resolution, allowing
analysis of complex zoned crystals and fast data acqui-
sition.

Countless works in the literature show the pros
and cons of TIMS and SIMS, which are, in a broad
sense, complementary techniques and the application of
one or another will depend on the geological problem to
be solved. There will be situations for which SIMS or
LA-ICP-MS is more appropriate or advantageous than
TIMS and vice-versa.

The article presents the U-Pb ID-TIMS methodol-
ogy now in routine at the CPGeo-IGc-USP U-Pb lab-
oratory and discusses the success of the geological ap-
plication of the method for several minerals as zircon,
monazite, titanite, rutile, epidote and baddeleyite.

GENERAL INFORMATION

The U-Pb method is one of the most precise to obtain
crystallization ages of igneous rocks as well for the
chronological identification of superposed metamorph-
ism in polycyclic regions. The routine in the laboratory
starts with the separation and selection of populations of
accessory minerals under a stereoscope that is coupled
with an imaging system.

The total blank values of the U-Pb laboratory have
been of ca. 5 picograms Pb, since the last years, reaching
up to 3 picograms (until November 2007). The use of
spike 2% Pb/23U (mixed 2 Pb/?33U tracer) since Febru-
ary 1999, combined with the (chemical and mechanical)
crystal abrasion process and the low laboratory blank
values, has enabled the determination of U-Pb ages of
zircon fractions of a few micrograms from Cretaceous
and even Tertiary rocks and the use of a single crystal
from Neoproterozoic rocks.

The laboratory is divided into different isolated sec-
tors. The external areas correspond to a computing room,
where the data are treated and processed, and a separa-
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tion room, where final heavy mineral fractions are pro-
cessed by a Frantz electromagnetic separator.

The internal areas are equipped with a non-stop in-
sufflating system that serves three rooms. A mechanic
abrasion system and an exhaustion hood are installed in
the first room, where materials coming from the weigh-
ing room are decontaminated. The weighing room is
equipped with weighing machines and stercoscopes
The third is certified
and qualified as a “clean room” (a positive pressure room

coupled with imaging systems.

equipped with a vertical unidirectional airflow hood
and Clean Box classified as ISO 05), where chemical
digestion and material deposition on filament take place,
followed by mass spectrometer analysis.

THE U-Th-Pb METHOD

PRINCIPLES OF THE U-TH-PB METHOD

The U-Th-Pb method is based on the U and Th radioac-
tive decay to stable Pb isotopes. Uranium occurs in na-
ture as radiogenic 23U, 233U and 234U isotopes, whereas
thorium mainly occurs as 23>Th. Lead exists as radio-
genic 29°Pb, 297Pb and 2%®Pb and non-radiogenic 2**Pb
isotopes, the latter also referred to as common Pb.

This is a special isotopic system because it involves
three distinct decay systems, where U and Th isotopes
decay to stable Pb isotopes (Faure and Mensing 2005):

28y — 206pb 4 8a + 68- + Q
U — 27Pb + 7o + 4B-+Q

22Th — 298pp + 60 + 48-+ Q

The alpha particles («) are He nuclei (two protons
and two neutrons). The beta radiation (8) represents an
electron. Q is the energy liberated in the disintegration
process and is originated by the difference of mass be-
tween the parent nucleus and the disintegration products.

The U and Th isotopes have well defined half-lives
and disintegration constants A (Steiger and Jager 1977 —
Table I), being A the probability of a nuclide to disinte-
grate spontaneously per time unit. Each nuclide has its
own A, which is a function of the velocity of the process.
The half-life of an isotope is the time necessary for half
of its mass to disintegrate and depends on how unstable
an isotope is, which is a direct function of A.
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The radiometric ages can be mathematically ex-
pressed by negative exponential equations:

Pb206 — U238 X (e)ut _ 1)

Pb207 — U235 X (e)xl _ 1)

Time t can be expressed by:
Pb206 Pb207
1 o} _ (o __
1 + <pb204 . pb204 0
= X n U=t
(Pb2°4)

b204

where P is the common Pb of the material analyzed
plus Pb present in the laboratory. By analogy, U%3® and
Pb?%7 are obtained. When compared to other methods,
the U-Pb geochronologic system is the only one able
to offer two radiometric chronometers for a pair of ele-
ments of a single material. Besides, the Pb27/Pb2¢ age
can also be calculated.

Ahrens (1995) and Wetherill (1956) established
the concept of Concordia Curve, which represents the
geometric locus of points of concordant ages, obtained
by the two U?33/Pb??7 chronometers and consequently
Pb207/Pb2% . If an analytical point does not plot on the
Concordia Curve, the ages are no more concordant. Then
the results yielded by each chronometer are different,
thus characterizing a discordance. The line that contains
the discordant points is called Discordia.

The upper intersection of the discordia line with
the concordia curve characterizes the time of crystalliza-
tion for the minerals analyzed. Interpretations exist for
the lower intercept that relate it to either an episodic or
a continuous loss of Pb. The episodic Pb loss is usu-
ally associated with a tectono-metamorphic event and it
will only be geologically meaningful if it is supported by
another geologic evidence confirmed by another method-
ology (Dickin 1995). Additionally, the more concordant
the analytical points the more reliable the age defined by
the upper intercept will be (Mezger and Krogstad 1997).

Primary zircons lose Pb by diffusion (Cherniak and
Watson 2000). During a thermal event, zircons will lose
Pb while they recrystallize. This can result in mean-
ingless ages for the upper and lower intercepts (Mezger
and Krogstad 1997). The continuous Pb diffusion is fre-
quently associated with metamictization processes that
reflect instabilities in the zircon crystalline net.

Another very common aspect of the zircon U-Pb
analysis is related to inheritance, as zircons preserve the
isotopic memory of primeval rocks in their nuclei, even
if affected by high-grade metamorphism. This can limit
the applicability of the method, especially when the aim
of the study is to establish the age of crystallization of
a rock. Granitic rocks may contain newly-formed zir-
cons on old nuclei (which preserve the primeval isotopic
characteristics). When these crystals are analyzed, the
analytical points plot along a Discordia, being the up-
per intercept with the Concordia Curve the (protolith)
primary crystallization age, and the lower intercept, the
zircon recrystallization age. This is a simplistic interpre-
tation and the researcher must have in mind that meta-
mictization (Pb loss) may happen during the growth of
a zircon crystal, leading to wrong conclusions (Basei et
al. 1995). Therefore the use of other techniques that
involve the U-Pb system is mandatory, as well as other
methodologies (Muir et al. 1994, Dickin 1995, Roddick
and Bevier 1995).

APPLICATION OF THE U-TH-PB METHOD

Most of the rock-forming minerals have very low U and
Th contents. In contrast, these elements are reasonable
concentrated in accessory minerals, such as zircon, mon-
azite, baddeleyite, titanite, rutile, apatite, allanite, xeno-
time and perovskite.

The occurrence of U-bearing minerals in most of
the acid, intermediate and sometimes basic rocks ap-
points the U-Pb geochronologic system as one of the
most precise and efficient methods to determine the crys-
tallization ages of igneous rocks and also to chronologi-
cally identify a series of superposed geologic events that
characterizes the history of a region.

The U-Pb method constitutes an important tool to
solve complex geologic problems, not only because it
can be applied to exceptionally resistant minerals (re-
markably zircon), but also for the possibility of dat-
ing certain accessory minerals that can provide ages for
late-crystallization events.

The application of the method to more than one ac-
cessory mineral favors the study of polycyclic terranes
because each mineral has its own behavior in relation to
varying P-T conditions. Another important application
is related to the resistance of these minerals to weath-
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ering, allowing the use of the technique for dating of
detrital minerals of sedimentary rocks.

Zircon is widely used because of their physical and
chemical properties: resistance to weathering, U con-
tents, Pb incompatibility (most of it is radiogenic Pb),
and geochronological stability: even under intense meta-
morphic conditions, able to isotopically re-homogenize
other radiometric chronometers, zircons can preserve
1995). Usually zircon
registers a very complex growth history at closing tem-
peratures (T.) of the U-Th-Pb system above 900°C
(Lee et al. 1997, Cherniak and Watson 2003).

The SIMS technique when coupled with cathodo-

primeval records (Basei et al.

luminescence images gives the possibility to obtain in-
formation about inherited nuclei and metamorphic over-
growths, and the results can be used to identify and distin-
guish protoliths and geologic processes in which zircon
was formed or modified.

Minerals of lower T, such as titanite, allanite, ru-
tile, apatite or even monazite, have contributed to the
determination of the thermal history of rocks belong-
ing to terranes of complex tectono-metamorphic history,
complementing the interpretation of zircon U-Pb data.

Titanite and monazite frequently yield concordant
ages (analytical points on the Concordia Curve), which
can be identical or younger than those obtained from zir-
con. In the second case, the data can indicate the ages
of superposed events in polycyclic areas, provided that
temperatures of the thermal overprint be constrained be-
tween 550 and 750°C (Pidgeon et al. 1996, Zhang and
Schérer 1996).

Titanite has a relatively high T., which allows the
dating of metamorphic growth at least in high amphi-
bolite facies (Cherniak 1993, Scott and St.-Onge 1995,
Frostetal. 2000). Titanite is less susceptible than zircon
to Pb losses at low temperatures because of recrystal-
lization that resets a consequent annealing of the dam-
ages caused by radiation. On the other hand, titanite ages
can indicate either a localized low-grade metamorphic or
hydrothermal event, such as regional cooling (Mezger et
al. 1993, Corfu and Easton 1997, Praamsma et al. 2000).
Titanite also reacts to metamorphism, reflecting over-
print episodes. Metamorphic titanites reveal a complex
U-Pb systematics that sometimes contain information on
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the whole metamorphic history of the rock (Frost et al.
2000).

Monazite is found in relatively Ca-poor and Al-rich
rocks. It is widely used to determine the ages of mag-
matic and metamorphic events (Parrish 1990). In most
cases, monazite U-Pb ages are concordant (Corfu 1988,
Simpson et al. 2000). However, discordant ages are
not rare and result from mixing of monazite populations
that crystallized at distinct times (Bertrand et al. 1993),
isotopic inheritance (Rubatto et al. 2001), or even Pb
loss (Suzuki et al. 1994). Closing temperatures have
been suggested by several authors, between 720-750°C
(Copeland et al. 1988), 725 + 25°C (Parrish 1990,
Hawkins et al 1996), and above 750°C (Spear and Par-
rish 1996, Dahl 1997, Cherniak et al. 2004, Rubatto et
al.2001). It has been also demonstrated that the monazite
U-PDb system is reset by recrystallization rather than by
Pb diffusion (Zhu etal. 1997). Itis a very interesting min-
eral once it records the metamorphic history and even the
metamorphic peak. Recrystallization mechanisms such
as dissolution/reprecipitation can cause disturbance in
the monazite U-Th-Pb system, where the Pb diffusion
is extremely slow relative to other minerals (Cherniak et
al. 2004). Due to the high Th content, there is a sig-
nificant percentage of short-life 23°Th isotope of the U
decaying series that subsequently decays to 2°°Pb, caus-
ing a 2%°Pb excess (Ludwig 1977) and therefore reverse
or negative discordances (Schérer 1984, Parrish 1990,
Foster et al. 2000).

Baddeleyite mainly occurs in alkaline mafic and ultra-
mafic rocks as well as in pegmatites, formed by pneu-
matolitic processes. In amphibolite facies metamorphic
zircon can substitute or overgrow this mineral, in this last
case, crystallization (baddeleyite) and metamorphism
(zircon) ages can be obtained. Uranium concentrations
in baddeleyite vary in the 200-2000 ppm interval. It also
contains low contents of Th and common Pb, and Pb
loss or isotopic inheritance is rarely observed. All these
aspects suggest that baddeleyite can be completely re-
set, yielding concordant U-Pb ages (Corfu and Andrews
1986). Itis an ideal candidate for isotopic dilution dating
(Heaman and LeCheminant 1993, 2000).

Allanite belongs to the epidote group and its Th-REE
contents are high. It is frequently used for U-Th-Pb dat-
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ing (Parrishetal. 1992, Davis etal. 1994, 1997, Corfu and
Easton 2000, Poitrasson 2002, Romer and Xiao 2005).
However, high common Pb contents (Poitrasson 2002),
206pp excess originated from 230Th decay, which causes
reverse discordance (Corfu and Easton 2000), and chemi-
cal inheritance (Romer and Siegesmund 2003) can make
the U-Pb analyses problematic, yielding ages without
geologic meaning. Some successful applications are al-
though reported (Barth et al. 1994, Davis et al. 1994, Cat-
los et al. 2000, Poitrasson 2002). Allanite U-Pb ages
together with the petrographic support can provide the
time of the peak metamorphism (Kim et al. 2007).

Rutile is the most common TiO; polymorph, and yielded
precise U-Pb ages (e.g., Scharer et al. 1986, Corfu and
Andrews 1986, Mezger et al. 1989, 1991, Schandl et
al. 1990, Wong et al. 1991, Davis et al. 1994, Davis
1997). It is a common metamorphic mineral, but is also
found in igneous rocks. It is used as a low-temperature
geochronometer, yielding information on metamorphic
cooling (e.g., Mezger et al. 1989, 1991, Heaman and
Parrish 1991, Miller et al. 1996, Davis 1997, Timmer-
mann et al. 2004). However, the results obtained by
Cherniak (2000) pose questions on the use of rutile as
a low-temperature geochronometer. Rutile closing tem-
peratures, between 400 and 500°C (Mezger et al. 1989,
1991), are among the lowest of the U-Pb system, and
were determined by empirical T, calibrations versus the
temperature-time history of the North-American meta-
morphic terranes (Mezger et al. 1989). Experimental
studies have indicated that T, for Pb diffusion in rutile is
considerable higher and that rutile has a high activation
energy for Pb diffusion, therefore being resistant to later
isotopic resetting. Such studies have indicated that ru-
tile can be used as a high-temperature geochronometer,
also being an alternative for monazite or titanite. Thus,
it is a mineral that can provide additional geochronolog-
ical information on high-temperature polymetamorphic
terranes and on later cooling (Vry and Baker 2006).

TECHNIQUES USED AT CPGeo

PROCEDURES AT THE MINERAL SEPARATION
LABORATORY

CPGeo has a Mineral Separation Laboratory (MSL)
adapted for all isotopic methodologies (Ar-Ar, K-Ar,

Rb-Sr, Sm-Nd, Pb-Pb, U-Pb and stable isotopes) and
a large-sized deposit of hand specimens collected in the
field for geochronological studies.

Mineral concentration for U-Pb analysis

The hand specimens collected in the field are manually
broken in fragments of approximately 5 cm of diame-
ter (Fig. 1A), which are processed in a jaw crusher (Fig.
1B). After crushing (Fig. 1C) the less than 0.5 cm-sized
material is ground in a disc mill (Fig. 1D), which grad-
ually reduces the size of the crushed material to an ex-
tremely fine fraction. The resulting material is mechan-
ically sieved (Fig. 1E) through a sequence of 60, 100
and 250-mesh sieves. Disposable nylon screens are used
together with 100 and 250 mesh sieves to avoid contam-
ination. The 60-mesh sieve is cleaned on a light table.
The disc mill is used concomitantly with the siever (Fig.
1E). The initial aperture of the disc mill is controlled to
avoid pulverization of the material; gradually the discs
close and the material is sieved after grinding. The ma-
terial remaining on 60- and 100-mesh sieves returns to
the disc mill and the material remaining on the 250-
mesh sieve and at the bottom is collected. The objec-
tive of these combined procedures is to obtain the maxi-
mum volume possible on 100-250 mesh and fewer than
250 mesh.

Fractions between 100-250 mesh and less than
250 mesh are the most used to obtain concentrations
of heavy minerals (zircon, titanite, monazite, allanite,
rutile, apatite, amphibole, biotite, etc).

At this step the material is processed using a con-
centration table or vibrating table (Wiffley Table) (Fig.
1F), which by vibration and water pressure, separates
minerals by density. Sulfides, zircon, gold, garnet, mon-
azite, titanite, apatite, among others, are separated from
minerals lighter than 2.6 g/cm?, such as quartz and felds-
pars. Although the density of biotite is 2.7-3.3 g/cm?,
due to its lamellar habit, it is distributed together with
both heavy and light minerals. ‘Tracks’ of minerals are
formed on the table (Fig. 1G), the first one correspond-
ing to the higher concentration of dense minerals, which
are collected in a recipient called Caneca 1. In the fol-
lowing track corresponds the less dense minerals and
of lamellar shape (micas) are concentrated and collected
in a recipient called Caneca 2. After the whole sample
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is processed, the materials from Canecas 1 and 2 are
soaked in alcohol to avoid oxidation during drying. The
largest concentration of minerals for U-Pb dating is in
Caneca 1.

After drying, a hand magnet is used to remove
highly magnetic minerals such as magnetite and ilmenite
from the Caneca 1 concentrate. Another magnetic sep-
aration takes place by means of an Isodynamic Frantz
(Fig. 1H). Initially the material from Caneca 1 is pro-
cessed with maximum initial amperage of 0.4 A and a
10° lateral and 20° frontal inclination. The amperage
should not exceed 0.4 A to avoid the loss of certain min-
erals such as monazite, which has a high magnetic sen-
sitivity. The material processed by the Frantz separator
is separated into two fractions: a magnetic concentrate
at 0.4 A (garnet, amphibole, biotite, epidote and pyrox-
ene) and a non-magnetic concentrate at 0.4 A (quartz,
feldspars, apatite, rutile, zircon, badelleyite, monazite,
titanite and sulfides). In the Frantz separator these con-
centrations are distributed along two grooves. In general
the mafic minerals tend to be magnetic, whereas the light
and translucent minerals are non-magnetic (Fig. 11).

After this magnetic separation, the non-magnetic
material is mixed with dense liquids in an exhaustion
hood (Fig. 1J) for mineral selection by density. Firstly,
Bromoform (d = 2.81 g/em?) is used to eliminate low-
density minerals such as quartz and plagioclase. The
two resulting concentrates, a light (d <2.81 g/cm?®) and
a heavy (d > 2.81 g/cm?) are soaked in alcohol and
dried. The heavy material is then mixed with Methy-
lene Todide (d = 3.32 g/cm?), being further separated
in two concentrates: light (d < 3.32 g/cm?) and heavy
(d > 3.32 g/cm®). Both fractions are washed with ace-
tone. The heavy concentrate from the methylene iodide
treatment contains minerals of interest, such as zircon,
monazite and titanite.

The final purification is again carried out in the
Frantz magnetic separator, by varying the amperage ac-
cording to the minerals of interest present. For zircon
concentration an initial amperage of 1.0A is applied,
usually keeping the 10° lateral inclination. Besides zir-
con, apatite and sulfides are concentrated in the non-
magnetic fraction at 1.0A. The material is then washed
with HNOj3 50% for the elimination of sulfides. Then
the magnetic fraction at 1.0A is processed again in the
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Frantz separator operating with amperages of 0.5A, 0.6A
and 0.8A in order to separate titanite, monazite and
allanite.

PROCEDURES AT THE U-PB LABORATORY

At the most external area of the laboratory, the HNO3-
washed, non-magnetic fraction at 1.0A is once more
processed in the Frantz separator using different lateral
inclinations (10°, 8°, 6°, etc.) and keeping amperage
and frontal inclination constant. From this technique,
known as Split, fractions of different magnetic suscepti-
bilities are obtained with the following denominations:
M10, M6, M4 ... M0, M-1, M-2,... etc for 10°, 6°,
4° ...0° —1°, —=2°, etc... lateral inclinations, respec-
tively). This is an important process (Krogh 1982a), due
to the inverse relationship between magnetic susceptibil-
ity and zircon Pb concentration (Mezger and Krogstad
1997). Low-U zircons lose less Pb than high-U zircons,
due to radiation damage. Additionally, metamict zircons
tend to incorporate impurities (e.g. Fe) in their crystal-
line structure. Splitting furnishes fractions of different
magnetic intensities and therefore variable discordances.

In the weighing room, the final purification of each
magnetic fraction (preferably the least magnetic M-3,
M-4, etc) is carried out manually with needle under the
stereoscope. The fractions must contain zircon crystals
that are similar in habit, size, color, and that are prefer-
entially free of inclusions or fractures.

Fracture-free crystals are preferentially selected,
and a special attempt is also made to avoid inclusions.
The selection of titanites must favor darker crystals, be-
cause their U and consequently radiogenic Pb contents
are usually higher.

Depending on the crystal characteristics and the
objective of the analysis, mechanical abrasion can be
carried out. Crystals are abraded by adding an equiva-
lent quantity of pure pyrite in an abrator coupled with
a compressed-air system for approximately 15 minutes
(Fig. 2A). The outermost parts, which may contain high
common-Pb contents, are blasted away (Krogh 1982b).
The abraded fraction is then taken up with hot 7N HNO3
to dissolve the added pyrite. This fraction is washed
with mili-Q water in ultrasound equipment.

The volume/density relationship provides the
weight of zircon crystals. The volume is estimated us-
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B

Fig. 1 — Instruments and equipment of the Mineral Separation Laboratory. The MSL for Isotope Geology has
the basic equipment for crushing, milling and sieving of rock samples, as well as for mineral separation using
Wilfley table, Frantz Isodynamic Separators and heavy liquids. For a detailed explanation, see text.
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ing the imaging system coupled with the stereoscope
(Fig. 2B). The total mass required rarely exceeds 50ug
for Neoproterozoic samples, the average value usually
adopted being 15ug per fraction. It is also common
the analysis of a single crystal weighing around 2ug.
Besides the volume/density relationship, the mass of
low-Pb minerals, such as titanite, rutile and baddeleyite,
can be obtained on a high-precision analytical weighing
machine (average 100u1g). For monazite, a single crys-
tal usually constitutes each fraction, once the radiogenic
Pb content in monazite is high.

After weighing, the material is washed (chemical
abrasion) with 6N HCI and 7N HNOj for the elimina-
tion of respectively superficial common Pb and organic
material. The material is further stored in 14N HNO3.

Chemical abrasion of zircon crystals starts with
6N HCI, with intercalations of plate heating and ultra-
sound, followed by 7N HNO;3, with intercalation of
MiliQ water washes. Finally chemical abrasion with
14N HNOj3 takes place, which is an appropriate solu-
tion for further chemical digestion. The same proce-
dure is adopted for other minerals, excepting the plate

heating.

The dissolution of mineral samples and separation
of the elements of interest, U and Pb, are carried out in
the chemistry clean chemistry laboratory. In order to
keep contamination at low levels and make it possible to
prepare and analyze small U-Pb samples, the laboratory
is built as a clean room with an overpressure of filtered
air inside, as detailed previously.

The chemical digestion of zircon, titanite, rutile,
allanite and baddeleyite takes place in Teflon beakers
using HF and HNOj3 (Fig. 2C). Mixed 2%3Pb/233U tracer
(10ul) is added and the beakers are heated to 200°C for
three days for total mineral dissolution (Fig. 2D). Sul
of mixed 29Pb/235U tracer are added to the blank that
accompanies the analyses.

Chemical digestion of monazites takes place in 3
ml screw-top PFA Savillex vials, with the addition of
one micro-drop of HNO3 and 7ul of ultra-pure HSO4.
The vials stand on a hot plate for three days.

After the chemical digestion, the solution is trans-
ferred to a 7-ml savillex and dry-evaporated. 6N HCl
is added and the savillex stand on a hot plate overnight
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(Fig. 2E). The solution is dry-evaporated and dissolved
in 3N HCI, ready for anion exchange column chemistry.

The U-Pb laboratory of CPGeo uses the Parrish et
al. (1987) method of Pb-U separation from zircon solu-
tion, with modifications.

The columns have 150ul of 400 mesh Eichrom
1 x 8200 anion exchange resin approximately, forming
a column of settled resin about 1,8 cm high, previously
washed with 6N HCI and MILLIQ water. Separation
and purification of U and Pb occurs by leaching of other
elements using different HCI concentrations (Fig. 2F).
U and Pb are collected in MILLIQ water. A drop of
0,25N H3POy4 is added, and after evaporation, it is ready
for mass spectrometry. The chemical procedure is sum-
marized in Table 1.

TABLE I

Chemical procedure for the extraction of U and Pb using
microcolumns for zircon, monazite and baddeleyite.

Column and resin washing

Add 1501 of 400 mesh Eichrom 1 x 8200 resin
Wash with = 3001 MiliQ H;0

Wash with = 3001 6N HCI

Add 12011 3N HCI to condition

Add and wash sample

Add sample to column

Add 90u1 3N HCI

Add 120u1 6N HCI1

Collect U and Pb

Replace with U and Pb collection 7-ml savillex vials
Add 10 drops MiliQ H,O (= 300u1)

Add 1 drop 0.25N H3PO,

Evaporate to dryness

For titanite, allanite and rutile the 3N HCI solu-
tion goes into the ion-exchange column twice to elim-
inate the high Ca, Ti and Fe contents, which can inhibit
the Pb readings by the spectrometer. The procedure in-
volves HBr and is modified after Parrish et al. (1992)
and Davis et al. (1997), as summarized in Table II.

The final solution from the columns is deposited
on Re filaments (Fig. 2G), for further Pb and U read-
ings by the multicollector Finnigan MAT 262 mass spec-
trometer, which provides the isotopic ratios. The results
are treated by the Ludwig (1993) PbDAT and Ludwig
(2003) ISOPLOT softwares. The constants used in the
age calculations are from Steiger and Jaeger (1977):
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AU =1,55125 x 10710 years™!; AU = 9, 8485 x
10710 years—!; UZ8/U%35 = 137, 88.
TABLE 11

Chemical procedure for the extraction of U and Pb
for titanite, rutile and allanite.

Column and resin washing

Add 1501 of 400 mesh Eichrom 1 x 8200 resin
Wash with = 300u1 MiliQ H,0

Wash with = 30011 6N HCl

Add 1201 3N HCl to condition

Add and wash sample

Add sample to column
Wash with 1201 3N HCI

Collect U (I)

Replace beakers with U collection 7-ml savillex-A vial
Add 2401 0.6N HBr

Evaporate to dryness

Redissolve in 2 drops 7N HNO3

Collect Pb

Replace with Pb collection 7-ml savillex-B vial
Add 240u1 MiliQ H,0

Replace with waste beakers

Wash resin with 240u1 MiliQ H,0

Add 3 drops 7N HNO3 (= 90ul)

Collect U (II)

Add sample with U solution (savillex A vial)
Wash resin with 3001 7N HNO3

Replace with savillex B vial (Pb solution)
Collect U with 180l MiliQ H,0

Add 1 drop 0.25 N H3PO4

Evaporate to dryness

MASS SPECTROMETRY

As detailed by Sato and Kawashita (2002), the mass
spectrometers are basically constituted by three parts:
the ion source; the mass analyzer and the detection
system.

Ion source

The mass spectrometers work with positive or negat-
ive ions of elements or molecular species in a ultra-high
vacuum system of 1077 to 10~2 mbar. The ionization
of the sample is fundamental to promote ion accelera-
tion and deflection, which depend on mass, velocity and
electric and magnetic field intensities. Several ionization
techniques exist, such as: thermal ionization; plasma;

electron impact; and ion impact, being the first the tech-
nique currently in routine at CPGeo.

Thermal ionization

The samples are deposited on a previously cleaned Re
filament, which is the preferred one for U-Pb work.
There are four types of geometric arrangements for ion-
ization: simple filament, double filament, triple filament
and canoe-shaped filament. The ionization efficiency for
a certain element varies according to the filament used,
work function and the ionization potential of the ele-
ment. The work function is defined as the energy nec-
essary for an electron to surpass the potential barrier
and be freed from the metal in vacuum, whereas the
ionization potential is defined as the minimum energy
necessary to remove an electron from the atom. The
spectrometers that operate with this ionization tech-
nique are named “Thermal Ionization Mass Spectrom-
eter” (TIMS). Their efficiency may change depending
both on the type of arrangement used and how the sam-
ple is loaded on the filament (“sample loading”). For
example, Pb is deposited on the Re filament using a
H3POj4 solution and silicagel, which considerably in-
creases the ionization efficiency.

Mass analyzer

Ions produced in the thermo-ionic filament are directed
to a system of lenses that collimate and accelerate the
ions to the mass analyzer. In its simplest version it can
be a Quadrupole (QP) or Time of Flight (TOF) ana-
lyzer, or versions of higher mass resolution, such as
the Electrostatic Analyzer (ESA) and the Magnetic An-
alyzer (MA). High resolution (~ 3000 a 6000) results
when the ions are doubly deflected in ESA and MA, en-
abling discrimination of some types of isobars.

Detection system

The TIMS version available at CPGeo has ion detection
systems such as Faraday multicollectors and electron
multipliers coupled with ions counters or Daly detectors
(used in the Micromass spectrometers).

As discussed by Sato and Kawashita (2002) TIMS
is a very high precision instrument, but it requires a
super-clean chemical laboratory and punctual analyses
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Fig. 2 — Instruments and equipment of the U-Pb Laboratory. The U-Pb Laboratory has microscopes and binoculars for handpicking of minerals,

and equipment for photo-documentation of individual mineral grains. For a detailed explanation, see text.

are not possible. On the other hand, by means of TIMS,
the “step heating” technique can be applied to single
zircon crystals (Kober 1987), provided that the crys-
tal shall have a regular zoning and overgrowth. How-
ever, the technique has limited applications and it is
time consuming.
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TIMS U-Pb DATING RESULTS OF THE U-Pb
LABORATORY - CPGeo — USP

Examples of U-Pb analyses of zircon, baddeleyite, mon-
azite, epidote, titanite and rutile by the isotopic dilution
method are presented. All the analysis was carried out
at the U-Pb laboratory of CPGeo — USP.
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CASE 1 — ID TIMS versus SHRIMP — THE TRES
CORREGOS BATHOLITH (PARANA STATE)

Among the different tectonic domains of the Ribeira
Belt (RB) of Almeida et al. (1973), the Apiai Domain
constitutes a belt approximately 500-km long and 100-
km wide. The Lancinha-Cubatdo and Itariri Shear Sys-
tems (Fig. 3) mark its limits with the adjacent geologic
units.

The Apiai Domain (AD) is constituted by metavol-
canosedimentary rocks of low to medium metamorphic
grade. The paleogeographic reference is the Parana or
Paranapanema Craton. The metamorphic rocks of the
AD northern portion are represented by the Serra do
Itaberaba (Juliani et al. 2000) and Sdo Roque Groups,
and those of the southern portion by the Agungui Super-
group metavolcanosedimentary sequences (Campanha
and Sadowski 1999).

Among the AD granitic rocks the Cunhaporanga,
Batholith Trés Corregos and Agudos Grandes batholiths
stand out. Important works regarding these granitic rocks
are those of Gimenez Filho et al. (2000), Prazeres Filho
et al. (2003), Janasi et al. (2001) and Leite et al. (2007).

The Trés Corregos Batholith is constituted by a va-
riety of (multi-intrusive) granitic rocks that are distin-
guished by their petrographic, lithochemical and isotopic
characteristics. The analysis of these data suggests a
medium- to high-K calc-alkaline lineage of type-I gran-
itoids, formed in a magmatic arc environment.

The Sdo Sebastido Quartz Monzonite Unit (Pra-
zeres Filho 2005) was studied by means of the con-
ventional isotopic dilution method and by SHRIMP-II
(RSES — The Australian National University) by Pra-
zeres Filho. The main zircon typology is dominated by
long euhedral prismatic crystals (L/W 3:1). Short prisms
are rare and more elongated or acicular types are ab-
sent (Fig. 4A). Cathodoluminescence images (Fig. 4B)
show the development of homogeneous oscillatory zon-
ing, with or without reabsorption textures.

ID-TIMS (U-Pb Lab CPGeo — USP)

U-PDb isotopic data for the quartz monzonitic rocks were
obtained by Prazeres Filho (2005), using single zircon
populations constituted by prismatic, bipyramidal, trans-
parent crystals of 3:1 L/W ratio (Fig. 4A).

Multi-grain fractions M(-4), M(-5) and NM(-5) of
non-abraded crystals were selected. The zircons from

fractions M(-4) and M(-5) yielded discordant ages, in-
dicating inheritance and a distinct Pb loss pattern (Fig.
4B). However, zircons from fraction NM(-5) yielded
values concordant with the Concordia Curve and an
age of 604 4+ 4 Ma, interpreted as the age of crystal-
lization (Fig. 4B).

SHRIMP II (Research School of Earth Sciences — ANU)

Ten zircon crystals from the quartz monzonite of out-
crop HP-44 were analyzed. The textural-morphological
characteristics of the points analyzed and the graphic
data treatment are shown in Figures 4C and D. The re-
sulting ages concentrate in the Neoproterozoic, between
640 and 600 Ma (Fig. 4D).

Points (spots) both from the nuclei and the rims
were chosen for the isotopic analyses, located in domains
characterized by oscillatory zoning (Fig. 4C, points 1.1,
2.1, 4.1, 5.1) and reabsorption textures (homogeneous
portions) with high luminescence (points 3.1). In the
oscillatory zoning domain there are no significant differ-
ences between ages from the nuclei and from the rims,
confirming a single crystallization phase with an aver-
age 20°Pb/238U age of 601 & 22 Ma (MSWD 0.018),
after the exclusion of discordant points 1.1, 5.1 and 6.1.
This result is interpreted as the USS crystallization age.
Despite the analytical error, this age is confirmed by the
ID-TIMS method.

The ages obtained for the reabsorption domains are
older (points 3.1 and 7.1), which suggests that these
features are the record of crystallization prior to the
zircon neoformation and posterior to a possible non-
detected refractory phase. It is not ruled out the pos-
sibility that these values are the hybrid ages between
overgrowth and nucleus.

It is observed that the final results of both meth-
odologies are similar, where higher precision analyses
were obtained by the ID-TIMS. This is due to the quite
clear-cut response of this methodology in zircons where
the isotopic inheritance and the overgrowth are not sig-
nificant.

CASE 2 — DATING METAMORPHIC AND IGNEOUS EVENTS
IN THE SAME ROCK — THE EMBU DOMAIN
(SOUTHEASTERN SAO PAULO STATE)

In the southeastern portion of Sdo Paulo State, the Embu
Domain encompasses mica schist, partially migmatized
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Pa—

Fig. 3 — Geological and tectonic sketch of the Precambrian areas of southern Brazil. 3A) Paleogeographic reconstruction of West Gondwana (Mod.
Unrug 1997). 3B) Geological sketch of central-southern part of the Ribeira Belt (Mod. Campos Neto and Figueiredo 1995, Basei et al. 1997): A)
Phanerozoic cover; B) Neoproterozoic/Eopaleozoic basins; C) Alto Rio Grande Belt; D) Socorro-Guaxupé Domain; E) Apiai Domain; F) Juiz de
Fora Domain; G) Serra do Mar Domain; H) Curitiba Domain; I) Luis Alves Domain. 3C) Outline of main geological units of south-southeastern
Brazil (Mod. Basei et al. 1997, Harara et al. 1997, Campos Neto 2000). 1) Phanerozoic cover, 2) Eopaleozoic Basins; 3) Neoproterozoic Basins;
4) AD granitic stocks, 5) Serra do Mar Suite alkaline granites. Neoproterozoic Calk-alkaline Granitic Batholiths: 6) Cunhaporanga Batholith;
7) Trés Corrego Batholith; 8) Agudos Grandes Batholith; 9) Pién-Mandirituba Batholith; 10) Paranagua Batholith. Apiai Domain — Agungui
Supergroup: 11) Itaiacoca Group; 12) Agua Clara Formation; 13) Lageado Subgroup; 14) Votuverava Formation; 15) Iporanga Formation; 16)
Perau Formation; 17) Granite-gneissic nuclei. Curitiba Domai: 18) Capiri Formation; 19) Atuba Complex. Luis Alves Domain: 20) Santa
Catarina Granulitic Complex. Serra do Mar Domain: 21) Rio das Cobras Sequence. Juiz de Fora Domain: 22) Embu Complex. 23) Shear Zones
(SZ): RPSSZ; Rio Palmital-Serrinha; PTSZ, Pién-Tijucas; MPSZ, Mandirituba-Piraquara; TXSZ, Taxaquara; LCSZ, Lancinha-Cubatio; MASZ,
Morro Agudo; RSZ, Ribeira; FSZ, Figueira; QASZ, Quarenta Oitava; ITSZ, Itapirapua.
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Fig. 4 — Morphological features and TIMS and SHRIMP U-Pb ages of zircon crystals from the Sdo Sebastido Unit — Trés Corregos Batholith
Quartz monzonite. A) Photomicrograph of selected zircon crystals analyzed by U-Pb ID-TIMS; B) U-Pb Concordia plot of ID-TIMS data.
C) Cathodoluminescence (CL) pictures of selected zircon crystals analyzed by SHRIMP II. Ovals (about 20 um in diameter) indicate locations of
SHRIMP analyses. U and Th ppm contents. D) Tera-Wasserburg (TW) diagram of SHRIMP for zircons.
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paragneiss and quartzite (Embu Complex), and fine
schist, phyllite and subordinately quartzite, metabasite
and calc-silicatic rock (Miracatu Sequence). These units
are intruded by late-orogenic, high-K and peraluminous
calc-alkaline granites (Dantas et al. 1987).

North of the Cubatdo Shear Zone (CSZ) in the
Juquié and Sete Barras regions (Fig. 5), metasedimen-
tary rocks of medium to high metamorphic grade are in-
truded by peraluminous muscovite-biotite monzogranite
bodies named Juquié and Sete Barras Granites (Passarelli
et al. 2008).

Mylonitic belts cut the Embu Domain and define
important E-W trending and sub-vertical lineaments sub-
parallel to CSZ and the Itariri Shear Zone (ISZ). The
Sete Barras and Juquia granites are oriented and show
stretched features, notably the Juquia Granite. They usu-
ally present protomylonitic texture at the rims.

Ages around 790 Ma and 750 Ma were obtained
for zircons respectively from the Juquiéd and Sete Barras
Granites (Figs. 6A and 6B).

U-Pb ages around 600 Ma for epidote from the
Juquia Granite (Fig. 6A) and around 620 Ma for mon-
azite from the Sete Barras Granite (Fig. 6B) are inter-
preted as the time associated with thermal events later
to the formation of these granites.

The age around 620 Ma obtained for monazite
from the Sete Barras Granite is associated with the
syn-collisional phase of the Ribeira Belt (Hackspacher
et al. 2000) responsible for an important generation of
calc-alkaline magmas. The age obtained for epidote
from the Juquia Granite is possibly associated with the
development of the shear zones that limit the granitic
bodies. The age around 600 Ma is correlated with the
late-collisional phase of the Ribeira Belt, responsible
for the lateral escape tectonics with the development
of several NE-SW trending shear zones (Hackspacher
et al. 2000).

CASE 3 — DATING ALKALINE ROCKS AND BADDELEYITE
— SERRA DO MAR ALKALINE PROVINCE
(SAO SEBASTIAO ISLAND)

Baddeleyite (ZrO;) dating was carried out for alkali-
feldspar syenites from the Serraria Massif of the Serra
do Mar Alkaline Province (Almeida 1983), Sdo Sebas-
tido Island, northern coast of Sdo Paulo State. Despite
the low Pb concentrations (ca. 5 ppm) of the badde-
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leyite crystals analyzed, a concordant 84 4+ 1 Ma age
was obtained, which coincides with the concordant 85
+ 0.3 Ma age yielded by zircon fractions of the same
sample (Fig. 7). These ages are interpreted as the time
of crystallization of the syenitic rocks.

CASE 4 — DATING ZIRCON AND TITANITE — R10 PIEN
CALC-ALKALINE GRANITIC SUITE (PARANA STATE)

The Rio Pién calc-alkaline granitic suite (Machiavelli
et al. 1993, Harara et al. 1997) is interpreted as a mag-
matic arc developed between the Luis Alves and Curitiba
Microplates (Baseietal. 1997), with granitic rocks yield-
ing ages around 607 Ma (Fig. 8A). The magmatic arc
was generated as a consequence of the northward sub-
duction of the oceanic crust that existed between the
Luis Alves and Curitiba microplates (Basei et al. 1998).
Its deformation is associated with the collision of these
Microplates whose estimated youngest age would be
around 600 Ma, according to K-Ar and U-Pb ages of
the isotropic granites that cut the deformed granitoids
(Harara et al. 1997).

Zircon fractions from protomylonitic granodiorites
showed high Pb losses (Fig. 8B), and high analytical
errors resulted from the analyses. On the other hand
a titanite fraction from the same rock yielded a con-
cordant age of 596 + 7 Ma, which represents the min-
imum age of crystallization of the rock. However, pre-
vious geochronological information obtained from co-
genetic granites showed that this age is in fact repre-
sentative of the time of deformation associated with the
collision of the Luis Alves and Curitiba microplates.

CASE 5 — DATING ZIRCON AND TITANITE
— CORDILLERA NORPATAGONICA (ARGENTINA)

In an isotopic study of igneous-metamorphic basement
rocks of the Argentinean Andes, zircon U-Pb ages were
obtained for the igneous protolith and considered rep-
resentative of the time of magmatic crystallization and
therefore closely related to the emplacement of the ig-
neous bodies dated (Varela et al. 2005).

Zircons from a tonalitic orthogneiss of the San
Martin de los Andes Tonalite, southwest of Safiico, Cor-
dillera Norpatagdnica, yielded ages of 425 + 28 Ma.
Titanites from metadiorites that occur as small bodies
inside the tonalites and represent a minor cogenetic va-
riety yielded a practically concordant age of 360 Ma

(Fig. 9).
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TECTONIC SKETCH OF SOUTHEASTERN
PORTION OF THE SAO PAULO STATE

CS8Z - Cubatio Shear Zone

ISZ - ltarii Shear Zone

CISS- Cubatiio-ltarid Shear System
SSZ - Seminha Shear Zona

Fig. 5 — Geological Map of southeastern Sao Paulo State (Passarelli at al. 2008). 1. Quaternary sediments. 2. Tertiary sediments. 3. Juquia
Alkaline Complex (Cretaceous). 4. CISS and SSZ: mylonitic rocks (600-570 Ma). Serra do Mar Granitic Suite (c. 580 Ma): 5. Itapitangui
6. Serra do Cordeiro 7. Serra do Votupoca. Mongagua Domain: 8. Granite-gneiss-migmatitic Domain (c. 615-580 Ma). 9. Areado Granite
(c. 610-580 Ma). 10. Ribeirdo do Oleo Granite (c. 580 Ma). Iguape Domain: 11. Iguape Granite (c. 600 Ma). 12. Iguape Metasediments
(<2200 Ma). Embu Domain: 13. Juquia Granite (c. 600 Ma). 14. Sete Barras Granite (c. 630 Ma). 15. Metasediments (< 1600—-1800 Ma).
Registro Domain: 16. Granite-gneiss-migmatitic Domain (2100-580 Ma). 17. Gneissic Domain (2200-580 Ma). 18. Itatins Complex (2200—
580 Ma). 19. Cachoeira Sequence (> 750 Ma). 20. Main shear zones. 21. Inferred Faults. 22. Lineaments. 23. Gradational geological contact.

24. Mylonitic foliation. 25. Principal foliation. 26. Mineral lineation. 27. The analyzed Sete Barras and Juquia Granites outcrops.

The zircon age is interpreted as the time of crys-
tallization of the tonalites and the titanite age as that of
the metamorphic peak, which are concordant with the
biotite K-Ar ages between 370 and 310 Ma (Varela et
al. 2005).

CASE 6 — DATING RUTILE — DOM FELICIANO BELT
— LAVALLEJA GROUP (URUGUAY)

The approximately NS-trending, 150-km wide Dom
Feliciano Belt stretches out for ca. 1200 km, thus occu-
pying the whole eastern portion of Southern Brazil and
Uruguay (Basei et al. 2000).

From its northernmost limit in Santa Catarina State
to its southern end in Uruguay, the Dom Feliciano Belt
has an internal organization constituted by three crustal
segments characterized from SE to NW by a Granitoid
belt (variably deformed calc-alkaline to alkaline grani-
toid rocks); a Schist belt (volcanosedimentary rocks
metamorphosed at greenschist to amphibolite facies),
and a Foreland belt (anquimetamorphic sedimentary and
volcanic rocks) situated between the schist belt and old
terranes to the west.

The Schist belt represents a group of supracrustal
rocks distributed between the Granitoid Belt and the
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Province. The inferred magmatic crystallization age for each mineral

(average 200Pb/2381 age corrected for common lead) is indicated.

Foreland Basins. Metasedimentary and metavolcano-
sedimentary sequences predominate in this segment that
discontinuously occurs along a narrow strip of average
40-km width. Three distinct metamorphic complexes
can be individualized and are named from north to south,
Brusque (SC), Porongos (RS) and Lavalleja (UY).

In Uruguay the Lavalleja Group represents the
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Schist Belt southern segment and is composed of three
supracrustal units distributed from east to west as fol-
lows: Zanja del Tigre, Fuente del Puma and Minas for-
mations (Sanchez Bettucci et al. 2004). The metamor-
phic grade decreases from E to W, varying from low
amphibolite, followed by greenschist to very low (an-
quimetamorphic) northwestwards.
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Fig. 9 — Tera-Wasserburg Concordia diagram of zircon and titanite U-Pb

isotopic compositions from the Tonalitic Gneiss Safiico. The inferred

crystallization age for each mineral is indicated.

The Zanja del Tigre Formation corresponds to a
metavolcanosedimentary sequence where para- and or-
thoderived amphibolites and gabbros occur among mica
schists, garnet-rich schists and varied marbles. Another
metavolcanosedimentary sequence lies on this forma-
tion (Fuente del Puma Formation), which is composed
of psammo-pelitic rocks (metaconglomerates, calc-are-
nites, calc-dolomites and mica schists) and, compared

to the basal unit, of a more conspicuous volcanic facies
(gabbros, basalts, volcanic breccias and rhyolites). The
upper Minas Formation is constituted exclusively by sed-
imentary terms such as metapelites, quartzites, arkoses,
and limestones that contain stromatolitic units.

This supracrustal sequence was metamorphosed
at low to medium metamorphic grade conditions (Pre-
ciozzi et al. 2001). The data available for the metavol-
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canic rocks, between 680 and 690 Ma (K/Ar, Sanchez
Bettucci et al. 2004) are scarce.

For a Lavalleja Group metabasalt a concordant zir-
con age of 667 = 4 Ma was obtained and interpreted
as the time of formation of the basalts and a concor-
dant rutile age of 624 &+ 14 Ma interpreted as that of
the major metamorphic event (Fig. 10).
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Fig. 10 - 206pp/238Y vs. 207pb/235U Concordia diagram of Fuente

del Puma metabasalt. Zircon and rutile Concordia ages are indicated.

DISCUSSION AND FUTURE IMPLEMENTATIONS IN
TIMS ANALYSES

Zircon has a very complex internal structure expressed
in different internal domains, with textural, chemical
composition and age variations that reflect its geologic
history (Vavra 1990, Hanchar and Miller 1993, Han-
char and Hoskin 2003). Thus the study of the zircon
internal structure is essential to be carried out for the
TIMS methodology.
tained by cathodoluminescence (CL), scanning electron

Images of minerals can be ob-

microscopy (SEM) or backscattered electrons emission
(BSE). Coupled with BSE images, semi-quantitative re-
sults can be obtained by EDS to estimate average Th/U
ratios of zircon crystals, to identify probable magmatic
or metamorphic origin (Vavra et al. 1999), despite the
exceptions discussed in Moller et al. (2003).

The zircons CL images (Pidgeon 1992) and trans-
mitted-light microscopy remarks is fundamental. The
important internal features of the crystals, such as
growth zones, inherited nuclei and growth rims, reab-
sorption areas, metamictization, fractures, inclusions,
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etc. are revealed. This information supplies the back-
ground to geological evolution of igneous rocks inter-
pretations.

Crystals with inherited nuclei and rims yield U-Pb
ID-TIMS hybrid ages, because the whole grain is ana-
lyzed. However, processes such as mechanical abrasion
with pyrite or partial dissolution analysis (PDA, Mattin-
son 1994) enable the analysis of nuclei and overgrowth
rims. The PDA method used in the CPGeo U-Pb lab-
oratory (e.g. Sato et al. 2003) provides good results,
despite of Pb loss, isotopic inheritance or even reverse
discordance. The PDA methodology helps to character-
ize the age of old terranes involved in crustal reworking
processes. For these studies, it is very important to be
able to analyze very few zircon crystals and guarantee
very low laboratory blanks.

Therefore, a crucial aspect of the U-Pb ID-TIMS
analysis, especially in zircons, due to its strong isotopic
memory, is to avoid crystals that usually present inher-
ited nuclei and metamictization. Figure 11A-1 shows bi-
pyramidal zircons with short-prismatic shape (I/w ~ 1.5)
whose CL images reveal inherited nuclei, reabsorption
areas and melt-precipitated overgrowths (Fig. 11A-2).

Even if extreme care in the hand picking selection
of well-formed, clear crystals free of fractures and in-
clusions, has been taken (Fig. 11B-1), this conventional
method cannot completely avoid the presence of unsuit-
able zircon crystals in the populations (Fig. 11B-2).

The internal features of zircon crystals can also be
revealed by lightly HF etching, as described by Pidgeon
et al. (1998). The resulting features are similar to those
observed in BSE images, but are not always identical to
CL images. This method was applied to zircons whose
CL images showed very low contrast, making the obser-
vation of the crystal internal structure impossible. The
susceptibility to HF etching seems to be related to the
trace element contents and possibly the metamictization
degree.

The advantages of the method are the quickness and
low cost. The information obtained is practically the
same as that from CL imaging, being only necessary
the preparation of epoxy mounts and further HF vapor
etching (see Pidgeon et al. 1998 for more details).

New refined techniques will be applied in the near
future in the lab, such as CA (Chemical Abrasion) —
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Fig. 11 — Morphological and textural characteristics of zircon crystals. A: 1) Stereoscope photomicrograph of zircon crystals. Monzogranite,

Sample HP-21 Pirai do Sul Unit (PSU); 2) Cathodoluminescence images of sections through zircon crystals. rs-reabsorption (indicated by arrows),

n-nuclei, ov-overgrowth, stippled line-nuclei/overgrowth limit. B: 1) Stereoscope photomicrograph of zircon crystals; 2) Cathodoluminescence

images of sections through zircon crystals. rs — reabsorption (indicated by arrows), n — nuclei, ov — overgrowth, stippled line-nuclei/overgrowth

limit.

TIMS (Mattinson 2005). This method enables the com-
plete removal of parts of the crystal that underwent Pb
loss so that the analysis of a residual, isotopically closed
The CA-TIMS system in-
cludes a high-temperature treatment to anneal the dam-

system is made possible.

age caused by radiation to the crystalline lattice and spon-
taneous fission processes, thus eliminating the elemen-
tal and isotopic leaching effects that limited the use of
certain methods, such as step-wise dissolution or partial
dissolution analysis (PDA). Then, the annealed zircons
are submitted to a series of partial dissolution steps at
progressively higher temperatures.

Additionally the implementation of the routine for
other accessory minerals such as epidote and the im-
provement of the routines for minerals such as titan-
ite, rutile and apatite will considerably contribute to the
study of polycyclic terranes.

FINAL CONSIDERATIONS

The U-Pb geochronology is one of the most precise
methods used to temporally establish igneous and meta-
morphic processes. The use of high-Tc minerals such
as zircon enables the dating of crystallization under ig-
neous conditions and of metamorphic events. Moreover,
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the use of lower-Tc minerals allows the characteriza-
tion of the thermal history of igneous and metamorphic
terranes.

The improvements on the isotope dilution — thermal
ionization mass-spectrometry (ID-TIMS) technique are
remarkable, as well as those concerning sample prepa-
ration, mineral selection, laboratory blanks, and acqui-
sition of very precise ages, allowing the characterization
of superposed geologic events at unprecedented levels.

Due to the ‘open-system’ behavior of the U-Pb sys-
tematics, exemplified by isotopic disequilibrium, Pb loss
and inheritance (detailed revision in Hanchar and Hoskin
2003), there is increasing need for advanced studies and
the innovation of new techniques for a permanent im-
provement of the methodology.

In summary it can be established that the TIMS
systematics should be used when high-precision anal-
yses are required, for example, when several succes-
sive magmatic and/or metamorphic events must be in-
The high relia-
bility and precision conditions also involve the use of

dividualized in a short time interval.

imaging techniques in order to obtain details of the
mineral internal features (detailed revision in Parrish
and Noble 2003).

In turn, the SIMS systematics is applicable to the
study of polycyclic terranes, where high spatial resolu-
tion analyses are needed, in zircon crystals with isotopic
inheritance, and in metamorphic rocks that are usually
affected by partial opening of the isotopic U-Th-Pb sys-
tem, with consequence overgrowth and even reabsorp-
tion areas.

The choice of the technique to be applied will de-
pend initially on the objective of the research and the
geological context. The combined use of the TIMS and
SIMS techniques is already a reality, summing the
advantages of each of them. These techniques are to-
tally complementary and by no means exclusive and will
provide the precise characterization of tectono-thermal
events that affected terranes of complex geologic-geo-
chronological evolution.
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RESUMO

O Centro de Pesquisas Geocronologicas (CPGeo), um dos cen-
tros interdepartamentais do Instituto de Geociéncias (IG) da
Universidade de Sao Paulo (USP), desde 1964 desenvolve es-
tudos relacionados a diversos processos geoldgicos que se as-
sociam a diferentes tipos de rochas. A técnica amplamente
utilizada no Laboratorio U-Pb ¢ a dilui¢@o isotdpica por es-
pectrometria de massa termo ionizada (ID-TIMS). Esta sis-
tematica proporciona resultados bastante confidveis e precisos
na determinacdo das idades de eventos geoldgicos superpos-
tos. Entretanto, o comportamento de sistema aberto como
perda de Pb, problemas de heranga isotdpica e processos de
metamictizagdo, nos permite o entendimento do poder e limi-
tacdo da geocronologia e termocronologia U-Pb. Neste artigo
apresentamos a metodologia atualmente utilizada no Labo-
ratorio U-Pb do CPGeo-IGc-USP, as melhorias atingidas na
técnica ID-TIMS e alguns dados obtidos em zircdo, epidoto,
titanita, baddeleyita e rutilo de diferentes tipos de rochas de al-
guns dominios da regido sul-sudeste brasileira ¢ da Argentina
e Uruguai.
Palavras-chave: metodologia U-Pb (dilui¢do isotopica —
TIMS), geocronologia U-Pb em minerais acessorios, labora-
torio U-Pb — CPGeo-IGe-USP.
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