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-PREFACE-

New data presented in this work are divided into different contributions, which are
outlined below. These results as a whole comprise an integral approach to constrain the evolution
of the study area. Chapter 1 and 2 are introductory, whereas results obtained in this thesis are
included in Chapters 3 to 7. Chapter 8, in turn, presents a critical discussion of all new and
available data, and Chapter 9 outlines the main conclusions of the work.

Chapter 1 presents the aim of the work as well as an overview of Gondwana evolution and
regional geology of the study area. Chapter 2 reviews methodologies applied in this work,
including all methods and analytical procedures.

Chapter 3 (Oriolo et al., 2016, Precambrian Research) presents new U-Pb and Hf zircon
data from the basement of the study area, which comprise the Nico Pérez and Piedra Alta
terranes. These results are integrated with available data from these blocks as well as from
adjacent units in order to establish regional correlations and the allochthony/autochthony of the
Nico Pérez Terrane regarding the Rio de la Plata Craton.

Chapter 4 (Oyhantgabal et al., submitted to Precambrian Research) includes U-Pb and Hf
detrital zircon data from the metasedimentary cover of the Dom Feliciano Belt, which overlains
the basement units studied in Chapter 3. Age, provenance and tectonic setting of these units are
thus discussed. In the corresponding manuscript, these results are integrated with geochemical
and Sm-Nd whole-rock data from the same units, which were mostly analysed by the first author.

Chapter 5 (Oriolo et al., 2015, International Journal of Earth Sciences) presents kinematic,
structural and microstructural data from the Sarandi del Yi Shear Zone and adjacent blocks. Quartz
CPO data and strain analysis of the mylonites of the shear zone are integrated with these data in

order to constrain the structural evolution of the Sarandi del Yi Shear Zone.
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Chapter 6 (Oriolo et al., 2016, Tectonics) complements data from Chapter 5, as it
incorporates geochronological data from the Sarandi del Yi Shear Zone. Hence, integration of
structural, microstructural and geochronological data allows assessing the timing of deformation
of the shear zone. Additionally, implications for dating the age of deformation in mylonitic rocks
are discussed as well.

Chapter 7 (Oriolo et al., submitted to Journal of Structural Geology) presents structural,
microstructural and geochronological data from the Dom Feliciano Belt. The timing of deformation
and metamorphism and structural evolution of the belt are thus constrained.

Chapter 8 integrates all available data and results obtained in this work into an
evolutionary model for the study area. As a corollary, the history of Western Gondwana assembly
is reassessed, evaluating the role of major crustal blocks and Neoproterozoic orogenic belts (Oriolo

et al., submitted to Geoscience Frontiers). Chapter 9 summarizes the main results of the work.

The following manuscripts are part of this doctoral thesis:

Oriolo, S., Oyhantgabal, P., Heidelbach, F., Wemmer, K., Siegesmund, S. 2015. Structural evolution
of the Sarandi del Yi Shear Zone: kinematics, deformation conditions and tectonic significance.
International journal of Earth Sciences 104, 1759-1777.

Oriolo, S., Oyhantcabal, P., Wemmer, K., Basei, M.A.S., Benowitz, J., Pfander, J., Hannich, F.,
Siegesmund, S. 2016. Timing of deformation in the Sarandi del Yi Shear Zone, Uruguay:
implications for the amalgamation of Western Gondwana during the Neoproterozoic Brasiliano—
Pan-African Orogeny. Tectonics 35, 754-771.

Oriolo, S., Oyhantgabal, P., Basei, M.A.S., Wemmer, K., Siegesmund, S. 2016. The Nico Pérez
Terrane (Uruguay): from Archean crustal growth and connections with the Congo Craton to late

Neoproterozoic accretion to the Rio de la Plata Craton. Precambrian Research 280, 147-160.
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Oyhantcgabal, P., Oriolo, S., Basei, M.A.S., Frei, D., Marahrens, J., Wemmer, K., Siegesmund, S.
Provenance and tectonic affinity of metasedimentary rocks of the western Dom Feliciano Belt in
Uruguay: Insights from U-Pb detrital zircon geochronology, Hf isotopes, Sm-Nd whole-rock model
ages and geochemical data. Submitted to Precambrian Research.

Oriolo, S., Oyhantcabal, P., Wemmer, K., Heidelbach, F., Pfander, J., Basei, M.A.S., Hueck, M.,
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-ABSTRACT-

The Sarandi del Yi Shear Zone (Uruguay) is a crustal-scale structure that separates the Rio
de la Plata Craton from the Nico Pérez Terrane and Dom Feliciano Belt. Nevertheless, its evolution
is poorly constrained, even though it represents a key structural feature of Western Gondwana. A
multidisciplinary study was thus carried out, in order to assess the tectonic evolution of the
Sarandi del Yi Shear Zone and adjacent blocks and the crustal affinity of the latter. Likewise, new
and available data were integrated to provide a unified tectonic model for the history of
amalgamation of Gondwana and the evolution of major mobile belts during the Neoproterozoic.

Geological, geochronological and isotopic data indicate that the Nico Pérez Terrane
originated mostly from Archean episodic crustal growth and underwent dominantly crustal
reworking during several Proterozoic events, whereas the Piedra Alta Terrane is made up of
juvenile Paleoproterozoic continental crust. Hence, the Nico Pérez Terrane was allochthonous to
the Rio de la Plata Craton. In contrast, it shows an African crustal affinity and probably derived
from the southwestern margin of the Congo Craton. Similarities of Archean and Proterozoic events
recorded in the Nico Pérez Terrane basement and the overlying metasedimentary cover of the
southwestern Dom Feliciano Belt further support an African derivation.

The onset of the deformation along the Sarandi del Yi Shear Zone is recorded at 630-625
Ma, giving rise to dextral shearing, and is coeval with the onset of deformation, metamorphism
and exhumation of the Dom Feliciano Belt. This is related to the collision of the Rio de la Plata and
Congo Craton and the consequent juxtaposition of the Nico Pérez Terrane to the Rio de la Plata
Craton margin. Subsequent post-collisional exhumation, deformation and magmatism are
ubiquitously recorded in the Dom Feliciano Belt up to 600 Ma. Sinistral shearing at ca. 600-580 Ma
took place along the Sarandi del Yi Shear Zone as well as along NNE-striking shear zones of the

Dom Feliciano Belt, and resulted from the onset of the Kalahari convergence with the already
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amalgamated Rio de la Plata and Congo cratons. The input of Kalahari-derived sediments is
restricted to the late Ediacaran southeastern post-collisional sequences of the Dom Feliciano Belt,
which further indicates that the Congo-Rio de la Plata amalgamation predates the accretion of the
Kalahari Craton.

As in the case of the Sarandi del Yi Shear Zone, collisional events up to 600 Ma along
crustal-scale shear zones can be further traced to the north along the Transbrasiliano-Kandi
Lineament, which gave rise to the birth of Western Gondwana. The late stages of Rodinia break-up
associated with the opening of the lapetus Ocean between Laurentia, Baltica and Amazonas
occurred contemporaneously and were succeeded by collisional events at 580-550 Ma of the East
African/Antartic Orogen. The latter gave rise to the amalgamation of Eastern and Western
Gondwana and predated the incorporation of the Kalahari Craton into Gondwana during the late
Ediacaran-early Cambrian.

Hence, the assembly of Gondwana comprised a protracted history of amalgamation of
crustal blocks between ca. 630 and 530 Ma. Likewise, the existence of the Pannotia
supercontinent can be ruled out, as the final configuration of Gondwana was attained during the

early Cambrian and took place after rifting between Laurentia and Amazonas.



-ZUSAMMENFASSUNG-

Die zu untersuchende Sarandi del Yi Scherzone trennt den Rio de la Plata Kraton von dem
Nico Pérez Terran und dem Dom Feliciano Girtel. Obwohl diese Scherzone entscheidende
Kenntnisse hinsichtlich der genauen Verschmelzung Gondwanas bringen konnte, ist die
Entwicklung dieser Struktur unbekannt. Diese multidisziplindre Studie beschaftigt sich nicht nur
mit der tektonischen Entwicklung der Sarandi del Yi Scherzone, sondern auch der benachbarten
Terrane und ihren Krustensignaturen. Dabei wurden neue und vorhandene Daten verwendet und
in ein tektonisches Gesamtmodel integriert, welches nahere Erkenntnisse ({ber die
Zusammenfiihrung Gondwanas und die Entwicklung der neoproterozoischen tektonischen Girtel
liefern soll.

Geologische, geochronologische und isotopengeochemische Untersuchungen des Nico
Pérez Terrans weisen zum groRten Teil auf ein episodisches Krustenwachstum im Archaikum hin,
wobei die Kruste wahrend mehrerer Ereignisse im Proterozoikum wiederaufgearbeitet wurde. Im
Gegensatz dazu besteht das Piedra Alta Terran aus jingerer, paldoproterozoischer kontinentaler
Kruste. Das Nico Pérez Terran ist somit allochthon zum Rio de la Plata Kraton. Die Krustensignatur
des Nico Pérez Terrans ahnelt der afrikanischen sehr und wadre ein weiteres Indiz fir eine
Provenienz aus dem siidwestlichen Congo Kraton. Die Ahnlichkeit zwischen archaischen und
proterozoischen Ereignissen, die sich im Grundgebirge des Nico Pérez Terrans und den dariiber
liegenden Metasedimenten des sliidwestlichen Dom Feliciano Glrtels abzeichnen, ist ein weiterer
Beleg fiir eine afrikanische Provenienz.

Der Verformungsbeginn der Sarandi del Yi Scherzone, die zu dextraler Scherung fiihrte,
kann in dieser Studie auf den Zeitraum 630-625 Ma eingegrenzt werden und fand somit zeitgleich
mit dem Beginn der Deformation, Metamorphose und Exhumation des Dom Feliciano Giirtels

statt. Diese Prozesse sind auf die Folgen der Kollision des Rio de la Plata und Congo Kratons und
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der darauffolgenden Verlagerung des Nico Pérez Terrans zum Rand des Rio de la Plata Kratons
zurickzufihren. Hinweise auf postkollisionale Prozesse (Exhumation, Deformation, Magmatismus)
reichen im Dom Feliciano Gurtel bis zu 600 Ma zuriick. Um ca. 600-580 Ma trat eine sinistrale
Scherung entlang der Sarandi del Yi Scherzone sowie der NNO-streichenden Scherzonen des Dom
Feliciano Girtels auf, welche aus dem konvergierenden Kalahari Kratons mit den bereits
verschmolzenen Rio de la Plata und Congo Kratonen resultierte. Die von dem Kalahari Kraton
eingetragenen Sedimente beschrianken sich auf das obere Ediacarium des stidostlichen Dom
Feliciano Girtels. Dies weist auf eine der Akkretion des Kalahari Kratons vorhergehende
Verschmelzung der Congo - Rio de la Plata Kratone hin.

Wie im Fall der Sarandi del Yi Scherzone sind Kollisionsphasen bis 600 Ma entlang
transregionaler Scherzonen, die entlang des Transbrasiliano-Kandi Lineaments nach Norden zu
verfolgen sind, erkennbar. Diese Phasen fiihrten zur initialen Bildung West-Gondwanas.
Gleichzeitig fanden mit der Offnung des lapetus Ozeans zwischen Laurentia, Baltica und Amazonas
die letzten Ziige des Zerbrechens Rodinias statt. AnschlieBend fand eine Kollisionsphase des
Ostafrikanisch-Antarktischen Orogens um 580-550 Ma statt. Durch diese letzte Kollision wurden
West- und Ost-Gondwana zusammengefiihrt, obwohl der Kalahari Kraton anschlieRend im oberen
Ediacarium-unterem Kambrium zu Gondwana verschmolzen wurde.

Somit ist festzustellen, dass mit der Entstehung Gondwanas eine langwierige
Verschmelzung von Krustenblécken zwischen ca. 630 und 530 Ma einhergeht. Ebenso wird die
Existenz des Superkontinents Pannotia ausgeschlossen, da Gondwana erst im unteren Kambrium

die finale Konfiguration erreichte, die dem Laurentia-Amazonas Rifting nachfolgte.
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Chapter 1 General Introduction

-CHAPTER 1-

General Introduction

1.1. Aim of the thesis

The goal of this work is to characterize the tectonic evolution of the Sarandi del Yi Shear
Zone and adjacent blocks (Uruguay), namely the Piedra Alta and Nico Pérez terranes and the Dom
Feliciano Belt, and to establish their role during Gondwana evolution. A multidisciplinary study was
thus carried out, considering several specific objectives that can be summed up in the following:
-To define the age and isotopic signature of the Piedra Alta and Nico Pérez terranes. The
autochthonous/allochthonous nature of the Nico Pérez Terrane regarding the Rio de la Plata
Craton and its crustal affinity are thus evaluated.
-To determine the detrital zircon pattern and provenance of the metasedimentary sequences of
the southwestern Dom Feliciano Belt.
-To constrain the tectonothermal evolution of the Sarandi del Yi Shear Zone: structure, kinematics,
deformation mechanisms and conditions, and timing of deformation. Based on this thorough
analysis, strain localization processes during shear zone nucleation and evolution as well as the
application of multiple geochronometers in mylonitic rocks are also discussed.
-To characterize the structural architecture and timing of deformation and metamorphism of the
Dom Feliciano Belt. The role of shear zones is emphasized and, consequently, temporal and spatial
strain variations at the orogen scale are analysed.
-To provide a unified tectonic model for the history of amalgamation of the main crustal blocks of

Western Gondwana and the evolution of major mobile belts during the Neoproterozoic.



Chapter 1 General Introduction

1.2. From Rodinia break-up to Gondwana amalgamation

The term Gondwana was first used by Medlicott (1872, apud Feistmantel, 1876) to refer to
a plant-bearing series in India and was afterwards extended to the Gondwana system
(Feistmantel, 1876; Medlicott and Blanford, 1879). Based on similarities in the Paleozoic-Mesozoic
geological and fossiliferous record of India and other continental masses, Suess (1885) proposed
the existence of a supercontinent and coined the name Gondwanaland, which was extended to
South America, Australia and Antarctica by Wegener (1915).

The evolution of Gondwana was strongly linked to Rodinia break-up, although the
participation of some African and South American blocks in Rodinia is controversial (Kréner and
Cordani, 2003; Tohver et al., 2006; Evans, 2009). After amalgamation during the late
Mesoproterozoic, Rodinia break-up occurred diachronously during the Cryogenian and Ediacaran
(Li et al., 2008; Johansson, 2014). Rifting started at ca. 800-700 Ma at the margin of Laurentia and
the Kalahari Craton with the Australia-East Antarctica and South China cratons, and was succeeded
by rifting at ca. 600 Ma at the Laurentia-Amazonas Craton margin (Fig. 1.1; Jacobs et al., 2008; Li et
al., 2008). This late extensional event was almost coeval with the amalgamation of Western
Gondwana, which includes most of the South American and African crustal blocks (e.g., Brito
Neves et al., 1999; Cordani et al., 2003). However, the Kalahari Craton and the Eastern Gondwana
blocks were not amalgamated with the rest of Gondwana till the early Cambrian (Fig. 1.2; Meert,

2003; Jacobs and Thomas, 2004; Collins and Pisarevsky, 2005; Li et al., 2008).



Chapter 1 General Introduction
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Fig. 1.1: Schematic paleogeography showing main crustal block distribution during Rodinia break-up at ca.
720 Ma (modified after Li et al., 2008). Subduction zones and spreading ridges are indicated in blue, whereas
the red area indicates the possible location of a mantle plume. The rifting zone at ca. 600 Ma between
Laurentia and Amazonas is shown in orange. Question marks indicate the uncertain location of the Rio de la

Plata (RP) in Rodinia, as outlined by Kroner and Cordani (2003) and Tohver et al. (2006).
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1000 km

Fig. 1.2: Gondwana map showing main crustal fragments and orogenic belts during the late Neoproterozoic—
early Paleozoic (modified after Gray et al., 2008). RPC: Rio de la Plata Craton, SFC: Sdo Francisco Craton,
ANS: Arabian-Nubian Shield, WAC: West Australian Craton, NAC: North Australian Craton, SAC: South

Australian Craton.



Chapter 1 General Introduction

1.2. The Brasiliano—Pan-African Orogeny

The Neoproterozoic Brasiliano—Pan-African Orogeny is ubiquitous in South America and
Africa and represents a protracted amalgamation of major crustal blocks along several mobile
belts, giving rise to the accretion of Gondwana after Rodinia break-up (Almeida et al., 1973; Brito
Neves et al., 1999; Cordani et al., 2003; Kroner and Stern, 2004). Particularly, the juxtaposition of
the Rio de la Plata, Kalahari and Congo cratons together with other minor continental fragments
such as the Nico Pérez Terrane took place in Western Gondwana (Basei et al., 2005; Goscombe et
al.,, 2005a; Gray et al., 2008; Foster et al., 2009; Frimmel et al., 2011; Oyhantcabal et al., 20113,
2011b; Rapela et al., 2011).

The Rio de la Plata Craton comprises the Piedra Alta Terrane in Uruguay and the Tandilia
Belt in Argentina (Cingolani, 2011, Oyhantcabal et al., 2011a). This Paleoproterozoic block is
bounded to the west by the late Ediacaran-Cambrian Pampean Orogen (e.g., Rapela et al., 1998,
2007; Siegesmund et al., 2010), whereas the Sarandi del Yi Shear Zone represents its eastern
margin (Oyhantcabal et al., 2011a). The Dom Feliciano Belt is located to the east of this crustal-
scale shear zone and reworks several Archean and Paleoproterozoic minor crustal blocks
(Oyhantcabal et al.,, 2011a; Rapela et al.,, 2011). On the other hand, both Congo and Kalahari
cratons comprise mostly Archean and Paleoproterozoic rocks, although Mesoproterozoic rocks are
widespread in the Kalahari Craton as well (Fig. 1.3; e.g., Hanson, 2003; McCourt et al., 2013). The
western Congo and Kalahari cratons are bounded by the Kaoko and Gariep belts, respectively (Fig.
1.3; Halbich and Alchin, 1995; Dirr and Dingeldey, 1996; Frimmel and Frank, 1998; Goscombe et
al., 2003a, 2003b, 2005a, 2005b; Konopdsek et al., 2005; Goscombe and Gray, 2008, 2009; Foster
et al., 2009), whereas the Damara Belt represents the boundary between both cratons (Gray et al.,

2006, 2008; Foster et al., 2015; Lehmann et al., 2015).
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Fig. 1.3: Geological map of
the Precambrian of Africa
modified after Hanson
(2003) and McCourt et al.
(2013). UB: Usagaran Belt,
KhB: Kheis Belt, OT: Okwa
Terrane, Kl: Kamanjab
Inlier, BC: Barue Complex,
KB: Kaoko Belt, GB: Gariep
Belt.
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1.4. Geological setting
1.4.1. Tectonostratigraphic units

The Piedra Alta and the Nico Pérez terranes as well as the Dom Feliciano Belt represent
the main tectonostratigraphic units that can be recognized in the Precambrian of Uruguay (Fig.
1.4; Oyhantcabal et al., 2011a). The Piedra Alta Terrane is located in western Uruguay and
represents a part of the Paleoproterozoic Rio de la Plata Craton (Almeida et al., 1973; Dalla Salda
et al., 1988), which also includes the Buenos Aires Complex of the Tandilia Belt in Argentina
(Cingolani, 2011 and references therein). The craton boundaries are dominantly covered by
younger sediments and were thus only recognized through borehole and geophysical information

(Booker et al., 2004; Rapela et al. 2007, 2011; Pangaro and Ramos, 2012).
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Rio de la Plata

Braz" Taquarembo
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Isla Cristalina de
Rivera

Uruguay

Nico Pérez
Terrane

Piedra Alta
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Feliciano
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57°30'W

Piedra Alta terrane

Doleritic dykes
Schist belts
Granitoids & Gneisses

Nico Pérez terrane & Dom Feliciano belt

Granitoids / Shear zones

Supracrustal rocks SYSZ Sarandi del Yi Shear Zone

Cerro Olivo Complex SBSZ Sierra Ballena Shear Zone

Juvenile rocks MASZ Maria Albina Shear Zone

lllescas Granite RSZ Rivera Shear Zone

Granulites & Gneisses CSZ Cordillera Shear Zone

Gneisses & Schists SSSZ Sierra de Sosa Shear Zone
CASZ Cerro Amaro Shear Zone
COSZ Colonia Shear Zone

Fig. 1.4: Geological map of the Precambrian of Uruguay modified after Oyhantgabal et al. (2011a) and

references therein. The inset shows the distribution of main crustal fragments and Neoproterozoic orogenic

belts in South America and Africa, modified after Gray et al. (2008). The study area is indicated in red.

African blocks in South America are shown in blue (NPT: Nico Pérez Terrane, PP: Paranapanema Block, SFC:

Sdo Francisco Craton). RPC: Rio de la Plata Craton, AB: Angola Block. 1: Dom Feliciano Belt, 2: Ribeira Belt, 3:

Brasilia Belt, 4: Araguai Belt, 5: Kaoko Belt, 6: Damara Belt, 7: Gariep Belt, 8: Saldania Belt. The location of

the Punta Mogotes borehole (PM), which represents the southeastern margin of the Rio de la Plata Craton,

is also indicated (Rapela et al., 2011).
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The Nico Pérez Terrane crops out in central Uruguay. It is an Archean-Paleoproterozoic
block that shows strong Neoproterozoic reworking (Ellis, 1998; Oyhantgabal et al., 2011a, 2012). It
also includes the Isla Cristalina de Rivera in northern Uruguay (Ellis, 1998) and the Taquarembd
block in southern Brazil (Oyhantgabal et al., 2011a). The basement of the Nico Pérez Terrane is
made up of the Pavas Block, the Valentines-Rivera Granulitic Complex and the Campanero Unit.
The Pavas Block comprises Archean orthogneisses, mafic and ultramafic rocks and metasediments
(Preciozzi et al., 1979; Hartmann et al., 2001), whereas the Valentines-Rivera Granulitic Complex is
constituted by 2.2-2.0 Ga granulites and orthogneisses (Oyhantcabal et al., 2011a, 2012), which
are intruded in the west by the 1.7 Ga lllescas rapakivi granite (Campal and Schipilov, 1995). The
Campanero Unit comprises migmatites, amphibolites, BIFs, micaschists and orthogneisses with
zircon ages of 1.7 Ga and is exposed as a basement inlier of the Dom Feliciano Belt (Sanchez
Bettucci et al., 2003, 2004; Oyhantgabal, 2005; Mallmann et al., 2007). Likewise, Neoproterozoic
granitoids and metasediments are widespread and indicate a significant reworking related to the
evolution of the Dom Feliciano Belt (Oyhantgabal et al., 2011a, 2012).

The Dom Feliciano Belt represents a Neoproterozoic transpressional orogen, which is
located in eastern Uruguay and south-eastern Brazil. It can be divided into three main geotectonic
units: the granite belt, the schist belt and foreland basins (Basei et al., 2000). The granite belt is
made up of the Pelotas and Floriandpolis Batholith in Brazil and the Aigua Batholith in Uruguay
(Basei et al., 2000). On the other hand, the schist belt comprises deformed metavolcano-
sedimentary sequences such as the Lavalleja, Porongos and Brusque groups, whereas the foreland
belt includes post-collisional volcano-sedimentary successions (Basei et al., 2000, 2008). Likewise,
it includes a series of pre-Brasiliano basement inliers (Sanchez Bettucci, 1998; Preciozzi et al.,
1999; Mallmann et al., 2007; Basei et al., 2011a; Rapela et al., 2011; Saalmann et al., 2011). Due to

similarities in the tectonomagmatic evolution, the Dom Feliciano Belt was alternatively correlated



Chapter 1 General Introduction

with the Kaoko and Gariep belts in Africa (e.g., Basei et al., 2005, 2008, 2011a; Gross et al., 2009;

Oyhantgabal et al., 2009a, 2009b, 2011b; Lenz et al., 2011; Rapela et al., 2011).

1.4.2. Shear zones

The main tectonostratigraphic units of the basement of Uruguay are bound and cross-cut
by several major shear zones (Fig. 1.4). In particular, the Sarandi del Yi and the Sierra Ballena shear
zones represent the main structural features.

The Sarandi del Yi Shear Zone separates the Paleoproterozoic Piedra Alta Terrane from the
adjacent Nico Pérez Terrane and Dom Feliciano Belt (Oyhantgabal et al., 2011a; Rapela et al.,
2011) and was proposed as the easternmost boundary of the Rio de la Plata Craton (Oyhantcabal
et al.,, 2011a). Due to the lack of structural studies of this shear zone, its evolution is still
controversial (Oyhantcabal et al., 1993, 2011a; Gaucher et al., 2011a), even though it represents a
key element for the understanding of the amalgamation of Western Gondwana.

On the other hand, the Sierra Ballena Shear Zone represents the boundary between the
Nico Pérez Terrane and the Cerro Olivo Complex, i.e., the Punta del Este Terrane (Basei et al.,
2011a; Oyhantcabal et al., 2011a; Rapela et al., 2011). Further to the north, the Sierra Ballena was
correlated with the Dorsal de Cangucu/Cordilheira and Major Gercino shear zones from southern
Brazil (Fernandes et al., 1992; Fernandes and Koester, 1999; Oyhantcabal et al., 2009b, 2011b;
Passarelli et al., 2010, 2011) as well as with the Purros Shear Zone of the Kaoko Belt in Namibia
(Oyhantgabal et al., 2011b).

Shear zones of the Piedra Alta Terrane present typically E-ENE strike and strike-slip
sinistral shearing (Fig. 1.4). Among them, the Colonia and Mosquitos shear zones yield K-Ar
muscovite ages of 2.05-1.78 Ga (Oyhantcabal et al., 2006; Gianotti et al., 2010), indicating tectonic

activity related to the Paleoproterozoic evolution of the Rio de la Plata Craton. The same E-ENE
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structural grain can be recognized elsewhere within the Piedra Alta Terrane due to the distribution
of gneissic-granitic and metavolcano-sedimentary belts and the Florida dyke swarm (Fig. 1.4;
Oyhantgabal et al., 2011a). Furthermore, comparable E-striking Paleoproterozoic shear zones such
as the Azul Shear Zone crop out in the Tandilia Belt (Frisicale et al., 2005, 2012).

Between the Sarandi del Yi and Sierra Ballena shear zones, several mylonitic belts are
present within the basement of the Nico Pérez Terrane and the southwestern Dom Feliciano Belt
(Fig. 1.4). The Rivera Shear Zone cross-cuts the Valentines-Rivera Granulitic Complex, whereas the
Sierra de Sosa and Maria Albina shear zones separate different lithostratigraphical units
(Oyhantgabal et al., 2011a, 2012). Likewise, several NE-striking shear zones such as the Cerro
Amaro and Cordillera shear zones are present to the east of the Sierra Ballena Shear Zone

(Oyhantgabal, 2005; Oyhantcabal et al., 2011a).
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-CHAPTER 2-

Methodology

2.1.Geological mapping

The starting point of this research was the geological mapping of the study area (Fig. 1.4),
which was based on field work, available geological maps, aerial photographs and satellite images.
A total of four months of field work was divided into several campaigns between 2011 and 2014.
Geological and structural data were collected thorough the study area and key areas were mapped
in detail (ca. 1:20000). Field data were integrated with all available maps from publications, data
from the Geological Survey of Uruguay (DINAMIGE), Landsat images and 1:20000 aerial
photographs from the Servicio Geografico Militar, Uruguay.

Based on the mapping, key units were sampled for laboratory analyses (thin sections,
quartz crystallographic preferred orientation analyses, geochronological and isotopic studies). In

turn, preliminary laboratory results were checked during subsequent field work.

2.2.Petrography

About 160 thin sections were analysed using classical optical microscopy. Petrographic
observations included lithological and modal characterization, determination of critical
parageneses to constrain metamorphic conditions and microstructural analysis. Microstructural
analysis was carried out in order to assess deformation mechanisms and conditions, and was

integrated with quartz crystallographic preferred orientation data in the case of mylonitic rocks.

2.3.Quartz crystallographic preferred orientation patterns
Samples of mylonites were collected to analyse the crystallographic preferred orientation

(CPO) of quartz (Appendix 1). Sections parallel to the lineation and perpendicular to the foliation
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were studied with electron backscatter diffraction (EBSD). The reference structural frame is
presented in all pole figures. The sections were polished additionally with a high pH silica solution
(40 nm particle size) in order to remove damage from the previous polishing steps. The SEM was a
Leo (now Zeiss) Gemini 1530 with a Schottky emitter run at 30 keV accelerating voltage and a
beam current of about 8 nA, and is located at the Bayerisches Geoinstitut of the Universitat
Bayreuth. EBSD patterns were recorded with a Nordlys 2 camera and indexed with the Channel
software package, both from Oxford Instruments. Areas of about 40 mm? were mapped with a
step size of 10 um yielding between 20000 and 70000 indexed points for quartz depending on the
sample. The discrete orientation points were clustered with a 5° circle and then smoothed with a

10° FWHM for representation in the pole figures.

2.4.Geochronology
2.4.1.U-Pb geochronology

Samples were crushed and sieved and, afterwards, the mineral fractions were separated
using conventional heavy liquid and isodynamic techniques. Sample locations are presented in
Appendix 2. For several samples, not only zircons but also other mineral phases were also
concentrated for geochronology (Appendix 2). Measurements were carried out at the
Geochronological Research Centre of the University of Sdo Paulo, Brazil (U-Pb SHRIMP and LA-ICP-
MS) and the Central Analytical Facility of the Stellenbosch University, South Africa (U-Pb LA-ICP-
MS).

Age determinations by SHRIMP were performed at the Geochronological Research Centre
of the University of Sdo Paulo, according to standard procedures (Compston et al., 1984; Stern,
1998; Williams, 1998; Sircombe, 2000). Zircons from each sample were arranged in rows with

Temora 2 zircon reference standard, cast into epoxy resin grain mounts with a diameter of 2.54

11
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cm, and polished to reveal grain centers. Prior to analysis, cathodoluminescence (CL) and
transmitted images were obtained so that sites for analysis could be chosen. The SHRIMP lle setup
is described below:

° Primary beam analytical conditions: Kohler aperture = 120 um, spot size = 30 um, and O,
beam density = ~2.5-7 nA (depending on brightness aperture).

. Secondary beam analytical conditions: source slit = 80 um; mass resolutions for ***(Zr,0),
206pp, 207pp, 208pp, 238 248(ThO) and **(UO) ranging between 5,000 and 5,500 (1%), and residues <
0.025; energy slit = open.

During acquisition, raster time was 2-3 minutes with spot size = 50 um, plus 0.5 minutes of
burning time fixed at the center. Analytical rate among standard and sample is 1 standard to 4
zircon samples.

The Pb" ionization efficiency is about a factor of two higher than U*, and so the 2°°Pb*/?*8U"
ratio must be calibrated using a standard material (Williams, 1998). Measured *%Pb*/**U* varies
with the measured UO*/U" to define a calibration line of known age, in this case 416.78 Ma for the
Temora 2 zircon. The age of an unknown sample can then be determined by the ratio of *°°Pb*/U*
in the unknown to that ratio in the standard at the common UO/U value. For additional
information, see Williams (1998). SHRIMP softwares are LabVIEW 8.5 and SHRIMP SW 2.90. Data

was reduced using SQUID 1.06. Common lead corrections use >

Pb according to Stacey and
Kramer (1975). Temora 2 is used as *®Pb/?%U age reference (416.78 Ma; Black et al., 2004), and
SL13 (238 ppm) is used as U composition reference. More details about analytical procedures and
data acquisition and processing are presented by Sato et al. (2014).

On the other hand, zircon and titanite LA-ICP-MS analyses performed at the

Geochronological Research Centre of the University of Sdo Paulo were carried out using a Neptune

inductively coupled plasma-mass spectrometer (ICP-MS) and an excimer laser ablation (LA)

12
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system. Table 2.1 provides the cup and ICP-MS configuration as well as the laser parameters used
during the analysis. The U-Pb analysis was used to measure the materials in the following order:
two blanks, two NIST standard glasses, three external standards, 13 unknown samples, two
external standards and two blanks. Each experiment consisted of 40 cycles with 1 s/cycle.
The *Hg interference for*®Pb was corrected using *’Hg, as*®*Hg/*”Hg = 4.350360.
The *”’Pb/*®Pb ratio was used to normalize both the NIST and external standards, whereas
the 238U/*°°Pb ratio was used to normalize the external standard. The standard GJ-1 was used for
the zircon analyses (Elhlou et al., 2006). Zircon typically contains low concentrations of common
Pb. Thus, the reliability of the measured **’Pb/***Pb and 2U/*°®Pb ratios critically depends on
accurately assessing the common Pb component. The residual common Pb was corrected based
on the measured *®Pb concentration using the known terrestrial composition (Stacey and
Kramers, 1975). The uncertainty introduced by laser-induced fractionation of elements and mass
instrumental discrimination was corrected using a reference zircon standard (GJ-1; Jackson et al.,
2004). The isotope ratios and interelement fractionation of data collected using the ICP-MS
instrument were evaluated by interspersing the GJ-1 zircon standard in each set of thirteen zircon
spots. The GJ-1 standard meets the requirements for the methods used in the laboratory, and the
ratios 22U/?°°Pb*, **’Pb*/*°*Pb* and ***Th/***U were homogeneous throughout application of the
bracket technique. External errors were calculated using error propagation for the individual
measurements of the standard GJ-1 and the individual zircon sample measurements (spots).

Most of the data plot close to concordant ages. Results are represented in concordia and
Tera Wasserburg plots generated by the program Isoplot/Ex (Ludwig, 2003). Data were filtered
prior to plotting, to remove analyses with the most disturbed radiogenic Pb and with higher *°Pb
of common origin, calculated from measured ***Pb using Cumming and Richards (1975) Pb

evolution curves for common Pb compositions.
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Cup configuration and interferences

IC3 IC4 L4 I1C6 L3 Axial H2 H4
ZOZHg 204Pb 206Pb 207Pb ZOBPb ~219,59 232Th 238U
Instrument operating parameters
MC-ICP-MS Laser ablation
Model ThermoFinnigan Neptune Type 193 nm Ar-F excimer laser
Forward power 952 W Model Analyte G2-Photon Machines
Mass resolution Low (400) Repetition rate 6 Hz
Laser fluence 8.55 J/m’
Spot size 32 um
Gas flows-laser ablation Data reduction
Cool/plasma (Ar) 16 L/min
Auxiliary (Ar) 0.80 L/min Interference correction | ***Hg/***Hg 4.35036
Sample cell gas (He) ~1 L/min

Table 2.1: Cup configuration and instrument operating parameters.

U—Pb age data obtained at the Central Analytical Facility of the Stellenbosch University
were, in turn, acquired by laser ablation-single collector-magnetic sector field-inductively coupled
plasma-mass spectrometry (LA-SF-ICP-MS) employing a ThermoFinnigan Element2 mass
spectrometer coupled to a NewWave UP213 laser ablation system. All age data were obtained by
single spot analyses with a spot diameter of 30 um and a crater depth of approximately 15-20 um.
The methods employed for analysis and data processing are described in detail by Gerdes and Zeh
(2006) and Frei and Gerdes (2009). For quality control, the PleSovice (Sldama et al., 2008) and M127
(Nasdala et al., 2008; Mattinson, 2010) zircon reference materials were analysed, and the results
were consistently in excellent agreement with the published ID-TIMS ages. The calculation of
concordia ages and plotting of concordia diagrams were performed using Isoplot 3.0 (Ludwig,
2003). Results are presented in relative probability curves recalculated from the number of zircon

analyses for each age class.

2.4.2.°°Ar/*Ar
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OAr/*Ar step-heat analyses were carried out in hornblende and mica separates (Appendix
2). Measurements were carried out at the Geochronology Laboratory of the University of Alaska
Fairbanks and the Argonlab Freiberg.

In the case of “°Ar/*°Ar determinations conducted at the Geochronology Laboratory of the
University of Alaska Fairbanks, the mineral MMhb-1 (Samson and Alexander, 1987) with an age of
513.9 Ma (Lanphere and Dalrymple, 2000) was used to monitor neutron flux and to calculate the
irradiation parameter (J). The samples and standards were wrapped in aluminium foil and loaded
into aluminium cans of 2.5 cm in diameter and 6 cm in height. The samples were irradiated in
position 5c of the uranium enriched research reactor of the McMaster University in Hamilton,
Ontario, Canada for 20 MW h.

Upon their return from the reactor, the samples and monitors were loaded into 2 mm
diameter holes in a copper tray that was then loaded in an ultra-high vacuum extraction line. The
monitors were fused and the samples heated, using a 6 W argon-ion laser following the technique
described in York et al. (1981), Layer et al. (1987) and Layer (2000). Argon purification was
achieved using a liquid nitrogen cold trap and a SAES Zr-Al getter at 400°C. The samples were
analysed in a VG-3600 mass spectrometer at the Geophysical Institute, University of Alaska,
Fairbanks. The measured argon isotopes were corrected for system blank and mass discrimination,
as well as calcium, potassium, and chlorine interference reactions following procedures outlined in
McDougall and Harrison (1999). System blanks generally were 2x10™® mol *°Ar and 2x10™® mol
%Ar, which are 10 to 50 times smaller than fraction volumes. Mass discrimination was monitored
by running both calibrated air shots and a zero-age glass sample. These measurements were made
on a weekly to monthly basis to check for changes in mass discrimination.

Ages are quoted to the +10 level and calculated using the constants of Steiger and Jaeger

(1977). The integrated age is given by the total gas measured and is equivalent to a K-Ar age. The
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spectrum provides a plateau age if three or more consecutive fractions represent at least 50% of
the total gas release and are within two standard deviations of each other (MSWD < 2.5).

On the other hand, “°Ar/*Ar step-heat analyses were conducted at the Argonlab in
Freiberg Germany as well. Sample packets (2-3 mg multigrain) were placed along with fluence
monitors on Al discs, and irradiated for 6.5 hours in the LVR-15 research reactor of the Nuclear
Research Institute in ReZ, Czech Republic. The thermal neutron fluence was ~5x10" n/cm?s and
the thermal-to-fast neutron ratio was ~2.2. Step heating was performed using an energy-
controlled floating 30W CO, laser system at 10.6 um wavelength and a defocused beam of 3 mm
diameter. Gas purification was achieved by two AP10N getter pumps, one operated at room
temperature and the other at 400°C. Laser-heating time was 5 minutes per step. Cleaning time per
step was 10 minutes. Argon isotope compositions were measured in static mode on a GV
instruments ARGUS noble gas-mass spectrometer equipped with five Faraday cups. Typical blank
levels are 2.5x10™*® mol “°Ar and 8.1x10™ mol **Ar. Measurement time was 7.5 minutes per step
comprising 45 scans of 10 seconds integration time. Mass bias was corrected assuming a linear
mass-dependent isotope fractionation and an atmospheric “°Ar/**Ar ratio of 295.5. Raw-data
reduction and time-zero intercept calculations were carried out with an in-house developed
Matlab® software. Isochron, inverse isochron, and plateau ages were calculated with ISOPLOT 3.7
(Ludwig, 2008). All ages are based on Fish Canyon sanidine as flux monitor (28.305 + 0.036 Ma)
and the decay constant (Ao:=(5.5492 + 0.0093)x10™"° a) reported by Renne et al. (2010). The age
uncertainties are reported at the 1o confidence level. Interfering Ar isotopes were corrected
using (*°Ar/*’Ar)c, = 0.000227 + 0.000002, (*Ar/*’Ar)c, = 0.000602 + 0.000006, (3Ar/*Ar)¢ =

0.01211 + 0.00061, (*°Ar/*°Ar), = 0.00183 + 0.00009.

2.4.3.K-Ar
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The mica minerals were enriched by a mica-jet as described by Wemmer (1991) and other
standard techniques like magnetic separation and hand picking. Purified micas were ground in
pure alcohol to remove alteration rims that might have suffered a loss of Ar or K. The argon
isotopic composition was measured in a pyrex glass extraction and purification line coupled to a
Thermo Scientific ARGUS VI noble gas mass spectrometer operating in static mode at the
Geoscience Centre of the Georg-August-Universitdt Gottingen. The amount of radiogenic “°Ar was
determined by isotope dilution method using a highly enriched **Ar spike from Schumacher
(1975). The spike is calibrated against the biotite standard HD-B1 (Fuhrmann et al., 1987). The age
calculations are based on the constants recommended by the IUGS quoted in Steiger and Jager
(1977).

Potassium was determined in duplicate by flame photometry using a BWB-XP flame
photometer. The samples were dissolved in a mixture of HF and HNO3 according to the technique
of Heinrichs and Herrmann (1990). The analytical error for the K-Ar age calculations is given on a
95% confidence level (+20). Further details of argon and potassium analyses for the laboratory in

Gottingen are given in Wemmer (1991).

2.4.4.Rb-Sr

Rb-Sr analyses were carried out at the Geoscience Centre of the Georg-August-Universitat
Gottingen (Appendix 2). Whole-rock (WR) and muscovite separates (~50 mg) were transferred into
Savillex beakers and mixed with a calibrated ®’Rb-®*Sr spike. Samples were mixed with 2.0 ml of
40% HF and 2.0 ml of 65% HNOs. After a period of cold reaction, the solution was evaporated to
dryness. A second HF-HNO; digestion step was carried out, which was followed by addition of 5.0

ml of 6N HCI, initiating another hot reaction. Afterwards, cooled solutions were heated up for
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evaporation. In a last step, 1.5 ml of 2.5 N HCI was added and the solutions were centrifuged for
10 minutes.

Rb and Sr were separated using standard cation exchange procedures. The cation
exchange columns were conditioned with 15 ml of 2.5 N HCI. The samples were diluted in 1.5 ml
2.5 N HCI and the resulting sample solutions were loaded into the columns and washed with 1.5
ml of 2.5 N HCI. The separated elements were dissolved in 2.5 N HCl and homogenized using an
ultrasonic bath for 2 minutes. From each sample, 200 ng were transferred to the center of a
rhenium filament with a loading bed of 2ul of 0.4N H3PQ, in order to suppress ionization and to
enable measurement with a stable signal. The prepared sample filaments and additional standard
filaments were put onto a sample wheel, which was mounted into the sample chamber. Samples
were ionized and measured under vacuum using a ThermoFinnigan Triton Tl mass spectrometer

(TIMS).

2.5.Hf isotopy

All Lu-Hf zircon analyses were carried out at the Geochronological Research Centre of the
University of Sdo Paulo on a Neptune multicollector inductively coupled plasma mass
spectrometer equipped with a laser-ablation Photon system. Analyses were performed in the
same zircon grains that were previously dated by LA-ICP-MS (Appendix 2). The ablation time was
60 s; repetition rate of 7 Hz, and He was used as carrier gas. Y761 /Y7Hf ratios were normalized to
O4f/MTHE = 0.7325. Cup configuration and instrument operating parameters are presented in
Table 2.2. The isotopes 172y, 13yp, 5Ly, Y7HE, Y8Hf, Y°Hf, ¥°Hf and Y®(Hf+Yb+Lu) were collected
simultaneously on Faraday cups. "°Lu/*"Lu ratio of 0.02669 was used to calculate °Lu/*""Hf.
Mass bias corrections of Lu-Hf isotopic ratios were calculated using the variations of GJ-1 standard.

A decay constant for °Lu of 1.867 x10™ a® (Soderlund et al., 2004), the present-day chondritic
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ratios of '"°Hf/*’Hf = 0.282772 and '"°Lu/*’’Hf=0.0332 (Blichert-Toft and Albaréde, 1997) were
adopted to calculate &.; values. A two-stage continental model (Tpy,) was calculated using the
initial *’°Hf/*’Hf of zircon and the *°Lu/*’’Hf=0.022 ratio for the lower continental crust (Griffin et

al., 2004).

Cup configuration and interferences
L4 L3 L2 L1 Axial H1 H2 H3 H4
171Yb 173Yb 174Yb 175Lu 176Hf 177Hf 178Hf 179Hf 181Ta
Instrument operating parameters
MC-ICP-MS Laser ablation
Model ThermoFinnigan Type 193 nm Ar-F excimer laser
Neptune
Forward power 952 W Model Analyte G2-Photon Machines
Mass resolution Low (400) Repetition rate 7 Hz
Laser fluence 8.55 J/m*
Spot size 47 pm
Gas flows-laser ablation Data reduction
_ _ yb/ b 1.123456
Cool/plasma (Ar) 16 L/min Mass bias RENTYLE 07325
Aucxiliary (Ar) 0.80 L/min Interference 1176Yb/173Yb 0.786956
Sample cell gas (He) ~1 L/min correction Lu/M L 0.026549
Nitrogen 1.4 mL/min RETYRET 1.973000

Table 2.2: Cup configuration and instrument operating parameters, following guidelines from Fisher et al.

(2014).
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-CHAPTER 3-

The Nico Pérez Terrane

3.1. Introduction

The recognition of terranes as fault-bounded crustal blocks with a geological history that
differs significantly from the adjacent blocks is fundamental to understand crustal accretion
processes during supercontinent amalgamation (Howell et al., 1985). This was early recognized for
the South American Platform, particularly during the Precambrian collisional orogenies that gave rise
to the consolidation of this part of Western Gondwana (Almeida et al., 1973; Cordani and Brito
Neves, 1982; Ramos, 1988).

The Nico Pérez Terrane of Uruguay was first defined by Bossi and Campal (1992) as a
Paleoproterozoic block with Neoproterozoic magmatism and deformation. Archean basement inliers
were afterwards recognised (Hartmann et al., 2001), whereas Mesoproterozoic reworking during the
Grenville Orogeny was also suggested but not confirmed (Campal and Schipilov, 1999; Bossi and
Cingolani, 2009; Gaucher et al., 2011a). Nevertheless, the Nico Pérez Terrane was always understood
as the easternmost part of the Paleoproterozoic Rio de la Plata Craton (Bossi and Campal, 1992;
Mallmann et al., 2007; Gaucher et al., 2011a; Frimmel et al., 2011). In contrast, Oyhantcabal et al.
(2011a) separated the Nico Pérez Terrane from the Rio de la Plata Craton and considered it an
Archean-Paleoproterozoic crustal block with a significant Neoproterozoic reworking related to the
Brasiliano Orogeny. Rapela et al. (2011) compared it with the Encantadas, Punta del Este and Mar del
Plata terranes, indicating that they all comprise African blocks that were rifted away from the African

major cratons during the opening of the Adamastor Ocean at 780-760 Ma.

3.2. Geological setting

The Nico Pérez Terrane is bounded to the west by the Sarandi del Yi Shear Zone, whereas the
Sierra Ballena Shear Zone separates it from the Cerro Olivo Complex, which comprises a
Neoproterozoic basement inlier within the Dom Feliciano Belt, and the Aigua Batholith (Fig. 3.1;
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Oyhantgabal, 2005; Oyhantgabal et al., 2009b, 2011b). The basement of the Nico Pérez Terrane
includes the Archean Pavas Block (Preciozzi et al., 1979) as well as two Paleoproterozoic units,
namely the Valentines-Rivera Granulitic Complex and the Campanero Unit (Sanchez Bettucci, 1998;
Oyhantcabal et al., 2011a), which are intruded by the Paleoproterozoic lllescas granite and several
Neoproterozoic intrusions (Campal and Schipilov, 1995; Oyhantcabal et al., 2011a, 2012). A summary

of the available geochronological data for the Nico Pérez Terrane is presented in Table 3.1.

Nico Pérez Terrane & Dom Feliciano Belt

\ys BUY-63-11

Granitoids

31°30°S

v & Isla Cristalina de
Ya Rivera
BUY-54-11 BUY-61-11
BUY-57-11

Supracrustal rocks (<600 Ma)

Supracrustal rocks (>600 Ma)

=
:
2
2
o
@
=

Cerro Olivo Complex
lllescas Granite
Uruguay Granulites & Gneisses

Las Tetas Complex

La China Complex

BUY-65-11

Nico Pérez

Terrane Doleritic dykes

/) _BUY-77-11 Schist belts

Granitoids & Gneisses

SYSZ Sarandi del Yi Shear Zone
SBSZ Sierra Ballena Shear Zone
MASZ Maria Albina Shear Zone
. eliciano RSZ Rivera Shear Zone

TSZ Tupambaé Shear Zone
SSSZ Sierra de Sosa Shear Zone

34°30°S

CASZ Cerro Amaro Shear Zone
CSZ Cordillera Shear Zone

Fig. 3.1: Geological map of the Nico Pérez Terrane and adjacent blocks (modified after Oyhantgabal et al.,
2011a, and references therein). Sample locations and Neoproterozoic intrusions (y;: Sobresaliente granite, v,:
Amarillo granite, y3: Las Flores granite, y,: Zapican granodiorite, ys: Lavaderos granite, ye: Arroyo Mangacha
granite, y;: Puntas del Santa Lucia monzogranite, yg: Puntas de Matacjo granodiorite, ys: Pan de Azucar

intrusion) are shown.
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Unit

Lithology

Age (Ma)

Method

Reference

La China Complex

Metatonalite
Metatonalite
Metatonalite

3404 + 8 (inheritance)
2721 + 7 (metamorphic)
3096 £ 45

U-Pb SHRIMP Zrn
U-Pb SHRIMP Zrn
U-Pb LA-ICP-MS Zrn

Hartmann et al. (2001)
Hartmann et al. (2001)
Gaucher et al. (2011a)

Valentines-Rivera Granulite 2163 + 22 (magmatic) U-Pb SHRIMP Zrn Santos et al. (2003)
Granulitic Complex Granulite 2058 + 3 (metamorphic) U-Pb SHRIMP Zrn Santos et al. (2003)
Campanero Unit Mylonitic granite 1754 +7 U-Pb SHRIMP Zrn Mallmann et al. (2007)
Amphibolite 564.0+4.1 Ar/Ar Hbl Oyhantgabal et al. (2007)
Nico Pérez Illescas granite Rapakivi granite 1760 + 32 Rb-Sr WR Bossi and Campal (1992)
Terrane Parque UTE Group Metarhyolite 1429 + 21 U-Pb ID-TIMS Zrn Oyhantgabal et al. (2005)
Metagabbro 1492 +4 U-Pb ID-TIMS Zrn Oyhantgabal et al. (2005)
M'ngrzigdun Metatuff 14336 U-Pb LA-ICP-MS Zrn Gaucher et al. (2011a)
Puntas del Santa Lucia monzogranite 633+8 U-Pb SHRIMP Zrn Hartmann et al. (2002)
Neoproterozoic Puntas de Mataojo granodiorite 627 + 33 U-Pb SHRIMP Zrn Oyhantcabal et al. (2009a)
granitoids Lavaderos granite 610 +3 U-Pb LA-ICP-MS Zrn Gaucher et al. (2014a)
Mangacha granite 583+7 U-Pb SIMS Zrn Gaucher et al. (2008a)
Metatrondhjemite 2140 + 6 (magmatic) U-Pb SHRIMP Zrn Santos et al. (2003)
Metatrondhjemite 2077 + 6 (metamorphic) U-Pb SHRIMP Zrn Santos et al. (2003)
Mesocratic gneiss 2147 + 8.7 (magmatic) U-Pb SHRIMP Zrn Oyhantgabal et al. (2012)
. . Mesocratic gneiss 2113.7 + 3.1 (magmatic) U-Pb SHRIMP Zrn Oyhantgabal et al. (2012)
Valentines-Rivera ) ) )
Granulitic Complex Leucocratic gneiss 2171.7 + 8.4 (magmatic) U-Pb SHRIMP Zrn Oyhantgabal et al. (2012)
p
Isla Cristalina Mesocratic gneiss 2094 + 17 (metamorphic) Pb-Pb SL Ttn Oyhantgabal et al. (2012)
de Rivera Leucrocratic gneiss 2093 * 36 (magm/met?) U-Pb SHRIMP Zrn Oyhantgabal et al. (2012)
Mesocratic gneiss 1982 +5 Th-U-Pb CHIME-EPMA Mnz Oyhantgabal et al. (2012)
Granulitic gneiss 1975 %5 Th-U-Pb CHIME-EPMA Mnz Oyhantgabal et al. (2012)
Rivera Shear Zone Mylonite 606 + 10 Th-U-Pb CHIME-EPMA Mnz Oyhantgabal et al. (2012)
Mylonite 606 + 10 K-Ar Ms Oyhantgabal et al. (2012)
Neoproterozoic Sobresaliente granite 585+2.5 U-Pb SHRIMP Zrn Oyhantgabal et al. (2012)
granitoids Las Flores granite 586 +2.7 U-Pb SHRIMP Zrn Oyhantgabal et al. (2012)

Table 3.1: Summary of available geochronological data of the Nico Pérez Terrane (Zrn: zircon, Hbl: hornblende, WR: whole-rock, Ttn: titanite, Mnz: monazite, Ms: muscovite).
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The Pavas Block is dominantly characterized by orthogneisses, amphibolites, migmatites,
mafic-ultramafic igneous rocks and metasediments with ages between 3.0 and 2.7 Ga (Preciozzi et
al., 1979; Hartmann et al., 2001; Gaucher et al., 2011a). Hartmann et al. (2001) separated the Pavas
Block into the La China and Las Tetas complexes, which are constituted by amphibolite facies
metaigneous and metasedimentary rocks, respectively. The Valentines-Rivera Granulitic Complex is
made up of felsic and subordinated mafic granulites with a metasedimentary succession including
BIFs, pyroxene fels, micaschists and marbles (Ellis, 1998). On the other hand, the Campanero Unit
comprises orthogneisses, scapolite gneisses, amphibolites, micaschists, BIFs and migmatites
(Oyhantcabal, 2005).

The lllescas granite represents a rapakivi igneous body that intruded the Valentines-Rivera
Granulitic Complex at ca. 1.7 Ga (Campal and Schipilov, 1995). Likewise, Neoproterozoic granitoids

are widespread and show ages with a range of ca. 650-570 Ma (Table 3.1).

3.3. Sample description

Eight samples were analysed using U-Pb LA-ICP-MS zircon geochronology, which was carried
out at the Geochronological Research Centre of the University of Sdo Paulo (Appendix 2, Appendix 3).
Samples BUY-54-11, BUY-57-11, BUY-61-11, BUY-63-11, BUY-65-11 and BUY-77-11 were collected
from the Nico Pérez Terrane. On the other hand, BUY-88-11 corresponds to the Cerro Colorado
granite in the Piedra Alta Terrane, whereas Nb-66 was obtained from the basement of the Congo
Craton in the Kaoko Belt (Fig. 3.2). Sample locations are presented in Appendix 2 and Figure 3.1.

Sample BUY-54-11 corresponds to a mafic granulite of the Valentines-Rivera Granulitic
Complex (Fig. 3.3a; Appendix 2). It is mostly made up of plagioclase, orthopyroxene and
clinopyroxene, which exhibit granoblastic texture. Garnet and, occasionally, hornblende are present
as well. Zircons are prismatic and show homogeneous dark cores with homogeneous bright rims,

although oscillatory zoning is sometimes observed in cores (Fig. 3.4).
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Fig. 3.2: Map of Brasiliano-
Pan-African orogens in
South America and Africa,
respectively (modified after
Oyhantgabal et al.,, 2011b,
and references therein).
Location of sample Nb-66 is

indicated as well.

Sample BUY-57-11 comprises a tonalitic-dioritic orthogneiss of the Valentines-Rivera

Granulitic Complex (Appendix 2). Zircons are anhedral and fragmented, and show cores that are

either homogeneous or zoned. Homogeneous bright rims are typically observed (Fig. 3.4).

Likewise, samples BUY-61-11 and BUY-65-11 were collected from felsic orthogneisses of the

Valentines-Rivera Granulitic Complex (Appendix 2). The orthogneisses are made up of granoblastic K-

feldspar and plagioclase, and also exhibit monocrystalline quartz ribbons (Fig. 3.3b). In both samples,
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zircons are dominantly prismatic, although rounded crystals are also observable. Both cores and rims
dominantly exhibit oscillatory zoning (Fig. 3.4). In the case of BUY-61-11, homogenous dark cores and
rims are occasionally observed, whereas homogeneous bright cores are sometimes present in zircons

from BUY-65-11.

Fig. 3.3: Photomicrographs of studied units (cross-polarized light). a) Mafic granulites with granoblastic

plagioclase, orthopyroxene and clinopyroxene. b) Felsic orthogneiss with quartz ribbon.

Sample BUY-63-11 corresponds to the Amarillo granite, which intrudes the basement of the
Nico Pérez Terrane in the Isla Cristalina de Rivera (Appendix 2). This equigranular leucocratic granite
is constituted by quartz, K-feldspar, plagioclase and scarce biotite. Zircons are prismatic and exhibit
oscillatory zoning (Fig. 3.4). In some cases, cores with oscillatory or sector zoning are recognizable as
well.

Sample BUY-77-11 was collected from the Zapican intrusion, which comprises a porphyritic to
equigranular tonalitic-granodioritic body (Appendix 2). It is made up of plagioclase, K-feldspar,
quartz, hornblende and subordinated biotite. This intrusion is elongated in SW-NE direction and
intrudes the orthogneisses of the Pavas Block near the Sierra de Sosa Shear Zone. Zircons are
prismatic and exhibit oscillatory zoning (Fig. 3.4). Scarce zoned or homogenous cores are also

present.
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Fig. 3.4: Cathodoluminescence (CL) images of representative zircons. Individual U-Pb ages are shown. Asterisks

indicate discordant ages.

One sample, BUY-88-11, was also collected from the Cerro Colorado granite, which comprises
a porphyritic intrusion from the Piedra Alta Terrane (Appendix 2). It is made up of K-feldspar, quartz,
plagioclase and biotite. Zircons are prismatic and exhibit either oscillatory or sector zoning (Fig. 3.4).

On the other hand, Nb-66 corresponds to an augen gneiss from the basement of the Congo

Craton in the Kaoko Belt (Appendix 2). It is made up by quartz, plagioclase, muscovite and biotite.
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Zircons are prismatic to round and exhibit oscillatory zoning, although homogeneous or zoned cores

are occasionally observable (Fig. 3.4).

3.4. Results
3.4.1. U-Pb geochronology

Two weighted mean **’Pb/*°®Pb ages of 2095 + 15 Ma (12 out of 26 points) and 2041 + 24 Ma
(4 out of 26 points) were obtained for BUY-54-11 and all concordant data spread between these two
values (Fig. 3.5). Highly discordant data were discarded and most of the data show Pb loss. Although
youngest ages are observed in rims, they are sometimes present in grain cores as well.

Despite most of the data show Pb loss, a concordia age of 2087.0 + 7.3 Ma was calculated
considering 4 out of 26 points for the sample BUY-57-11 (Fig. 3.5). Additionally, a weighted mean
207pp /2%6p]y age of 1857 + 45 Ma (5 out of 26 points) was determined for the rims.

BUY-61-11 presents a weighted mean **’Pb/***Pb age of 2069 + 16 Ma (7 out of 25 points,
highly discordant data discarded), while BUY-65-11 shows a concordant age of 2106 + 21 Ma (3 out
of 26 points, discordant data discarded). Both samples present Archean inheritance (Fig. 3.5), being
Paleoproterozoic and Archean ages recorded in cores and rims.

In the case of BUY-63-11, a concordia age of 596.0 + 2.3 Ma was calculated considering 12
out of 26 points (discordant data discarded). Nevertheless, zircons with Archean and
Paleoproterozoic ages were also identified (Fig. 3.5). Likewise, a concordant age of 610.4 + 2.5 Ma
was calculated for the Zapican intrusion (21 out of 26 points), which occasionally shows
Paleoproterozoic and Archean ages in cores (Fig. 3.5).

Zircons from the sample BUY-88-11 show a concordia age of 2078.3 + 4.7 Ma, which was
obtained considering 15 out of 39 points (Fig. 3.5; discordant data and older Paleoproterozoic grains
discarded). For the sample Nb-66, a concordant age of 2600.2 + 14.0 Ma was obtained (10 out of 26
points, discordant data discarded). However, one discordant grain may indicate Mesoarchean

inheritance (Fig. 3.5).
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All samples from the basement of the Nico Pérez Terrane (BUY-54-11, BUY-57-11, BUY-61-11

and BUY-65-11) show Tpy model ages from 2.62 to 3.81 Ga with associated negative to positive gy

values between -25.85 and +0.23 (Fig. 3.6; Appendix 4). Likewise, Neoproterozoic intrusions (BUY-63-

11 and BUY-77-11) present Archean model ages (2.53-3.56 Ga) and negative &, values between -33.5

and -15.5 as well (Fig. 3.6; Appendix 4). These results represent the first Hf data from the Nico Pérez

Terrane.
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Fig. 3.6: g, vs. zircon age. Model ages (Tpy) are also shown. VRGC: Valentines-Rivera Granulitic Complex, NI:

Neoproterozoic intrusions of the Nico Pérez Terrane (NPT), PAT: Piedra Alta Terrane, CC: Congo Craton.

In the case of the Congo Craton (sample Nb-66), zircons yield Tpy values between 2.71 and

3.22 Ga, and &y values between -2.62 and +5.59 (Fig. 3.6; Appendix 4). In contrast, model ages from
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2.10 to 2.43 Ga and positive gy values (+3.22 to +8.30) were obtained for the Cerro Colorado granite
zircons (sample BUY-88-11, Fig. 3.6; Appendix 4), which constitute the first reported Hf data for the

Piedra Alta Terrane.

3.5. Discussion
3.5.1. Paleo- and Neoproterozoic reworking of Archean crust

Complex textures and U-Pb zircon ages in high-grade metamorphic rocks can result from
multiple episodes of recrystallization, presence of a melt, solid-state processes and fluids, among
others (Corfu et al., 2003; Kroner et al., 2014; Zhao et al., 2015). In the case of the Valentines-Rivera
Granulitic Complex, Santos et al. (2003) and Oyhantcabal et al. (2012) reported ages of magmatism
of ca. 2.18-2.11 Ga (Table 3.1). However, ages between 2.10 and 2.05 Ga were alternatively
interpreted as the result of high-grade metamorphism (Santos et al., 2003) or multistage magmatism
(Oyhantcabal et al., 2012). Similar U-Pb zircon ages were obtained in this work, further supporting
Paleoproterozoic ages for the Valentines-Rivera Granulitic Complex, although Archean inheritance is
also recorded.

Samples BUY-61-11 and BUY-65-11 show a dominance of prismatic zircon crystals with
oscillatory zoning and Th/U > 0.1 (Fig. 4, 5; Appendix 3), allowing to interpret the weighted mean
297pl /2%ph age of 2069 + 16 Ma and the concordant age of 2106 + 21 Ma, respectively, as magmatic
ages (Hoskin and Schaltegger, 2003, and references therein). On the other hand, ages recorded in
mafic granulites (weighted mean *’Pb/?°*®Pb ages of 2095 + 15 Ma and 2041 + 24 Ma, BUY-54-11)
and mesocratic gneisses (concordia age of 2087.0 + 7.3 Ma, BUY-57-11) show more complex
textures, including homogeneous cores rims, evidences of dissolution-precipitation and anhedral
crystals with rounded boundaries, particularly in the case of BUY-57-11. These textures could
indicate that these zircons record high-grade metamorphism (Corfu et al., 2003; Zhao et al., 2015),

although the presence of prismatic zircon crystals with oscillatory zoning and Th/U > 0.1 may indicate
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a magmatic origin (Hoskin and Schaltegger, 2003, and references therein). However, Th/U > 0.1 were
also reported for zircons in high-grade metamorphic rocks (Santosh et al., 2007; Zhang et al., 2016).

Hence, integration of all geochronological data from the Valentines-Rivera Granulitic
Complex reveals multistage magmatism at ca. 2.18-2.10 Ga, as previously indicated by Oyhantcabal
et al. (2012). Despite not being conclusive, the event recorded at ca. 2.10-2.02 Ga might be related to
granulite facies metamorphism and associated melt presence, accounting for coeval metamorphic
and magmatic ages reported by Santos et al. (2003) and Oyhantcabal et al. (2012), respectively.
Several authors indicated the role of anatexis during high-grade metamorphism, which is recorded by
U-Pb zircon ages (Roberts and Finger, 1997; Schaltegger et al., 1999; Vavra et al., 1999; Rubatto et
al.,, 2001; Hermann and Rubatto, 2003), thus explaining the observed ages. However, U-Pb zircon
ages may not necessarily record the age when peak metamorphic conditions were attained but the
timing of certain metamorphic reactions that occur due to changes in environmental conditions
during high-grade metamorphism (Fraser et al., 1997; Roberts and Finger, 1997; Whitehouse and
Platt, 2003; Harley et al., 2007). On the other hand, the high-grade event seems to be also recorded
by titanite and monazite ages at ca. 2.1-2.0 Ga (Table 3.1; Oyhantgabal et al., 2012).

In a similar way, concordant ages of 596.0 + 2.3 Ma (BUY-63-11) and 610.4 + 2.5 Ma (BUY-77-
11) present further evidences of Neoproterozoic magmatism, which is associated with the Dom
Feliciano Belt. These results agree with previous ages obtained in the Puntas del Santa Lucia
monzogranite (633 = 8 Ma, U-Pb SHRIMP zircon; Hartmann et al., 2002), the Puntas de Mataojo
granodiorite (627 + 23 Ma, U-Pb SHRIMP zircon, Oyhantcabal et al., 2009a), the Lavaderos granite
(610 = 3 Ma, U-Pb LA-ICP-MS zircon, Gaucher et al., 2014a), the Arroyo Mangacha granite (583 + 7
Ma, U-Pb SIMS zircon, Gaucher et al., 2008a), the Sobresaliente granite (585 + 2.5 Ma, U-Pb SHRIMP
zircon, Oyhantcabal et al., 2012), the Las Flores granite (586 + 2.7 Ma, U-Pb SHRIMP zircon,
Oyhantcabal et al., 2012) and the Pan de Azucar pluton (579 + 1.5 Ma, Ar/Ar hornblende,
Oyhantcabal et al., 2007; 581.8 + 3.4 Ma, 574.5 * 8.1 Ma, U-Pb SHRIMP zircon, Rapalini et al., 2015)

(Fig. 3.1).
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On the other hand, the Valentines-Rivera Granulitic Complex and the Neoproterozoic
intrusions yield negative €y values and Archean model ages (Appendix 4; Fig. 3.6). Similar Archean
Sm-Nd model ages were also reported for the Nico Pérez Terrane (Oyhantcabal et al., 2011a).
Furthermore, inheritance of Archean zircons is recorded in both the Valentines-Rivera Granulitic
Complex and Neoproterozoic intrusions (Fig. 3.5; Santos et al., 2003; Oyhantcabal et al., 2009a),
whereas Archean crystallization ages were reported for the La China Complex (Hartmann et al., 2001;
Gaucher et al., 2011a).

Despite of the recognition of two distinct Paleo- and Neoproterozoic magmatic events, data
reveal that the crust of the Nico Pérez Terrane was mostly generated during the Archean (Fig. 3.6).
Likewise, Tpy distribution reveals Archean episodic crustal growth with main peaks of crustal
generation during the Paleo- and Mesoarchean (Fig. 3.7; Nebel-Jacobsen et al., 2010), indicating that
the Nico Pérez Terrane underwent mostly crustal reworking during the Proterozoic. Complete
resetting of the U-Pb ages implies total dissolution and reprecipitation of zircons (Mezger and
Krogstad, 1997), which is mostly controlled by temperature and composition (Boehnke et al., 2013).
Even though the Nico Pérez Terrane underwent high-grade metamorphism during the
Paleoproterozoic (Oyhantcabal et al., 2011a, 2012), Paleoproterozoic protoliths of the Valentines-
Rivera Granulitic Complex record inheritance. Consequently, relative saturation of zircon in the

Proterozoic melts can be inferred (Watson and Harrison, 1983; Miller et al., 2003).
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Fig. 3.7: Kernel density estimation curve and histogram of Hf model ages (Ga) of the Nico Pérez Terrane (n=66)

plotted using DensityPlotter (Vermeesch, 2012).

3.5.2. Main tectonic events

Ages of orthogneisses of the La China Complex (Hartmann et al., 2001; Gaucher et al., 2011a)
together with inherited zircons and Hf model ages in Paleo- and Neoproterozoic units point to
Archean episodic crustal growth of the Nico Pérez Terrane. Archean crust was subsequently
reworked by Paleoproterozoic multistage magmatism recorded in the Valentines-Rivera Granulitic
Complex at 2.18-2.10 Ga, as previously reported by Oyhantcabal et al. (2012). Based on geochemical
data (Ellis, 1998; Oyhantcabal et al., 2012), a magmatic arc setting was suggested for this
magmatism. This could be further supported by the presence of inheritance-rich magmas and crustal
reworking revealed by zircon data, which are frequently related to crustal thickening processes
(Watson and Harrison, 1983; Miller et al., 2003). High-grade metamorphism and associated crustal
anatexis are subsequently recorded at ca. 2.10-2.02 Ga. Oyhantcabal et al. (2012) reported Th-U-Pb
CHIME-EPMA monazite ages of 1.98-1.94 Ga, which were interpreted as evidences of amphibolite
facies metamorphism, whereas zircon overgrowths record a weighted mean **’Pb/*®Pb age of 1857
+ 45 Ma in sample BUY-57-11. Although not conclusive, retrograde metamorphism could be thus

constrained at ca. 1.98-1.80 Ga, predating the late Paleoproterozoic magmatism recorded at 1.7 Ga
33



Chapter 3 The Nico Pérez Terrane

in the lllescas rapakivi granite and the calc-alkaline Campanero Unit (Bossi and Campal, 1992;
Oyhantgabal, 2005; Mallmann et al., 2007).

Mesoproterozoic events are also present but so far restricted to metavolcano-sedimentary
units such as the Parque UTE and Mina Verdun groups (Poiré et al., 2003; Chiglino et al., 2008).
Metavolcanic intercalations yield U-Pb zircon ages of ca. 1.4-1.5 Ga (Oyhantgabal et al., 2005;
Gaucher et al., 2011a).

Widespread Neoproterozoic magmatism is recorded between ca. 650-570 Ma, which is
related to subduction and collisional processes in the Dom Feliciano Belt (Oyhantgabal et al., 2007,
2009a, 2011a). The collision between the Rio de la Plata Craton and the Nico Pérez Terrane is
constrained at 630-625 Ma, based on geochronological data of the Sarandi del Yi Shear Zone

(Chapter 6).

3.5.3. The Nico Pérez Terrane and its crustal affinity

Despite being traditionally considered as part of the Rio de la Plata Craton (Bossi and Campal,
1992; Mallmann et al., 2007; Gaucher et al., 2011a; Frimmel et al.,, 2011), recent contributions
indicated the allochthony of the Nico Pérez Terrane and its docking to the Rio de la Plata Craton
during the Neoproterozoic (Oyhantcabal et al., 2011a; Rapela et al., 2011). The stabilization of the
Rio de la Plata was attained during the late Paleoproterozoic (Cingolani, 2011; Oyhantcabal et al.,
2011a), whereas the Nico Pérez Terrane shows a much more complex evolution till the
Neoproterozoic.

The main characteristic of cratons is their stability through time, which basically implies lack
of large-scale pervasive deformation and magmatism (Bates and Jackson, 1980; Pollack, 1986). As
craton stability is fundamentally related to the presence of a thick lithospheric mantle (Black and
Liégeois, 1993), destabilization is most likely to occur during collisional or post-collisional events
(Liégeois et al., 2013). Based on K-Ar muscovite ages, Oyhantcabal et al. (2011a) revealed thermal

overprinting of the Nico Pérez Terrane during the Brasiliano—Pan-African Orogeny, which is further
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supported by the existence of several Neoproterozoic intrusions (Table 3.1). Coeval deformation and
metamorphism reworking basement units were also identified (Rossini and Legrand, 2003; Sanchez
Bettucci et al., 2003; Mallmann et al., 2007; Oyhantcabal et al., 2009a, 2012). Hence, the Nico Pérez
Terrane achieved stability after cessation of the Brasiliano—Pan-African Orogeny, thus contrasting
with Paleoproterozoic cratonisation achieved by the Rio de la Plata Craton.

Isotopic data from the Paleoproterozoic Cerro Colorado shows dominant Paleoproterozoic Hf
model ages (Fig. 3.5, 3.6; Appendix 4), which are similar to Hf and Sm-Nd model ages from other
units of the Rio de la Plata Craton (Cingolani, 2011; Oyhantcabal et al., 2011a), and positive &y
values. In contrast, the Nico Pérez Terrane shows main crustal growth during the Paleo- and
Mesoarchean (Fig. 3.6, 3.7) and only underwent crustal reworking during the Paleo- and
Neoproterozoic. Post-collisional underformed intrusions of the Piedra Alta Terrane, such as the Cerro
Colorado or Isla Mala granites (Hartmann et al., 2000a), are contemporaneous with metamorphosed
intrusions of the Nico Pérez Terrane, providing further evidences of a different evolution of both
blocks. On the other hand, Hf model ages from the Nico Pérez Terrane match Hf model ages from
Nb-66 from the Congo Craton (Fig. 3.6), and both areas also show Archean basement inliers
(Hartmann et al., 2001; McCourt et al., 2013), thus supporting derivation of the Nico Pérez Terrane
from the Congo Craton. Moreover, the southwestern Congo Craton presents Paleoproterozoic
gneisses of ca. 2.2-2.0 and 1.8-1.7 Ga as well as 1.5-1.4 Ga old igneous rocks in the Kunene Complex
(Seth et al., 1998; Kroner et al., 2004; Drippel et al., 2007; Luft Jr et al., 2011; Ernst et al., 2013;
McCourt et al., 2013; Kroner et al., 2015), which in many cases reworked Archean crust (Seth et al.,
1998; McCourt et al., 2013). These units would be thus comparable to the gneisses of the Valentines-
Rivera Complex and Campanero Unit and Mesoproterozoic metavolcanic rocks of the Nico Pérez
Terrane, respectively. These evidences further support previous correlations between the Angolan
Shield and the Nico Pérez Terrane (Rapela et al., 2011), as the former comprise the southwestern

portion of the Congo Craton (e.g., McCourt et al., 2013).
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In contrast, the westernmost Kalahari Craton shows dominance of igneous and metamorphic
1.2-1.0 Ga old rocks from the Namaqua-Natal Belt (Eglington, 2006; Jacobs et al., 2008; Hofmann et
al., 2014), which are derived from older Meso- and Paleoproterozoic crust as indicated by Sm-Nd and
Hf model ages (e.g., Pettersson et al., 2009; Cornell et al., 2012; Colliston et al., 2015). Even though
some Paleoproterozoic basement inliers are present as well, they yield dominant Paleoproterozoic
Sm-Nd Tpw model ages (Pettersson et al., 2009). Likewise, the Paleoproterozoic Rehoboth Block is
located to the north of the western part of the Namaqua Belt and comprises intrusions of 1.7-1.8 Ga
(Ziegler and Stoessel, 1991, 1993; Becker et al.,, 1996; van Schijndel et al., 2014). These intrusions
yield Paleoproterozoic Sm-Nd and Hf model ages (Ziegler and Stoessel, 1991; Becker et al., 2000,
2004; van Schijndel et al., 2014). The Nico Pérez Terrane lacks in Namaqua-age rocks and is clearly
dominated by Archean Hf model ages, thus allowing to rule out pre-Gondwana connections with the

Kalahari Craton.

3.6. Conclusions

New U-Pb and Hf data allow to characterize the Nico Pérez Terrane as a crustal block that
originated mostly from Archean episodic crustal growth and underwent crustal reworking during the
Proterozoic. In contrast, the Piedra Alta Terrane records Paleoproteorozoic crustal growth, indicating
that the Nico Pérez Terrane was allochthonous regarding the Rio de la Plata Craton. Based on
similarities in terms of tectonostratigraphy, the Nico Pérez Terrane would be thus equivalent to the
southwestern Congo Craton.

The Archean crust of the Nico Pérez Terrane underwent multistage magmatism at ca. 2.2-2.1
Ga. Afterwards, a high-grade metamorphic event took place at ca. 2.1-2.0 Ga, prior to magmatism at
1.7 Ga. Metavolcano-sedimentary units indicate the existence of Mesoproterozoic events that could
be related to the coeval magmatism of the Kunene Complex. After Cryogenian rifting from the Congo
Craton, the Nico Pérez was accreted to the eastern Rio de la Plata Craton and underwent further

crustal reworking during the evolution of the Dom Feliciano Belt.
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-CHAPTER 4-

Provenance of metasedimentary rocks of the southwestern Dom Feliciano Belt

4.1. Introduction

Provenance analyses based on detrital zircon geochronology constitute key elements to
understand large-scale tectonic processes (Fedo et al., 2003; Gehrels, 2014). Based on the fingerprint
of zircon age populations, characterization of the source rock and maximum sedimentation ages are
assessable. Consequently, the history of uplift and erosion can be unravelled and even terrane
boundaries can be identified (Fedo et al., 2003; Gehrels, 2014; Lease et al., 2007). Whole-rock
geochemistry as well as detrital zircon ages has been applied in metasediments of the Dom Feliciano
Belt to support different tectonic models (Basei et al., 2005, 2008, 2011b; Gaucher et al., 20083;
Blanco et al., 2009; Zimmerman, 2011). However, data are still scarce, being the provenance and the
tectonic setting of the metasedimentary cover a matter of ongoing debate.

As previously outlined (Section 1.4.1), the Dom Feliciano Belt comprises three tectonic
domains, namely the foreland basin, the schist belt and the granite belt, which are developed from
west to east (Basei et al., 2000). Nevertheless, the Dom Feliciano Belt in Uruguay shows a singularity,
as a second supracrustal assemblage is present on the eastern side of the granite belt. The
metasedimentary cover of the southern Dom Feliciano Belt can be thus divided into a western and an

eastern domain (Table 4.1).

4.2, Geological setting

Several authors have studied the metasedimentary rocks from the western domain of the
Dom Feliciano belt in Uruguay in the last years (e.g., Basei et al., 2008; Gaucher, 2000; Gaucher et al.,
2003, 2008a; Frei et al., 2013; Pecoits et al., 2008; Aubet et al., 2014) and different lithostratigraphic
units have been proposed for this metasedimentary cover. However, due to non-optimal field
exposures, complex deformation structures and scarcity of detailed regional geological maps, there is
still no consensus about distribution, correlations and age of most of them (Sanchez Bettucci et al.,
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2010; Aubet et al., 2014). Due to this controversy, original definitions of sections and formations with
geographic continuity are preferred in this contribution over lithostratigraphic units of higher
hierarchy, such as the Arroyo del Soldado Group (Gaucher, 2000; Blanco et al., 2009) or the
Maldonado Group (Pecoits et al., 2005, 2011). A synthesis of available information about these units
is presented in Table 4.1.

In the western Dom Feliciano Belt, the Las Tetas Complex seems to be the only
metasedimentary unit that belongs to the pre-Neoproterozoic basement (Hartmann et al., 2001). The
Las Tetas Complex is an association of quarzites, micaschists, conglomerates and marbles, which are
strongly deformed and affected by amphibolite facies metamorphism as evidenced by parageneses
with garnet and sillimanite (Oyhantcabal and Vaz, 1990) and garnet and staurolite (Hartmann et al.,
2001). It probably represents remnants of the oldest metasedimentary sequence due to its
metamorphism and the absence of detrital zircons younger than ca. 2.7 Ga (Hartmann et al., 2001).

The schist belt in Uruguay includes Neoproterozoic units such as the Zanja del Tigre Complex
and the Lavalleja Group (Basei et al., 2000, 2008), which exhibit lower amphibolite to greenschist
facies metamorphism. Micaschists, phyllites, marbles and metabasalts are the most frequent
lithologies, although criteria for unequivocal distinguishing between these two units are still lacking
(Spoturno et al., 2012, and references therein). Some units such as the Yerbal (Gaucher et al., 2008a)
and Minas de Corrales formations (Arrighetti et al., 1981; Preciozzi et al., 1985) were also considered
by some authors as part of the schist belt (Sdnchez Bettucci et al., 2010; Aubet et al., 2014).

Likewise, the metasedimentary association of the western Dom Feliciano Belt also includes
several Ediacaran to Cambrian units, which are characterized by better-preserved sedimentary
structures and subgreenschist metamorphic facies conditions. This metasedimentary cover
comprises the Barriga Negra (Midot, 1984), Piedras de Afilar (Jones, 1956), Playa Hermosa
(Masquelin and Sanchez Bettucci, 1993), Arroyo de la Pedrera (Montafa and Sprechmann, 1993) and
Las Ventanas formations (Midot, 1984). Available information for these units is summarized in Table

4.1 and their location is presented in Figure 4.1.
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. . Age (fossil Youngest detrital zircon age Other age constraints
Lithol
Unit ithology content) (Ma, t10) (Ma, t10)

Western Dom Feliciano Belt

Arroyo de la Pedrera

Arenites, mudstones, stromatolitic carbonates; Montafa and

i +5; Bl I (2
Formation Sprechmann (1993) Ediacaran 665 + 5; Blanco et al. (2009)
Barriga N .
arriea 'egra Conglomerates, sandstones, pelites; Midot (1984) Ediacaran 564 +9; Blanco et al. (2009)
Formation
i i i i ; Bossi (1 |. (2004
Piedras de'Afllar Arenites, pelites, carbonates, ossi (1966), Spoturno et al. (2004), Ediacaran 1006 + 31; Gaucher et al. (2008a)
Formation Pecoits et al. (2008)
Las Ventanas Conglomerates, sandstones, pelites; Midot (1984), Masquelin and Ediacaran Volcaniclastic rocks 573 + 11;
Formation Sanchez Bettucci (1993), Pecoits et al. (2005, 2008) Oyhantcabal et al. (2009a)
Playa Hermosa Diamictites, rhythmites; Elizalde (1979), Preciozzi et al. (1989), . .
. . , . Ed 594 + 8; Rapal tal. (2015
Formation Masquelin and Sanchez Bettucci (1993), Pazos et al. (2011) facaran apalini et al. | )
Minas de Corrales Pelites, arenites, acid volcaniclastic rocks, dolostones, Ediacaran 664 + 8 this work
Formation conglomerates; Arrighetti et al. (1981), Preciozzi et al. (1985) -
K-Ar di icilli -
Yerbal Formation Sandstones, siltstones, cherts, BIFs; Gaucher et al. (2004) Ediacaran 663 * 16; Blanco et al. (2009) r diageneticiillite 600

570; Aubet et al. (2012)

Polanco Formation

Limestones, dolostones; Gaucher (2000), Gaucher et al. (2004),
Aubet et al. (2012)

Sr/Sr and 8"°C Ediacaran;
Aubet et al. (2012)

Lavalleja Group

Greenschists, marbles, dolomitic slates, phyllites; Bossi (1966),
Sanchez Bettucci (1998)

1080 + 23; this work
715 + 26; Basei et al. (2008)

Zanja del Tigre
Complex

Micaschists, marbles, felsic volcanic rocks; Sanchez Bettucci (1998)

606 * 6; this work
1707 £ 68; Basei et al. (2008)

Las Tetas Complex

Conglomerates, quartzites, micaschists, marbles; Hartmann et al.
(2001)

2717  24; Hartmann et al. (2001)
2736 + 35; this work

Eastern Dom Feliciano Belt

San Carlos Conglomerates, sandstones, pelites, felsic lavas, pyroclastic rocks;
+ .
Formation Masquelin (1990), Pecoits et al. (2008), Oyhantcabal et al. (2013) 535%7; Gaucher etal. (2014b)
Cerros de Aguirre Felsic tuffs, ignimbrites, lavas, sandstones, pelites; Masquelin and Volcaniclastic rocks 572 + 11;
Formation Tabd (1988), Campal and Schipilov (2005) Hartmann et al. (2002)

Rocha Formation

Sandstones, pelites; Sanchez Bettucci and Burgefio (1993)

596 * 40; Basei et al. (2005)

Table 4.1: Summary of available age constraints for metasedimentary sequences (simplified after Oyhantgabal et al., submitted).
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On the other hand, the eastern metasedimentary belt comprises the Rocha, Cerros de
Aguirre and San Carlos formations (Table 4.1, Fig. 4.1). The Rocha Formation is a folded turbidite
sequence, including essentially slates and metaarenites, which were metamorphosed under
greenschist facies conditions (Sanchez Bettucci and Burguefio, 1993). Age constraints on
sedimentation of the Rocha Formation are the youngest detrital zircon (596 + 40 Ma, U-Pb SHRIMP
zircon, Basei et al., 2005) and the age of the Santa Teresa granite (543 + 5 Ma U-Pb LA-ICP-MS zircon,
Basei et al., 2013a), which intrudes these metasediments. The Cerros de Aguirre Formation consists
of felsic volcaniclastic rocks, felsic lavas, sandstones and pelites (Masquelin and Tabd, 1988; Campal
and Schipilov, 2005). Hartmann et al. (2002) dated a dacitic pyroclastic rock of this formation at 572 +
8 Ma (U-Pb SHRIMP zircon). The San Carlos Formation, in turn, comprises fluvial-lacustrine
conglomerates, sandstones, pelites and felsic volcanics and volcaniclastic rocks (Masquelin, 1990;
Pecoits et al., 2008; Oyhantcabal et al., 2013) and is probably Cambrian, as the youngest detrital

zircon presents an age of 535 + 13 Ma (U-Pb LA-ICP-MS zircon, Gaucher et al., 2014b).

4.3. Sample description

Nine samples from metasedimentary units of the western Dom Feliciano Belt were analysed
using U-Pb detrital zircon geochronology. Sample locations are presented in Appendix 2 and Figure
4.1. Two samples were analysed using U-Pb LA-ICP-MS zircon geochronology (BUY-55-11, BUY-76-
11), which was carried out at the Geochronological Research Centre of the University of Sdo Paulo
(Appendix 2, Appendix 3), whereas seven samples were analysed using U-Pb LA-ICP-MS zircon
geochronology at the Central Analytical Facility of the Stellenbosch University (UY-4-13, UY-6-13, UY-
8-13, UY-9-13, UY-16-13, UY-22-13, UY-24-13).

Sample BUY-55-11 is a metapelite of the Minas de Corrales Formation. Zircons are 50-150 um
long and present dominance of prismatic crystal faces. Oscillatory zoning is frequent, whereas sector

zoning and homogeneous dark rims are sometimes present (Fig. 4.2).
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Sample BUY-76-11 is a deformed metaconglomerate from the Las Tetas Complex, which is
made up of quartz, muscovite and scarce fuchsite. Zircons comprise typically 100-250 um long
anhedral fragments with bright luminescence (Fig. 4.2). Oscillatory zoning, though not very frequent,
is also present in prismatic crystals.

Sample UY-4-13 corresponds to a metapelite of the Lavalleja Group. Prismatic to ovoid 50-

150 um long zircons are the most frequent and present oscillatory zoning (Fig. 4.2).

Nico Pérez Terrane & Dom Feliciano Belt

Granitoids

31°30°'S

Isla Cristalina de

Rivera Brazil Supracrustal rocks (<600 Ma)

Supracrustal rocks (>600 Ma)

Cerro Olivo Complex

lllescas Granite

Uruguay

Granulites & Gneisses

Las Tetas Complex

Archean| Paleopr| Neoproterozoic \

La China Complex

Piedra Alta Terrane
Nico Pérez
Terrane

UY-16-1

Doleritic dykes
Schist belts

Granitoids & Gneisses

SYSZ Sarandi del Yi Shear Zone
s ( SBSZ Sierra Ballena Shear Zone
m. MASZ Maria Albina Shear Zone
Feliciano G{'@‘ RSZ Rivera Shear Zone
TSZ Tupambaé Shear Zone

SSSZ Sierra de Sosa Shear Zone
CASZ Cerro Amaro Shear Zone
CSZ Cordillera Shear Zone

34°30°'S

Fig. 4.1: Geological map of the Nico Pérez Terrane and adjacent blocks (modified after Oyhantcabal et al.,
2011a, and references therein). Sample locations and metasedimentary sequences (1: Zanja del Tigre Complex,
2: lLavalleja Group, 3: Polanco Formation, 4: Yerbal Formation, 5: Minas de Corrales Formation, 6: Playa
Hermosa Formation, 7: Las Ventanas Formation, 8: Piedras de Afilar Formation, 9: Barriga Negra Formation, 10:
Arroyo de la Pedrera Formation, 11: San Carlos Formation, 12: Rocha Formation, 13: Cerros de Aguirre

Formation) are shown.
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Sample UY-6-13 corresponds to a garnet-bearing micaschist from an outcrop located ca. 20
km north of the city of Minas. This outcrop area is assumed to correspond to the Zanja del Tigre
Complex. Zircons are 50-100 um long and prismatic, and exhibit oscillatory and subordinated sector
zoning (Fig. 4.2).

Sample UY-8-13 is a calcareous schist from the locus typicus of the Lavalleja Group. Prismatic
50-150 um long zircons with oscillatory zoning dominate (Fig. 4.2). Ovoid, round and fragmented
crystals are also present.

Sample UY-9-13 is a fine-grained quartz-sericite schist sampled in the locus typicus of the
Zanja del Tigre Complex. Zircons are 50-200 um long and prismatic crystals with oscillatory zoning are
the most frequent, though anhedral crystal fragments and sector zoning are also observable (Fig.

4.2).
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o 6.2: 2841 + 26 Ma

) 54.1: 2774 + 27 Ma
‘\5.1; 2924 + 29 Ma /
2/ 23.1: 664 + 8 Ma 71.1: 3003 + 22 Ma/
/l

\‘ 69.1:2776 £25Ma (R
\ 4
e -

UY-8-13

30.1: 1743 + 33 Ma

W

18: 1091 £ 22 Ma

100 pm
UY-6-13

5:2844 + 16 Ma

— 16: 3027 + 17 Ma“

32: 3283 + 18 Ma

25: 2065 + 20 M
28: 2079 + 20 Mg
UY-16-13

116: 2112 £ 18 Ma

o

103: 603 £ 6 Ma

-

‘O 104: 2663 + 17 Ma

Fig. 4.2: Cathodoluminescence (CL) images of representative zircons. Individual U-Pb ages are shown. Asterisks

indicates discordant ages.
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Sample UY-16-13 corresponds to a metasandstone from one of the remnants of the foreland
basin on the Nico Pérez Terrane. Zircons are up to 200 um long and typically prismatic, whereas
sector zoning is locally present (Fig. 4.2).

Sample UY-22-13 corresponds to a quartz-rich micaschist with muscovite from the Las Tetas
Complex. Zircons are 100-200 um long and present prismatic to ovoid habits with oscillatory zoning
(Fig. 4.2).

Sample UY-24-13 is a mylonite of the Maria Albina Shear Zone constituted by quartz, feldspar
and muscovite. The protolith of the mylonites are the metasediments of the Las Tetas Complex. Up
to 300 um long prismatic to ovoid zircons with oscillatory zoning are dominant, though dark

overgrowths are recognizable as well (Fig. 4.2).

4.4. Results
4.4.1. U-Pb geochronology

Zircon age populations of the investigated samples are presented in Figure 4.3 as kernel
density estimation plots and histograms plotted using DensityPlotter (Vermeesch, 2012). Samples
from the Las Tetas Complex present only Archean zircons, which range in age between 3.8 and 2.7
Ga (Fig. 4.3). A main peak at 2.77 Ga is observed in two samples (BUY-76-11 and UY-24-13), whereas
sample UY-22-13 shows a main peak at 3.3 Ga.

In comparison, samples from the Neoproterozoic cover (Zanja del Tigre, Lavalleja and Yerbal
units) show a dominance of Archean and Paleoproterozoic zircons with scarce contribution of Meso-
and Neoproterozoic grains (Fig. 4.3). The most abundant zircon populations are, however, restricted
to 3.2-3.0, 2.8-2.6, 2.5-2.4 and 2.2-2.0 Ga. Mesoproterozoic and Statherian peaks are usually
subordinated.

The sample of the Minas de Corrales Formation (BUY-55-11) stands out as it shows a main
Mesoproterozoic contribution between 1.55 and 1.2 Ga as well as second major Paleoproterozoic

peak at 1.8-1.7 Ga. Archean and Neoproterozoic zircons in this sample are subordinated (Fig. 4.3).
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Fig. 4.3: Kernel density estimation plots and histograms plotted using DensityPlotter (Vermeesch, 2012). Plots only include data with £10% concordance.
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4.4.2. Hf isotopes

Archean grains in both samples show Tpy model ages from 3.47 to 2.96 Ga with associated
€yr values between -4.92 and +5.54 (Fig. 4.4; Appendix 4). In the case of Mesoproterozoic grains of
sample BUY-55-11, Paleoproterozoic model ages (2.32-1.73 Ga) and dominantly positive € values
between -2.73 and -7.10 are recorded (Fig. 4.4; Appendix 4). Neoproterozoic grains show, in turn,

Cryogenian model ages of 0.79-0.77 Ga and highly positive €, values of ca. 12.
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4.5. Discussion
4.5.1. Maximum deposition ages

Table 4.1 shows the constraints for the deposition age of several lithostratigraphic units of
the metasedimentary cover of the Dom Feliciano Belt in Uruguay, based on different age constraints.
The first implication of these data is that only the Barriga Negra and Playa Hermosa formations show
Ediacaran maximum deposition robust ages younger than ca. 600 Ma based on detrital zircon ages. A
comparable age can be also interpreted for the Las Ventanas Formation based on intercalated

volcaniclastic rocks of 573 + 11 Ma (Oyhantgabal et al., 2009a). In the case of the Zanja del Tigre
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Complex and the Yerbal, Minas de Corrales, Lavalleja and Piedras de Afilar formations, a
Neoproterozoic deposition age probably older than ca. 600 Ma is the best constraint considering all
parameters. In the case of the Yerbal Formation, this age is further supported by K-Ar data of
diagenetic illite (Table 4.1; Aubet et al., 2012). The Polanco Formation, in turn, predates deposition of
the Barriga Negra Formation, as the latter lies discordantly over the former (Fambrini et al., 2005,
and references therein). Hence, all available data supports models suggesting that the schist belt is
older and discordantly overlain by post-collisional Ediacaran foreland deposits (Basei et al., 2000;
Fambrini et al., 2005; Almeida et al., 2010).

On the other hand, age constraints of granites intruding the metasedimentary cover indicate
that most units are older than Cambrian. This conclusion is also consistent with ages based on the
fossil content of some of these units (Gaucher et al., 2003, 2008b; Pecoits et al., 2008).

All samples from Las Tetas Complex (BUY 76-11, UY 22-13 and UY 24-13) are characterized by
the absence of Proterozoic detrital zircons in concordance with preliminary data reported by
Hartmann et al. (2001). The youngest age in detrital zircon of this unit continues to be 2717 + 24 Ma
(Hartmann et al., 2001), whereas similar ages are reported in this study. The minimum age of this
complex, in turn, is constrained by new Ar/Ar data, which indicate an early Ediacaran age for the

metamorphism (Chapter 7).

4.5.2. Provenance of the western Dom Feliciano Belt

All new data together with previous results of detrital zircons from the western Dom
Feliciano Belt (Mallmann et al., 2007; Basei et al., 2008; Gaucher et al., 2008a; Blanco et al., 2009;
Rapalini et al., 2015) are summarized in Figure 4.5. Three main peaks at 2.8-2.7, 2.5-2.4 and 2.2-2.0
Ga are recognizable, whereas subordinated peaks at 3.15-3.00, 1.8-1.7 and 0.65-0.60 Ga and minor

Mesoproterozoic contribution are present as well.
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2015; this work) are compared with data from the
eastern Dom Feliciano Belt (Basei et al., 2005; Gaucher et al., 2014b, 2014c) and the Mar del Plata Terrane
(Rapela et al., 2011) on the South American margin, and also with data from the African Damara (Foster et

al., 2015), Kaoko (Konopasek et al., 2014) and Gariep belts (Basei et al., 2005; Hofmann et al., 2014).
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Archean and Paleoproterozoic peaks match ages recorded in the basement of the Nico Pérez
Terrane, which underlies the metasedimentary sequences. Archean rocks are present in the Pavas
Block (Hartmann et al., 2001; Gaucher et al.,, 2011a) and 2.2-2.0 Ga ages are recorded in the
Valentines-Rivera Granulitic Complex (Santos et al., 2003; Oyhantcabal et al., 2012). Additionally, the
Campanero Unit and the lllescas granite account for the 1.8-1.7 Ga detrital ages (Campal and
Schipilov, 1995; Mallman et al., 2007). On the other hand, Mesoproterozoic grains may indicate that
the Parque Ute Group in the Nico Pérez Terrane (Oyhantcabal et al., 2005; Gaucher et al., 2011a)
and/or the Cerro Olivo Complex (Basei et al., 2011b) acted as a minor source during Neoproterozoic
sedimentation. Neoproterozoic grains, in turn, may derive from widespread Neoproterozoic
magmatism recorded in the area (e.g., Hartmann et al., 2002; Oyhantgabal et al., 2007, 2009, 2012).

Previous contributions attributed the rocks of the Rio de la Plata Craton and the Sierras
Pampeanas as source for the Archean, Paleo- and Mesoproterozoic zircons of the Arroyo del Soldado
Group (Gaucher et al., 2008a; Blanco et al., 2009), though strongly argued by Zimmermann (2011). In
contrast, detrital zircons from the Playa Hermosa Formation show a main peak at 2.2-2.0 Ga and a
secondary peak at ca. 600 Ma, and lack in Archean, Statherian and Mesoproterozoic ages (Rapalini et
al., 2015). The main peak may thus represent ages of the basement of the Rio de la Plata Craton (e.g.,
Cingolani, 2011; Oyhantgabal et al., 2011), which is further supported by SW paleocurrent directions
(Pazos et al.,, 2011). Consequently, the Playa Hermosa Formation may represent the only
metasedimentary unit of the western Dom Feliciano Belt that truly reflects provenance from the Rio
de la Plata Craton, being thus the basement of the Nico Pérez Terrane the dominant source for all
other metasedimentary sequences.

As indicated by U-Pb geochronology, Hf data shows a significant contribution of old crust,
which was mostly generated during the Paleo- and Eoarchean. Nevertheless, Neo- and Mesoarchean
addition is also noticeable. This may reflect the role of the gneisses of the La China Complex as
source for the metasediments of the western Dom Feliciano Belt (Hartmann et al., 2001; Gaucher et

al., 2011a). Archean and Paleoproterozoic zircon Hf model ages suggest that this was also a major
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crustal growth period for the source area. These results are in good agreement with available Sm-Nd
data from the western Dom Feliciano Belt metasediments (Mallmann et al., 2007; Blanco et al., 2009;
Oyhantgabal et al., submitted) and Hf and Sm-Nd data from the Nico Pérez Terrane basement
(Mallmann et al., 2007; Oyhantcabal et al., 2011a; Oriolo et al., 2016a; Chapter 3). In contrast, Hf and
Sm-Nd data data indicate a dominance of Paleoproterozoic juvenile crust for the Rio de la Plata
Craton (Peel and Preciozzi, 2006; Cingolani, 2011; Oyhantcabal et al.,, 2011; Oriolo et al., 2016a;
Chapter 3). On the other hand, the two Cryogenian grains show juvenile Hf isotope compositions.
Both the Cerro Olivo Complex and the Sao Gabriel Block present evidences of Cryogenian magmatism
(Saalmann et al., 2005; Basei et al., 2011a; Lenz et al., 2011) and may account as possible sources for
the obtained model ages. However, the Cerro Olivo Complex presents Paleo- and Mesoproterozoic
xenocrysts, negative gyg values and Sm-Nd Paleo- and Mesoproterozoic model ages, indicating that
the Cryogenian magmatism reworked much older crust (Basei et al, 2011a; Lenz et al, 2011;
Saalmann et al, 2011). The Sdo Gabriel Block, in contrast, is made up of juvenile material (Saalmann
et al., 2005; Fortes de Lena et al., 2014) and can be thus interpreted as the source for these grains.
This can be further supported by similar detrital zircon patterns observed in some units of the

Porongos Group in southernmost Brazil (Pertille et al., 2015a, 2015b).

4.5.3. Regional implications

Archean and Paleoproterozoic zircon Hf model ages suggest that these were the major
crustal growth periods for the source areas. Compared with available U-Pb and Hf zircon data (Fig.
4.6), data from the western Dom Feliciano Belt suggest an African signature, either related to the
Congo or the Kalahari Craton.

However, the allochthony of the Nico Pérez Terrane and its similitude regarding Archean and
Proterozoic events suggests that it may represent a fragment of the Congo Craton separated during
the Cryogenian rifting of Rodinia (Rapela et al., 2011; Oyhantcabal et al., 2011a; Oriolo et al, 20163;

Chapter 3). The dominance of Archean and Paleoproterozoic ages in both the Nico Pérez Terrane and
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the overlying metasedimentary sequence may support an origin from the Angola Block of the Congo
Craton. This could be supported by the juvenile Hf signature of Cryogenian grains, which is restricted

to the western Dom Feliciano Belt and the Congo Craton (Fig. 4.6).
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Several differences arise from the comparison between the western and eastern Dom
Feliciano Belt in Uruguay (Fig. 4.5). In the eastern Dom Feliciano Belt, main peaks at 1.9-1.7, 1.1-1.0,
0.80-0.75 and 0.65-0.55 Ga are present (Basei et al., 2005; Gaucher et al., 2014b, 2014c). Paleo- and
Mesoproterozoic ages coincide with ages recorded in the Gariep Belt (Fig. 4.5; Basei et al, 2005;
Hofmann et al, 2014), which indicate provenance from the western Kalahari basement, particularly
from the Namaqua-Natal Belt, the Vioolsdrif Granite Group and the Orange River Group (Blanco et
al., 2011; Hofmann et al., 2014). Likewise, the 0.65-0.55 and 0.80-0.75 Ga peaks match ages of the
Neoproterozoic magmatic rocks and the Cerro Olivo Complex, respectively (Hartmann et al, 2002;
Oyhantgabal et al, 2007, 2009a, 2012; Basei et al, 2011b; Lenz et al, 2011). These similarities support
the role of the Kalahari Craton basement as source for the sediments of the eastern Dom Feliciano
Belt and the Gariep Belt (Basei et al, 2005; Hoffmann et al, 2014), which lacks in the western Dom
Feliciano Belt (Fig. 4.5). Comparable peaks are also recorded in the Punta Mogotes Formation of the
Mar del Plata Terrane and Damara sequences (Fig. 4.5; Rapela et al., 2011; Foster et al., 2015),

providing further evidences of an African fingerprint.
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It is important to outline that detrital zircon data in the eastern Dom Feliciano Belt of
Uruguay are only available for units younger than ca. 590 Ma (Table 4.1). Interestingly, unpublished
detrital zircon data from a quartzite of the basement of the eastern Dom Feliciano Belt show a
distinct pattern (Nedrebg, 2014), which is similar to the one recorded in the western Dom Feliciano
Belt (Fig. 4.5). Consequently, detrital zircon data support models indicating that the accretion of the
Rio de la Plata and Congo cratons predates the accretion of the Kalahari Craton (Prave, 1996; Rapela
et al, 2011; Oriolo et al, 2016b; Chapter 6). Furthermore, detrital zircon data from the Kaoko Belt
could reinforce this hypothesis, as the onset of Namaqua-age zircons is only recorded in the upper
part of the Neoproterozoic cover (Konopdasek et al., 2014). Additionally, similarities between detrital
zircon ages from the western Dom Feliciano Belt and data from Nedrebg (2014) may suggest that
both areas comprised a single block, in contrast to previous hypothesis (Bossi and Gaucher, 2004;

Gaucher et al., 2010; Basei et al., 2011a).

4.6. Conclusions

Detrital zircon ages show late Ediacaran maximum deposition age for the Barriga Negra and
Playa Hermosa formations, whereas a Neoproterozoic deposition age older than ca. 600 Ma can be
constrained for units of the schist belt. The Neoproterozoic schist belt seems thus to predate the
deposition of post-collisional sequences described as part of the foreland basin.

Comparison of U-Pb detrital zircon age distributions and model ages from potential source
regions indicates that the Nico Pérez Terrane and not the Rio de la Plata Craton was the main source
of detritus. The similitude of Archean and Proterozoic events recorded in the Nico Pérez Terrane
basement and the overlain metasedimentary cover of the western Dom Feliciano Belt support an
African derivation of the former, most probably from the Congo Craton. In contrast, the source area
for metasedimentary sequences in the eastern Dom Feliciano Belt was the Kalahari Craton. As this

source is only recorded in units younger than ca. 590 Ma, detrital data also suggest that the Congo-
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Rio de la Plata amalgamation predates the accretion of the Kalahari Craton during Gondwana

assembly.
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-CHAPTER 5-

Structure of the Sarandi del Yi Shear Zone

5.1. Introduction

Shear zones are common features in the crust that occur on a wide range of scales, P-T
conditions and tectonic settings. As they may represent terrane boundaries (e.g., Jégouzo, 1980; van
der Pluijm et al., 1994; West, 1998; Hockenreiner et al., 2003; Goodenough et al., 2010; Wong et al.,
2011), crustal-scale shear zones are structures with a significant role in the evolution of orogens that
can provide irreplaceable information about the timing and mechanisms of accretion and
amalgamation of crustal blocks.

Since the early works of Ramsay and Graham (1970), Sibson (1977), Ramsay (1980) and
White et al. (1980), contributions about shear zones and associated rocks have diversified. The
nucleation and evolution of shear zones related to lithospheric strain localization and, particularly,
how these processes operate at different depths have been of particular interest (Grocott, 1977,
Sibson, 1983; Hanmer, 1988; Jessel and Lister, 1991; Siegesmund et al., 2008; Platt and Behr, 201143,
2011b; Montési, 2013).

The Sarandi del Yi Shear Zone is a crustal-scale mylonitic belt located in southern Uruguay
(Fig. 5.1). It was first defined as a structural lineament by Preciozzi et al. (1979) and as a dextral
structure that separates different tectonostratigraphic terranes by Bossi and Campal (1992).
Oyhantgabal et al. (1993) considered it as a pre-Brasiliano dextral shear zone that was subsequently
reactivated during the late Neoproterozoic exhibiting a sinistral shear sense. Later, Oyhantcabal et al.
(2011a) proposed it as the eastern margin of the Rio de la Plata Craton.

The dextral shearing is inferred from the bending of the 1.79 Ga old Florida doleritic dyke
swarm (Fig. 5.1; Teixeira et al., 1999, 2013) and of the Paleoproterozoic fabrics of the Piedra Alta
Terrane (Oyhantcabal et al.,, 1993). The subsequent sinistral movement is considered to be
Neoproterozoic in age due to the emplacement of the syntectonic Solis de Mataojo Granitic Complex
(Oyhantcabal et al., 2001, 2007). Due to the lack of structural and geochronological studies of this
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shear zone, its evolution is still controversial (Oyhantgabal et al., 1993, 2011a; Gaucher et al., 2011a),
even though it represents a key element for the understanding of the early amalgamation of
Western Gondwana.

Nico Pérez Terrane & Dom Feliciano Belt
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Fig. 5.1.: Geological map of the Precambrian of Uruguay modified after Oyhantcabal et al. (2011a) and

references therein. Investigated areas of Figures 5.2a and 5.4 are shown.

5.2. Macro- and mesostructures
5.2.1. Structural domains

On the basis of regional mapping, three main structural domains I, Il and Ill can be recognized
in the study area. Domain | corresponds to the Piedra Alta Terrane, domain |l comprises the shear
zone and associated intrusions and, finally, domain Il includes the Dom Feliciano Belt and Nico Pérez
Terrane (Fig. 5.1, 5.2). As both domains | and Il represent the neighbouring blocks of the Sarandi del

Yi Shear Zone, they provide constraints on the relationship between syn- and pre-shearing fabrics.
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5.2.2. Domain I: Piedra Alta Terrane

The granitic-gneissic areas, metasediments of the schist belts and shear zones show ages
between 2.0 and 1.9 Ga and are dominated by E-ENE subvertical foliations (Oyhantcabal et al., 2006,
2011a). On the other hand, the 1.79 Ga Florida doleritic dyke swarm is made up of subvertical dykes
that trend ca. 060° (Halls et al., 2001; Oyhantcabal et al., 2011a; Morales Demarco et al., 2011;

Teixeira et al., 2013).
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undeformed Piedra Alta Terrane, DPAT: deformed Piedra Alta Terrane and MPAT: mylonites of the Piedra Alta
Terrane). Subsequent sinistral shearing and late cataclastic reactivation in the Sarandi del Yi Shear Zone are
also shown. Lower hemisphere equal area projections of the orientation of the doleritic dykes (grey diamonds,
n=11) and the solid-state foliation in their wall-rock (black dots, n=50) from west to east; foliations (lines, n=5),
lineations (white circles, n=3) and fold axes (black triangles, n=3) within the strained doleritic dykes; and high-T

foliation in the granulitic gneisses (black dots, n=23) are included.
55



Chapter 5 Structure Sarandi del Yi Shear Zone

Fig. 5.3: Field photographs of structures in the
eastern Piedra Alta Terrane. a) Slightly bent dyke
with spaced cleavage subparallel to the contact
with the granitic wall-rock. b) Strained and folded
dyke. The geametry of the fold is schematically

shown. c) Cuspate-lobate fold.

However, detailed mapping of the
dykes shows their progressive clockwise
rotation about a vertical axis towards the

Sarandi del Yi Shear Zone in a ca. 10-km-wide

305°/75°E&

N

zone (Fig. 5.2). Slightly bent dykes exhibit a
spaced cleavage in contact with granitoids and
gneisses (Fig. 5.3a), which show both
magmatic and local solid-state foliations that
strike WNW. Further to the east, the dykes are
not only bent but also display a NW-WNW
penetrative foliation that is frequently folded
or sheared (Fig. 5.3b, 5.3c). Minor drag folds
as well as S-C' shear bands in the foliated
dykes indicate sinistral shearing. Granitoids

show a solid-state foliation that is parallel to

the fabric in the dyke along their mutual
contacts but strikes NNW further away. Scarce stretching lineations in both dykes and their wall-rock
are steeply dipping (Fig. 5.2b).

The easternmost area of the Piedra Alta Terrane is made up of granitic mylonites and
protomylonites striking NNW. They are coarser-grained than the mylonites of the Sarandi del Yi

Shear Zone and present S-C’ shear bands that indicate dextral shearing (Fig. 5.2b).
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5.2.3. Domain Il: Sarandi del Yi Shear Zone
5.2.3.1. Mylonites

The Sarandi del Yi Shear Zone is a ca. 2-km-wide mylonitic belt that is exposed over at least
200 km in N-S direction (Fig. 5.1). Despite being covered by Phanerozoic rocks, it can be traced
further to the north as a marked gravimetric anomaly (Oyhantgabal et al., 2011a). Its regional trend
changes from N-S in the south to NNW-SSE in its northern part (Fig. 5.1).

Proto- to ultramylonites constitute the shear zone and present a dominant subvertical NNE-
striking foliation with a mean orientation of 184°/81°W and a mean stretching lineation of 182°/06°
(Figs. 5.4, 5.5). A transition from proto- to ultramylonites is observed from west to east. S-C’ shear
bands and o-type feldspar mantled porphyroclasts are frequent and indicate a sinistral sense of
shearing (Fig. 5.6a, 5.6b).

Tight to isoclinal symmetrical folds of the mylonites are typically found in the eastern part of
the shear zone (Figs. 5.5, 5.6c). Fold axes with a mean orientation of 024°/01° are subparallel to the
lineation, and sometimes a subvertical fold axial plane cleavage is developed (Fig. 5.5). Open folds
are extremely rare and, when present, occur in the west. Minor drag folds are also observed (Fig.
5.6d). Parasitic folds are frequently present (Fig. 5.6e).

The eastern margin of the shear zone is cataclastically reworked (Fig. 5.5). Brittle
deformation and pseudotachylite veins in the mylonites as well as phyllonites and cataclasites with

mylonitic fragments are observed (Fig. 5.6f).

5.2.3.2. Solis de Mataojo Granitic Complex

The Solis de Mataojo Granitic Complex is a N-trending elongate body that intrudes the
Sarandi del Yi Shear Zone in its southern portion (Fig. 5.4). The ages of 580 + 15 Ma (Rb-Sr whole
rock, Umpierre and Halpern, 1971) and 584 + 13 Ma (single-phase Pb-Pb stepwise leaching titanite,

Oyhantcabal et al., 2007) are interpreted as the crystallization age.
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The wall-rock of this intrusion is made up of mylonites of the Sarandi del Yi Shear Zone,
which correspond to the Aguas Blancas and the Arroyo Solis mylonites to the east and to the west,
respectively (Fig. 5.5; Oyhantcabal et al., 1993, 2001). On the basis of structural similarities between
the Solis de Mataojo Granitic Complex and the mylonites, Oyhantcabal et al. (2001) and Oyhantcabal
(2005) inferred that the emplacement of this pluton in the shear zone occurred during sinistral

shearing.
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Fig. 5.4: Geological map of the southernmost Sarandi del Yi Shear Zone and adjacent blocks (modified after
Oyhantgabal et al., 2001, 2005; Spoturno et al., 2004, 2012). The shear zone includes the Aguas Blancas and
Arroyo Solis mylonites. Lower hemisphere equal area projections of foliations (black dots, n=155), lineations
(white dots, n=55), fold axial planes (white diamonds, n=11) and fold axes (black triangles, n=36) of the
mylonites of the Sarandi del Yi Shear Zone, as well as high-T foliation of the Campanero Unit (data from
Oyhantgabal, 2005, n=148), are shown. The location of the structural profile in Fig. 5.5 is also indicated. DFB:

Dom Feliciano Belt, PAT: Piedra Alta Terrane.

5.2.3.3. Cerro Caperuza granite
This NNE-SSW elongate intrusion is located in the southern Sarandi del Yi Shear Zone (Fig.

5.4). It is a medium-grained equigranular to porphyritic granite related to the magmatism of the
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Sierra de las Animas Complex (Oyhantcabal et al., 1993). However, no geochronological or
geochemical data are available for this intrusion. Except for quartz veins and fracturing, the Cerro
Caperuza granite shows no significant macro-mesoscopic evidence of deformation indicating a late-

to post-kinematic emplacement regarding ductile deformation of the Sarandi del Yi Shear Zone.

s c

FASM # SMGC g ABM = SAC ——i

2 km

Fig. 5.5: Structural profile of the Sarandi del Yi Shear Zone (SYSZ, see location in Fig. 5.4). The contact between
the Arroyo Solis mylonites (ASM) and the Solis de Mataojo Granitic Complex (SMGC) is schematic because it is
not observable in the field, whereas the contact between the latter and the Aguas Blancas mylonites (ABM) is
transitional. The cataclasites in the easternmost Sarandi del Yi Shear Zone (light blue, schematic orientation)
represent the contact with the Sierra de las Animas Complex (SAC). Main structural elements of the SMGC (K-
feldspar megacrystal fabric, deformed late pegmatitic veins, S,,: magmatic foliation, L,: magmatic lineation;
after Oyhantgabal et al.,, 2001) and the SYSZ (S: mylonitic foliation, L: stretching lineation, C: axial plane

cleavage in chevron folds) are summarized.

5.2.4. Domain lll: Nico Pérez Terrane and Dom Feliciano Belt
5.2.4.1. Nico Pérez Terrane

A high-T gneissic foliation can be locally found in the granulites, though without systematic
orientation, whereas the Neoproterozoic granitoids show dominant equigranular textures.

Therefore, there are no clear deformation patterns in the basement of the Nico Pérez Terrane that
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could be related to the Sarandi del Yi Shear Zone. However, gneisses with NNW- to NW-striking
foliation and local NNW-trending protomylonitic belts in the westernmost lllescas granite can be
found close to the shear zone (Fig. 5.2). The Valentines-Rivera Granulitic Complex also shows

cataclastic overprinting towards the Sarandi del Yi Shear Zone.
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Fig. 5.6: Field photographs of structures developed in the Sarandi del Yi Shear Zone. a) Sinistral o-type K-
feldspar mantled porphyroclasts in granitic mylonites with mafic enclaves (arrow) that are cross-cut by a post-
mylonitic pegmatitic vein. b) Sinistral o-type feldspar mantled porphyroclasts with recrystallized tails. c) Tight
to isoclinal fold with fold axis parallel to the stretching lineation. d) Sinistral drag fold. e) Parasitic folds
developed in a tight mylonitic fold. f) Cataclasite of the easternmost Sarandi del Yi Shear Zone with mylonitic

fragments. The arrow points to a fine-grained ultramylonitic fragment.
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5.2.4.2. Dom Feliciano Belt

The Campanero Unit presents a folded steep high-T foliation, whereas the metasediments
are strongly deformed and folded with NNE- or SSW-plunging axes (Fig. 5.4; Oyhantcabal, 2005;
Oyhantcabal et al., 2009a; Spoturno et al., 2012). Major NNE-striking sinistral lineaments transect

both units.

5.3. Microstructures
5.3.1. Domain I: Piedra Alta Terrane

The wall-rock of the dykes in the easternmost Piedra Alta Terrane comprises mostly granites
and granodiorites with equigranular to porphyritic texture. Those granitoids with evidences of solid-
state deformation show quartz crystals with interlobate grain boundaries (Fig. 5.7a) and chessboard

extinction (Fig. 5.7b). Local recrystallization along the edge of the grains is also observed in feldspars.

Fig. 5.7: Photomicrographs of microstructures from rocks of the eastern Piedra Alta Terrane (cross-polarized
light). a) Mechanical twins in plagioclase and quartz crystals with sutured grain boundaries. b) Chessboard
extinction in quartz. c) Interlobate grain boundaries and left-over grains (arrows) in quartz. d) Dextral S-C’ shear

bands in mylonites with shape-preferred orientation of biotite and hornblende.
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The dykes display a significant variation of microstructures from west to east. In the slightly
rotated dykes, pyroxenes are partly replaced by hornblende, in some cases as reaction rims. Further
to the east, the primary mineral association is strongly replaced by hornblende, plagioclase, chlorite,
epidote, clinozoisite, muscovite/sericite, biotite, quartz and opaque minerals.

The NNW-striking mylonites and protomylonites in the easternmost area of the Piedra Alta
Terrane are made up of quartz, K-feldspar, plagioclase, biotite and scarce hornblende. Quartz shows
sutured grain boundaries with minor chessboard extinction (Fig. 5.7c). Feldspars exhibit local
recrystallization along the edge of the grains. Biotite is preferentially oriented in two planes that
define the S and C' of dextral shear bands, whereas hornblende presents only minor fracturing (Fig.

5.7d).

5.3.2. Domain II: Sarandi del Yi Shear Zone
5.3.2.1. Mylonites

The protoliths of the Sarandi del Yi Shear Zone are dominantly granitoids, with minor
participation of volcanic-subvolcanic and sedimentary rocks. Likewise, sheared quartz and quartz-
feldspar veins and veinlets as well as amphibolitic xenoliths are recognizable.

Deformation is heterogeneously distributed with increasing intensity towards the east, which
is accompanied by grain size decrease. Kinematic indicators include S-C’ shear bands, o-type feldspar
mantled porphyroclasts with asymmetric myrmekites, mica fish and oblique foliation of elongated
quartz grains, which support a subhorizontal sinistral sense of shear (Fig. 5.8a, 5.8b).

Quartz grains are mostly sutured (Fig. 5.8c). In some cases, elongate grains of relatively
uniform size are developed due to progressive subgrain rotation, particularly in microfolds (Fig. 5.8d).
Recrystallization in feldspars is localized at the edges of the grains or within microshear zones.
Hornblende exhibits only fracturing (Fig. 5.8e). White mica and minor fine-grained biotite are

typically oriented parallel to the S or C’ planes.
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Fig. 5.8: Photomicrographs of microstructures from rocks of the Sarandi del Yi Shear Zone (cross-polarized
light). a) Sinistral S-C’' shear band and o-type K-feldspar mantled porphyroclast with anti-bookshelf structure.
Synthetic microshear zones with localized recrystallization of feldspar are also indicated. b) Sinistral quarter
structure of K-feldspar mantled porphyroclast with asymmetric myrmekites and recrystallized tails. ¢) Sutured
quartz crystals with interfingering grain boundaries. d) Elongate grains parallel to Y of relatively uniform size
developed due to subgrain rotation in the hinge of a microfold (YZ section). e) Fractured hornblende crystals. f)
Cataclastic texture in sample from the easternmost part of the shear zone. Note the large fragment of a

plagioclase crystal showing a cataclastic texture.
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The cataclasites located in the easternmost part of the shear zone consist of angular
polycrystalline fragments immersed in a very fine-grained matrix of quartz + plagioclase + K-feldspar
+ epidote + opaque minerals * clinozoisite + zoisite * chlorite * sericite + carbonates (Fig. 5.8f). The
fragments consist of quartz, plagioclase and K-feldspar with minor participation of micas. They show
microstructures similar to those found in the mylonites but significantly overprinted by cataclasis.

Locally, phyllonites are also recognizable.

5.3.2.2. Solis de Mataojo Granitic Complex
Microstructures indicate a transition from magmatic to low-T solid-state deformation
processes, though a major part of the deformation took place under magmatic and high-T solid-state

conditions (Oyhantcabal et al., 2001).

5.3.2.3. Cerro Caperuza granite

The Cerro Caperuza granite is made up of quartz, microcline, plagioclase and biotite with
zircon as the main accessory mineral phase. Quartz crystals exhibit undulose extinction and subgrain
formation with peripheral bulging and recrystallization. Microcline shows flame perthites, whereas

bending and deformation twins are identifiable in plagioclase grains.

5.3.3. Domain Ill: Nico Pérez Terrane and Dom Feliciano Belt
5.3.3.1. Nico Pérez Terrane

Granulites exhibit granoblastic textures in feldspars and pyroxenes. In the western Nico Pérez
Terrane, feldspar shows evidence of localized recrystallization along the edges. Quartz develops
sutured boundaries and occasionally triple junctions. Chessboard extinction is frequent, and subgrain
formation is sometimes present.

The lllescas granite displays porphyritic to equigranular textures. Quartz exhibits chessboard

extinction, whereas plagioclase shows occasionally bent twinning. In the NNW-trending
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protomylonitic belts that affect this granitoid in the west, quartz shows recrystallized bulges along
grain boundaries with local evidences of subgrain rotation as well as deformation bands and

fracturing. Feldspars exhibit only significant fracturing.

5.4. Strain analysis
5.4.1. Passive markers

The Florida doleritic dyke swarm has a regional strike of ca. 060° and thus is considered as a
passive marker for strain associated with the dextral shearing. The analysis was carried out with the
Mohr circle method of Lisle (2014), which is supported by previous models (Ramsay, 1980). Based on
the orientation of a deformed and undeformed passive marker and the mylonitic foliation, the
method allows obtaining a 2D graphical solution for the shear zone strain. Figure 5.9a shows a
schematic representation of the geometrical relationships of the shear zone boundary (x), the
orientation of the deformed and undeformed dykes (m’ and m, respectively) and the orientation of

the mylonitic foliation (S,).

Fig. 5.9: Schematic representation of the
dataset (a) and Mohr circle construction (b) used
for the strain estimation based on the method of
Lisle (2014). The structural elements (x: shear
zone boundary; m’ and m: orientation of the

deformed and undeformed dykes, respectively;

a
S,: orientation of the mylonitic foliation) as well
X
o as the obtained parameters are shown (S; and
8. S,: main stretching axes, R,: strain ratio, d:
S,=1.69|  proportional volume change, y: shear strain).
. S,=0.36
AL R.=4.64
d=0.59
v=2.03
S,
y
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The easternmost outcrops, where both dykes and mylonitic foliation could be measured in
the field, were used for the analysis (m"m’ = 75°, xAS; = 17°, x*m’ = 35°). Therefore, values presented
herein represent minimum estimates because deformation increases further to the east, where the
mylonitic belt is present but no dykes were recognized (Fig. 5.2).

The obtained geometrical solution and the calculated values are presented in Fig. 5.9b. On
the basis of these results, a significant deviation from simple shear is observed, with a 41 % volume
decrease and a shear strain of 2.03. However, volume loss should be even higher considering the
strain within the dykes themselves, whereas shear strain is heterogeneously distributed and even

higher towards the shear zone.

5.4.2. 5-C" shear bands

A quantitative strain analysis of the Sarandi del Yi mylonites was carried out on the basis of
the method of Kurz and Northrup (2008), which allows to estimate vorticity values in thin sections on
the basis of the angle between the mylonitic foliation (S) and the maximum inclined shear band
orientation (C'). Within high-strain rocks, the most steeply inclined shear band orientation provides
the best estimate of the bulk kinematic vorticity W,. Consequently, S-C' shear band measurements
allow characterizing the coaxiality/non-coaxiality of general shear.

W, values range between 0.00 and 0.24, considering the maximum inclined shear band
orientation for each sample (Fig. 5.10). Since these values indicate a proportion of simple shear lower
than 15%, pure-shear dominated deformation related to sinistral shearing of the shear zone is

inferred.

5.5. Quartz CPO patterns
Samples of the mylonites were collected to analyse the CPO of quartz. All samples were
obtained from the Sarandi del Yi Shear Zone, except AA-12, which corresponds to the mylonites of

the easternmost Piedra Alta Terrane. Sample locations are presented in Appendix 1.
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Fig. 5.10: Rose diagrams of synthetic S-C' shear bands orientations according to the method of Kurz and
Northrup (2008). Frequency is indicated in percentage. The full line shows the orientation of the maximum

inclined shear band orientation (MISBO). W,: bulk kinematic vorticity, n: number of measurements.

Quartz [c]-axis pole figures show crossed girdles with well-defined maxima subparallel to the
Y direction, which are accompanied by girdle distributions of {a}- and {m}-planes perpendicular to Y
(Fig. 5.11). These data would account for prism <a> as the main slip system during the mylonitization.
Relative symmetric textures indicate pure-shear dominated deformation, according to criteria from
Schmid and Casey (1986). However, the weak asymmetry of the [c]-axis pole figure of the sample AA-
12 indicates a dextral shear sense. Despite the low reliability of quartz [c]-axis pole figures as shear

sense indicators (Killian et al., 2011), these data match kinematic indicators obtained in these

mylonites.
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Fig. 5.11: Quartz CPO pole figures from samples of the mylonites. All samples correspond to the Sarandi del Yi
Shear Zone, except for AA-12 that represents the mylonites of the easternmost Piedra Alta Terrane. Pole of the
foliation (Z) and the lineation (X) are marked. Contour levels are at 0.5, 1, 2 and 3 multiples of uniform
distribution (m.u.d.). Colour scaling is from blue (minimum) to red (maximum). Sample locations are indicated

in Appendix 1.
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5.6. Discussion
5.6.1. Deformation of the eastern Piedra Alta Terrane

On the basis of detailed mapping in the Piedra Alta Terrane, a progressive strain increase
towards the east can be identified in its eastern part. This fact is documented by the increase in both
the magnitude of the rotation of the dykes and the strain within them and by the presence of
mylonites further to the east (Fig. 5.2). The obliquity between the mylonitic foliation and the margins
of the belt, S-C' shear bands and the clockwise rotation of the dykes point to dextral shearing.
Volume loss (>40%) was associated with the dextral shearing and could result either from
metamorphic reactions and/or from vertical extension supported by the scarce subvertical lineations
(Fig. 5.2b).

Reaction of pyroxene and plagioclase to hornblende, plagioclase, chlorite, epidote,
clinozoisite, muscovite/sericite, biotite, quartz and opaque minerals in the strained dykes indicates
maximum ampbhibolite facies metamorphism during the shearing event. Quartz microstructures
observed in the wall-rock account for grain boundary migration recrystallization, probably at
temperatures above 600°C due to the presence of chessboard pattern extinction (Kruhl, 1996; Stipp
et al., 2002). Recrystallization and formation of subgrains along the edges of feldspars indicate
deformation conditions above ca. 550°C (Voll, 1976; Pryer, 1993). Furthermore, quartz
microstructures in the mylonites indicating grain boundary migration recrystallization associated with
prism <a> slip detected by CPO patterns point to deformation conditions between 500 and 650°C
(Mainprice et al., 1986; Stipp et al., 2002). Therefore, the dextral shearing in the eastern margin of
the Piedra Alta Terrane is interpreted to occur under middle to upper amphibolite facies conditions

(ca. 600-650°C).

5.6.2. Deformation of the Sarandi del Yi Shear Zone
Both macro- and microindicators are indicative of sinistral shear for the Sarandi del Yi Shear

Zone. Likewise, the dominance of protomylonites to the west and ultramylonites to the east as well
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as the concentration of tight to isoclinal folds in the easternmost shear zone indicates a strain
increase towards the east.

No switching in the orientation of the lineation with progressive deformation is observed,
suggesting flattening with both vertical and lateral extension (Sengupta and Ghosh, 2004). Pure-
shear dominated deformation with flattening is also indicated by the orientation of folds axes and
planes (Jones et al., 2004) and supported by the W, values obtained by the strain analysis of the S-C’'
shear bands as well as the quartz CPO fabrics (Schmid and Casey, 1986). This is further constrained
by strain data from Oyhantcabal et al. (2001), which suggest pure-shear dominated deformation
under magmatic conditions during the emplacement of the synkinematic Solis de Mataojo Granitic
Complex. Therefore, pure-shear dominated deformation with a subordinated sinistral strike-slip
component is interpreted for the Sarandi del Yi Shear Zone.

The abundance of core and mantle structures in feldspars with new grains sometimes also
within internal microshear zones accounts for dislocation climb and recrystallization of feldspars at
temperatures of 450-550°C (Passchier and Trouw, 2005, and references therein). Quartz
microstructures denote dominant diffusion processes and recrystallization due to grain boundary
migration, also indicated by quartz CPO data. However, local evidence of subgrain rotation
recrystallization, particularly in folds, may support a late activity of this mechanism; hence,
deformation conditions probably occurred at grain boundary migration recrystallization conditions
near the transition with the subgrain rotation regime (450-550°C; Stipp et al., 2002). On the other
hand, formation of synkinematic white mica is interpreted to have taken place due to the breakdown
of feldspar, which points to temperatures below 500°C (Wiberley, 1999, and references therein).
Deformation conditions during sinistral shearing can thus be constrained to lower amphibolite to
upper greenschist facies conditions (ca. 550-450°C). Lastly, a significant cataclastic reworking is
observed in the Sarandi del Yi Shear Zone. The mineral association indicates greenschist to

subgreenschist conditions during this event.
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5.6.3. Structural evolution of the Sarandi del Yi Shear Zone

Heterogeneous shear zones are characterized by lateral variations of strain parameters,
generally with strain increase towards the core of the shear zone. However, long-lived shear zones
may show not only spatial but also temporal variations of strain. Shear zones can thus be classified
based on thickness variation with time (Means, 1984, 1995; Hull, 1988; Horsman and Tikoff, 2007;
Vitale and Mazzoli, 2008). Increasing and decreasing thickness may be interpreted in terms of strain
hardening and softening, respectively, that in turn can result from the combination of different
deformation conditions and processes.

Since deformation of the eastern margin of the Piedra Alta Terrane seems to be related to
the evolution of the Sarandi del Yi Shear Zone, a polyphase evolution can be interpreted (Fig. 5.12).
Cross-cutting relationships indicate retrograde conditions (e.g., mylonitic protoliths in the
cataclasites) associated with progressive strain localization towards the east. In this context, a first
phase of dextral shearing took place under middle to upper amphibolite facies conditions (Fig.
5.12a). A subsequent sinistral event under lower amphibolite to upper greenschist facies conditions
reworked the eastern margin of the shear zone giving rise to the development of the Sarandi del Yi
mylonitic belt (Fig. 5.12b). During this stage, more localized strain in the easternmost part of the
shear zone gave rise to the development of late folded mylonitic foliation. This high strain zone was
then overprinted by cataclasis (Fig. 5.12c).

This evolutionary model is thus comparable with the conceptual model of Sibson (1977,
1983) and natural examples such as the Nordre Strgmfjord Shear Zone (Bak et al., 1975), the Great
Slave Lake Shear Zone (Hanmer, 1988) and the Imbricate Zone and the Stortrémmen Shear Zone
(Smith et al., 2007), among others. Consequently, the Sarandi del Yi Shear Zone represents an
example of shear zone with thickness decreasing in time that evolved from upper amphibolite to
subgreenschist facies conditions and records a kinematic switch from dextral to sinistral shear at ca.

600-550°C.
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Dextral shearing
Upper to middle amphibolite facies

Sinistral shearing
Lower amphibolite-upper greenschist facies

Cataclastic deformation

Fig. 5.12: Structural evolution of the Sarandi del Yi Shear Zone related to progressive strain localization under
retrograde conditions. Schematic strain distribution is indicated with the grey scale (darker colours indicate

higher strain).

The preservation of deformation of the Sarandi del Yi Shear Zone under different conditions
is related to progressive strain localization linked to strain softening processes. In this case, the
nucleation of the shear zone may be controlled by the presence of a former terrane boundary that
started to evolve as a shear zone after continental collision (Oyhantgabal et al., 2011a). Towards the
eastern part of the Piedra Alta Terrane, a mylonitic foliation and grain size reduction are observed
and can be considered as responsible for the strain softening (Platt and Behr, 2011a; Rennie et al.,
2013; Sullivan et al., 2013). Subsequently, the zone with the highest strain was reactivated during

exhumation, obliterating the previous fabric that was only preserved in lower strain domains. Such
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domains may have experienced only partial annealing but no significant deformation during

retrograde conditions, as schematized by Herwegh et al. (2008).

5.7. Conclusions

Integration of macro- to microstructural data indicates that the Sarandi del Yi Shear Zone
represents a crustal-scale shear zone that underwent complex long-term deformation. During
juxtaposition of the Piedra Alta (Rio de la Plata Craton) and Nico Pérez terranes, deformation in the
Sarandi del Yi Shear Zone started under upper to middle amphibolite facies conditions with dextral
shearing in the easternmost Piedra Alta Terrane. Subsequent lower amphibolite-upper greenschist
facies metamorphism was related to pure-shear dominated sinistral shearing, which was
accompanied by contemporaneous plutonism reflected by the Solis de Mataojo Granitic Complex.
Post-mylonitization magmatism is indicated by the Cerro Caperuza granite. Afterwards, a late
cataclastic event took place and reworked the easternmost border of the shear zone.

The evolution of the shear zone reflects progressive strain localization under retrograde
metamorphic conditions during crustal exhumation. Furthermore, strain localization also resulted in

decrease in the shear zone thickness.

73



Chapter 6 Geochronology Sarandi del Yi Shear Zone

-CHAPTER 6-

Geochronology of the Sarandi del Yi Shear Zone

6.1. Introduction

Exhumed long-lived shear zones represent fundamental structures that allow studying the
coupling between crustal exhumation and strain localization processes as well as the timing at which
they take place in the lithosphere. However, assessing the age of the deformation is not a simple
task, due to the overprinting caused by the youngest events that may reset the isotopic systems that
are used as thermochronometers. It is even more complex to integrate geochronological with macro-
and microstructural data as well as kinematics in order to create a robust model of the
tectonometamorphic evolution of shear zones, which can further constrain the evolution at the
orogen-scale.

Several methods can be applied to study the temperature-time (T-t) paths of metamorphic
rocks, which are based on closure temperatures of isotopic geochronometers (Table 6.1; Dodson,
1973; Villa, 1998). The most widespread methods to constrain the age of the deformation in shear
zones consist in either dating synkinematic intrusions or minerals that were formed during
mylonitization, or constraining the T-t paths of adjacent blocks (van der Pluijm et al., 1994). All these
methods, though potentially powerful, have some limitations. Dating synkinematic intrusions
represents an indirect and interpretative method (van der Pluijm et al., 1994), whereas dating
minerals in the mylonites themselves may be limited by the problem of whether these ages
represent neocrystallization or cooling ages (Dunlap, 1997; Mulch and Cosca, 2004). On the other
hand, establishing T-t paths of neighbouring blocks may be helpful but nevertheless indirect and, in
many cases, difficult to obtain due to the lack of equivalent datable minerals associations on both
sides of the shear zones.

As previously indicated (Chapter 5), no geochronological data are available for the mylonites
of the Sarandi del Yi Shear Zone. Though the sinistral shearing is considered to be Neoproterozoic in
age due to the emplacement of the synkinematic Solis de Mataojo Granitic Complex (580 + 15 Ma,
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Rb-Sr whole rock, Umpierre and Halpern, 1971; 584 + 13 Ma, single phase Pb-Pb stepwise leaching
titanite, Oyhantcabal et al., 2007), the timing of the dextral shearing is not well constrained. This first
event took place prior to the Neoproterozoic sinistral shearing and also postdates the emplacement
of the 1.79 Ga old Florida doleritic dyke swarm (Teixeira et al., 1999, 2013; Halls et al., 2001), as
these dykes are dextrally sheared towards the shear zone (Chapter 5; Oyhantcabal et al., 1993;
Oriolo et al.,, 2015). Therefore, the onset of the deformation during accretion of the Nico Pérez
Terrane to the eastern margin of the Rio de la Plata Craton could be placed at any time between the

late Paleoproterozoic (< 1.79 Ga) and the Ediacaran.

System Tc (°C) References
U-Th-Pb zircon >900 Dahl (1997), Cherniak and Watson (2000)
U-Th-Pb monazite >750 Heaman and Parrish (1991)
U-Pb xenotime >650 Heaman and Parrish (1991)
U-Th-Pb allanite 650 Heaman and Parrish (1991)
U-Th-Pb titanite 650 + 50 Cherniak (1993), Dahl (1997), Frost et al. (2000)
U-Pb rutile 620+ 20 Cherniak (2000), Vry and Baker (2006), Kooijman et al. (2010)
Sm-Nd garnet 600 + 30 Mezger et al. (1992)
Rb-Sr muscovite 500 * 50 Jager et al. (1967), Jager (1977)
K-Ar hornblende 530+ 40 Harrison (1981)
K-Ar phlogopite 440+ 40 Giletti (1974), Jenkin et al. (2001)
U-Pb apatite 425-500 Dahl (1997), Chamberlain and Bowring (2000)
K-Ar muscovite 350-425 Purdy and Jager (1976), Harrison et al. (2009)
Rb-Sr biotite 350 Jenkin (1997)
K-Ar biotite 31040 Harrison et al. (1985)

Table 6.1: Closure temperature (Tc) for different isotopic systems.

6.2. Sample description

Samples AA-13, BUY-81-11, BUY-84-11, BUY-92-11, BUY-93-11 and BUY-94-11 were collected
from mylonites of the Sarandi del Yi Shear Zone itself (Fig. 6.1, Appendix 2). On the other hand, AA-
12 corresponds to a granitic mylonite located in the easternmost Piedra Alta Terrane, which was
deformed during dextral shearing along the shear zone. A sample (UY-22-14) from the Cerro
Caperuza granite was obtained as well (Fig. 5.4), as it intrudes the shear zone and shows no
significant ductile deformation, thus providing a constraint on the end of the mylonitization. Sample

locations and applied methods are presented in Appendix 2.
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Fig. 6.1: Geological map of the Nico Pérez Terrane and adjacent blocks (modified after Oyhantcabal et al.,

2011a, and references therein). Sample locations are shown.

The sample AA-12 corresponds to a mylonite made up of quartz, K-feldspar, plagioclase,
hornblende and biotite. Quartz shows interlobate grain boundaries, left-over grains and minor
chessboard extinction, which accounts for grain boundary migration recrystallization at temperatures
above ca. 600°C (Kruhl, 1996; Stipp et al., 2002). Feldspars exhibit local recrystallization along the
edge of the grains, indicating recrystallization temperatures above 550°C (Voll, 1976; Pryer, 1993).
Biotite and hornblende are preferentially oriented in two planes that define the S and C' of dextral
shear bands, which are also observable at mesoscale. Hornblende crystals are typically euhedral and

present only minor fracturing.
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The sample AA-13 from a granitic mylonite is made up of quartz, K-feldspar and plagioclase.
S-C” shear bands and feldspar o-type mantled porphyroclast microstructures indicate sinistral
shearing. Sutured grain boundaries point to grain boundary migration recrystallization in quartz,
although minor evidences of subgrain rotation recrystallization can be recognized as well, indicating
recrystallization temperatures of 450-550°C (Stipp et al., 2002). Feldspars develop core and mantle
structures with occasionally anti-bookshelf structures, indicating temperatures of 450-550°C
(Passchier and Trouw, 2005, and references therein). Scarce sericite and epidote are also present
along shear band planes.

The mylonite of the sample BUY-81-11 is constituted by quartz, K-feldspar, plagioclase and
hornblende. Sutured grain boundaries point to grain boundary migration recrystallization at ca. 500-
550°C for quartz (Stipp et al., 2002). Core and mantle structures in feldspars reveal sinistral shearing
both at meso- and microscale and point to recrystallization temperatures of 450-550°C (Passchier
and Trouw, 2005, and references therein). Hornblende crystals present significant fracturing and are
sometimes boudinaged parallel to the stretching lineation direction.

The sample BUY-84-11 is an ultramylonite constituted by quartz, feldspar and sericite. Quartz
crystals form aggregates with foam textures indicating recovery. Core and mantle structures in
feldspars show sinistral shearing and point to recrystallization temperatures of 450-550°C (Passchier
and Trouw, 2005, and references therein). Pressure solution is revealed by the presence of opaque-
minerals-rich solution seams.

UY-22-14 corresponds to the Cerro Caperuza granite, which presents equigranular texture
and is constituted by quartz, K-feldspar, plagioclase and scarce biotite.

The deformed porphyritic felsic intrusion of the sample BUY-93-11 is made up of quartz and
feldspar. Sutured grain boundaries point to grain boundary migration recrystallization at ca. 500-
550°C for quartz (Stipp et al., 2002). Core and mantle structures in feldspars reveal sinistral shearing
and recrystallization temperatures of 450-550°C (Passchier and Trouw, 2005, and references

therein).
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Both BUY-92-11 and BUY-94-11 correspond to mylonites, which are constituted by quartz, K-
feldspar, plagioclase and muscovite. Sinistral shearing is indicated by S-C' shear bands, o-type
feldspar mantled porphyroclasts with asymmetric myrmekites, mica fish and oblique foliation of
elongated quartz grains. S-C' shear bands and o-type feldspar mantled porphyroclasts are also
observable at mesoscale. Sutured grain boundaries point to grain boundary migration
recrystallization in quartz and recrystallization temperatures of 500-550°C (Stipp et al., 2002).
Feldspars develop core and mantle structures, which are sometimes accompanied by microshear
zones that show internal recrystallization, indicating temperatures of 450-550°C (Passchier and
Trouw, 2005, and references therein). Muscovite typically develops mica fish microstructures and is
oriented parallel to the S or C" planes of the shear bands in the mylonites, suggesting that they are
synkinematic minerals. This interpretation is further supported by the lack of muscovite in the
protolith of the mylonites, i.e., the Solis de Mataojo Granitic Complex. Locally, solution seams parallel
to shear band planes can be recognized as well. They are made up of fine-grained aggregates of

biotite and opaque minerals.

6.3. Results
6.3.1. U-Pb geochronology and Hf isotopes

Zircons from the sample AA-12 are typically prismatic to equant and show oscillatory zoning,
sometimes with homogeneous bright cores (Fig. 6.2a). A concordant age of 596.0 + 3.3 Ma was
obtained considering 15 out of 24 spots (Fig. 6.3a, data points with low correlation coefficients
rejected), which is interpreted as the crystallization age of the magmatic protolith. Titanites, in turn,
show a slightly older concordant age of 602.7 + 4.3 Ma (18 out of 19 points), which seems to reflect
the crystallization age of the protolith as well (Fig. 6.4a).

In the case of AA-13, zircons present oscillatory zoning as well as homogeneous dark or
bright cores (Fig. 6.2b). A 2048.3 + 11.0 Ma concordia age is interpreted as the age of the

crystallization of the magmatic protolith based on 23 out of 26 data points (Fig. 6.3b, discordant data
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rejected). In addition, Hf model ages (Tpm) between 2.20 and 2.47 Ga as well as €,4(t1) between +2.26
and +7.23 were obtained for the zircons (Fig. 6.3c, Appendix 4). On the other hand, a concordant
titanite age of 588.0 + 7.1 Ma (7 out of 19 spots, discordant data or with high common *®Pb content
rejected) seems to represent the timing of the metamorphism associated with sinistral shearing (Fig.
6.4b), although microstructures indicates deformation temperatures slightly lower than the titanite
closure temperature. Inheritance is recorded as well, as two titanite grains yield *’Pb/*®*Pb ages of
ca. 2.05 Ga (Appendix 3).

Zircons from BUY-81-11 are prismatic and, in some cases, fragmented. Cores are dominantly
homogeneous (Fig. 6.2c) and present a weighted mean **’Pb/*°°Pb age of 2025 + 37 Ma (Fig. 6.3d, 6
spots, discordant data rejected). On the other hand, oscillatory zoning is found in the rims, which
show a concordant age of 623.0 + 5.1 Ma based on 6 out of 15 data points (Fig. 6.3e, data with high U
or common *®Pb content rejected).

Zircons from BUY-84-11 are prismatic and occasionally round, and exhibit homogeneous dark
cores surrounded by overgrowths with oscillatory zoning (Fig. 6.2d). A concordia age of 2068.9 + 4.2
Ma considering 6 out of 8 spots is interpreted as the crystallization age of the magmatic protolith,
which is recorded in both cores and overgrowths (Fig. 6.3f, discordant data rejected).

In the Cerro Caperuza granite (sample UY-22-14), zircons are prismatic with oscillatory zoning
and present a concordant age of 570.9 + 11.0 Ma considering 5 out of 26 data points (Fig. 6.2¢, 6.3g,

2%pp content rejected). Some spots show slightly

highly discordant data or with high U or common
older concordant ages that may indicate reworking of magmatic zircons with ages between ca. 620-
580 Ma (Fig. 6.3g).

Prismatic to slightly rounded zircons with cores that are either homogeneous or zoned were
recognized for BUY-93-11. Homogeneous bright cores present a weighted mean **’Pb/*°°Pb age of
2115 + 38 Ma (Fig. 6.3h, 7 out of 26 spots). 3 points measured in overgrowths with oscillatory zoning
exhibit a concordant age of 589.1 + 1.5 Ma (Fig. 6.2f, 6.3i, highly discordant data or with high U or

common **°Pb content rejected).
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represent data that were not considered. Errors depicted at the 2o level.

6.3.2. ““Ar/*Ar

A hornblende plateau age of 600.1 + 3.4 Ma was obtained for the sample AA-12, whereas the

sample BUY-81-11 presents a hornblende plateau age of 590.2 + 2.6 Ma (Fig. 6.5a, 6.5b). On the

other hand, the white mica concentrates yield plateau ages of 594.41 + 0.98 Ma and 587.6 + 1.5 Ma

for the samples BUY-92-11 and BUY-94-11, respectively (Fig. 6.5c, 6.5d).
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6.3.3. Rb-Sr

Two Rb-Sr isochrone ages were defined by muscovite and WR concentrates from the same
muscovite samples that were analysed using the “°Ar/**Ar method. The sample BUY-92-11 shows an
age of 566.1 + 2.9 Ma, whereas the sample BUY-94-11 presents an age of 566.6 + 2.9 Ma (Appendix

5).

6.4. Discussion
6.4.1. Protolith petrogenesis

U-Pb zircon data reveal two protoliths generated during the Paleo- and the Neoproterozoic.
However, no significant textural differences are observed between both zircon groups. Zircons are
prismatic and occasionally round with oscillatory zoning and Th/U > 0.1 (Fig. 6.2, Appendix 3), which
is indicative of a magmatic origin (Hoskin and Schaltegger, 2003, and references therein). As
deformation conditions along the Sarandi del Yi Shear Zone did not surpass amphibolite facies
conditions (Chapter 5), U-Pb zircon ages are interpreted to represent the age of the magmatic
protolith rather than a direct age constraint on the deformation along the shear zone.

Two concordant ages of 2048.3 + 11.0 Ma (sample AA-13) and 2068.9 + 4.2 Ma (sample BUY-
84-11) as well as two *”’Pb/**°Pb weighted mean ages of 2025 + 37 Ma (sample BUY-81-11) and 2115
+ 38 Ma (sample BUY-93-11) provide evidence of a late Rhyacian-early Orosirian magmatic event and
are equivalent to ages of granitoids and gneisses of the basement of the Piedra Alta Terrane (Fig. 6.3;
Hartmann et al., 2000a; Santos et al., 2003; Peel and Preciozzi, 2006). Hf isotopes from the zircons of
the sample AA-13 yield a Tpy age range from 2.20 to 2.47 Ga as well as g.(t;) between +2.26 and
+7.23 (Fig. 6.3c), which indicates contribution of Paleoproterozoic juvenile continental crust. Hf
isotopes from the Cerro Colorado granite (eastern Piedra Alta Terrane) are identical (Fig. 3.6) and
similar Sm-Nd model ages were obtained in different intrusions of the Piedra Alta Terrane as well
(Peel and Preciozzi, 2006), thus supporting a crustal affinity of the mylonitic protolith with the Piedra

Alta Terrane.
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On the other hand, Neoproterozoic concordant ages of 596.0 + 3.3 Ma (sample AA-12), 623.0
+ 5.1 Ma (sample BUY-81-11) and 589.1 + 1.5 Ma (sample BUY-93-11) were obtained in three
samples (Fig. 6.3). The zircons of AA-12 yield only Neoproterozoic ages, but BUY-81-11 and BUY-93-
11 also show inheritance of Paleoproterozoic zircons (Fig. 6.3, Appendix 3). In addition,
Neoproterozoic ages in BUY-81-11 zircons were only detected in overgrowths, whereas BUY-93-11
contains Neoproterozoic neoformed zircons as well (Fig. 6.2). Consequently, obtained
Neoproterozoic ages may have resulted from both re-equilibration of inherited Paleoproterozoic

crystals and neocrystallization in the presence of a melt (Bea et al., 2007; Geisler et al., 2007).

6.4.2. Tectonometamorphic evolution of the Sarandi del Yi Shear Zone

Despite previous works suggested a Mesoproterozoic age for the onset of the deformation
(Bossi and Cingolani, 2009; Gaucher et al.,, 201l1a), new results provide solid evidence of
Neoproterozoic nucleation for the Sarandi del Yi Shear Zone (Fig. 6.6a). The only previous constraint
for the dextral shearing was the bending of the 1.79 Ga old Florida doleritic dyke swarm, which
provides a maximum age for this event. Results obtained for the sample AA-12 indicate dextral
shearing up to 596 Ma. Similar zircon, titanite and hornblende ages together with hornblende
microstructures point to emplacement and fast cooling of this intrusion below ca. 500°C during
dextral shearing. Likewise, the oldest concordant age of 623.0 + 5.1 Ma (sample BUY-81-11)
represents a maximum age for magmatism related to deformation along the shear zone. This value is
thus interpreted as syn- to early post-collisional magmatism related to the amalgamation of the Nico
Pérez Terrane and the Rio de la Plata Craton along the Sarandi del Yi Shear Zone. As this sample
shows evidence of sinistral shearing at temperatures of 450-550°C, which are similar to the closure
temperature for amphibole, the significantly younger *°Ar/*°Ar plateau age of 590.2 + 2.6 Ma from
strongly deformed hornblende crystals may indicate reworking of these rocks and resetting of the K-
Ar system at ca. 590 Ma. This is also supported by structural evidence indicating progressive strain

localization towards the east (Chapter 5).
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The onset of deformation along the Sarandi del Yi Shear Zone at 630-625 Ma constrains the
age of the amalgamation of the Nico Pérez Terrane and the Rio de la Plata Craton. These results
support models from Oyhantcabal et al. (2011a) and Rapela et al. (2011) considering juxtaposition of
both crustal blocks during the Neoproterozoic, previously constrained by the 584 + 13 Ma age of the
Solis de Mataojo Granitic Complex (Rapela et al., 2011). Contrasting cooling age patterns on both

sides of the shear zone reinforce this interpretation (Fig. 6.6c; Oyhantcabal et al., 2011a).
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Fig. 6.6: a) Summary of geochronological data from the Sarandi del Yi Shear Zone. Ages of associated intrusions
are also shown (SMGC: Solis de Mataojo Granitic Complex, Oyhantcabal et al., 2007; SAC: Sierra de las Animas
Complex, Oyhantcabal et al., 2007; Rapalini et al., 2015; CCG: Cerro Caperuza granite, this work). The age of the
dextral (red) and the sinistral shearing (blue) are indicated as well. b) t vs T plots based on titanite (blue
diamonds), hornblende (red squares) and muscovite (yellow circles) data with average cooling path. Closure
temperatures after references from Table 6.1. c) West-east K-Ar muscovite profile across the Piedra Alta
Terrane, the Nico Pérez Terrane and the Dom Feliciano Belt (modified after Oyhantgabal et al., 2011). The

position of the Sarandi del Yi Shear Zone (SYSZ) and the Sierra Ballena Shear Zone (SBSZ) are presented.
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The subsequent sinistral movement was previously constrained by the age of the
synkinematic Solis de Mataojo Granitic Complex (Fig. 5.4; Oyhantcabal et al., 2001, 2007). The U-Pb
zircon concordant age of 589.1 + 1.5 Ma and the titanite concordant age of 588.0 + 7.1 Ma together
with the “°Ar/*°Ar hornblende plateau age of 590.2 + 2.6 Ma of sinistrally-sheared mylonites and
“OAr/*Ar plateau ages of 594.41 + 0.98 Ma and 587.6 + 1.5 Ma of synkinematic muscovites constrain
the sinistral shearing at ca. 594-584 Ma. As temperature conditions for the sinistral shearing are
constrained at 450-550°C, which are above the closure temperature of the K-Ar system for
muscovites, muscovite ages probably reflect cooling after synkinematic crystallization (Mulch and
Cosca, 2004; Rolland et al., 2008).

Rb-Sr data are significantly younger than the respective “°Ar/*’Ar muscovite ages. As the
latter match other geochronological data as well as geological evidences (e.g., intrusion of the Cerro
Caperuza granite postdating the ductile deformation along the shear zone), Rb-Sr data may not
reflect true cooling stories (Jenkin, 1997). As indicated by Eberlei et al. (2015), deformation strongly
affects the Rb-Sr geochronometer at <500°C. Likewise, Bozkurt et al. (2011) demonstrated that fluid-
assisted deformation under cataclastic conditions may reopen this isotopic system. Local cataclastic
reworking, pressure-solution and associated fluid circulation are recorded in these samples, which
could account for reequilibration of the Rb-Sr system during low-temperature fluid-assisted
deformation. However, “°Ar/*>Ar muscovite ages seem to remain unaffected by these processes,
which may suggest that Sr presents an unlikely more effective diffusivity than Ar under similar
conditions. Alternatively, a more plausible explanation could be that the Rb-Sr system has remained
closed for the muscovites, but was affected for the whole rock system, giving rise to whole rock-
muscovite isochron ages that are younger than expected.

On the basis of titanite, hornblende and muscovite geochronological data, a cooling rate of
ca. 60°C Ma™ between ca. 597-592 Ma can be estimated for the Sarandi del Yi Shear Zone (Fig. 6.6b).
This cooling rate may have resulted from fast exhumation during sinistral shearing. Vertical extrusion

related to pure shear dominated deformation along the Sarandi del Yi Shear Zone could account for
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this process (Chapter 5). Comparable cooling rates related to shearing and rapid exhumation were
also reported from the Carthage-Colton Mylonite Zone of the Adirondack Mountains (Bonamici et al.,
2014).

Nevertheless, the estimated cooling rates have to be considered carefully due to the
complexity of the processes involved in the shearing. Particularly, the existence of several intrusions
during deformation appears to be one of the most significant processes affecting isotopic systems, as
the existence of magmatism reset the chronometers and true cooling paths cannot be calculated
(Fig. 6.6a). In addition, strain localization during exhumation of the shear zone also induces local
reworking of the mylonitic belt and consequent reset of the thermochronometers (Mulch et al.,
2006). Comparison of titanite and hornblende data from the dextrally and sinistrally sheared
domains show younger ages in the latter, supporting progressive strain localization towards the east
inferred from structural data (Chapter 5). Consequently, recrystallization-related processes such as
strain and fluids as well as magmatism play a major role in the closure of isotopic systems in
mylonites, being temperature not the only significant variable, as outlined by Villa (1998).

The age of 570.9 + 11 Ma for the Cerro Caperuza granite together with the age of the alkaline
plutonic-volcanic Sierra de las Animas Complex (Fig. 5.4; 579 * 1.5 Ma, Ar/Ar hornblende,
Oyhantcabal et al., 2007; 581.8 + 3.4 Ma, 574.5 + 8.1 Ma, U-Pb SHRIMP zircon, Rapalini et al., 2015)
provide a solid constraint for the end of the ductile deformation in the shear zone (Fig. 6.6a).
Likewise, the Rb-Sr ages of the mylonites can be interpreted as the result of the reequilibration of the
Rb-Sr isotopic system due to fluid circulation, probably associated with low temperature deformation
that is recognizable in both mylonites and the Cerro Caperuza granite (Chapter 5). It can be thus
inferred that cataclastic deformation in the easternmost shear zone started after 570 Ma. Moreover,
the Arroyo de la Pedrera Formation is folded and affected by low-T shear zones and faults near the
cataclasites of the Sarandi del Yi Shear Zone in the western Nico Pérez Terrane (Fig. 4.1; Montafa
and Sprechmann, 1993; Oriolo et al., 2015). As this unit did not achieve metamorphic conditions

higher than lower greenschist facies (Gaucher, 2000; Blanco et al., 2009; Sanchez Bettucci et al.,
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2010) and may present a late Ediacaran-lower Cambrian age (Montafia and Sprechmann, 1993;
Blanco et al., 2009; Gaucher et al., 2004, 2011b), deformation of these sequences may be related to
late Ediacaran-Cambrian cataclastic deformation along the shear zone. Furthermore, Rapalini and
Sanchez Bettucci (2008) interpreted a post-folding remagnetization event in the Arroyo de la Pedrera
Formation as evidence for an early Cambrian event. Consequently, brittle deformation in the Sarandi
del Yi Shear Zone can be characterized as a long-term process that took place between the late
Ediacaran and the Cambrian.

The existence of collisional events between ca. 625-600 Ma in South America can be further
traced to the north along the Transbrasiliano Lineament (Ganade de Araujo et al., 2014a, 2014b).
This crustal-scale structure has been correlated with the easternmost Pampean Belt in the Sierras
Pampeanas, mostly based on geophysical data (e.g., Rapela et al., 2007; Peri et al.,, 2015).
Nevertheless, the collisional phase of the Pampean Belt was placed at the lower Cambrian (Rapela et
al., 1998, 2007; Siegesmund et al., 2010), which is considerably younger than the collision recorded
along the Transbrasiliano Lineament (Ganade de Araujo et al., 2014a, 2014b). The Sarandi del Yi
Shear Zone, in contrast, shows both timing of deformation and kinematics, which are comparable
with those recorded along the Transbrasiliano Lineament. Consequently, the amalgamation of the
Gondwanic domains in the South American Platform (Brito Neves and Fuck, 2014) was completed at
ca. 600 Ma and resulted from the accretion of African blocks to the eastern margin of the South

American older nuclei, i.e., the Amazonas and Rio de la Plata cratons, along crustal-scale shear zones.

6.5. Conclusions

Multithermochronometric and structural data from the mylonites combined with
geochronological information from shear zone-related magmatism as well as cooling ages of the
adjacent blocks were integrated to constrain the tectonometamorphic evolution of the Sarandi del Yi
shear Zone. The onset of the deformation is related to the collision of the Rio de la Plata and Nico

Pérez Terrane at 630-625 Ma, giving rise to dextral shearing up to 596 Ma along the Sarandi del Yi
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Shear Zone under upper to middle amphibolite conditions in a post-collisional setting. Subsequent
sinistral shearing took place between 594-584 Ma under lower amphibolite to upper greenschist
facies conditions, which was followed by emplacement of the Sierra de las Animas Complex and the
Cerro Caperuza granite. Further deformation under brittle conditions was recorded after ca. 570 Ma.

Additionally, the obtained data reveal the complexity in assessing the age of deformation of
long-lived shear zones. Strain partitioning and localization with time, magma emplacement and fluid
circulation were identified as the main processes affecting the isotopic systems. Therefore, multiple
geochronometers from the mylonitic belts and their adjacent blocks as well as detailed structural
analysis have to be integrated in order to establish solid tectonothermal models of crustal-scale

shear zones.
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-CHAPTER 7-

Structure and geochronology of the Dom Feliciano Belt

7.1. Introduction

Harland (1971) defined transpression as a combination of compression and transcurrence
that results from oblique plate convergence at crustal scale. This term was then extended by
Sanderson and Marchini (1984), who considered transpression as deformation developed between
two undeformed blocks resulting from both simple and pure shear, independently of the scale.
Subsequent contributions presented deviations from these first models and demonstrated the 3D
complexity of transpressional orogens (Fossen et al., 1994; Dewey et al., 1998; Fossen and Tikoff,
1998; Jones et al., 1997, 2004; Fernandez and Diaz-Azpiroz, 2009; Fernandez et al., 2013; Massey and
Moecher, 2013), especially when related to strain partitioning (Lister and Williams, 1983; Tikoff and
Teyssier, 1994; Jones and Tanner, 1995; Teyssier et al., 1995). Although strain partitioning refers to
heterogeneous spatial distribution of deformation, changes with time are also frequent (Lister and
Williams, 1983). Among others, shear zone nucleation due to strain localization is one of the most
common consequences of temporal strain variations (e.g., Hobbs et al., 1990; Jessell and Lister, 1991;
Platt and Behr, 2011).

Although the regional structure of the Pan-African mobile belts was thoroughly investigated
(Halbich and Alchin, 1995; Goscombe et al., 2003, 2005; Konopasek et al., 2005; Goscombe and Gray,
2008; Ulrich et al., 2011; Lehmann et al., 2016), contributions regarding structural aspects of the
Dom Feliciano Belt focused mostly on the Major Gercino-Sierra Ballena shear zone system
(Fernandes et al., 1992; Fernandes and Koester, 1999; Oyhantgabal et al., 2009b, 2011b; Passarelli et
al., 2010, 2011). Likewise, constraints on the timing of deformation and metamorphism are scarce
(Oyhantcabal et al., 2009a, 2009b, 2011b), thus being the tectonothermal evolution of the belt still

elusive.
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7.2. Structural architecture of the Dom Feliciano Belt
7.2.1. Introduction

The Dom Feliciano Belt in Uruguay can be divided into two domains, which are separated by
the Sierra Ballena Shear Zone. The western domain is dominated by metavolcano-sedimentary units,
whereas the eastern domain is mostly made up of granitoids (Fig. 7.1). In order to assess the macro-

and mesostructural aspects of both domains, two key areas were studied in detail (Fig. 7.2, 7.3).
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Fig. 7.1: Geological map of the Precambrian of Uruguay (modified after Oyhantcabal et al., 2011a and
references therein). Detailed areas of Fig. 7.2 and 7.3 are shown. Geochronological and quartz CPO samples are
indicated with rectangles and prisms, respectively. Magmatic units are indicated as well (y;: Sobresaliente
granite, y,: Amarillo granite, y;: Las Flores granite, y,: Zapican granodiorite, ys: Lavaderos granite, ye: Arroyo
Mangacha granite, y;: Puntas del Santa Lucia monzogranite, yg: Puntas del Mataojo granodiorite, 75: Pan de
Azucar intrusion, yyo: Solis de Mataojo Granitic Complex, y;;: Sierras de las Animas Complex, y;,: Las Ventanas
Formation, y13: Maldonado granite, y14: Valdivia granite, y;s: Cerro Aguirre dacite, y;¢: Santa Teresa granite, v;7:

Cerro Amaro granite, y1g: Arroyo Malo granite, y;9: Sarandi del Yaguarén granite).
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7.2.2. Western domain

The northwestern area of the western domain is constituted by the Paleoproterozoic
Valentines-Rivera Granulitic Complex, which represents the basement of the Nico Pérez Terrane and
is affected by Neoproterozoic magmatism and shear zones (Fig. 7.1; Oyhantcabal et al., 2011a, 2012).
Minor NNW-striking protomylonitic belts were recognized in the western Nico Pérez Terrane and are
related to the Sarandi del Yi Shear Zone (Oriolo et al., 2015). Likewise, oblique shear zones are also
recognizable. The dextral Tupambaé Shear Zone affects the Valentines-Rivera Granulitic Complex in
the northern Nico Pérez Terrane, whereas the sinistral Rivera Shear Zone cross-cuts the same unit in
the Isla Cristalina de Rivera (Fig. 7.1).

The Valentines-Rivera Granulitic Complex is bounded to the southeast by the Sierra de Sosa
Shear Zone, which separates it from the La China Complex. The former comprises felsic and
subordinated intermediate to mafic granulites and orthogneisses, whereas the latter is mostly made
up of amphibolite facies felsic orthogneisses with mafic to ultramafic intercalations (Hartmann et al.,
2001; Oyhantcabal et al., 2011a, 2012; Spoturno et al., 2012). The Sierra de Sosa Shear Zone presents
a mean mylonitic foliation of 219°/70°W and a mean stretching lineation of 225°/15° (Fig. 7.4). The
gneisses of the Valentines-Rivera Granulitic Complex show a dominant subvertical NE-striking
foliation towards the shear zone, which may indicate Neoproterozoic reworking due to shearing.
Likewise, the marbles located to the east show a foliation with a mean orientation of 207°/76°W,
whereas the Zapicdn granodiorite present a dominant NE-striking subvertical magmatic foliation
defined by the shape preferred orientation of feldspars (Fig. 7.4). Structural data indicate that the
deformation of the marbles and the emplacement of the Zapican granodiorite took place during the
evolution of the Dom Feliciano Belt, which is further supported by geochronological data of the
intrusion (Chapter 3; Oriolo et al., 2016a). In contrast, felsic orthogneisses and associated mafic rocks
of the Archean La China Complex present a higher complexity. High-T and migmatic foliations are
frequent in the orthogneisses and show no clear relationship with the structure of the adjacent units

(Fig. Fig. 7.4, 7.5, 7.6a), being thus probably related to the pre-Brasiliano evolution of these rocks.
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Mafic rocks are frequently emplaced parallel to the foliation of the felsic orthogneisses but show in
many cases equigranular textures (Fig. 7.6b). Further to the east, scarce outcrops of folded quartz-
micaschists point to a dominant vergence to the SE and are cross-cut by the sinistral Zapican Shear
Zone, which exhibits a mean mylonitic foliation of 193°/19°W and a mean lineation of 211°/09° (Fig.

7.4). Thrusts are recognizable within the quartz-micaschists and also support vergence to the SE (Fig.

7.6¢).

WW:&X&[

= Mylonites n Zapican granodiorite —2km__,
Valentines-Rivera Granulitic Complex - Marbles SSSZ Sierra de Sosa Shear Zone
@ La China Complex ——_—j Qz-micaschists ZSZ Zapican Shear Zone

Fig. 7.4: Structural profile A-A". Lower hemisphere equal area projection of foliations (black dots) and lineations

(white dots). Diagrams were obtained using Stereonet 8 (Allmendinger et al., 2012).

On the other hand, the La China Complex is separated from the Las Tetas Complex by the
Maria Albina Shear Zone (Fig. 7.5). However, orthogneisses are occasionally found to the east of the
shear zone (e.g., Maria Albina orthogneiss), whereas the Las Tetas Complex is mostly made up in this
area by folded quartz-micaschists and marbles, which present a mean stretching lineation of
194°/18° and 194°/17°, respectively (Fig. 7.5, 7.7a). Folds display a typically inclined to overturned
similar geometry and, despite being dominantly close, tight to isoclinal folds are frequent in the
marbles. Cleavage is oblique to fold axes and fold axial planes and transects clockwise the folds. Fold
axes are subparallel to stretching lineations excepting in some marbles, which exhibit slightly

curvilinear hinge lines. NW-vergence is dominant, although SE-vergence can be recognized towards
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the ESE (Fig. 7.5, 7.7b). Minor subvertical ENE-striking dextral shear zones cross-cut the

metasediments (Fig. 7.7c).

N
W on=14 on=12
an=13
- Marbles - Mylonites ACSZ Arroyo Corrales Shear Zone
Qz-micaschists Maria Albina Orthogneiss MASZ Maria Albina Shear Zone

La China Complex
Fig. 7.5: Structural profile B-B’. Lower hemisphere equal area projection of foliations (black dots), lineations
(white dots), fold axes (black triangles) and fold axial planes (white diamonds). Diagrams were obtained using

Stereonet 8 (Allmendinger et al., 2012).

The Maria Albina Shear Zone shows a mean mylonitic foliation of 192°/48°E and a mean
stretching lineation of 017°/06° (Fig. 7.5). Likewise, mylonitic folds present a mean axis of 244°/56°
and a mean axial plane of 223°/76°W (Fig. 7.5, 7.7d). Sinistral shearing can be recognized on the basis
of shear bands and feldspar mantle porphyroclasts. The western part of the mylonitic belt is
cataclastically overprinted.

To the east of the Maria Albina Shear Zone, a second sinistral mylonitic shear zone can be
recognized, namely the Arroyo Corrales Shear Zone, which presents a mean mylonitic foliation of
199°/80°E and a mean stretching lineation of 203°/14° (Fig. 7.5). Likewise, discontinuous outcrops of
mylonites with similar orientations of fabric elements can be identified further to the southwest,
indicating that the Maria Albina, Arroyo Corrales and Zapicdn shear zones comprise a complex

system of anastomosing shear zones that cross-cut the metasediments.
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Fig. 7.6: Field photographs
along the structural profile
of Figure 7.4. a) Migmatic
foliation in orthogneisses
of the La China Complex.
b) Equigranular texture in
mafic rocks of the La China
Complex. c) Minor SE-
Micaschist vergent thrust  within

S: 205°/147°W metasediments.

M;ta'qu'anz'itbe ._
. 2_1 4°/27°W
P 1 -2

Fig. 7.7: Field photographs
along the structural profile
of Figure 7.5. a) Lineation in
micaschist of the Las Tetas
Complex with transecting
cleavage. b) Folded quartz-
micaschists. Fold axial plane
cleavage (FAPC) is indicated.
c) ENE-striking dextral shear
zone cross-cutting marbles
of the Las Tetas Complex. d)
Folded mylonitic foliation of
the Maria Albina Shear Zone.

Axial plane is indicated (AP).

7.2.3. Eastern domain
The area located to the east of the Sierra Ballena Shear Zone is fundamentally made up of
Neoproterozoic granitoids and subordinated subvolcanic rocks (Fig. 7.1, 7.3; Spoturno et al., 2012).

These granitoids present either equigranular textures or magmatic to high-T solid-state foliations.
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Solid-state foliations are subvertical and strike NE (Fig. 7.8a), and are particularly frequent close to
shear zones.

Several sinistral shear zones are also distinguishable. The Cordillera Shear Zone is the most
outstanding one and reworks the northern margin of the José Ignacio granite, separating this
intrusion from the Los Cerrillos granite, and exhibits a mean mylonitic foliation of 220°/71°E and a
mean stretching lineation of 217°/19° (Fig. 7.8b). However, a relictic lineation that predates the latter
is occasionally present and plunges moderately to the WNW. Scarce fold axes plunge moderate to
steeply towards the WSW (Fig. 7.8b). Similar structural features can be recogniized in the Puntas de
las Palmas, Paso de los Talas and Cafiada del Sauce shear zones, which constitute NE- to NNE-
trending shear zones that separate different magmatic bodies as well (Fig. 7.3; Spoturno et al., 2012).
Subvolcanic synkinematic dykes (Cerro Catedral porphyries) are emplaced between the Puntas de las
Palmas and Paso de los Talas shear zones.

Further to the north, the Cerro Amaro Shear Zone cross-cuts the Aigua Batholith (Fig. 7.1). It

shows a mean mylonitic foliation of 215°/70°W and a mean stretching lineation of 037°/04°.

Fig. 7.8: Field photographs of the eastern Dom
Feliciano Belt. a) Solid-state foliation in granitoids.
Lower hemisphere equal area |projection of foliations
(black dots, n=18). b) Folded miylonitic foliation in the
Cordillera Shear Zone. Lower hemisphere equal area
projection of mylonitic foliations (black dots, n=11),
lineations (white dots, n=8) and fold axes (black

triangles, n=4).
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7.3. Microstructures
7.3.1. Western domain
7.3.1.1. Tupambaé Shear Zone

The Tupambaé Shear Zone is made up of granitic mylonites. Oblique foliation in quartz and o-
type feldspar mantled porphyroclasts with tensional microfractures indicate a dextral sense of shear
(Fig. 7.9a).

Scarce sutured coarse-grained crystals are present, although quartz typically constitutes
polycrystalline aggregates of homogeneous fine-grained elongated crystals (Fig. 7.9a). These
aggregates locally develop an oblique foliation. Feldspar porphyroclasts present microfracturing and
cataclasis as well as recrystallization only localized in tails. Flame perthites are common in K-feldspar
and bent twins are sometimes present in plagioclase.

A secondary paragenesis of fine-grained biotite + epidote + sericite + opaque minerals is
observable within local cataclastic bands that rework the mylonites, particularly in areas with oblique
foliation of quartz. These bands present Y and P shears, which support dextral shearing also under

brittle conditions (Fig. 7.9a).

7.3.1.2. Sierra de Sosa Shear Zone

The Sierra de Sosa Shear Zone is made up of granitic and scarce quartz mylonites. S-C” shear
bands as well as 6- and o-type feldspar mantled porphyroclasts reveal a sinistral sense of shear (Fig.
7.9b).

Microstructures in the Sierra de Sosa Shear Zone are highly variable. Sutured quartz crystals
are recognizable, but aggregates of fine- to medium-grained elongated crystals are more frequent. In
some samples, large elongated relictic crystals with deformation lamellae, undulose extinction and
subgrain formation are observable (Fig. 7.9¢c). In these cases, recrystallization is restricted to bulges
along grain boundaries. Foam structures are present as well and point to subsequent static

recrystallization. Feldspar porphyroclasts show recrystallized tails, boudinage and microfracturing,
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giving rise in some cases to bookshelf or anti-bookshelf structures (Fig. 7.9b). Flame perthites and
assymetric myrmekites are ocasionally recognizable in K-feldspar, whereas secondary twinning and
bent twins in plagioclase are frequent.

Likewise, localized deformation bands with significant grain size reduction of quartz and
feldspars and associated fine-grained aggregates of sericite + biotite + opaque minerals + epidote +
chlorite can be observed. These evidences account for pressure solution and cataclasis postdating

ductile deformation.

Fig. 7.9: Photomicrographs of microstructures from mylonites of the western Dom Feliciano Belt. a) Oblique
foliation in quartz indicating dextral shearing in the Tupambaé Shear Zone. Dextral P shears (yellow lines)
within low-grade localized bands constituted by fine-grained biotite + epidote + sericite + opaque minerals. b)
Sinistral o-type K-feldspar mantled porphyroclast in mylonites of the Sierra de Sosa Shear Zone. Synthetic
microshear zones are also observed. c) Elongated relictic crystals with deformation lamellae and undulose
extinction (arrow). Recrystallization is localized along grain boundaries indicating bulging recrystallization for
the Sierra de Sosa Shear Zone. d) Microfracturing and boudinage of cordierite parallel to the stretching
lineation direction in the Maria Albina Shear Zone.
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7.3.1.3. Maria Albina and associated shear zones

The metasediments of the Las Tetas Complex dominantly comprise the protolith of the Maria
Albina and associated mylonitic belts, although detrital zircon data seem to indicate that the Arroyo
Corrales Shear Zone affects metasediments of the Lavalleja Group (Oyhantgabal et al., submitted). S-
C’ shear bands point to sinistral shearing.

Quartz typically develops sutured grain boundaries, although local subgrain rotation and
peripherial bulging are also observable, particularly in the Arroyo Corrales Shear Zone. However,
static recrystallization is frequent in quartz, as indicated by foam structures. Muscovite and fuchsite
typically develop fish minerals. Cordierite is occasionally present and shows boudinage as well as
microfractures perpendicular to the stretching lineation direction (Fig. 7.9d).

The western margin of Maria Albina Shear Zone is overprinted by cataclastic deformation
that also affects the orthogneisses located to the west. Cataclasites constitute minor belts, which are
oriented parallel to the mylonitic foliation and are made up of epidote + chlorite + sericite + opaque
minerals + quartz.

On the other hand, the Maria Albina orthogneiss is located to the east of the Maria Albina
Shear Zone (Fig. 7.2) and is constituted by quartz, K-feldspar, plagioclase and muscovite. Quartz
presents foam textures, whereas feldspars show mostly microfracturing. Muscovite, in turn, is

oriented parallel to the foliation.

7.3.2. Eastern domain
7.3.2.1. Cordillera Shear Zone

The protolith of the Cordillera Shear Zone are granitoids and, to a minor extent,
metaquartzites and quartz-micaschists. S-C” shear bands, o-type feldspar mantled porphyroclasts and
mica fish indicate a dominant sinistral sense of shear, although dextral shear is locally recorded in

ENE-striking restraining bends.
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Quartz develops polycrystalline aggregates of homogeneous fine-grained elongated crystals.
Nevertheless, flattened relictic coarser-grained crystals are frequently preserved, which exhibit
subgrain development as well as undulose extinction (Fig. 7.10a). Feldspar porphyroclasts present
microfracturing, which is frequently related to boudinage or bookshelf and anti-bookshelf structures.
Recrystallization is scarce and restricted to tails. Deformation twins are frequent in plagioclase.
Muscovite and biotite are locally present and develop fish structures.

Locally, evidences of pressure solution and cataclasis are observable and overprint the
mylonitic features. In some cases, cataclasites are also associated with phyllonites and
ultramylonites. The mineral association is typically made up of quartz + sericite + biotite + epidote *

opague minerals.

7.3.2.2. Punta de las Palmas Shear Zone

The Punta de las Palmas Shear Zone is made up of granitic mylonites. S-C’shear bands and o-
type feldspar mantled porphyroclasts indicate a sinistral sense of shear.

Although scarce relictic crystals are observable, quartz dominantly develops polycrystalline
aggregates of homogeneous fine-grained elongated crystals. However, foam structures are frequent,
indicating subsequent static recrystallization. Feldspar porphyroclasts internally present
microfracturing and cataclasis, whereas recrystallization is only localized in tails. Bent twins are
present in plagioclase (Fig. 7.10b). Boudinage parallel to the direction of the stretching lineation is

recognizable in titanites as well as feldspars (Fig. 7.10c).

7.3.2.3. Cerro Amaro Shear Zone
The granitoids of the Aigud Batholith constitute the protolith of the Cerro Amaro Shear Zone.
A sinistral sense of shear can be inferred from S-C’ shear bands and o-type feldspar mantled

porphyroclasts (Fig. 7.10d).
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Quartz develops sutured crystals, although recrystallized polycrystalline aggregates of
homogeneous fine-grained crystals are locally recognisable as well. Feldspar presents
microfracturing, which is sometimes related to bookshelf or anti-bookshelf structures.
Recrystallization is restricted to tails (Fig. 7.10d). Deformation twins are frequent in plagioclase,
whereas flame perthites are observable in K-feldspar. Muscovite develops mica fish structures with

frequent kink bands, microfolding and boudinage.

Fig. 7.10: Photomicrographs of microstructures from mylonites of the eastern Dom Feliciano Belt. a)
Recrystallized elongated fine-grained and relictic coarse-grained (arrow) quartz crystals in the Cordillera Shear
Zone. b) Bent twins and microcataclasis in plagioclase of mylonites of the Puntas de las Palmas Shear Zone. c)
Boudinage parallel to the stretching lineation direction in titanites of the Puntas de las Palmas Shear Zone. d)

Sinistral o-type K-feldspar mantled porphyroclast in the Cerro Amaro Shear Zone.

7.4. Quartz CPO patterns

Four samples were obtained from the Sierra de Sosa Shear Zone (Fig. 7.11). Sample UY-112-
14 presents asymmetrical single girdles with quartz [c]-axes showing maxima slightly oblique to the Z
direction and [a]-axes perpendicular to them. This accounts for dominant basal <a> slip, though a

minor contribution of rhomb <a> slip is also observable. UY-113-14, in turns, shows symmetrical
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crossed girdles of [c]-axes with two maxima in the YZ plane and [a]-axes developing a slightly defined
maximum around X. Rhomb and basal <a> are interpreted to be the main slip systems. In contrast,
sample UY-157-14 presents an almost symmetrical single girdle with a well-defined maximum
parallel to the Y direction. Quartz [a]-axes are distributed perpendicular to Y and exhibit a maximum
subparallel to X. In this case, prism <a> slip seems to be the dominant system, though minor rhomb
<a> slip can be also inferred. A similar result was obtained for the sample UY-167-14, although the
single girdle for this sample is clearly asymmetrical.

Likewise, samples were collected from the Maria Albina Shear Zone (Fig. 7.11). Sample UY-
83-14 shows asymmetrical crossed girdles of quartz [c]-axes with maxima slightly oblique to the Z
direction and [a]-axes perpendicular to them. Basal and minor rhomb <a> slip are thus interpreted as
the main slip systems. Samples UY-102-14 presents dominant asymmetrical type | crossed girdles of
quartz [c]-axes (Lister, 1977), whereas UY-61-14, UY-104-14 and UY-165-14 show asymmetrical single
girdles. In all cases, well-defined maxima close to the Y direction are observed, which are
accompanied by girdle distributions of the [a]-axes perpendicular to Y. Prism <a> slip is thus
interpreted as the main slip system, although rhomb and basal <a> slip were also active, particularly
in the case of UY-104-14.

Sample UY-46-14 from the Maria Albina orthogneiss shows clearly asymmetrical crossed
girdles of quartz [c]-axes with maxima oblique to the Z direction and [a]-axes perpendicular to them.
Hence, basal <a> slip is interpreted as the dominant slip system.

Samples UY-89-14-1 and UY-89-14-2 from the Arroyo Corrales Shear Zone present
asymmetrical crossed girdles (Fig. 7.11). Quartz [c]-axes maxima are slightly oblique to the Z
direction, whereas [a]-axes maxima are dominantly subparallel to X. Consequently, quartz CPO data
point to basal and minor rhomb <a> slip.

In the case of shear zones of the eastern domain, three samples were obtained (Fig. 7.11).
Sample UY-9-14-2 was collected from the Cordillera Shear Zone and exhibits type | crossed girdles of

quartz [c]-axes (Lister, 1977) with well-defined maxima subparallel to the Z direction. Quartz [a]-axes
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are distributed perpendicular to Z and exhibit a slightly defined maximum subparallel to X. Basal and
minor rhomb <a> slip thus account as slip systems. Sample UY-49-14 from the Cerro Amaro Shear
Zone shows a symmetrical single girdle with a well-defined maximum close to the Y direction. Quartz
[al-axes are distributed perpendicular to Y and exhibit a maximum subparallel to X. Prism <a> slip
and minor rhomb <a> slip can be thus interpreted. In the case of sample UY-32-14 from the Puntas
de las Palmas Shear Zone, a type Il crossed girdle with [a]-axes distributed perpendicular to the [c]-
axes maximum was obtained. The obtained pole figures seem to be slightly rotated along X, which
might result from oblique cutting during sample preparation. Hence, prism <a> slip and subordinated
rhomb and basal <a> slip seem to be the slip systems.

Samples from the Maria Albina and Arroyo Corrales shear zones show dominance of
assymetrical textures, which indicate of sinistral simple-shear dominated strain according to criteria
from Schmid and Casey (1986). Only sample UY-104-14 shows an opposite sense of shear, pointing to
either local dextral shearing (e.g., bents) or flow partitioning (Killian et al., 2011). The Maria Albina
orthogneiss (sample UY-46-14) shows a dextral shear sense as well. In the case of the Sierra de Sosa
Shear Zone, samples UY-112-14 and UY-167-14 are also indicative of sinistral simple-shear dominated
deformation, whereas samples UY-113-14 and UY-157-14 point to pure-shear dominated strain. This
variation may also result from variations of strain along the shear zone (i.e., simple vs pure shear-
dominated domains) or flow partitioning at the microscale (Killian et al., 2011). In contrast, shear
zones from the eastern domain seem to show a larger contribution of pure-shear strain, as indicated

by the dominance of more symmetrical quartz textures (Schmid and Casey, 1986).

7.5. Geochronology
7.5.1. Sample description

In order to constrain the timing of deformation and metamorphism of the Dom Feliciano
Belt, several units were analysed using different geochronological systems. Sample locations are

shown in Figure 7.1, whereas sample coordinates and applied methods are described in Appendix 2.
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Fig. 7.11: Quartz CPO pole figures. Pole of the foliation (Z) and the lineation (X) are indicated. Contour levels

are at 1 intervals up to 15 multiples of uniform distribution (m.u.d.). Colour scaling is from blue (minimum) to

red (maximum). Sample locations are indicated in the Appendix 1. SSSZ: Sierra de Sosa Shear Zone, MASZ:

Maria Albina Shear Zone, ACSZ: Arroyo Corrales Shear Zone, MAO: Maria Albina orthogneiss, CSZ: Cordillera

Shear Zone, CASZ: Cerro Amaro Shear Zone, PPSZ: Puntas de las Palmas Shear Zone.
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Sample BUY-64-11 comprises a granitic mylonite of the Sierra de Sosa Shear Zone. It is mostly
made up of quartz and feldspars, which develop core and mantle structures. Quartz shows
interfingering grain boundaries, whereas feldspars show recrystallized tails.

Sample BUY-66-11 corresponds to a granitic mylonite of the Tupambaé Shear Zone. Quartz
and feldspars are most frequent minerals. Some quartz grains show interfingering boundaries,
although finer-grained elongated crystals seem to dominate. Feldspars, in turn, develop core and
mantle structures with recrystallized tails.

Sample UY-13-14 corresponds to a mylonite of the Sierra Ballena Shear Zone, which is made
up by quartz, feldspar and minor honblende and sericite. Quartz develops homogeneous fine-grained
elongated crystals, whereas feldspars show only microfracturing and cataclasis.

Two samples from the Maria Albina Shear Zone, namely UY-3-13 and UY-24-13, were
collected as well. Both samples are made up of quartz, muscovite, fuchsite and cordierite. Quartz
shows typically foam textures indicating recovery. Micas, in turn, develop fish microstructures, which
are parallel to the mylonitic foliation.

On the other hand, several samples were collected from basement inliers of the western
Dom Feliciano Belt. Samples UY-40-14 and UY-57-14 correspond to amphibolites, which are located
to the west of the Maria Albina Shear Zone and thus probably correspond to the La China Complex.
Sample UY-1-13 was collected from a phlogopite-bearing marble of the Las Tetas Complex, whereas
UY-22-13, UY-23-13 and U13MHO04 were obtained from quartz-micaschists of the same complex. UY-
22-13 and U13MHO04 are made up of quartz and muscovite, whereas UY-23-13 is constituted by
quartz, fuchsite and scarce muscovite. UY-41-14 comprises a schist, which is made up of
poikiloblastic cordierite, quartz, muscovite and biotite. It corresponds to an isolated outcrop of
metasediments, which is located to the west of the Sierra de Sosa Shear Zone and may correspond to
the Las Tetas Complex as well. UY-45-14, in turn, was collected from the Maria Albina orthogneiss,

whereas UY-54-14 and UY-55-14 correspond to undifferentiated micaschists. Finally, one sample (UY-
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64-14) was collected from a deformed pegmatite, which intrudes felsic orthogneisses of the La China
Complex and is mylonitized together with them.

Likewise, two samples were collected from shear zones of the eastern Dom Feliciano Belt.
UY-6-14 was collected from ultramylonites of the Cordillera Shear Zone, which are made up of
quartz, feldspars and muscovite. Quartz is typically fine-grained and develops ribbons, whereas
feldspars constitute porphyroclasts, which show sometimes boudinage. UY-48-14 corresponds to a
granitic mylonite of the Cerro Amaro Shear Zone and is constituted by quartz, feldspars and
muscovites. Interfingering grain boundaries are observed in quartz and recrystallization in feldspars
is restricted to porphyroclast tails. Fish microstructures and kink bands are recognizable in
muscovite, which is typically oriented parallel to the mylonitic foliation.

As reference, two samples were collected to constrain the regional cooling of the eastern
Dom Feliciano Belt as well. UY-26-14 was obtained from the Puntas del Arroyo Rocha granite (Fig.
7.3), which is made up of quartz, feldspars and scarce hornblende and muscovite. UY-27-14, in turn,

corresponds to a pegmatitic dyke that cross-cuts a mylonitic granitoid.

7.5.2. Results
7.5.2.1. U-Pb geochronology

Zircons of sample BUY-64-11 (Sierra de Sosa Shear Zone) are prismatic and up to 500 um
long. They typically exhibit oscillatory zoning, although some bright homogeneous cores are
ocassionally recognizable (Fig. 7.12). A concordia age of 598.1 + 2.2 Ma was obtained considering 9
out of 26 spots (Fig. 7.13, discordant data or with high common Pb content rejected). Nevertheless,
some spots present slightly older concordant ages that may indicate reworking of magmatic zircons
with ages between ca. 650-600 Ma (Fig. 7.13, Appendix 3). Additionally, one spot yields a concordant
age of ca. 2.7 Ga, indicating Archean inheritance (Appendix 3).

In the case of sample BUY-66-11 (Tupambaé Shear Zone), prismatic and subordinated ovoid

zircons up to 300 um long can be observed (Fig. 7.12). Oscillatory zoning is the most frequent texture
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but bright homogeneous cores are sometimes present as well. Zircons yield a concordant age of
549.0 + 2.9 Ma considering 8 out of 25 spots (Fig. 7.13, Appendix 3, highly discordant data or with
high common Pb content rejected). Likewise, a few bright luminescent cores show concordant ages

of 1.6-1.7 Ga, which indicates inheritance of Statherian zircons.
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Fig. 7.12: Cathodoluminescence (CL) images of representative zircons. Individual U-Pb ages are shown.
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Fig. 7.13: U-Pb diagrams for zircons. Red ellipses indicate data used for age calculations, whereas dashed
ellipses represent data that were not considered. Errors depicted at the 2¢ level. Analytical data are presented

in Appendix 3.
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7.5.2.2. “Ar/*Ar and K-Ar

Amphiboles from sample UY-13-14 (Sierra Ballena Shear Zone) show a significantly disturbed
spectrum with a progressive stepping-up pattern (Fig. 7.14a). Inverse isochrones considering only the
first or last steps would indicate a maximum age of ca. 420 Ma with excess Ar or a minimum age of
ca. 2.0 Ga with subsequent Ar loss, respectively. A combination of these two-end member processes
may be also feasible, therefore no further interpretations can be done for this sample. Disturbed
spectrums were obtained as well for amphibolite samples of the basement of the western Dom
Feliciano Belt (Fig. 7.14b, 7.14c). In the case of UY-40-14, an inverse isochrone shows an age of 604 +
14 Ma and excess Ar considering steps 7 to 13 (Fig. 7.15). In a similar way, sample UY-57-14 yields an
isochrone age (steps 8 to 15) of 639.5 + 8.8 Ma (Fig. 7.15).

On the other hand, metasediments from the Las Tetas Complex yield “°Ar/**Ar and K-Ar ages
between ca. 630 and 600 Ma (Fig. 7.14). Phlogopites from marbles yield a “°Ar/**Ar age of 621.4 + 1.0
Ma (Fig. 7.14d), although it does not represent a true plateau age. In contrast, muscovite
concentrates from quartz-micaschists yield “°Ar/*°Ar plateau ages of 600.4 + 1.1 and 600.9 + 1.2 Ma
(Fig. 7.14e, 7.14f). Two K-Ar ages of 623.9 + 7.4 and 625.9 + 7.4 Ma were obtained for fuchsite
concentrates of sample UY-23-13. Muscovites of sample UY-41-14, in turn, yield a K-Ar age of 604.9 +
6.3 Ma.

The Maria Albina orthogneiss yields a K-Ar muscovite age of 619.4 + 8.5 Ma (sample UY-45-
14), whereas muscovite concentrates from undifferentiated metasediments present K-Ar ages of
623.8 + 6.6 and 610.4 + 6.5 Ma (samples UY-54-14 and UY-55-14, respectively). Likewise, muscovites
from sample UY-64-14 yield a K-Ar age of 618.1 + 7.6 Ma.

In the case of the Maria Albina Shear Zone, two “°Ar/*°Ar plateau ages were obtained for
muscovite concentrates (Fig. 7.14g, 7.14h). Sample UY-3-13 yields an age of 596.8 + 1.1 Ma, whereas
an age of 597.2 + 3.2 Ma was obtained for sample UY-24-13.

In the eastern Dom Feliciano Belt, the Puntas del Arroyo Rocha granite (sample UY-26-14)

presents a K-Ar muscovite age of 589.7 + 6.2 Ma, muscovite concentrates from sample UY-27-14 of a
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pegmatitic dyke yields an age of 605.0 £ 7.2 Ma. On the other hand, K-Ar muscovites ages of 632.7 +

6.1 and 615.2 + 6.6 Ma were obtained for the Cordillera and Cerro Amaro shear zones, respectively
(UY-6-14 and UY-48-14).
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Fig. 7.14: Ar/Ar age spectrum from hornblende (UY-13-14, UY-40-14, UY-57-14), phlogopite (UY-1-13) and
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Fig. 7.15: Ar/Ar inverse isochrones for hornblende samples.

7.5.2.3. Rb-Sr
Two samples from the Las Tetas Complex were analysed using Rb-Sr mica and whole-rock
(WR) isochrones. The sample UY-1-13 yields a phlogopite-WR isochrone age of 550.5 + 2.7 Ma,

whereas a muscovite-WR isochrone age of 590 + 11 Ma was obtained for the sample U13MH04

(Appendix 5).

7.6. Discussion
7.6.1. Shear zone deformation mechanisms and conditions

Integration of microstructural and CPO data from rock-forming minerals has been widely
applied to constrain deformation mechanisms and conditions in different minerals. Among them,
quartz stands out due to its ubiquity and the existence of both experimental and natural calibrations
(e.g., Mainprice et al., 1986; Hirth and Tullis, 1992; Okudaira et al., 1995; Kruhl, 1996; Stipp et al.,
2002; Stipp and Tullis, 2003). Despite having some limitations (Law, 2014), thermometry based on
quartz CPO textures and microstructures represents a useful tool, especially when combined with
microstructures of other mineral phases in polycrystalline rocks (Dollinger and Blacic, 1975; Voll,
1976; Fitz Gerald and Stiinitz, 1993; Pryer, 1993; Berger and Stiinitz, 1996; Heidelbach et al., 2000;

Rosenberg and Stiinitz, 2003; Diaz Aspiroz et al., 2007).
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In the case of the Tupambaé Shear Zone, quartz microstructures are indicative of subgrain
rotation as the main dynamic recrystallization mechanism (Hirth and Tullis, 1992; Stipp et al., 2002),
although the existence of larger sutured crystals may suggest conditions closer to the grain boundary
migration zone. Quartz microstructures together with microfracturing, flame perthites, bent twins
and recrystallization localized in tails recorded in feldspars may indicate deformation conditions of
ca. 400-550°C (Voll, 1976; Passchier, 1985; Pryer, 1993; Stipp et al., 2002).

Microstructures and CPO data of the Sierra de Sosa Shear Zone reveal variable deformation
conditions. Sutured quartz crystals and associated CPO textures revealing dominance of prism <a>
slip point to deformation conditions in the grain boundary migration zone, probably near the
transition to subgrain rotation (Passchier, 1985; Hirth and Tullis, 1992; Stipp et al., 2002), which are
further supported by feldspar microstructures (Voll, 1976; Passchier, 1985; Pryer, 1993; Passchier
and Trouw, 2005, and references therein). Nevertheless, the existence of large elongated relictic
crystals with deformation lamellae, undulose extinction and only local subgrain formation reveal
bulging recrystallization as the main mechanism in some samples, which would also account for the
recorded basal <a> slip. In this case, deformation conditions can be thus constrained at ca. 300-400°C
(Lloyd and Freeman, 1994; Hongn and Hippertt, 2001; Stipp et al., 2002).

In a similar way, higher conditions observed for the Maria Albina Shear Zone correspond to
the grain boundary migration zone, as indicated by the presence of sutured grain boundaries and
prism <a> as the main slip system (Passchier, 1985; Hirth and Tullis, 1992; Stipp et al.,, 2002).
Nevertheless, subgrain rotation and bulging recrystallization are observable in some samples and
may account for the recorded basal and rhomb <a>, as in the Arroyo Corrales Shear Zone and the
Maria Albina orthogneiss, indicating lower grade deformation conditions as well (Hirth and Tullis,
1992; Lloyd and Freeman, 1994; Hongn and Hippertt, 2001; Stipp et al., 2002).

On the other hand, microstructures from the Cordillera Shear Zone are indicative of
deformation conditions below ca. 450°C, as quartz seems to be dominated recrystallized by bulging

and subgrain rotation recrystallization, whereas feldspar shows only microfracturing (Voll, 1976;
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Hirth and Tullis, 1992; Pryer, 1993; Lloyd and Freeman, 1994; Hongn and Hippertt, 2001; Stipp et al.,
2002; Passchier and Trouw, 2005, and references therein; Sinha et al., 2010). This interpretation is
further supported by the dominance of basal <a> recorded in one sample, which account for
conditions at the boundary between subgrain rotation and bulging recrystallization zones.
Comparable conditions for the Cordillera Shear Zone were also obtained by Oyhantgabal (2005)
based on quartz CPO neutron diffraction data.

In contrast, the Cerro Amaro Shear Zone shows microstructures that indicate grain boundary
migration and local subgrain rotation recrystallization (Hirth and Tullis, 1992; Stipp et al., 2002),
whereas microfracturing and recrystallized tails in feldspars may suggest deformation at ca. 450-
550°C (Voll, 1976; Passchier, 1985; Pryer, 1993; Passchier and Trouw, 2005, and references therein).
Hence, deformation took place probably in the grain boundary migration zone close to the transition
to the subgrain rotation recrystallization zone, as further supported by prism and minor rhomb <a>
slip recorded by quartz CPO data (Passchier, 1985; Hirth and Tullis, 1992; Stipp et al., 2002).

Relictic quartz crystals in the Punta de las Palmas Shear Zone may indicate early grain
boundary migration recrystallization, which was lately overprinted by subgrain rotation
recrystallization. Despite subsequent static recrystallization partially overprinted quartz
microstructures, this interpretation is further supported by quartz CPO data indicating conditions
close to the transition between grain boundary migration and subgrain rotation recrystallization
zones (Passchier, 1985; Hirth and Tullis, 1992; Stipp et al., 2002). Feldspar microstructures, in turn,
point to deformation conditions of ca. 450-550°C (Voll, 1976; Pryer, 1993; Passchier and Trouw,
2005, and references therein).

Based on field observations, microstructural analysis and quartz CPO data, variable
deformation conditions are documented for shear zones of the Dom Feliciano Belt. The dominance
of grain boundary migration recrystallization, diffusion processes and prism <a> slip in quartz
(Passchier, 1985; Jessel, 1987; Hirth and Tullis, 1992; Stipp et al., 2002; Passchier and Trouw, 2005)

together with localized recrystallization and dislocation climb in feldspars (Voll, 1976; Pryer, 1993;
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Passchier and Trouw, 2005, and references therein) point to maximum deformation conditions of ca.
450-550°C. Subsequent lower grade conditions between ca. 300-450°C are recorded by subgrain
rotation and bulging recrystallization with associated basal and rhomb <a> slip in quartz as well as by
microfracturing, twinning and dislocation glide and creep recorded in feldspars (Voll, 1976; Pryer,
1993; Lloyd and Freeman, 1994; Hongn and Hippertt, 2001; Hirth and Tullis, 1992; Stipp et al., 2002;
Passchier and Trouw, 2005, and references therein; Sinha et al., 2010). Conditions below 300°C are
observed as well, since most shear zones present local cataclastic reworking, pressure solution and
phyllonite development (Rutter, 1983; Gibson, 1990; Shimizu, 1995; Stipp et al., 2002; Jefferies et al.,
2006). Based on cross-cutting relationships indicating local lower grade deformation overprinting
larger areas of higher grade deformation conditions, the variability of deformation conditions in
shear zones can be interpreted as the result of progressive strain localization during exhumation and
associated retrograde metamorphism (e.g., Sibson, 1977, 1983; Smith et al., 2007; Herwegh et al.,

2008; Toy et al., 2008; Oriolo et al., 2015).

7.6.2. Strain partitioning and timing of deformation in the Dom Feliciano Belt

Despite variations of strain with time operate at all scales (Lister and Williams, 1983;
Schulmann et al., 2003; Leever et al., 2011; Carreras et al., 2013), most documented examples of
shear zones developed within transpressional orogens only consider strain partitioning processes,
i.e., simultaneous heterogeneous deformation of different domains (e.g., Sanderson and Marchini,
1985; Teyssier et al., 1995; Fossen et al., 1994; Fossen and Tikoff, 1998; Jones et al., 1997, 2004;
Sullivan and Law, 2007; Fernandez et al.,, 2013; Massey and Moecher, 2013). One of the main
problems may arise from the difficulty to assess the age of deformation, as it is difficult to be directly
dated and geochronological data cannot be easily interpreted in terms of deformation processes (van
der Pluijm et al., 1994; Dunlap, 1997; Mulch and Cosca, 2004). Hence, a methodological approach

combining 3D macro- to microstructural data and geochronological data from different structural
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domains is compulsory to provide robust evolutionary models of orogens (van der Pluijm et al., 1994;
Carreras et al., 2013; Oriolo et al., 2016b; Wang et al., 2016).

Quartz-micaschists and marbles may comprise mostly metasediments of the Las Tetas
Complex based on detrital zircon data (Hartmann et al., 2001; Oyhantcabal et al., submitted; Chapter
4), although the easternmost outcrops of quartz-micaschists near the Arroyo Corrales Shear Zone
may represent remnants of the Lavalleja Group (Oyhantc¢abal et al., submitted; Chapter 4). Structural
data from these units reflect double vergence, transected folds and associated gently-dipping
lineations towards the SSE (Fig. 7.4, 7.5), which are similar to results obtained by Rossini and Legrand
(2003) in the Zanja del Tigre Complex. Double vergence has been typically reported for
transpressional settings (e.g., Cunningham et al., 1996; Giambiagi et al., 2011; Ellero et al., 2015),
whereas transected folds may indicate a non-coaxial component of deformation during or after
folding (Treagus and Treagus, 1992). Lineation orientations and fold geometries, in turn, point to
pure-shear dominated deformation and orogen-parallel extension or lateral extrusion (Jones et al.,
1997, 2004; Sengupta and Ghosh, 2004). Minor thrusts might be associated with fold development,
although neither clear field relationships nor geochronological data are available.

In contrast, fold geometries, lineation orientations and the dominance of relative asymmetric
CPO quartz [c]-axis textures indicate strike-slip dominated deformation for most shear zones (Fig.
7.4, 7.5; Schmid and Casey, 1986; Jones et al., 2004; Sengupta and Ghosh, 2004). Nevertheless,
quartz [c]-axis textures observed in the shear zones of the eastern Dom Feliciano Belt show more
symmetric textures, which may indicate a larger component of coaxial deformation (Schmid and
Casey, 1986).

Ampbhibole Ar/Ar data from sample UY-57-14 show the oldest cooling age of the western
Dom Feliciano Belt at ca. 640-630 Ma, which is well agreement with the oldest Ar/Ar and K-Ar mica
data based on the expected cooling temperatures. Within error, this age probably indicates the onset
of deformation and metamorphism at ca. 630 Ma based on comparison with all available data from

the Dom Feliciano Belt (Fig. 7.16), which would be further supported by the Ar/Ar amphibole age of
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604 + 14 Ma of sample UY-40-14. Alternatively, this could be related to a metamorphic event at ca.
650Ma, which is well recorded in the basement of the eastern Dom Feliciano Belt (Oyhantcabal et al.,
2009a; Basei et al.,, 2011a; Lenz et al., 2011) and was not reported so far for the western Dom
Feliciano Belt. The disturbed spectrum of this sample prevents from doing further interpretations
and more data are required to evaluate the potential presence of a metamorphic event at ca. 650 Ma

in the western Dom Feliciano Belt.
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Fig. 7.16: Summary of geochronological constraints of the Dom Feliciano Belt of Uruguay after new and
available data from the literature (U-Pb rutile, Passarelli et al., 2009; Campanero Unit and two K-Ar muscovite
eastern Dom Feliciano Belt, Oyhantcabal et al., 2009a; Sierra Ballena Shear Zone Ar/Ar muscovite, Oyhantgabal
et al., 2009b; Sierra Ballena Shear Zone U-Pb zircon, Oyhantgabal et al., 2011b; Rivera Shear Zone, Oyhantgabal
et al., 2012). Geochronological data from the Dom Feliciano Belt in southernmost Brazil (Rio Grande do Sul
area) are included as well. U-Pb zircon metamorphic overgrowth data after da Silva et al. (1999), Chemale Jr. et
al. (2011) and Philipp et al. (2015); U-Pb titanite data after Chemale Jr. et al. (2011) and Sm-Nd WR garnet data
after Gross et al. (2006). MASZ: Maria Albina Shear Zone, SSSZ: Sierra de Sosa Shear Zone, RSZ: Rivera Shear
Zone, TSZ: Tupambaé Shear Zone, CU: Campanero Unit, SBSZ: Sierra Ballena Shear Zone, CASZ: Cerro Amaro
Shear Zone, CSZ: Cordillera Shear Zone. Data from the western and eastern (EDFB) Dom Feliciano in Uruguay
and from the Dom Feliciano Belt in Rio Grande do Sul correspond to the timing of regional metamorphism and

deformation.
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On the other hand, the K-Ar fuchsite age is equivalent to the Ar/Ar phlogopite age and older
than most K-Ar and Ar/Ar muscovite ages, excepting sample UY-54-14 (Fig. 7.16; Appendix 6). Both
fuchsite and phlogopite samples were obtained from the Las Tetas Complex in close areas, whereas
sample UY-54-14 was collected ca. 40 km to the NNE (Appendix 2). Although neither experimental
nor theoretical constraints on Ar diffusion in fuchsite are available, these data suggest that the
closure temperature for K/Ar in fuchsite may be slightly higher than in muscovite, probably close to
the closure temperature of phlogopite for this system (Table 6.1). K-Ar and Ar/Ar muscovite ages, in
turn, spread between ca. 624-600 Ma, which may indicate slightly differential cooling below
muscovite closure temperature (Table 6.1) along the belt during exhumation and deformation (e.g.,
folding and thrusting of metasediments). Structural data from the Zapican intrusion indicating
emplacement during deformation of the belt further constraints regional deformation between ca.
630-600 Ma, as indicated by the 610.4 + 2.5 Ma U-Pb LA-ICP-MS zircon age of the pluton (Oriolo et
al., 2016a). This time span is equivalent to the timing of dextral shearing reported for the Sarandi del
Yi Shear Zone (Fig. 7.16, 7.17; Chapter 6; Oriolo et al., 2016b), whereas coeval shearing along the
Rivera Shear Zone at 606 = 6 Ma was documented as well (Fig. 7.1, 7.16; Oyhantcabal et al., 2012).
Furthermore, K-Ar data from the Maria Albina orthogneiss (sample UY-45-14, 619.4 + 8.5 Ma)
together with structural data indicating deformation during metasediment folding (Fig. 7.5) and CPO
data asymmetry seem to indicate that a dextral shearing component might be also present during
folding of the belt.

As late Neoproterozoic magmatism is widespread in the eastern Dom Feliciano Belt and may
reset isotopic systems, the timing of metamorphism and regional metamorphism in this region is
more difficult to assess. Nevertheless, K-Ar muscovite ages of ca. 630-620 Ma were obtained in
pegmatites intruding the Cerro Olivo Complex (Oyhantcabal et al., 2009a), whereas a K-Ar muscovite
age of 589.7 + 6.2 Ma was obtained for the Puntas del Arroyo Rocha granite (Fig. 7.16). Muscovites
from a pegmatitic dyke that cross-cuts a mylonitic granitoid yield a K-Ar age of 605.0 + 7.2 Ma (Fig.

7.16), indicating deformation prior to pegmatite emplacement and subsequent cooling. Hence,
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regional cooling of the eastern Dom Feliciano Belt below muscovite closure temperature might
extend between ca. 630-590 Ma.

The Maria Albina Shear Zone yields Ar/Ar muscovite ages of 596.8 + 11 and 597.2 * 3.2,
whereas the Sierra de Sosa Shear Zones present a U-Pb LA-ICP-MS zircon age of 598.1 + 2.2 Ma (Fig.
7.16). Maximum deformation conditions constrained for the Maria Albina Shear Zone were higher
than the closure temperature for the K-Ar system in muscovite, and ages thus represent cooling after
shearing. In the case of the Sierra de Sosa Shear Zone, the age seems to represent the crystallization
age of the magmatic protolith, as zircons show dominance of prismatic habits with oscillatory zoning
and Th/U > 0.1 (Hoskin and Schaltegger, 2003, and references therein). According to deformation
conditions constrained for the shear zone, shearing probably took place shortly after emplacement
of the protolith. In both cases, shearing might also predate the obtained ages, despite not being
recorded by geochronological data, but similar ages were reported for sinistral shearing along the
Sierra Ballena and the Sarandi del Yi shear zones (Fig. 7.16; Oyhantcabal et al., 2009b; Oriolo et al.,
2016b). Sample UY-13-14 does not provide any clear constrain for deformation along the Sierra
Ballena Shear Zone due to the strongly disturbed spectrum. Consequently, orogen-parallel sinistral
shearing was active between ca. 598-584 Ma and clearly postdates regional deformation and
metamorphism of the belt (Fig. 7.17). In the case of the eastern Dom Feliciano Belt, shear zone
activity may also postdate the onset of regional deformation but might start prior to 600 based on
the K-Ar of the Cerro Amaro and Cordillera shear zone. However, these shear zones show a large
component of pure-shear, thus also supporting that deformation at ca. 630-600 Ma was dominated
by pure shear as in the western Dom Feliciano Belt. However, more geochronological data are
required to assess the timing of sinistral shearing in the eastern Dom Feliciano Belt.

A second event of shearing seems to be documented in the Tupambaé Shear Zone, indicating
that oblique ENE-striking dextral shear zones were active at ca. 550 Ma (Fig. 7.16, 7.17). As in the
case of the Sierra de Sosa Shear Zone, the age may represent the crystallization age of the magmatic

protolith due to zircon habits, textures and Th/U ratios (Hoskin and Schaltegger, 2003, and
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references therein). According to deformation conditions, deformation took place shortly after
protolith emplacement. Contemporaneous shearing was documented for the Sierra Ballena Shear
Zone (Oyhantgabal et al., 2011b), whereas cataclastic deformation since ca. 570 Ma up to the
Cambrian was indicated for the Sarandi del Yi Shear Zone (Oriolo et al., 2015, 2016b). As in the latter,
tectonic activity along other shear zones might be plausible during the late Ediacaran as well, but are
probably not recorded by geochronological data. Evidences of cataclasis, pressure solution processes
and phyllonite development could thus account for low-T deformation after shearing under ductile
conditions constrained by geochronological data. Although Rb-Sr data from the folded
metasediments do not reflect cooling paths as ages are younger than expected from closure
temperatures, they may reflect resetting of the system during the two shearing events (Fig. 7.16). On
the other hand, the Campanero Unit was probably exhumed during these late stages of the orogen,
as indicated by the “°Ar/**Ar hornblende age of 564.0 + 4.1 Ma (Fig. 16; Oyhantcabal et al., 2009a).
Coeval low-grade metamorphism and subsequent cooling is recorded during the late Ediacaran in
phyllites of the Lavalleja Group (545 + 6 and 556 + 8 Ma, K-Ar illite fine-fraction, Oyhantcabal et al.,

2009a).
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Fig. 7.17: Schematic structural evolution of the Dom Feliciano Belt (SYSZ: Sarandi del Yi Shear Zone, SBSZ: Sierra
Ballena Shear Zone, RSZ: Rivera Shear Zone, SSSZ: Sierra de Sosa Shear Zone, MASZ: Maria Albina Shear Zone,
CASZ: Cerro Amaro Shear Zone, CSZ: Cordillera Shear Zone, TSZ: Tupambaé Shear Zone). a) Main phase of
regional metamorphism and deformation of the Dom Feliciano Belt (e.g., folding of the metasedimentary units)
coeval with dextral shearing along the Sarandi del Yi Shear Zone. b) Sinistral shearing along N- to NNE-striking
shear zones. c) Dextral shearing along ENE-striking shear zones and further sinistral shearing along N- to NNE-

striking shear zones.
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7.6.3. Structural evolution and regional implications

Structural data from the Dom Feliciano Belt indicate inclined transpression with partitioning
into different deformational domains (Jones et al.,, 1997, 2004). Nevertheless, regional
metamorphism and deformation in the Dom Feliciano Belt clearly predates deformation along
localized shear zones. Hence, pure shear-dominated deformation related to crustal shortening was
probably succeeded by strike-slip simple shear-dominated deformation, being the evolution of the
Dom Feliciano Belt thus comparable with the Chongshan Shear Zone in the Himalayas (Zhang et al.,
2010) and the eastern Pyrenees in the Cap de Creus area (Carreras and Druguet, 1994). Moreover,
this model might account for the development of transected folds (Treagus and Treagus, 1992).
Although strike-slip simple shear-dominated deformation is recorded along most shear zones of the
Dom Feliciano Belt, coeval pure-shear dominated deformation was reported for the Sierra Ballena
and Sarandi del Yi shear zones (Oyhantcabal et al., 2009b; Oriolo et al., 2015), indicating strain
partitioning to some extent. On the other hand, late deformation along oblique ENE-striking dextral
shear zones, which are antithetic regarding sinistral shearing along main N- to NNE-striking shear
zones, also matches proposals that indicate late activation of antithetic oblique structures regarding
orogen-parallel structures (Cembrano et al., 2005).

New and available geochronological data from the Dom Feliciano Belt places the onset of
deformation and metamorphism at ca. 630 Ma (Fig. 7.16). These results match the onset of the
collision between the Rio de la Plata craton and the Nico Pérez Terrane/Congo Craton system along
the Sarandi del Yi Shear Zone at 630-625 Ma (Chapter 6; Oriolo et al., 2016b) as well as ages of
metamorphism and syncollisional magmatism reported for the Dom Feliciano Belt in Rio Grande do
Sul in southernmost Brazil (Fig. 7.16; da Silva et al., 1999; Gross et al., 2006; Chemale Jr. et al., 2011;
Philipp et al., 2013, 2016). The collisional phase of the Dom Feliciano Belt in the Santa Catarina
region, in turn, was alternatively placed between ca. 650 and 600 Ma (Basei et al., 2008; Chemale Jr.

et al.,, 2012; Florisbal et al., 2012). Likewise, post-collisional magmatism since ca. 630 Ma is
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ubiquitously recorded along the belt (Oyhantcabal et al., 2007; Florisbal et al., 2009, 2012; Sacks de

Campos et al., 2012; de Oliveira et al., 2015).

7.7. Conclusions

The Dom Feliciano Belt records inclined transpression and strain partitioning processes. The
main phase of deformation, metamorphism and associated exhumation below muscovite closure
temperature conditions is recorded between 630 and 600 Ma, which is related to the collision of the
Rio de la Plata and Congo cratons. Subsequent sinistral shearing along N- to NNE-striking shear zones
gave rise to further deformation up to ca. 584 Ma. These shear zones record progressive strain
localization and retrograde conditions of deformation during crustal exhumation. Dextral ENE-
striking shear zones were subsequently active at ca. 550 Ma, coeval with further sinistral shearing

along N- to NNE-striking shear zones to some extent.
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-CHAPTER 8-

Discussion: Implications for the tectonic evolution of Western Gondwana

8.1. Pre-Gondwana configuration

Several contributions attempted to elucidate the Mesoproterozoic paleogeography (e.g.,
Powell et al., 1993; Dalziel et al., 2000; Kroner and Cordani, 2003; Pisarevsky et al., 2003; Tohver et
al., 2006; Li et al., 2008; Evans, 2009), which represents a key point to understand the history of
Gondwana amalgamation. Despite most authors agree on the fact that the Amazonas and West
African cratons were part of Rodinia (Dalziel et al., 2000; Tohver et al., 2006; Li et al., 2008; Evans,
2009), the participation of southwestern Gondwanic blocks is still under discussion. Kroner and
Cordani (2003) indicated that the Rio de la Plata and Congo-Sdo Francisco cratons were not part of
Rodinia, which was further supported by Tohver et al. (2006) and Rapalini et al. (2013). In contrast,
Evans (2009) included both blocks within Rodinia. In the case of the Rio de la Plata Craton, the pre-
Brasiliano geological record is restricted to the Paleoproterozoic (Cingolani, 2011; Oyhantcabal et al.,
2011a), pointing to lack of Mesoproterozoic events and isolation of the Rio de la Plata Craton during
Rodinia evolution. The Congo-Sao Francisco Craton, in turn, exhibits several distinct Mesoproterozoic
magmatic events at ca. 1.50, 1.38 and 1.10 Ga (Ernst et al., 2013). Although the youngest event is
almost coeval with the timing of Rodinia assembly, it is unclear if it is related to a convergent or an
intraplate setting (Ernst et al., 2013; Debruyne et al., 2015). A different situation can be observed in
the Kalahari Craton, which was clearly part of Rodinia based on the existence of the Namaqua-Natal
Belt (e.g., Thomas et al., 1994; Dalziel et al., 2000; Cornell et al., 2006; Eglington, 2006; Spencer et al.,
2015). In any case, most reconstructions do not consider Mesoproterozoic connections of the Congo-
Sao Francisco and Kalahari cratons, even if the former was part of Rodinia (Evans, 2009), which is
further supported by detrital zircon data from the Damara Belt (Foster et al.,, 2015) and
paleomagnetic data (Bartholomew, 2008). Hence, the Rio de la Plata, Congo-Sdo Francisco and
Kalahari cratons did not interact with each other prior to their incorporation into Gondwana, being
only the latter part of Rodinia.
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On the other hand, new data presented herein further supports the allochtony of the Nico
Pérez Terrane regarding the Rio de la Plata Craton and its derivation from the Congo Craton,
previously suggested by Oyhantcabal et al. (2011a) and Rapela et al. (2011). The oldest
Neoproterozoic record in the southern Dom Feliciano Belt, in turn, is constituted by the high-grade
rocks of the Cerro Olivo Complex, which contains zircons yielding U-Pb concordant ages of ca. 800-
750 Ma (Hartmann et al., 2002; Oyhantcabal et al., 2009a; Basei et al., 2011a; Lenz et al., 2011). Due
to similar ages reported in the Coastal Terrane of the Kaoko Belt (Kroner et al., 2004; Konopdsek et
al., 2008), both regions were correlated and these ages were interpreted as the timing of rifting-
related magmatism during the Rodinia break-up (Kréner et al., 2004; Oyhantcabal et al., 2009a; Basei
et al.,, 2011a; Frimmel et al., 2011; Rapela et al., 2011; Konopasek et al., 2014), although some
contributions indicated a convergent setting for this event (Lenz et al., 2013; Koester et al., 2016).
Hence, the African crustal affinity of the Nico Pérez Terrane together with correlations between the
Cerro Olivo Complex and the Coastal Terrane point to Cryogenian rifting of the Nico Pérez Terrane
from the Congo Craton margin as indicated by Rapela et al. (2011), in contrast to contributions
interpreting the Cerro Olivo Complex as the basement of a distinct terrane (Bossi and Gaucher, 2004;
Gaucher et al.,, 2010; Basei et al., 2011a). Similarities in the detrital zircon pattern of the
southwestern Dom Feliciano Belt metasediments (Chapter 4) and a quartzite of the southeastern
Dom Feliciano Belt basement (Nedrebg, 2014) would further support that the underlying Nico Pérez
Terrane basement and the Cerro Olivo Complex, respectively, comprised a single African block.

Further to the north, the Nico Perez Terrane extends up to the Taquarembd block in Rio
Grande do Sul, southeastern Brazil (Fig. 1.4; Oyhantcabal et al., 2011a). To the east of this block,
isolated outcrops of gneisses of the Encantadas Complex within the Pelotas Batholith record
Paleoproterozoic magmatism at ca. 2.3-2.0 Ga (Hartmann et al., 2000b, 2003a; Leite et al., 2000;
Saalmann et al., 2011), which is comparable to magmatism recorded in the Nico Pérez Terrane in
Uruguay (Chapter 3) and the Taquarembd Block. Sm-Nd model ages in the area are mostly Archean

and Paleoproterozoic (Gastal et al., 2005), being also similar to those recorded in the Nico Pérez
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Terrane (Oyhantcabal et al., 2011a). Cryogenian magmatism is recorded as well (da Silva et al., 1999;
Hartmann et al., 2000a; Koester et al., 2016). Archean-Paleoproterozoic magmatism with Archean Hf
and Sm-Nd model ages is also recorded in the Camborid Complex in the Santa Catarina region
(Hartmann et al., 2000c, 2003b; Basei et al., 2013b), thus allowing possible correlations with the Nico
Pérez Terrane. Independently of whether Archean-Paleoproterozoic basement inliers of the Dom
Feliciano Belt comprised a single block or not, the existence of Cryogenian magmatism may suggest
that all these blocks were rifted during Rodinia break-up from the southwestern Congo Craton
(Rapela et al., 2011). If so, the first rifting phase reported by Li et al. (2008) also extended up to the

Congo Craton margin (Fig. 8.1).
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Fig. 8.1: Schematic paleogeography showing main crustal block distribution during Rodinia break-up at ca. 720

Ma (see Fig. 1.1 for comparison; modified after Li et al., 2008). The red line shows the position of the rifting of
Congo-derived blocks amalgamated to the Rio de la Plata Craton margin during the Ediacaran (e.g., Nico Pérez
Terrane). Two possible positions after the redefinition of the Adamastor Ocean are presented as well (1: proto-
Adamastor developed during Cryogenian crustal extension after Rapela et al., 2011; 2: Adamastor as a pre-
Cryogenian remnant ocean separating the Rio de la Plata Craton and the Congo-derived blocks after Cordani et
al., 2003). Subduction zones and spreading ridges are indicated in blue, whereas the red area indicates the
possible location of a mantle plume. The rifting zone at ca. 600 Ma between Laurentia and Amazonas is shown

in orange.
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Rapela et al. (2011) considered that the rifting gave rise to the opening of the Adamastor
Ocean. Nevertheless, the Adamastor Ocean was originally defined by Hartnady et al. (1985) for the
ocean closed during the evolution of the Gariep and Damara belts, and was afterwards extended to
the Dom Feliciano Belt (Fragoso Cesar, 1991). Fragoso Cesar (1991) considered that the Adamastor
Ocean separated the Rio de la Plata and Kalahari cratons prior to the collisional phase of the Dom
Feliciano Belt, which gave rise to the closure of the oceanic basin. Considering new and available
evidences summarized in this work (e.g., Chapter 3, 6, 7; Section 8.2), this phase was related to the
Rio de la Plata and Congo collision, which also included the amalgamation of minor crustal blocks
such as the Nico Pérez Terrane. Likewise, the definition of the Rio de la Plata Craton after
Oyhantcgabal et al. (2011a) also differs from the definition considered by Fragoso Cesar (1991), as the
Sarandi del Yi Shear Zone comprises its eastern boundary. Hence, the existence of the Adamastor
Ocean can be questioned, or it should be at least redefined. If the Adamastor is regarded as the
ocean located to the east of the Rio de la Plata Craton as indicated by Fragoso Cesar (1991), it may
thus represent a probable pre-Cryogenian remnant ocean (Fig. 8.1; Cordani et al., 2003), rulling out
that its opening was related to the beginning of a “Brasiliano Wilson Cycle” (Fragoso Cesar, 1991) or
to Cryogenian rifting (Rapela et al., 2011). On the other hand, if Cryogenian magmatism records
crustal extension that triggered the ocean development, the Adamastor would have separated the
Congo Craton from the Congo-rifted blocks (Fig. 8.1), and not from the Rio de la Plata Craton as
originally defined by Fragoso Cesar (1991). However, no evidences of Cryogenian oceanic crust
generation were founded so far as Cryogenian rocks show Sm-Nd Paleo- to Mesoproterozoic Tpym
ages, and some contributions even indicated that this magmatism could be associated with a
convergent setting (Lenz et al., 2013; Koester et al., 2016). In order to test the validity of these

hypotheses, more data are nevertheless required.
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8.2. The Brasiliano-Pan-African Orogeny in southwestern Gondwana

Since early contributions recognized the existence of late Neoproterozoic tectonic events in
South America and Africa and first correlations across the Atlantic Ocean were established (Almeida
et al., 1973, 1981; Miller, 1983; Porada, 1985, 1989; Brito Neves and Cordani, 1991; Fragoso Cesar,
1991), works focused on the Brasiliano—Pan-African Orogeny have diversified. Nevertheless, the
amalgamation of Western Gondwana and the evolution of the Dom Feliciano Belt are a matter of
ongoing debate. Some hypotheses have linked the Dom Feliciano with the Gariep Belt, thus
indicating that tectonic processes recorded in both areas were related to convergence and
subsequent collision between the Rio de la Plata and Kalahari cratons (Basei et al., 2005; Frimmel et
al., 2011, 2013). Other proposals, in contrast, have indicated first assembly of the Rio de la Plata and
Congo cratons, favoring correlations between the Dom Feliciano and Kaoko belts (Prave, 1996;
Alkmim et al., 2001; Goscombe and Gray, 2007; Oyhantcabal et al., 2011b; Rapela et al., 2011;
Konopasek et al., 2014; Oriolo et al., 2016b).

New and available data point to collision at ca. 630 Ma of the Rio de la Plata and Congo
Craton, which also implied the amalgamation of minor blocks located at the attenuated Congo
Craton margin (i.e., the Nico Pérez Terrane and the Cerro Olivo Complex/Coastal Terrane; Chapter 3,
6, 7). Several contributions demonstrated the correlation between the Coastal Terrane in Africa and
the Cerro Olivo Complex in Uruguay (Gross et al., 2009; Oyhantcabal et al., 2009a; Basei et al., 20113;
Lenz et al,, 2011; Rapela et al., 2011; Konopasek et al., 2014), as they both record Cryogenian rifting-
related magmatism and high-grade metamorphism at ca. 650 Ma (Hartmann et al., 2002; Kréner et
al., 2004; Konopasek et al., 2008; Oyhantcabal et al., 2009a; Basei et al., 2011a; Lenz et al., 2011).
Goscombe and Gray (2007, 2008) and Konopasek et al. (2014) indicated an arc/barck-arc domain at
ca. 650-630 Ma at the attenuated Congo Craton margin, implying subduction towards the east and a
trench located to the west of the Coastal Terrane. Consequently, metamorphic conditions of the
Cerro Olivo Complex and the Coastal Terrane could be explained by arc-related high-grade

metamorphism and magmatism followed by the accretion of the Nico Pérez Terrane and the Rio de
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la Plata Craton (Fig. 8.2a, 8.2b). Similar P-T conditions in arc settings were reported by Tibaldi et al.
(2013) and Maki et al. (2014) in the Famatinian arc (Western Sierras Pampeanas) and the Higo

metamorphic terrane (central Kyushu), respectively.

~650-630 Ma

RPC Congo
Craton margin?

~630-600 Ma

Fig. 8.2: Tectonic evolution model for the Sarandi del Yi Shear Zone and adjacent crustal blocks. The
paleogeographic framework is schematized on the right. RPC: Rio de la Plata Craton, NPT: Nico Pérez Terrane,
COC/CT: Cerro Olivo Complex/Coastal Terrane, DFB: Dom Feliciano Belt, KB: Kaoko Belt, SYSZ: Sarandi del Yi
Shear Zone, SBSZ: Sierra Ballena Shear Zone. a) Subduction under the Nico Pérez Terrane, which was probably
part of the attenuated margin of the Congo Craton margin. b) Juxtaposition of the Rio de la Plata Craton and
the Nico Pérez Terrane and consequent onset of deformation along the Sarandi del Yi Shear Zone at ca. 630
Ma. During the post-collisional phase and associated slab break-off, dextral shearing along the shear zone was
coeval with deformation, metamorphism and magmatism in the Dom Feliciano Belt. c) Sinistral shearing in the
Sarandi del Yi Shear Zone after ca. 600 Ma. Further post-collisional magmatism and sinistral shearing along the
shear zones of the Dom Feliciano Belt are also recorded. The switch to sinistral shearing was related to the

onset of the convergence of the Kalahari Craton.
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Oblique collision and associated deformation, metamorphism and exhumation extended up
to ca. 600 Ma in the Dom Feliciano Belt, as indicated by geochronological data (Fig. 7.16). The Kaoko
Belt, in turn, records this phase since 580 Ma as it comprised a foreland domain, indicating
deformation and exhumation migration towards the east (Goscombe et al., 2005a; Konopasek et al.,
2005; Goscombe and Gray, 2007, 2008; Foster et al., 2009; Ulrich et al., 2011). This is further
supported by docking of the Coastal Terrane to the Kaoko Belt western margin at 645-580 Ma
(Goscombe and Gray, 2007).

Widespread post-collisional magmatism is recorded in the Nico Pérez Terrane and the Dom
Feliciano Belt after ca. 630 Ma (Oyhantcabal et al., 2007; Florisbal et al., 2009, 2012; Sacks de
Campos et al., 2012; de Oliveira et al., 2015). Likewise, minor post-collisional magmatism is recorded
in the Piedra Alta Terrane at 587.1 + 7.9 Ma (Cingolani et al., 2012), whereas hydrothermal activity at
ca. 620-590 Ma was reported for the Tandilia Belt (Martinez et al., 2013). Asthenospheric upwelling
due to slab break-off after collision could account for this process (Figure 8.2b; Oyhantgabal et al.,
2007), as in the Western Kunlun orogenic belt in the Tibet Plateau (Ye et al., 2008) and the Alps (von
Blanckenburg and Davies, 1998), giving rise to thinning of the lithospheric mantle under the Nico
Pérez Terrane and consequent thermal desestabilization (Black and Liégeois, 1993; Liégeois et al.,
2013), which is supported by cooling age patterns (Figure 6.6c; Oyhantcabal et al., 2011a). Moreover,
significant post-collisional synkinematic magmatism is recorded along the Sarandi del Yi Shear Zone
(Figure 6.6a) and is thus comparable with the magmatism along the Periadriatic Lineament (Steenken
et al.,, 2000; Rosenberg, 2004; Stipp et al., 2004), which also represents a first-order tectonic
boundary (Schmid et al., 1989).

The switch from dextral to sinistral shearing along the Sarandi del Yi Shear Zone together
with sinistral shearing along NNE-striking shear zones of the Dom Feliciano point to a geodynamic
change at ca. 600 Ma (Fig. 6.6a, 7.16; Oyhantgabal et al., 2009b; Oriolo et al., 2016b), postdating the
main crustal shortening and metamorphism phase. In a similar way, sinistral shearing along main

shear zones in the Kaoko Belt was recorded after ca. 570-550 Ma (Goscombe et al., 2005; Konopasek
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et al.,, 2005; Goscombe and Gray, 2007, 2008; Foster et al., 2009; Ulrich et al., 2011), providing
further evidences of deformation migration towards the foreland.

The onset of convergence between the Kalahari and Rio de la Plata-Congo cratons along the
Damara Belt at ca. 600 Ma provides a satisfactory explanation for ubiquitous sinistral shearing in the
Dom Feliciano Belt (Figure 8.2c; Lehmann et al., 2015; Oriolo et al., 2016b). This plate reorganization
could be further supported by the sudden change in the apparent polar wander path of the Congo
Craton observed after ca. 590 Ma (Moloto-A-Kenguemba et al., 2008). Consequently, the assembly of
the Rio de la Plata and Congo cratons clearly predates the incorporation of the Kalahari Craton in
Western Gondwana, which is further supported by detrital zircon data of the eastern Dom Feliciano
and Kaoko belts (Section 4.5.3). In the Dom Feliciano Belt, the final incorporation of the Kalahari
Craton gave rise to the closure of the Rocha basin, which was located at the southeastern margin of
the Dom Feliciano Belt and represented the western counterpart of the Gariep basin (Basei et al.,

2005; Blanco et al., 2009; Frimmel et al., 2011, 2013).

8.3. The diachronous assembly of Gondwana

Comparison of available data allows characterizing the amalgamation of the Rio de la Plata
and Congo cratons as the earliest collisional phase recorded during the Brasiliano—Pan-African
Orogeny (Fig. 8.3, 8.4a), indicating that they probably comprised the first Gondwana nucleus.
Subsequent collisional processes up to 600 Ma are recognizable further to the north along the
Transbrasiliano-Kandi Lineament (Ganade de Araujo et al., 2014a, 2014b, 2014c; Ganade et al.,
2016), the Ribeira and Brasilia belts (Bento dos Santos et al., 2010; Campos Neto et al., 2010) and the
LATEA metacraton (Berger et al., 2014). This implied the incorporation of the Amazonas and West
African cratons as well as of the Saharan Metacraton into Gondwana during this period (Fig. 8.3,
8.4b), revealing that the first stages of Gondwana assembly are contemporaneous with the last

events related to Rodinia break-up, which were related to the opening of the lapetus Ocean at 610-
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600 Ma (Fig. 8.3; Cawood et al., 2001; Hartz and Torsvik, 2002; Li et al., 2008; O'Brien and van der
Pluijm, 2012; Johansson, 2014; Lubnina et al., 2014).

Interestingly, all collisional orogens between 630 and 600 Ma show some similarities.
Although the timing of collision is slightly diachronous, they are all bounded to the west by crustal-
scale dextral shear zones, namely the Transbrasiliano-Kandi Lineament (Ganade de Araujo et al.,
2014a, 2014b, 2014c) and the Sarandi del Yi Shear Zone (Chapter 5, 6; Oriolo et al., 2015, 2016b),
which separate them from cratonic areas (i.e., West African, Amazonas and Rio de la Plata cratons).
They also record Cryogenian magmatism and subsequent arc/back-arc magmatism with subduction
to the east since ca. 660 Ma up to the collisional phase, probably implying the existence of one of the
largest collisional zones in the geological history (Fig. 8.4a; Goscombe and Gray, 2007, 2008; Rapela
et al., 2011; Berger et al., 2014; Ganade de Araujo et al., 2014c; Konopasek et al., 2014; Ganade et
al., 2016; Oriolo et al., 2016b). The subsequent collision gave rise to the birth of Western Gondwana
and the consequent amalgamation of African-derived crustal blocks to the South American Archean-
Proterozoic nuclei (Fig. 8.4b; Rapela et al., 2011; Chapter 3).

Available O and Hf isotopic data combined with geological evidences reveal that juvenile
continental crustal addition took place to some extent during Tonian to Cryogenian subduction,
mostly related to island arc or back-arc systems associated with northwestern Gondwanic cratons
(Fig. 8.5; Matteini et al., 2010; Fortes de Lena et al., 2014; Ganade de Araujo et al., 2014c; Ali et al.,
2015). In contrast, coeval magmatism recorded in southwesternmost Gondwanic blocks show higher
50 values and Meso- to Paleoproterozoic Hf model ages, indicating a dominant crustal source
(Rapela et al., 2011; Frimmel et al., 2013). However, Archean to Mesoproterozoic Hf model ages and
high 60 values in zircons younger than ca. 650 Ma reveal that the timing of Gondwana
amalgamation was ubiquitously dominated by crustal reworking processes (Fig. 8.5). This is further
supported by geological evidences, as deformation, metamorphism and voluminous post-collisional
magmatism and shear zone activity that reworked basement units were elsewhere recognized

(Abdesalam et al., 2002; Liégois et al., 2003; Neves, 2003; da Silva et al., 2005; Oyhantcabal et al.,
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2007, 2011a, 2011b, 2012; Teixeira et al., 2010; Berger et al., 2014; Ganade de Araujo et al., 2014a),
indicating the importance of metacratonization processes during Gondwana assembly (Fig. 8.4b;
Liégois et al.,, 2013). This also agrees with proposals indicating that accretional tectonics favour
crustal growth in comparison with collisional tectonics, which are dominated by crustal reworking
processes (Collins et al., 2011).

As previously outlined, the Kalahari Craton was lately incorporated into Western Gondwana,
as indicated by the timing of collision in the Gariep, Saldania, Damara and Zambezi belts (Fig. 8.3,
8.4d, 8.4e; Frimmel and Frank, 1998; John et al., 2004; Gray et al., 2006; Frimmel et al., 2011, 2013;
Schmitt et al., 2012). However, the onset of the Kalahari convergence with the already amalgamated
Western Gondwana is recorded since ca. 600-590 Ma in both Damara and Dom Feliciano belts
(Section 8.2; Lehmann et al., 2016; Oriolo et al., 2016b).
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DFB/SYSZ TKL LA BB RB KB DB ZBILA GB EAAO PB

Fig. 8.3: Timing of Gondwana-related collisional events summarized from available data. DFB/SYSZ: Dom
Feliciano Belt/Sarandi del Yi Shear Zone (this work), TKL: Transbrasiliano-Kandi Lineament (Ganade de Araujo et
al., 2014a, 2014b, 2014c), LA: LATEA Metacraton (Berger et al., 2014), BB: Brasilia Belt (Campos Neto et al.,
2010), RB: Ribeira Belt (Bento dos Santos et al., 2010), KB: Kaoko Belt (Goscombe et al., 2005; Goscombe and
Gray, 2007, 2008; Foster et al., 2009), DB: Damara Belt (Gray et al., 2006; Schmitt et al., 2012), Zambezi
Belt/Lufillian Arc (John et al., 2004), GB: Gariep Belt (Frimmel and Frank, 1998; Frimmel et al., 2011), EAAO:
East African-Antartic Orogen (Jacobs and Thomas, 2004; Viola et al., 2008), PB: Pampean Belt (Rapela et al.,
1998, 2007; Siegesmund et al., 2010). Onset of final Rodinia break-up after Li et al. (2008) and subduction along
the Terra Australis Orogen after Cawood (2005) and Cawood and Buchan (2007) are shown as well. See text for

further explanations.
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Collisional processes at 580-550 Ma were reported in the East African-Antartic Orogen (Fig.
8.4d; Jacobs and Thomas, 2004; Viola et al., 2008; Fritz et al., 2013), indicating that the assembly of
Western and Eastern Gondwana predates the final incorporation of the Kalahari Craton into the
former. Nevertheless, the accretion of the juvenile Arabian-Nubian Shield to the Congo

Craton/Saharan Metacraton margin was constrained at ca. 650-620 Ma (Fig. 8.4a; Fritz et al., 2013).
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Fig. 8.4: Schematic tectonic and paleogeographic evolution of main crustal blocks (WA: West Africa, RP: Rio de
la Plata, K: Kalahari, NP: Nico Pérez, SF: Sdo Francisco, LA: LATEA, AS: Arabian-Nubiian Shield). Gondwana
reconstructions modified after Meert and Lieberman (2004), Collins and Pisarevsky (2005), Tohver et al. (2006),
Li et al. (2008), Pisarevsky et al. (2008), Pradhan et al. (2009) and Johansson (2014). Evolution of Laurentia,
Baltica and lapetus Ocean after Cawood et al. (2001), Hartz and Torsvik (2002), O’Brien and van der Pluijm
(2012) and Lubnina et al. (2014). Terra Australis Orogen after Cawood (2005) and Cawood and Buchan (2007).
See text for further explanations. Red dashed lines indicate areas that underwent metacratonization. 1:
northern East African Orogen, 2: Dom Feliciano Belt, 3: Ribeira Belt, 4: Brasilia Belt, 5: Transbrasiliano
Lineament, 6: Kandi Lineament, 7: Kaoko Belt, 8: East African-Antartic Orogen, 9: Damara Belt, 10: Gariep and
Saldania belts, 11: Pampean Belt.
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On the southeastern margin of Western Gondwana, late Ediacaran-Cambrian subduction is
recorded along the Terra Australis Orogen, which also extended up to the southern Eastern
Gondwana margin (Cawood, 2005; Cawood and Buchan, 2007). Along this margin, several peri-
Laurentic blocks were rifted away during the opening of the lapetus Ocean and subsequently
juxtaposed to the Gondwana margin during the Paleozoic (e.g., Dalla Salda et al., 1992; Dalziel et al.,
1994). Among them, Pampia was one of the first amalgamated blocks (Ramos et al., 2010), which
collided with the Rio de la Plata Craton during the early Cambrian Pampean Orogeny (Fig. 8.3, 8.4¢;

Rapela et al., 1998, 2007; Siegesmund et al., 2010).

8.4. Implications for the supercontinent cycle

Late Neoproterozoic-Cambrian collisions leading to the final Gondwana assembly and coeval
subduction along the Terra Australis Orogen suggest a coupling between internal collisional and
marginal subduction processes, as indicated by Cawood and Buchan (2007). Likewise, these
processes seemed to be strongly linked to the final stages of Rodinia break-up, particularly to the
opening of the lapetus Ocean (Pisarevsky et al., 2008). Hence, the evolution of Gondwana
emphasizes the need to reevaluate the classical concept of supercontinent cycle (Nance et al., 2014,
and references therein), as supercontinent assembly and break-up do not necessarily represent
alternating episodic processes but may overlap in time (Condie and Aster, 2013). As a first
conclusion, the proposed Gondwana evolution (Fig. 8.4) allows ruling out the existence of the
supercontinent Pannotia (Powell and Young, 1995; Dalziel, 1997), as Laurentia, Western and Eastern
Gondwana were not part of a single supercontinent during the late Neoproterozoic. Indeed,

Laurentia and Amazonas connections just represented remnants of the Rodinia assembly.
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Fig. 8.5: Synthesis of available isotopic data from Neoproterozoic zircons of Brasiliano—Pan-African belts. a) Hf
Tom VS. U-Pb data after this work, Be’eri-Shlevin et al. (2010), Matteini et al. (2010), Morag et al. (2011), Rapela
et al. (2011), Abati et al. (2012), Ali et al. (2012, 2013, 2015), Basei et al. (2013b), Frimmel et al. (2013), Ganade
de Araujo et al. (2014c), Fernandes et al. (2015), Foster et al. (2015), Janasi et al. (2015), Pertille et al. (2015b)
and Ganade et al. (2016). The timing of Gondwana amalgamation is indicated in orange. b) U-Pb vs. 60 data

after Rapela et al. (2011), Ganade de Araujo et al. (2014c), Fortes de Lena et al. (2014) and Ali et al. (2015).

Two end-member processes were proposed for the formation of supercontinents, namely
introversion and extroversion, depending on whether internal or external oceans of a supercontinent

are closed to form the next one, respectively (Fig. 8.6; Nance et al., 1988; Hartnady, 1991; Hoffman,
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1991; Murphy and Nance, 2003, 2005, 2013; Mitchell et al., 2012; Evans et al., 2016). In terms of
paleogeography, introversion implies that the location of a supercontinent is the same of its
predecessor, whereas the successor is located in the opposite hemisphere in the case of extroversion
(Mitchell et al., 2012). For this purpose, large databases of U-Pb, Hf, Sm-Nd and O isotopic data have
been typically analyzed (Murphy and Nance, 2003, 2005; Kemp et al.,, 2006; Collins et al., 2011,
Roberts, 2012; Condie and Aster, 2013), as internal oceans comprise juvenile crust that formed after
break-up of the previous supercontinent and external oceanic crust predates the previous
supercontinent (Murphy and Nance, 2003, 2005). In the particular case of Gondwana, an

extroversion model was proposed (Murphy and Nance, 2003, 2005, 2013; Evans et al., 2016).
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O Reference pole opposite hemisphere to t, reference pole
Fig. 8.6: Cartoons illustrating two end-member processes for the formation of supercontinents (modified after

Murphy and Nance, 2003).

However, some points regarding Gondwana evolution have to be carefully considered.
Though scarce, Tonian-Cryogenian mafic and ultramafic rocks showing eyq values between ca. +3.5

and +7 are recorded between western Gondwanic blocks and indicate post-Rodinia oceanic crust
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formation (Pedrosa-Soares et al., 1998; Saalmann et al., 2005; Paixdo et al., 2008), although in some
cases older remnants of oceanic crust are spatially associated as well (Pimentel et al., 2006). The
presence of oceanic lithosphere older than the Cryogenian Rodinia break-up could be explained by
geological evidences supporting that neither the Rio de la Plata nor the Congo-Sao Francisco Craton
was part of Rodinia (Fig. 8.1), thus being possible that the age of oceanic rocks predates Rodinia
break-up. On the other hand, all paleogeographic reconstructions indicate that the amalgamation of
Western Gondwana cratons took place in almost the same place where they were positioned since
Rodinia break-up (Li et al., 2008; Evans, 2009; Evans et al., 2016). Hence, the amalgamation of
Western Gondwana resulted from introversion, although extroversion can still be considered valid
for the amalgamation of Western and Eastern Gondwana based on paleogeographic reconstructions
(Tohver et al.,, 2006; Li et al., 2008; Evans, 2009) as originally indicated by Hoffman (1991).
Consequently, the assembly of Gondwana resulted from a combination of introversion and

extroversion.
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-CHAPTER 9-

General conclusions

Based on the aims presented in Section 1.1, the main conclusions are summarized in this
chapter. These results and interpretations are partially included in contributions that resulted
from this work, and are thus integrated herein.

The Nico Pérez Terrane mostly originated from Archean episodic crustal growth and
underwent crustal reworking during the Proterozoic, which is recorded by the dominance of
Archean Hf model ages and several Proterozoic magmatic events. In contrast, U-Pb and Hf data
reveal that the Piedra Alta Terrane (i.e., Rio de la Plata Craton) is made up of juvenile
Paleoproterozoic continental crust, thus supporting the allochthony of the Nico Pérez Terrane
regarding the Rio de la Plata Craton. The Archean crust of the Nico Pérez Terrane underwent
multistage magmatism at ca. 2.2-2.0 Ga and subsequent high- to medium grade metamorphism,
prior to magmatism at 1.7 Ga. Metavolcano-sedimentary units indicate the existence of
Mesoproterozoic events, which could be related to intracontinental magmatism. During the
Brasiliano—Pan-African Orogeny, the Nico Pérez Terrane underwent further crustal reworking
recorded by widespread late Neoproterozoic magmatism, metamorphism and deformation. Based
on similarities in terms of tectonostratigraphy as well as isotopic fingerprint, the Nico Pérez
Terrane shows an African crustal affinity and probably derived from the southwestern margin of
the Congo Craton. After Cryogenian rifting from the Congo Craton, the Nico Pérez was accreted to
the eastern Rio de la Plata Craton and underwent further crustal reworking during the evolution of
the Dom Feliciano Belt.

Detrital zircon data from the metasedimentary sequences of the southwestern Dom
Feliciano Belt indicate a Neoproterozoic deposition age older than ca. 600 Ma for the schist belt,

predating deposition of late Ediacaran post-collisional sequences of the foreland basin. U-Pb
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detrital zircon age distributions and model ages indicate that the basement of the Nico Pérez
Terrane was the main source of both sequences. Similarities of Archean and Proterozoic events
recorded in the Nico Pérez Terrane basement and the overlying metasedimentary cover of the
western Dom Feliciano Belt further support an African derivation. Comparison with available
detrital zircon data from the southeastern Dom Feliciano Belt suggests that the Congo-Rio de la
Plata amalgamation predates the accretion of the Kalahari Craton during Gondwana assembly, as
the input of Kalahari-derived detritus is only recorded during the late Ediacaran in the
southeasternmost post-collisional sequences.

The evolution of the Sarandi del Yi Shear Zone records progressive strain localization under
retrograde metamorphic conditions during crustal exhumation. The onset of the deformation is
related to the collision of the Rio de la Plata and Nico Pérez Terrane at 630-625 Ma, giving rise to
dextral shearing up to 596 Ma along the Sarandi del Yi Shear Zone under upper to middle
amphibolite conditions in a post-collisional setting. Subsequent sinistral shearing took place
between 594-584 Ma under lower amphibolite to upper greenschist facies conditions, which was
followed by emplacement of the Sierra de las Animas Complex and the Cerro Caperuza granite.
Further deformation under brittle conditions was recorded after ca. 570 Ma. On the other hand,
strain partitioning and localization, magmatism and fluid circulation were identified as key
processes that have to be evaluated when assessing the timing of deformation of crustal-scale
shear zones.

The Dom Feliciano Belt records inclined transpression and strain partitioning. The main
phase of deformation, metamorphism and associated exhumation is recorded at ca. 630-600 Ma,
resulting from to the collision of the Rio de la Plata and Congo cratons. Subsequent sinistral
shearing along N- to NNE-striking shear zones gave rise to further deformation up to ca. 584 Ma,

and is also contemporaneous with sinistral shearing along the Sarandi del Yi Shear Zone. All these
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shear zones record progressive strain localization and retrograde conditions of deformation during
crustal exhumation. The onset of sinistral shearing in the Dom Feliciano Belt is related to the onset
of convergence between the Kalahari Craton and Rio de la Plata-Congo cratons, which is well-
documented in the Damara Belt. The Kaoko Belt comprised the foreland domain of the Dom
Feliciano Belt and its evolution resulted from deformation migration towards the foreland.
Therefore, the Kaoko Belt also records sinistral shearing postdating the main phase of crustal
shortening, being both phases younger than their respective counterparts in the Dom Feliciano
Belt.

An integral model for the amalgamation of Gondwana is presented based on available
geological, geochronological, isotopic and paleomagnetic data. The amalgamation of the Rio de la
Plata and Congo cratons at ca. 630 Ma gave rise to the first Gondwana nucleus and was succeeded
by the assembly of the Amazonas and West African cratons up to 600 Ma. These first collisional
phases were coeval with the beginning of the lapetus Ocean opening during late stages of Rodinia
break-up. The Kalahari Craton was lately incorporated into Western Gondwana, succeeding
collisional orogenies along the East African/Antartic Orogen between Western and Eastern
Gondwana since 580 Ma. The latter took place contemporaneously with the onset of subduction
along the Terra Australis Orogen, which implied the accretion of several peri-Laurentic blocks to
the margin of Gondwana during the Paleozoic. As a corollary, the existence of Pannotia can be
ruled out, as the final amalgamation of Gondwana postdates latest Laurentia-Gondwana

connections.
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-Appendix 1-

CPO Sample Locations

Unit Sample Location
AA-12 33°18.574°S 55°31.001° W
AA-15 33°24.658°S 55°29.052° W
Sarandi del Yi Shear Zone AA-75-2 34°30.440°S 55°22.348° W
AA-76 34°37.930°S 55°22.904" W
SY-45 33°21.808°S 55°29.013°' W
UY-112-14 33°32.303°S 55°01.366" W
. UY-113-14 33°32.707°S 55°01.630° W
Sierra de Sosa Shear Zone UY-157-14 33°47.333'S  55°11.798' W
uUY-167-14 33°38.036°S 55°07.904° W
uY-61-14 33°27.323°S 54° 44.707° W
uY-83-14 33°23.940°S 54° 45.332° W
Maria Albina Shear Zone UY-102-14 33°22.643'S 54°45.125" W
UY-104-14 33°22.339°S 54° 44.814° W
UY-165-14 33°28.567°S 54° 46.370° W
Arroyo Corrales Shear Zone UY-89-14-1 33°23.737°S  54°38.920° W
UY-89-14-2 33°23.737°S  54°38.920° W
Maria Albina Orthogneiss UY-45-14 33°22.615°S  54°40.963° W
Cordillera Shear Zone UY-9-14-2 34°32.519°S 54°41.224° W
Cerro Amaro Shear Zone UY-48-14 32°54.501°S 54° 16.831° W
Punta de las Palmas Shear Zone uUy-32-14 34°16.983°S 54°41.080° W

Table A.1: Summary of samples from mylonites collected for quartz CPO analyses. Sample locations are
indicated in geographic coordinates (datum WGS84). Sample UY-61-14 corresponds to a minor outcrop of

mylonites located near the Maria Albina Shear Zone and is thus analysed with the latter.
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Geochronology Samples

-Appendix 2-

Sample Unit Method Location
U-Pb LA-ICP-MS Zrn (B)
AA-12 Mylonite SYSZ U-Pb LA-ICP-MS Ttn (B) 33°18.574° S 55°31.001" W
Ar/Ar Hbl (A)
U-Pb LA-ICP-MS Zrn (B)
AA-13 Mylonite SYSZ U-Pb LA-ICP-MS Ttn (B) 33°18.381°S 55°29.899" W
Hf isotopy (B)
) U-Pb SHRIMP Zrn (B)
BUY-81-11 Mylonite SYSZ 33°32.922°S  55°27.550° W
yion! Ar/Ar Hbl (A)
BUY-84-11 Mylonite SYSZ U-Pb SHRIMP Zrn (B) 33°21.649°S 55°28.755" W
BUY-93-11 Mylonite SYSZ U-Pb LA-ICP-MS Zrn (B) 34° 26.938° S 55°22.159" W
uy-22-14 Cerro Caperuza granite  U-Pb LA-ICP-MS Zrn (B) 34°34,965°S  55°22.148° W
BUY-92-11 Mylonite SYSZ Ar/Ar Ms (F) 34°26.938'S  55°22.159° W
y Rb-Sr WR-Ms (G) : '
BUY-94-11 Mylonite SYSZ Ar/Ar Ms (F) 34°30.434°S  55°22.364' W
y Rb-Sr WR-Ms (G) : '
, _ U-Pb LA-ICP-MS Zrn (B) . ) . .
BUY-54-11 Mafic granulite VRGC . 31°37.513°S 55°25.588" W
Hf isotopy (B)
Tonalitic-dioritic U-Pb LA-ICP-MS Zrn (B) . , . i
BUY-57-11 orthogneiss VRGC Hf isotopy (B) 31°39.662°S  55°20.024° W
_ ) U-Pb LA-ICP-MS Zrn (B) . ) . ]
BUY-61-11  Felsic orthogneiss VRGC . 31°42.218° S 55°09.152" W
Hf isotopy (B)
. . U-Pb LA-ICP-MS Zrn (B) ] ) ] ]
BUY-63-11 Amarillo granite . 31°37.388°'S  55°07.247° W
Hf isotopy (B)
. . U-Pb LA-ICP-MS Zrn (B) . , . i
BUY-65-11  Felsic orthogneiss VRGC . 32°54.434°S 54°54.134" W
Hf isotopy (B)
o U-Pb LA-ICP-MS Zrn (B) . ) . .
BUY-77-11 Zapican intrusion . 33°31.851°S 54°58.213' W
Hf isotopy (B)
, U-Pb LA-ICP-MS Zrn (B) . , . ,
BUY-88-11  Cerro Colorado granite . 33°51.927°S  55°32.764° W
Hf isotopy (B)
Nb-66 Augen gneiss Congo U-Pb LA—ICP-MS Zrn (B) 19° 03.205’ S 13° 24.565" E
Craton Hf isotopy (B)
BUY-55-11 Minas de Cgrrales U-Pb LA—ICP-MS Zrn (B) 31°33.423'S  55°29.574° W
Formation Hf isotopy (B)
U-Pb LA-ICP-MS Zrn (B
BUY-76-11  Las Tetas Complex _ MB) 33340145 s4°50.630°W
Hf isotopy (B)
UY-4-13 Lavalleja Group U-Pb LA-ICP-MS Zrn (S) 33°23.673’'S 54°39.678 W
UY-6-13 Zanja del Tigre Complex  U-Pb LA-ICP-MS Zrn (S) 34°10.790'S  55°17.242° W
UY-8-13 Lavalleja Group U-Pb LA-ICP-MS Zrn (S) 34°29.745° S 55°12.973° W
UY-9-13 Zanja del Tigre Complex U-Pb LA-ICP-MS Zrn (S) 34°33.303'S 55°05.355" W
UY-16-13 Metasandstone NPT U-Pb LA-ICP-MS Zrn (S) 33°16.675°S 55°06.263" W
U-Pb LA-ICP-MS Zrn (S)
uUy-22-13 Las Tetas Comple 33°23.272°S  54°44.353' W
plex Ar/Ar Ms (F)
_ U-Pb LA-ICP-MS Zrn (S)
uUY-24-13 Mylonite MASZ 33°21.495°S 54° 43.895" W
yion! Ar/Ar Ms (F)
BUY-64-11 Mylonite SSSZ U-Pb LA-ICP-MS Zrn (B) 32°57.341°S 54° 52.355" W
BUY-66-11 Mylonite TSZ U-Pb LA-ICP-MS Zrn (B) 32°48.706° S 54°39.985" W
UY-13-14 Mylonite SBSZ Ar/Ar Hbl (F) 34° 54.159° S 55°02.720° W
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UY-40-14 Amphibolite NPT Ar/Ar Hb (F) 33°17.206'S  54° 49.393 W
UY-57-14 Amphibolite NPT Ar/Ar Hbl (F) 32°58.754'S  54° 33.894° W
U13MHO04 Las Tetas Complex Ar/Ar Ms (F) 33°23.447'S  54°45.152° W
Rb-Sr WR-Ms (G)
UY-1-13 Las Tetas Complex Ar/Ar Phl (F) 33°22.518'S  54°41.870° W
Rb-Sr WR-Ph (G)
UY-3-13 Mylonite MASZ Ar/Ar Ms (F) 33°22657 S 54°45112° W
uUy-23-13 Las Tetas Complex K-Ar Fc (G) 33°23.270°S  54°44.205° W
Uy-26-14 "untasdelArroyo Rocha K-Ar Ms (G) 34°20.155'S  54°36.402° W
granite
UY-27-14 Pegmatite K-Ar Ms (G) 34°20.155'S  54° 36.402° W
UY-41-14 Micaschist K-Ar Ms (G) 33°16.241'S  55°01.463 W
UY-45-14  Maria Albina orthogneiss K-Ar Ms (G) 33°22.615°S  54°40.963° W
UY-48-14 Mylonite CASZ K-Ar Ms (G) 32°54501'S  54° 16.831 W
UY-54-14 Micaschist K-Ar Ms (G) 33°00.579'S  54°33.211 W
UY-55-14 Micaschist K-Ar Ms (G) 32°58.754'S  54° 33.894’ W
uUY-64-14 Mylonitic orthogneiss K-Ar Ms (G) 33°31.565"S  54°49.750° W
UY-6-14 Mylonite CSZ K-Ar Ms (G) 34°34360'S  54° 43.385 W

Table A.2: Summary of geochronological data. Applied method, target (Zrn: zircon, Ttn: titanite, Hbl:

hornblende, Ms: muscovite, WR: whole-rock, Phl: phlogopite, Fu: fuchsite), laboratory (A: Geochronology

Laboratory of the University of Alaska Fairbanks, B: Geochronological Research Centre of the University of Sdo

Paulo, F: Argonlab Freiberg, G: Geoscience Centre of the Georg-August-Universitat Gottingen, S: Central

Analytical Facility of the Stellenbosch University) and unit are indicated. NPT: Nico Pérez Terrane, PAT: Piedra

Alta Terrane, VRGC: Valentines-Rivera Granulitic Complex, SYSZ: Sarandi del Yi Shear Zone, MASZ: Maria Albina

Shear Zone, SSSZ: Sierra de Sosa Shear Zone, TSZ: Tupambaé Shear Zone, SBSZ: Sierra Ballena Shear Zone,

CASZ: Cerro Amaro Shear Zone, CSZ: Cordillera Shear Zone.
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-Appendix 3-

U-Pb Geochronology

RATIOS AGES (Ma)
% Pb Pb rad Th U 207 235 206, 238 207 206, 206, 238 207, 206, %
Sample Spot common (ppm) (ppm) (ppm) Th/U Pb/ +lo Pb/ tlo Coef. 28 /2%pp tlo Pb/™"P tlo Pb/ tlo Pb/™"P +10 | Conc
U U Corr. b U b
1.1 0.22 105.2 1253 240.4 0.521 6.7064 0.1273 0.3689 0.0045 0.29 2.7110 0.0329 0.1319 0.0025 2024 21 2123 33 95
2.1 1.87 83.9 116.4 189.1 0.615 6.8040 0.1544 0.3804 0.0052 0.96 2.6285 0.0357 0.1297 0.0030 2078 24 2094 42 99
3.1 0.17 142.8 199.5 314.4 0.635 6.7413 0.1226 0.3742 0.0044 0.94 2.6725 0.0315 0.1307 0.0023 2049 21 2107 31 97
7.1 0.18 204.4 180.6 467.8 0.386 7.1240 0.1224 0.3919 0.0046 0.92 2.5519 0.0297 0.1319 0.0021 2131 21 2123 28 100
8.1 0.13 142.7 1904 327.3 0.582 6.5846 0.1368 0.3655 0.0048 0.90 2.7363 0.0358 0.1307 0.0026 2008 22 2107 35 95
9.1 1.08 286.7 217.5 633.3 0.343 6.4513 0.1109 0.3617 0.0042 0.98 2.7645 0.0321 0.1293 0.0021 1990 20 2089 28 95
10.1 0.14 758.2 563.8 1515.8 0.372 6.7559 0.0887 0.3767 0.0030 0.97 2.6544 0.0215 0.1301 0.0015 2061 14 2099 21 98
10.2 1.33 86.6 123.6 186.6 0.662 6.0989 0.0979 0.3526 0.0038 0.95 2.8361 0.0308 0.1255 0.0021 1947 18 2035 29 95
12.1 0.32 156.6  203.5 342.1 0.595 6.7121 0.0928 0.3742 0.0033 0.86 2.6722 0.0238 0.1301 0.0017 2049 16 2099 23 97
13.1 0.06 1443 262.1 297.7 0.880 6.6857 0.0969 0.3740 0.0036 0.53 2.6739 0.0255 0.1297 0.0018 2048 17 2093 25 97
13.2 0.07 149.6 198.1 332.1 0.596 6.5823 0.0943 0.3711 0.0034 0.47 2.6945 0.0248 0.1286 0.0018 2035 16 2079 24 97
14.1 3.16 332.8 1794 847.2 0.212 6.0940 0.0675 0.3482 0.0024 1.00 2.8720 0.0198 0.1269 0.0016 1926 12 2056 22 93
BUY-54- 14.2 0.39 99.2 124.7 222.6 0.560 6.5634 0.0994 0.3713 0.0038 0.32 2.6933 0.0272 0.1282 0.0019 2035 18 2074 26 98
11 16.2 0.11 142.0 180.7 320.8 0.5630 6.5449 0.0908 0.3696 0.0033 0.63 2.7058 0.0243 0.1284 0.0018 2027 16 2077 24 97
11.2 0.31 99.3 118.6 229.0 0.518 6.3731 0.1008 0.3665 0.0040 0.57 2.7284 0.0294 0.1261 0.0020 2013 19 2044 28 98
16.1 0.00 92.3 2.0 149.7 0.013 6.2693 0.0789 0.3638 0.0028 0.35 2.7491 0.0215 0.1250 0.0015 2000 13 2029 21 98
1.2 0.64 56.1 39.3 94.9 0.414 6.9253 0.1869 0.4197 0.0063 0.95 2.3827 0.0356 0.1197 0.0032 2259 29 1951 48 115
4.1 2.08 3235 2975 718.9 0.414 5.7944 0.1137 0.3233 0.0040 0.99 3.0927 0.0383 0.1300 0.0026 1806 19 2098 35 86
6.1 0.31 158.2 219.3 334.2 0.656 5.3562 0.1251 0.2988 0.0042 0.99 3.3470 0.0467 0.1300 0.0031 1685 21 2098 43 80
111 0.00 331.8 553.2 714.7 0.774 5.3665 0.0766 0.3031 0.0027 0.99 3.2996 0.0295 0.1284 0.0016 1707 13 2077 22 82
15.1 1.39 164.4 2223 334.3 0.665 5.5247 0.0818 0.3114 0.0030 1.00 3.2113 0.0310 0.1287 0.0018 1748 15 2080 25 84
15.2 2.72 55.2 84.5 165.0 0.512 4.9734 0.0869 0.2870 0.0035 0.97 3.4845 0.0430 0.1257 0.0023 1626 18 2038 31 79
6.2 16.00 49.0 62.4 155.9 0.400 3.0405 0.0720 0.1795 0.0025 0.99 5.5701 0.0764 0.1228 0.0029 1064 13 1998 42 53
4.2 9.85 28.1 9.3 58.4 0.160 7.6361 0.2597 0.4514 0.0081 0.92 2.2152 0.0398 0.1227 0.0040 2402 35 1996 57 120
5.1 9.86 28.0 9.3 58.4 0.160 7.6289 0.2602 0.4511 0.0081 0.92 2.2167 0.0400 0.1226 0.0040 2400 35 1995 57 120
5.2 7.61 30.4 12.4 47.2 0.263 8.7394 0.3426 0.5178 0.0103 0.95 1.9311 0.0385 0.1224 0.0053 2690 44 1992 76 135
1.1 0.11 165.6 301.7 346.8 0.870 6.6848 0.1117 0.3757 0.0041 0.82 2.6614 0.0289 0.1290 0.0017 2056 19 2085 23 98
2.1 0.21 93.3 43.9 223.4 0.197 6.9058 0.1179 0.3789 0.0044 0.99 2.6391 0.0309 0.1322 0.0020 2071 21 2127 27 97
2.2 0.26 145.4  259.7 295.3 0.879 6.7728 0.1158 0.3775 0.0042 0.85 2.6490 0.0298 0.1301 0.0018 2065 20 2100 24 98
BUY-57- 3.1 0.04 196.2 363.6 399.9 0.909 7.0911 0.1161 0.3936 0.0042 0.94 2.5408 0.0270 0.1307 0.0017 2139 19 2107 23 101
1 5.1 0.66 44.8 39.5 107.0 0.369 6.1774 0.1278 0.3542 0.0050 0.97 2.8230 0.0401 0.1265 0.0024 1955 24 2050 35 95
7.1 0.57 76.0 122.2 173.8 0.703 6.1681 0.1137 0.3558 0.0044 0.29 2.8104 0.0345 0.1257 0.0020 1962 21 2039 28 96
8.1 0.08 118.3 149.7 255.3 0.586 6.7711 0.1234 0.3795 0.0046 0.18 2.6350 0.0318 0.1294 0.0020 2074 21 2090 27 99
9.1 0.02 187.1 328.8 410.7 0.801 6.4875 0.1090 0.3663 0.0040 0.85 2.7301 0.0300 0.1285 0.0017 2012 19 2077 24 96
10.1 0.23 67.7 481 168.1  0.286  6.2317  0.1238 03566  0.0048 0.84 2.8045  0.0374 0.1268 0.0022 1966 23 2053 31 95
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12.1 024 1109 1744 2572 06780 6.0225 01159 03501  0.0046 0.69  2.8562  0.0378  0.1248  0.0020 1935 22 2025 28 95
13.1 0.14 67.6 818 1548 0528  6.5265 01401 03650 0.0053 0.75  2.7397  0.0397  0.1297  0.0024 2006 25 2094 33 95

16.1 0.23 1217 2022 2587 0781  6.4769  0.1210 03610 0.0047 013 27700  0.0362  0.1301  0.0020 1987 22 2100 27 94

16.2 0.40 83.2 1113 1837 0.606  6.6220 0.1365 0.3666  0.0053 0.46 27281  0.0391  0.1310  0.0023 2013 25 2112 32 95

18.1 0.18 1459 258.6 323.0 0801  6.0242 0.1172 0.3507 0.0047 0.63  2.8512  0.0382  0.1246  0.0020 1938 22 2023 29 95

19.1 0.14 1554 2915 3191 0914  6.5949  0.1285 03684  0.0049 0.28 27147  0.0363 01298  0.0021 2022 23 2096 28 9

20.1 0.30 653 643 1583  0.4060 6.3318 01564 03599  0.0058 092 27784  0.0446 01276  0.0029 1982 27 2065 41 95

41 0.45 568 11.0 1764  0.062 51023 01011 03233  0.0043 091  3.0931  0.0407 01145  0.0020 1806 21 1871 33 9

19.2 0.68 372 328 1027 0320 49172 01790 03172 0.0065 0.86  3.1528  0.0649  0.1124  0.0043 1776 32 1839 70 9

11.1 0.35 56.5 40.0 1388  0.288 49440  0.1359 03216  0.0059 0.96  3.1094  0.0573 01115  0.0032 1798 29 1824 49 98

18.2 0.24 412 387 1050 0368 49725 01763 03148  0.0065 0.88  3.1770  0.0653  0.1146  0.0042 1764 32 1873 68 94

14.2 0.73 437 365 1163 0314  4.6515  0.1904 0.2960 0.0067 0.82  3.3785  0.0769  0.1140  0.0051 1671 34 1864 81 89

8.2 0.40 393 337 82.3 0.409  6.1365  0.1467  0.3661  0.0061 090  2.7317  0.0453  0.1216  0.0028 2011 28 1979 41 101

14.1 0.21 68.8 100.7 1646  0.612 56389 01331 03400 0.0052 0.73 29410  0.0450  0.1203  0.0026 1887 25 1960 39 9%

17.1 0.54 366 382 1044 0366 45066 01507 03039  0.0058 097  3.2903  0.0626  0.1075  0.0034 1711 28 1758 55 97

6.1 0.02 1617 2822 3293 0857 7.1450 0.1182  0.3848 0.0042 0.87  2.598  0.0285  0.1347  0.0018 2099 20 2160 23 97

15.1 0.12 860 1403 1942  0.723  6.3345 01364  0.3726  0.0052 0.97  2.6842  0.0378  0.1233  0.0023 2041 25 2005 33 101

5.1 0.17 3770 3261 6058 0538 11.6492 0.1479  0.4805  0.0040 0.88  2.0812  0.0175  0.1758  0.0018 2529 17 2614 17 9

5.2 2.77 9282 2457 19674 0.125  8.6089  0.1027 04210 0.0033 090 23753  0.0186  0.1483  0.0014 2265 15 2327 17 97

9.1 112 1731 180.8 3125 0578 10.6769 0.1777  0.4643  0.0054 0.88  2.1537  0.0251  0.1668  0.0023 2459 24 2526 23 97

12.1 0.47 6853 397.6 13173 0302 10.5855 0.1575 0.4662 0.0049 098  2.1448  0.0225  0.1647  0.0020 2467 22 2504 20 98

13.1 035 2110 1187 4238 0280 88152  0.1355 04210 0.0045 0.99 23752  0.0253 01519  0.0019 2265 20 2367 2 95

2.2 0.08 1884 2248 4397 0511 61924 0.0916 0.3559 0.0034 070  2.8097  0.0267  0.1262  0.0015 1963 16 2046 2 95

3.1 1.98 984 3318 184.8 1795 58902  0.1052 03379  0.0038 0.87 29598  0.0329  0.1264  0.0020 1876 18 2049 28 91

4.2 0.08 2516 2866 5641 0508  6.8720 0.0951 0.3821 0.0034 0.86  2.6169  0.0235  0.1304  0.0015 2086 16 2104 20 99

6.2 0.14 1513 2427 3352 0724 63273  0.0981 03633  0.0035 0.80 27527  0.0267 01263  0.0017 1998 17 2047 23 97

10.2 0.55 1441 1912 3304 0579 64577 0.1046 0.3659  0.0040 094 27329  0.0300  0.1280  0.0017 2010 19 2071 23 97

7.1 0.06 2273 2333 5319 0439 63740 0.0869 0.3644 0.0032 0.86 27441  0.0243  0.1269  0.0014 2003 15 2055 20 97

suver 111 0.44  1015. 2395 24853 0.096  7.2274  0.1057 04050 0.0040 0.89  2.4689  0.0247  0.1294  0.0014 2192 19 2090 20 104
1 14.1 278 2827 183.1 7000 0262 65451  0.0883 03549  0.0033 1.00  2.8179  0.0263  0.1338  0.0017 1958 16 2148 2 9
1.1 3.27 7555 9443 11968 0.7890 10.7135 0.1456  0.4450 0.0040 0.68  2.2470  0.0203  0.1746  0.0018 2373 18 2602 18 91

2.1 0.00 2207 1525 4202 0363 85208 0.1136 04077 0.0037 097  2.4525  0.0220  0.1516  0.0017 2205 17 2364 19 93

6.1 0.00 1982 208.6 3248  0.642  9.8619  0.1459  0.4290 0.0042 099 23311  0.0227  0.1667  0.0021 2301 19 2525 21 91

7.2 024 1712 706.4 277.1 2549  6.6325 01034 03920 0.0038 099 25510  0.0250 01227  0.0018 2132 18 1996 26 106

8.1 1.02 1767 321.0 2829 11350 10.6748 0.1834  0.4406  0.0054 0.95  2.2697  0.0280  0.1757  0.0024 2353 24 2613 23 90

12.2 2.23 83.6 838 1854  0.479  7.0102 01341 04020 0.0051 099 24875  0.0317 01265  0.0022 2178 24 2050 29 106

15.2 1.06 362 1452  66.2 2192  6.1940  0.1878 03719  0.0070 0.85  2.6887  0.0505  0.1208  0.0040 2038 33 1968 60 103

1.2 12.03 4805 1456 12403 0117 4.6768  0.0694  0.2581  0.0025 0.99  3.8747  0.0370  0.1314  0.0014 1480 12 2117 19 69

41 561 9241 3182 21161 0.150 6.2744  0.0833  0.3246 00029 091  3.0810  0.0272  0.1402  0.0014 1812 14 2230 17 81

10.1 3430 167.8 579.0 7315 0792  2.0667 0.0368  0.1188  0.0014 1.00 84147  0.1011  0.1261  0.0018 724 8 2045 25 35

13.2 272 1075 153.8 2064 0745  9.5919  0.1559  0.4163  0.0048 099 24020  0.0275  0.1671  0.0024 2244 22 2529 25 88

15.1 7.44 4103  747.8  832.6  0.898  9.8458  0.1402  0.4303 _ 0.0044 _ 0.97 23239 0.0237 __ 0.1659 __ 0.0019 2307 20 2517 20 91

suv.63. 31 1.86 180 881 1722 0512  0.8130 0.0556  0.0975 0.0015 0.62  10.2609  0.1601  0.0605  0.0043 599 9 622 159 96
1 41 2.05 304 1580 287.6  0.549 07819  0.0413  0.0957 0.0013 0.03  10.4502 01399  0.0593  0.0032 589 8 577 123 102
7.1 1.58 87 1026  67.2 1.525  0.8189  0.0825 0.0965 0.0020 0.46  10.3613 02128  0.0615  0.0068 594 12 658 228 90
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8.1 0.21 535 209.8 5289 0397 07961  0.0240 00960 0.0010 097 10.4156  0.1044  0.0601  0.0018 591 6 609 62 97
9.1 9.90 374 3923 2745 1429 07902  0.0463 00963  0.0014 064 103789  0.1474  0.0595  0.0035 593 8 585 124 101
121 158 233 2216 1928 11500 0.8111 00528  0.1001  0.0015 0.65 99928  0.1514 00588  0.0040 615 9 559 139 109
141 3.80 247 1353 2334 0580 07976 00376  0.0948 00012 035 105479 01326  0.0610  0.0029 584 7 640 103 91
161 1.09 33.8 2036 309.5 0658 07759 00332 0.0963 00011 076 103819  0.1202  0.0584  0.0025 593 7 546 92 108
101 117 109 1135 853 1330  0.8085  0.1042  0.0927 00023 023 107824 0.2696  0.0632  0.0085 572 14 716 298 79
2.1 1.28 151 896 1249 0718 09219 00946 01036 0.0022 057  9.6562  0.2060  0.0646  0.0072 635 13 760 236 83
142 3.73 55.0 138.8 5627 0247  0.8284 00307 0.0968 00011 0.63 103292 01125 00621  0.0023 596 6 676 78 88
181 2.4 147 151.0 1157 1306  0.8006  0.0726  0.0998  0.0019 040  10.0161  0.1902  0.0582  0.0057 613 11 536 203 114
2.2 0.27 735 6654 5456 1220  0.8946  0.0289 01075 00011 064 9298  0.0934  0.0603  0.0020 658 6 615 68 107
191  0.00 278 1469 2740 0536 07554 00377  0.0915 00012 0.60 109270  0.1417  0.0599  0.0030 564 7 599 103 94
5.1 0.24 3854 1940 9584 0202 6.8711 0.1158 0.3660 0.0030 0.99 27323  0.0223  0.1362  0.0020 2010 14 2179 26 92
6.1 0.07 2577 1156 4611 0251 122006 02194 04995  0.0044 0.86  2.0021  0.0177 01772  0.0028 2612 19 2626 26 99
6.2 1.03 3106 1152 6887 0167 11.0578 0.1958  0.4795  0.0041 097  2.0855 00177 01673  0.0026 2525 18 2530 26 99
171 012 1108 1129 1848 0611 125689 02638 05017 00047 097 19933 0018 01817 00034 2621 20 2668 32 98
111 0.40 79.2 681 2448 0278 44671 01074 03002 00030 055  3.3308  0.0335 01079  0.0024 1692 15 1764 41 95
1.1 0.00 432 1891 2630 07190 03092 0.0106  0.0332  0.0004 0.99  30.1173 0.3418  0.0675  0.0019 211 2 0854 61 24
131 9.07 3269 1425 16423 0087 24725 00527 01647 00014 099 60725 00519  0.1089  0.0019 983 8 1781 32 55
151 014 2994 3396 5581 0608 10.2287 02070 04064  0.0034 097 24604  0.0208  0.1825  0.0031 2199 16 2676 28 82
172  12.88 886 1726 573.2 0301 50234  0.1093 03074 00027 0.99 32530 00289 01185  0.0024 1728 14 1934 37 89
201 016 64.4 2066 1157 1786  9.0068 02273  0.3889  0.0043 070 25713  0.0286  0.1680  0.0039 2118 20 2537 41 83
202 761 373 3578 3310 1.081 05379  0.0239 00638 0.0008 097 156618 0.1992 00611  0.0023 399 5 643 82 62
211 0.30 69.8 717 600.0 _ 0.1200  1.1532  0.0330 _ 0.1127 _ 0.0011 _ 1.00 _ 8.8729 _ 0.0862 _ 0.0742 __ 0.0018 688 6 1047 4 65
1.1 400 1641 2866 3605 07950 69145  0.1122 03741 0.0044 045 26733 00318  0.1341  0.0021 2049 21 2152 27 95
101 035  581.8 5538 12967 0.427 69107 0.1069  0.3837  0.0050 0.99  2.6064  0.0340  0.1306  0.0017 2093 24 2107 23 99
2.1 0.26 399 751 80.2 0937 7.2977 02168 03935 00080 0.82 25416 00516 01345  0.0045 2139 37 2158 59 99
6.1 0.00 367 593 793 0748 67401 01985 03661 0.0073 086 27319  0.0545 01335  0.0046 2011 34 2145 61 93
4.1 0.13 75.6 1685 1862 0905  6.2093  0.1213 03603  0.0049 097 27756  0.0380  0.1250  0.0024 1984 23 2029 34 97
8.1 0.07 1086 1689 2134 0791 7.6731  0.1402 04078  0.0061 0.38 24520  0.0368  0.1365  0.0022 2205 28 2183 28 101
9.1 0.15 971 722 2025 0357 91774 01777 04195 0.0066 096 23836 00375  0.1587  0.0026 2258 30 2441 27 92
5.1 0.13 489 1128 1122  1.005 10.0645 03652 04335 00118 097 23066  0.0626  0.1684 00074 2322 52 2541 72 91
111 008 1501 963 2574 0374 13.0114 02381 04999  0.0076 0.98  2.0003  0.0304  0.1888  0.0030 2613 32 2731 24 95
4.2 041 1747 1150 17787 0.065 0.8783 00126 0.1055 0.0010 1.00  9.4764  0.0938  0.0604  0.0008 647 6 617 30 104

BUY-65- 7.1 008 1469 1863 4150  0.449 48679  0.0890  0.3045 0.0039 099  3.2838 00417 01159  0.0021 1714 19 1894 32 9

11 12 28710 1304 617.9 34640 0178 02944 00060  0.0298 00004 0.15 33.5604 04237 00717  0.0014 189 2 976 41 19
22 9594 1253 199.0 28975 0.069 03007 0.0063  0.0334  0.0004 094 29.9428 03826  0.0653  0.0013 212 3 784 2 27
3.2 12349 1144 2577 17552  0.147 04857  0.0108  0.0513  0.0007 092  19.5119 02591  0.0687  0.0015 322 4 891 45 36
52 8933 925 1227 24486 0050 02531  0.0061 00287 00004 095 348542  0.4800  0.0640  0.0014 182 2 741 45 24
6.2 18125 1307 3907 34425 0.113 03026  0.0058 00304 00004 073 32.8481 03902  0.0721  0.0014 193 2 988 41 19
7.2 27190 483 1349 13193 0.1020 02525  0.0062  0.0233  0.0004 0.65  42.9475 07235  0.0786  0.0019 148 2 1163 46 12
82 1716 159.5 3025 17850 0.170 07070  0.0133  0.0852  0.0012 096 11.7320 0.1616  0.0602  0.0010 527 7 609 37 86
9.2 13469 1157 7677 32587 0236 03317 0.0078 00373 00006 0.84 267800 0.4296  0.0644  0.0014 236 4 755 2 3
102 3762 107.8 2882 13145 0219 06607 00128 00750 0.0011 095 133289 0.1866  0.0639  0.0013 466 6 737 43 63
11.2 1633 1166 1595 1207.2 0132 07501 0.0147 0.0894  0.0013 097 11.1882  0.1579  0.0609  0.0012 552 7 634 2 86
122 32463 1161 6351 30411 0209 04319 00093  0.0443  0.0006 0.86 225642  0.3265  0.0707  0.0015 280 4 948 0 29
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13.2 388.67 124.8 3186 26784 0.1190 0.4220 0.0087 0.0380 0.0006 0.43 26.2829 0.4170 0.0804 0.0015 241 4 1208 41 19
3.1 22.23 6.3 253 423 0.599 2.2711 0.1575 0.1849 0.0060 0.93 5.4072 0.1746 0.0891 0.0083 1094 33 1406 184 77
12.1 8.57 22.6 143.3 45.5 3.151 4.7105 0.1707 0.2788 0.0071 0.50 3.5869 0.0919 0.1225 0.0054 1585 36 1994 74 79
13.1 15.90 82.4 226.4 222.3 1.018 4.1893 0.0928 0.2827 0.0047 0.94 3.5374 0.0590 0.1075 0.0024 1605 24 1757 40 91
1.2 0.88 14.9 126.3 116.2 1.087 0.7879 0.0402 0.0971 0.0023 0.44 10.2935 0.2484 0.0588 0.0033 598 14 560 119 106
3.2 0.38 413 418.8 302.0 1.387 0.7988 0.0281 0.0983 0.0017 0.51 10.1693 0.1742 0.0589 0.0021 605 10 564 76 107
5.1 0.88 27.5 241.7 237.1 1.019 0.8300 0.0322 0.1014 0.0019 0.71 9.8665 0.1856 0.0594 0.0024 622 11 581 88 107
6.1 0.91 18.0 157.7 151.5 1.041 0.8696 0.0395 0.1013 0.0023 0.61 9.8683 0.2240 0.0622 0.0031 622 13 682 108 91
7.1 0.45 27.1 253.3 225.0 1.126 0.8124 0.0330 0.0995 0.0019 0.52 10.0470 0.1963 0.0592 0.0025 612 11 574 92 106
10.1 0.53 31.8 370.9 228.0 1.626 0.7935 0.0322 0.0969 0.0019 0.35 10.3224 0.2003 0.0594 0.0025 596 11 582 89 102
12.1 0.50 17.6 118.7 154.7 0.768 0.8476 0.0315 0.1015 0.0017 0.56 9.8536 0.1686 0.0606 0.0025 623 10 624 91 99
13.1 0.17 440  468.6 344.5 1.360 0.8565 0.0258 0.1043 0.0015 0.78 9.5852 0.1400 0.0595 0.0020 640 9 587 72 108
14.1 2.58 15.6 144.5 120.7 1.197 0.7735 0.0716 0.0954 0.0034 0.01 10.4852 0.3761 0.0588 0.0065 587 20 561 201 104
17.1 6.09 4.2 67.6 37.2 1.816 0.8224 0.0368 0.0983 0.0020 0.44 10.1698 0.2115 0.0607 0.0030 605 12 627 114 96
19.1 0.18 38.0 361.0 292.6 1.234 0.8150 0.0342 0.0997 0.0019 0.66 10.0347 0.1920 0.0593 0.0027 612 11 579 104 105
211 0.90 24.2 243.7 195.5 1.247 0.8341 0.0293 0.1004 0.0016 0.82 9.9561 0.1631 0.0602 0.0024 617 10 612 85 100
BUY-77- 1.1 0.19 28.3 267.0 226.8 1.1770 0.8020 0.0346 0.0996 0.0021 0.60 10.0431 0.2099 0.0584 0.0027 612 12 545 105 112
11 2.1 0.90 22.1 182.9 172.5 1.060 0.8490 0.0392 0.0982 0.0022 0.05 10.1790 0.2320 0.0627 0.0031 604 13 697 108 86
2.2 1.48 18.1 155.5 150.7 1.031 0.8447 0.0359 0.0971 0.0021 0.67 10.3027 0.2184 0.0631 0.0029 597 12 712 1 83
31 0.50 18.9 195.4 152.0 1.285 0.7973 0.0319 0.0928 0.0019 0.08 10.7801 0.2158 0.0623 0.0024 572 11 686 88 83
4.1 1.45 23.9 200.6 201.8 0.994 0.8903 0.0424 0.1012 0.0024 0.56 9.8856 0.2364 0.0638 0.0033 621 14 736 118 84
8.1 0.59 17.7 153.1 145.5 1.052 0.7996 0.0442 0.1018 0.0026 0.13 9.8278 0.2491 0.0570 0.0035 625 15 491 134 127
9.1 0.66 31.9 381.0 241.1 1.580 0.7767 0.0296 0.0985 0.0017 0.46 10.1547 0.1792 0.0572 0.0023 605 10 499 81 121
11.2 0.21 24.7 228.1 204.0 1.118 0.7823 0.0324 0.0978 0.0018 0.36 10.2227 0.1885 0.0580 0.0026 602 11 530 97 113
18.1 0.63 323 320.8 256.8 1.249 0.7868 0.0281 0.0979 0.0016 0.36 10.2189 0.1642 0.0583 0.0022 602 9 542 80 111
151 0.25 56.8 130.4 121.4 1.074 6.5681 0.1659 0.3680 0.0058 0.71 2.7172 0.0431 0.1294 0.0032 2020 27 2090 44 96
11.1 0.14 215.5 54.0 350.5 0.1540 17.7308  0.3358 0.5615 0.0063 0.95 1.7810 0.0199 0.2290 0.0037 2873 26 3045 26 94
221 0.19 72.2 112.6 212.9 0.5290 15.5721  0.2927 0.5350 0.0061 1.00 1.8693 0.0214 0.2111 0.0037 2762 26 2914 28 94
20.1 51.63 18.1 188.2 133.4 1.412 0.8730 0.0501 0.1022 0.0025 0.46 9.7867 0.2437 0.0620 0.0042 627 15 673 142 93
16.1 1.75 5.2 40.8 37.6 1.087 0.9705 0.1166 0.0994 0.0053 0.16 10.0597 0.5313 0.0708 0.0112 611 31 952 326 64
1.1 0.35 58.7 86.5 128.5 0.6730 6.7428 0.1434 0.3780 0.0049 0.27 2.6452 0.0343 0.1294 0.0024 2067 23 2089 32 98
5.1 0.12 58.2 101.3 122.5 0.827 6.5473 0.1423 0.3705 0.0050 0.80 2.6991 0.0361 0.1282 0.0025 2032 23 2073 35 98
6.1 0.23 39.0 58.2 84.5 0.689 6.5853 0.1744 0.3687 0.0058 0.61 2.7124 0.0430 0.1295 0.0033 2023 27 2092 44 96
9.1 0.47 3329 2829 777.9 0.364 6.6493 0.1104 0.3752 0.0040 0.95 2.6650 0.0281 0.1285 0.0018 2054 19 2078 24 98
17.1 0.53 13.2 21.5 28.5 0.755 6.7312 0.1992 0.3775 0.0076 0.29 2.6488 0.0536 0.1293 0.0047 2065 36 2089 64 98
30.1 0.70 16.0 20.2 36.9 0.547 6.7473 0.2939 0.3763 0.0096 0.05 2.6571 0.0676 0.1300 0.0073 2059 45 2098 97 98
29.1 0.43 24.7 33.1 53.5 0.619 6.6771 0.2363 0.3722 0.0076 0.39 2.6865 0.0545 0.1301 0.0055 2040 35 2099 74 97
BUY-88- 28.1 0.61 27.0 45.0 63.0 0.715 6.6215 0.2180 0.3748 0.0069 0.84 2.6682 0.0493 0.1281 0.0051 2052 33 2073 69 99
1 27.1 4.41 24.8 39.9 56.5 0.706 6.6355 0.2064 0.3717 0.0065 0.03 2.6902 0.0470 0.1295 0.0046 2037 30 2091 64 97
23.1 0.07 3473  426.9 767.8 0.556 6.8073 0.1035 0.3814 0.0029 0.94 2.6218 0.0196 0.1294 0.0018 2083 13 2090 24 99
16.1 0.29 32.8 54.0 69.3 0.779 6.7731 0.1567 0.3823 0.0055 0.69 2.6156 0.0379 0.1285 0.0034 2087 26 2077 46 100
20.1 0.11 37.8 47.2 84.2 0.561 6.8122 0.1383 0.3823 0.0046 0.50 2.6156 0.0318 0.1292 0.0029 2087 22 2088 40 99
221 0.06 111.5 1948 233.6 0.8340 6.8357 0.1243 0.3861 0.0040 0.81 2.5900 0.0268 0.1284 0.0025 2105 19 2076 34 101
14.1 0.38 1145 2547 230.8 1.103 6.8750 0.1164 0.3890 0.0035 0.77 2.5705 0.0233 0.1282 0.0021 2118 16 2073 29 102
8.1 0.12 280.8 329.0 632.2 0.520 6.9594 0.1123 0.3919 0.0040 0.95 2.5515 0.0262 0.1288 0.0017 2132 19 2081 23 102
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19.1 0.49 32.0 33.8 68.1 0.496 7.9309 0.1625 0.4173 0.0052 0.83 2.3962 0.0300 0.1378 0.0032 2248 24 2200 40 102
13.1 0.17 46.7 46.6 98.3 0.4740 7.7612 0.1562 0.4109 0.0050 0.43 2.4337 0.0293 0.1370 0.0029 2219 23 2190 37 101
31 1.50 498.3 66.7 1359.0 0.049 6.1952 0.0942 0.3504 0.0034 0.99 2.8540 0.0276 0.1282 0.0016 1936 16 2074 22 93
311 5.59 53.3 51.0 163.7 0.312 6.3890 0.1182 0.3618 0.0035 0.99 2.7639 0.0264 0.1281 0.0024 1991 16 2072 33 96
151 0.24 118.7  279.2 244.6 1.141 6.5615 0.1050 0.3702 0.0032 0.99 2.7009 0.0232 0.1285 0.0022 2031 15 2078 30 97
1.2 16.35 4129 138.2 1616.7 0.085 2.4785 0.0451 0.1377 0.0016 0.97 7.2625 0.0825 0.1306 0.0017 832 9 2105 23 39
2.1 26.98 406.7 556.3  1910.8 0.291 2.7636 0.0451 0.1548 0.0016 0.94 6.4602 0.0665 0.1295 0.0017 928 9 2091 23 44
4.1 5.28 237.4 160.2 730.0 0.219 5.4401 0.0911 0.3058 0.0032 0.99 3.2702 0.0347 0.1290 0.0017 1720 16 2085 23 82
7.1 9.50 381.9 4963  1565.9 0.317 3.1042 0.0493 0.1732 0.0017 0.98 5.7742 0.0579 0.1300 0.0017 1030 10 2098 23 49
10.1 7.55 401.5 5354  1340.9 0.399 3.6835 0.0593 0.2094 0.0021 1.00 4.7766 0.0489 0.1276 0.0017 1225 11 2065 23 59
11.1 25.45 449.3  453.2 898.4 0.504 4.2635 0.0747 0.2416 0.0028 0.47 4.1388 0.0486 0.1280 0.0016 1395 14 2070 23 67
11.2 11.83 353.4 384.7 2085.3 0.184 2.3543 0.0371 0.1333 0.0013 0.98 7.5027 0.0751 0.1281 0.0017 807 8 2072 23 38
13.2 9.11 552.2 1929  1858.7 0.104 3.9381 0.0594 0.2203 0.0017 1.00 4.5402 0.0344 0.1297 0.0019 1283 9 2094 25 61
18.1 11.03 3956 2764  1607.2 0.172 3.4056 0.0541 0.1935 0.0016 0.96 5.1689 0.0417 0.1277 0.0019 1140 8 2066 27 55
19.2 28.34 466.5 918.1  2429.7 0.378 2.1363 0.0323 0.1203 0.0009 0.83 8.3122 0.0634 0.1288 0.0019 732 5 2082 26 35
20.2 42.57 602.7 83.2 2747.3 0.030 3.5152 0.0562 0.1977 0.0016 0.98 5.0579 0.0407 0.1289 0.0019 1163 8 2084 25 55
21.1 9.73 578.2 3747 19425 0.193 3.9657 0.0600 0.2211 0.0017 0.98 4.5219 0.0346 0.1301 0.0019 1288 9 2099 26 61
23.2 5.20 370.6 316.3 1107.9 0.285 4.9027 0.0792 0.2773 0.0022 1.00 3.6058 0.0289 0.1282 0.0018 1578 11 2074 25 76
241 5.65 373.2 4836 938.6 0.515 5.9906 0.0934 0.3367 0.0026 0.98 2.9701 0.0227 0.1290 0.0018 1871 13 2085 25 89
25.1 4.79 18.6 24.4 75.9 0.322 3.6593 0.1502 0.2135 0.0048 0.98 4.6841 0.1048 0.1243 0.0060 1247 25 2019 84 61
26.1 50.79 546.5 425.2  1547.2 0.275 4.5549 0.0706 0.2536 0.0019 0.98 3.9435 0.0299 0.1303 0.0018 1457 10 2102 25 69
31.2 7.30 487.8 96.9 1559.2 0.062 4.8225 0.0717 0.2707 0.0020 1.00 3.6940 0.0271 0.1292 0.0018 1544 10 2087 24 73
321 5.89 47.7 63.7 127.9 0.4980 4.6731 0.0987 0.2736 0.0030 0.98 3.6547 0.0397 0.1239 0.0030 1559 15 2013 45 77
33.1 2.88 1309 138.8 292.7 0.474 7.9887 0.1371 0.4517 0.0040 0.99 2.2136 0.0195 0.1283 0.0022 2403 18 2074 31 115
2.1 0.2 54.1 58.9 91.1 0.6 11.79350 0.24800 0.48710 0.00380 0.640  2.05300 0.01610 0.17560  0.00360 2558 16 2612 33 97
15.1 0.1 108.7 63.4 198.2 0.3 11.94300 0.20730 0.48810 0.00370 0.010 2.04860 0.01530 0.17740  0.00300 2563 16 2629 28 97
12.1 0.2 1004 73.6 176.9 0.4 11.87440 0.25410 0.48890 0.00420 0.640  2.04540 0.01740 0.17620  0.00380 2566 18 2617 36 98
5.1 0.2 225.6 2445 375.5 0.7 11.98150 0.23940 0.48980 0.00360 0.010 2.04180 0.01500 0.17740  0.00350 2570 16 2629 33 97
6.1 0.0 121.4 1073 211.0 0.5 12.07470 0.24150 0.49650 0.00380 0.480 2.01410 0.01530 0.17640  0.00350 2599 16 2619 33 99
18.1 0.1 113.9 71.3 201.5 0.4 12.12650 0.20270 0.49380 0.00360 0.010  2.02530 0.01460 0.17810  0.00300 2587 15 2635 28 98
9.1 0.1 150.1 1234 255.0 0.5 12.27480 0.24860 0.49940 0.00390 0.660  2.00250  0.01570  0.17830  0.00370 2611 17 2637 34 99
8.1 0.1 146.7 201.7 2353 0.9 12.35420 0.27240 0.50010 0.00460 0.830  1.99940 0.01820  0.17920  0.00400 2614 20 2645 37 98
2.2 0.3 167.0 143.1 286.1 0.5 12.23870 0.25330 0.50260 0.00380 0.010 1.98980  0.01510 0.17660  0.00350 2625 16 2621 34 100
20.1 0.2 90.8 74.3 154.1 0.5 12.53670 0.21010 0.50840 0.00370 0.720 1.96700 0.01410 0.17880  0.00290 2650 16 2642 28 100
Nb-66 13.1 0.1 105.0 77.0 200.0 0.4 12.54420 0.21700 0.51030 0.00390 0.960  1.95970  0.01500  0.17830  0.00310 2658 17 2637 29 100
14.1 0.1 64.9 44.6 121.3 0.4 11.27680 0.22360 0.48970 0.00440 0.440  2.04210 0.01830 0.16700  0.00340 2569 19 2528 35 101
1.1 0.1 169.6  49.1 313.8 0.2 12.37410 0.25470 0.51220 0.00390 0.650  1.95230  0.01490 0.17520  0.00350 2666 17 2608 33 102
21.1 5.5 91.5 62.8 189.9 0.3 11.86670 0.19300 0.48550 0.00330 0.900 2.05980 0.01410 0.17730  0.00290 2551 14 2628 27 97
19.1 0.1 2151 2494 356.6 0.7 12.08010 0.20080 0.49310 0.00360 0.930  2.02810  0.01480 0.17770  0.00300 2584 16 2631 29 98
31 0.4 179.0 180.8 344.9 0.5 12.12050 0.24020 0.49420 0.00380 0.940  2.02330  0.01550  0.17790  0.00360 2589 16 2633 34 98
7.1 0.7 70.7 66.1 124.8 0.5 11.90820 0.27390 0.48450 0.00460 0.750  2.06400 0.01970  0.17830  0.00410 2547 20 2637 39 96
17.1 0.0 2206 2171 396.4 0.5 12.73360 0.22110 0.51780 0.00390 0.890  1.93110 0.01440 0.17830  0.00310 2690 16 2637 28 101
221 0.5 124.2 85.6 247.7 0.3 11.59170 0.19900 0.47710 0.00350 0.550  2.09600  0.01550  0.17620  0.00300 2515 15 2618 29 96
23.1 1.1 64.0 74.3 149.2 0.5 9.49400 0.17080 0.39780 0.00330 0.950 2.51370 0.02110 0.17310  0.00340 2159 16 2588 35 83
4.1 0.9 34.6 21.3 50.5 0.4 9.72980 0.19240 0.41740 0.00320 0.950 2.39560 0.01840 0.16910  0.00350 2249 14 2548 36 88
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10.1 0.2 130.7 1739 226.8 0.8 10.26700 0.20710 0.43950 0.00350 0.990  2.27510 0.01810 0.16940  0.00360 2349 16 2552 36 92
111 0.1 37.3 24.8 71.2 0.3 10.01870 0.24370 0.44550 0.00470 0.230  2.24470 0.02370 0.16310  0.00400 2375 21 2488 42 95
16.1 0.2 1443 1127 216.7 0.5 15.84230 0.28270 0.55300 0.00450 0.890  1.80840  0.01470  0.20780  0.00380 2838 19 2888 30 98
15.2 -2.0 -28.1 -6.1 -75.2 0.1 9.08500 0.15820 0.39900 0.00290 0.810 2.50640 0.01830 0.16510  0.00280 2164 13 2509 28 86
16.2 -0.2 -15.8  -15.0 -25.9 0.6 11.90820 0.20670  0.48850  0.00360 0.020  2.04720  0.01510  0.17680 _ 0.00300 2564 16 2623 28 97
41.1 0.73 91.9 121.3 144.3 0.841 12.7563  0.2634 0.4775 0.0047 0.99 2.0944 0.0205 0.1938 0.0037 2516 20 2774 32 90
48.1 0.21 1446 2173 287.2 0.756 12.5119  0.2702 0.4793 0.0051 0.98 2.0866 0.0221 0.1893 0.0040 2524 22 2736 35 92
11.1 0.05 96.6 142.7 150.4 0.948 12.7205  0.2465 0.4809 0.0042 0.54 2.0794 0.0182 0.1918 0.0036 2531 18 2758 31 91
64.1 2.10 96.2 242.7 176.0 1.379 12.7704  0.1920 0.4827 0.0057 0.99 2.0717 0.0246 0.1919 0.0028 2539 26 2758 24 92
55.1 0.20 1854 1748 345.9 0.5050 13.0115  0.1859 0.4898 0.0042 0.97 2.0416 0.0173 0.1927 0.0025 2570 18 2765 21 92
65.1 0.11 161.8 152.2 283.8 0.536 12,9275  0.1836 0.4904 0.0055 0.99 2.0393 0.0230 0.1912 0.0025 2572 24 2753 21 93
36.1 0.02 125.7 80.5 205.6 0.392 13.0637  0.2892 0.4920 0.0061 0.95 2.0324 0.0252 0.1926 0.0036 2579 26 2764 31 93
7.1 0.23 107.3 2117 161.8 1.308 12,9311  0.2408 0.4944 0.0046 0.95 2.0226 0.0187 0.1897 0.0034 2590 19 2739 29 94
26.1 0.17 120.2 1483 183.4 0.809 13.1926  0.2690 0.4981 0.0046 0.99 2.0076 0.0184 0.1921 0.0039 2606 20 2760 33 94
39.1 0.28 50.9 92.7 76.9 1.206 13.3407  0.3736 0.4987 0.0079 0.71 2.0051 0.0317 0.1940 0.0047 2608 34 2776 40 93
9.1 0.09 84.6 144.0 115.2 1.251 13.2597  0.2185 0.5020 0.0040 0.99 1.9921 0.0160 0.1916 0.0031 2622 17 2756 27 95
69.1 0.05 1045 1735 154.0 1.127 13.4292  0.2204 0.5020 0.0065 0.95 1.9919 0.0258 0.1940 0.0029 2623 28 2776 25 94
20.1 1.54 184.6 204.2 281.1 0.727 13.5601  0.2709 0.5041 0.0046 0.74 1.9836 0.0179 0.1951 0.0037 2631 19 2786 31 94
70.2 0.21 113.4 1335 191.2 0.698 13.5872  0.2058 0.5101 0.0061 0.97 1.9604 0.0235 0.1932 0.0026 2657 26 2769 22 95
51.2 0.21 131.3 75.6 227.2 0.333 13.6300  0.2049 0.5125 0.0046 0.98 1.9512 0.0174 0.1929 0.0027 2667 20 2767 23 96
58.1 0.14 135.6 98.4 236.7 0.416 13.5289  0.2039 0.5131 0.0046 0.95 1.9489 0.0173 0.1912 0.0027 2670 20 2753 23 96
29.1 0.32 1240 156.1 254.9 0.612 13.7160  0.2930 0.5207 0.0050 0.99 1.9205 0.0184 0.1911 0.0038 2702 21 2751 33 98
27.1 0.08 175.6  307.2 238.5 1.288 13.9356  0.2910 0.5239 0.0050 0.86 1.9088 0.0181 0.1929 0.0038 2716 21 2767 33 98
31 0.14 201.2 33.0 354.8 0.093 14.1671  0.2155 0.5283 0.0038 0.98 1.8928 0.0138 0.1945 0.0028 2734 16 2780 24 98
BUY-76-  32.1 0.23 81.8 144.1 108.0 1.335 14.1015  0.3462 0.5295 0.0073 0.73 1.8886 0.0260 0.1932 0.0039 2739 31 2769 34 98
11 32.2 0.10 1444  285.0 186.3 1.530 14.1475  0.3128 0.5310 0.0065 0.86 1.8834 0.0232 0.1933 0.0035 2745 28 2770 30 99
56.1 0.20 69.3 98.8 97.0 1.019 143879  0.2696 0.5387 0.0061 0.77 1.8563 0.0211 0.1937 0.0034 2778 26 2774 29 100
33.1 0.82 74.0 112.2 104.3 1.075 143511  0.3776 0.5389 0.0079 0.95 1.8556 0.0271 0.1931 0.0043 2779 33 2769 37 100
54.1 0.09 75.6 136.4 100.4 1.359 14.4643  0.2569 0.5415 0.0057 0.42 1.8467 0.0194 0.1937 0.0032 2790 24 2774 27 100
70.1 0.28 51.5 63.3 75.5 0.838 14.6543  0.2683 0.5466 0.0078 0.74 1.8294 0.0262 0.1944 0.0032 2811 32 2780 27 101
24.1 0.08 173.1 6.3 277.4 0.023 16.4430  0.3131 0.5381 0.0047 0.99 1.8582 0.0161 0.2216 0.0041 2776 20 2992 30 92
71.1 0.62 80.8 11.7 122.5 0.095 18.1436  0.2854 0.5898 0.0074 0.76 1.6955 0.0214 0.2231 0.0030 2989 30 3003 22 99
67.1 0.22 73.2 57.6 88.0 0.655 24.0868  0.3748 0.6737 0.0086 0.95 1.4842 0.0190 0.2593 0.0035 3320 33 3242 21 102
62.1 0.56 77.4 25.6 96.7 0.265 40.0205  0.6726 0.7799 0.0114 0.99 1.2823 0.0187 0.3722 0.0053 3717 41 3800 21 97
57.1 0.15 65.9 50.9 93.9 0.542 18.4713  0.2923 0.5979 0.0058 0.71 1.6725 0.0163 0.2241 0.0033 3021 23 3010 24 100
53.1 0.42 61.2 26.8 91.6 0.293 18.9188  0.3166 0.6055 0.0062 0.97 1.6514 0.0170 0.2266 0.0034 3052 25 3028 24 100
50.1 0.79 33.1 17.1 43.2 0.397 23.8801  0.5353 0.6787 0.0104 0.85 1.4735 0.0225 0.2552 0.0054 3339 40 3217 34 103
44.1 0.20 393 25.9 49.3 0.525 20.6420  0.6096 0.6091 0.0101 0.58 1.6418 0.0273 0.2458 0.0067 3066 41 3158 43 97
42.1 0.17 68.3 6.0 98.3 0.061 18.7732  0.4443 0.5979 0.0072 0.96 1.6724 0.0201 0.2277 0.0049 3022 29 3036 34 99
43.1 0.76 16.8 10.6 19.3 0.552 22.3670 1.0232 0.6410 0.0185 0.37 1.5600 0.0449 0.2531 0.0107 3193 72 3204 65 99
40.1 0.20 53.4 20.9 76.9 0.271 17.2283  0.4158 0.5759 0.0070 0.89 1.7364 0.0212 0.2170 0.0047 2932 29 2958 35 99
35.1 0.26 43.1 10.6 60.1 0.176 22.6219  0.7815 0.6485 0.0138 0.73 1.5419 0.0328 0.2530 0.0075 3222 54 3204 47 100
2.2 0.19 105.0 82.8 153.2 0.540 21.8189  0.3553 0.6193 0.0052 0.99 1.6149 0.0135 0.2555 0.0040 3107 21 3219 25 96
5.1 0.13 100.3 38.2 151.4 0.252 18.7699  0.2999 0.5627 0.0045 0.97 1.7771 0.0142 0.2419 0.0038 2878 19 3133 25 91
2.1 0.00 49.0 29.9 59.8 0.501 23.3665  0.4316 0.6614 0.0067 0.77 1.5119 0.0153 0.2562 0.0047 3273 26 3224 29 101
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21.1 10.00 97.9 151.6 270.6 0.5600 5.7855 0.1087 0.3281 0.0030 0.97 3.0477 0.0277 0.1279 0.0024 1829 14 2069 33 88
27.1 17.50 85.4 247.2 493.1 0.501 1.9852 0.0398 0.1784 0.0018 0.95 5.6043 0.0567 0.0807 0.0016 1058 10 1214 39 87
29.1 6.92 2499  269.7 748.3 0.360 5.0586 0.0811 0.3040 0.0026 0.99 3.2891 0.0286 0.1207 0.0019 1711 13 1966 28 87
31.1 11.73 1319 4153 464.5 0.894 4.6262 0.0727 0.2649 0.0023 0.99 3.7751 0.0331 0.1267 0.0022 1515 12 2052 30 73
341 0.00 57.8 99.0 190.9 0.518 1.8689 0.0438 0.1606 0.0018 0.99 6.2275 0.0706 0.0844 0.0021 960 10 1302 49 73
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1.1 0.65 413 68.3 154.2 0.4430 2.9691 0.0706 0.2421 0.0031 0.83 4.1312 0.0528 0.0890 0.0021 1397 16 1403 45 99
2.1 0.20 86.6 122.7 195.2 0.628 6.6224 0.1188 0.3853 0.0043 0.98 2.5956 0.0289 0.1247 0.0021 2101 20 2024 30 103
3.1 0.58 63.1 114.1 173.1 0.659 4.6714 0.0966 0.3166 0.0038 0.81 3.1584 0.0384 0.1070 0.0021 1773 19 1749 36 101
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A_21 - 39 - 58 0.41 25.77 0.39 0.678 0.007 0.72 - - 0.276 0.003 3337 28 3338 16 100
A_22 - 97 - 146 0.23 24.24 0.37 0.661 0.007 0.72 - - 0.266 0.003 3271 28 3282 16 100
A_22 - 39 - 58 0.40 25.90 0.39 0.679 0.007 0.72 - - 0.277 0.003 3339 28 3345 16 100
UY-22-13 A_22 - 167 - 891 0.96 6.67 0.10 0.187 0.002 0.72 - - 0.258 0.003 1107 11 3236 16 34
A_22 - 102 - 1253 0.56 2.55 0.04 0.082 0.001 0.72 - - 0.226 0.002 506 5 3026 17 17
A_22 - 131 - 314 0.64 12.96 0.19 0.416 0.005 0.72 - - 0.226 0.002 2243 21 3022 17 74
A_22 - 107 - 269 0.51 13.32 0.20 0.400 0.004 0.72 - - 0.242 0.003 2167 20 3132 17 69
A_22 - 51 - 73 0.33 27.67 0.42 0.694 0.008 0.72 - - 0.289 0.003 3396 29 3414 16 99
A_22 - 113 - 274 0.51 12.81 0.19 0.411 0.004 0.72 - - 0.226 0.002 2221 20 3024 16 73
A_23 - 49 - 79 0.55 20.39 0.31 0.618 0.007 0.72 - - 0.239 0.003 3103 27 3115 17 100
A_23 - 128 - 235 0.53 17.27 0.26 0.545 0.006 0.72 - - 0.230 0.002 2805 25 3051 17 92
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A_23 94 730 0.64 3.88 0.06 0.129 0.001 0.72 0.218 0.002 784 8 2965 17 26
A_23 66 96 0.50 25.77 0.39 0.682 0.007 0.72 0.274 0.003 3353 28 3329 16 101
A_23 98 216 0.61 14.08 0.21 0.453 0.005 0.72 0.226 0.002 2407 22 3022 17 80
A_23 130 315 0.61 13.30 0.20 0.412 0.004 0.72 0.234 0.002 2223 20 3082 16 72
A_23 77 158 0.22 17.19 0.26 0.485 0.005 0.72 0.257 0.003 2550 23 3229 17 79
A_23 172 563 0.26 8.67 0.13 0.305 0.003 0.72 0.206 0.002 1717 16 2875 17 60
A_23 140 272 0.57 18.56 0.28 0.515 0.006 0.72 0.262 0.003 2676 24 3256 16 82
A_23 34 52 0.31 24.41 0.38 0.665 0.007 0.71 0.266 0.003 3285 28 3285 17 100
A_24 108 225 0.92 15.79 0.24 0.478 0.005 0.72 0.240 0.002 2520 23 3117 16 81
A_24 71 196 0.58 11.86 0.18 0.361 0.004 0.72 0.238 0.002 1989 19 3107 17 64
A_24 74 131 0.81 18.74 0.28 0.568 0.006 0.72 0.239 0.003 2900 25 3115 17 93
A_24 22 40 0.87 17.13 0.26 0.555 0.006 0.71 0.224 0.002 2844 25 3010 17 94
A_24 130 690 0.70 5.73 0.09 0.188 0.002 0.72 0.221 0.002 1110 11 2990 17 37
A_24 112 530 1.03 6.01 0.09 0.212 0.002 0.72 0.206 0.002 1237 12 2874 17 43
A_24 97 624 0.38 3.79 0.06 0.156 0.002 0.72 0.176 0.002 934 9 2616 18 36
A_24 132 308 0.58 13.02 0.20 0.430 0.005 0.72 0.220 0.002 2306 21 2978 17 77
A_25 108 173 0.56 20.64 0.31 0.624 0.007 0.72 0.240 0.003 3124 27 3120 17 100
A_25 146 390 0.54 11.84 0.18 0.373 0.004 0.72 0.230 0.002 2045 19 3052 17 67
A_25 57 92 0.81 21.06 0.32 0.626 0.007 0.72 0.244 0.003 3135 27 3145 17 100
A_25 115 1188 0.67 3.46 0.05 0.096 0.001 0.72 0.260 0.003 594 6 3248 16 18
A_25 95 152 0.55 20.75 0.31 0.623 0.007 0.72 0.242 0.003 3121 27 3131 17 100
A_25 108 208 0.33 20.36 0.31 0.519 0.006 0.71 0.285 0.003 2695 24 3388 17 80
A_25 49 74 0.42 24.67 0.38 0.663 0.007 0.72 0.270 0.003 3279 28 3305 17 99
A_25 106 302 1.01 12.69 0.20 0.351 0.004 0.70 0.262 0.003 1941 19 3258 18 60
A_26 42 126 0.59 11.07 0.17 0.332 0.004 0.71 0.241 0.003 1850 18 3130 17 59
A_26 24 34 0.52 29.31 0.45 0.708 0.008 0.71 0.300 0.003 3450 29 3472 16 99
A_26 121 543 0.85 6.63 0.10 0.223 0.002 0.72 0.215 0.002 1298 13 2947 17 44
A_26 52 77 0.49 25.78 0.39 0.681 0.007 0.72 0.275 0.003 3347 28 3333 17 100
A_26 112 471 0.88 7.07 0.11 0.237 0.003 0.72 0.216 0.002 1371 13 2954 17 46
A_26 117 663 0.64 5.25 0.08 0.176 0.002 0.72 0.216 0.002 1045 10 2952 17 35
A_26 78 1130 0.61 1.95 0.03 0.069 0.001 0.71 0.204 0.002 432 5 2862 17 15
A_26 35 62 1.21 21.01 0.34 0.557 0.006 0.70 0.274 0.003 2854 26 3327 18 86
A_26 100 476 0.81 5.93 0.09 0.210 0.002 0.71 0.204 0.002 1231 12 2861 17 43
A_27 97 343 0.68 8.31 0.13 0.282 0.003 0.71 0.214 0.002 1600 15 2937 17 54
A_27 133 191 0.57 27.86 0.42 0.697 0.008 0.71 0.290 0.003 3410 29 3417 16 100
A_27 102 230 0.55 13.66 0.21 0.444 0.005 0.71 0.223 0.002 2368 22 3005 17 79
A_27 123 768 0.69 5.55 0.08 0.160 0.002 0.71 0.251 0.003 958 10 3193 17 30
A_27 109 628 0.59 4.47 0.07 0.173 0.002 0.71 0.187 0.002 1031 10 2714 18 38
A_27 23 44 0.47 17.31 0.28 0.518 0.006 0.69 0.243 0.003 2689 25 3137 18 86
A_04 34 73 1.27 10.80 0.21 0.475 0.008 0.82 0.1648 0.0019 2506 33 2506 19 100
A_04 33 73 1.12 9.86 0.19 0.455 0.007 0.83 0.1570 0.0017 2420 32 2423 18 100
A_04 65 172 1.83 6.56 0.13 0.376 0.006 0.83 0.1265 0.0013 2057 28 2050 19 100
Uv-8-13 A_04 73 145 0.47 12.24 0.23 0.503 0.008 0.84 0.1765 0.0019 2625 34 2621 17 100
A_04 53 103 0.55 12.72 0.24 0.510 0.008 0.83 0.1808 0.0019 2658 35 2661 17 100
A_04 37 71 0.50 13.47 0.26 0.523 0.008 0.83 0.1868 0.0020 2712 35 2714 18 100
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0.95
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0.00
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0.01
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A_10 18 47 2.95 6.59 0.14 0.376 0.006  0.79 0.1269  0.0016 2060 28 2056 22 100
A_10 126 338 0.40 6.49 0.12 0.373 0.006  0.84 0.1260  0.0013 2045 28 2043 18 100
A_10 143 213 0.76 25.05 0.47 0.672 0.011  0.84 0.2705  0.0028 3312 41 3309 16 100
A_10 101 194 0.59 13.23 0.25 0.520 0.008  0.84 0.1844  0.0019 2700 35 2693 17 100
A_10 337 471 0.12 29.81 0.56 0.715 0.011  0.84 0.3024  0.0031 3477 43 3483 16 100
A_10 76 166 0.54 10.16 0.19 0.462 0.007  0.84 0.1596  0.0017 2447 32 2452 18 100
A_10 80 206 0.57 7.07 0.13 0.390 0.006  0.84 0.1315  0.0014 2122 29 2118 18 100
A_11 178 1247 2.79 2.91 0.06 0.142 0.002  0.83 0.1482  0.0016 858 13 2325 19 37
A_11 34 86 0.77 7.21 0.14 0.393 0.006  0.82 0.1329  0.0015 2139 29 2137 20 100
A_11 75 200 0.59 6.62 0.13 0.378 0.006  0.83 0.1272  0.0014 2065 28 2059 19 100
A_11 69 134 0.64 12.90 0.25 0.514 0.008  0.84 0.1820  0.0019 2674 35 2671 17 100
A_11 99 203 1.07 11.57 0.22 0.488 0.008  0.84 0.1719  0.0018 2562 34 2576 17 99
A_11 97 178 0.56 17.46 0.34 0.545 0.009  0.82 0.2324  0.0026 2804 36 3069 17 91
A_11 43 9% 0.44 9.64 0.19 0.451 0.007  0.83 0.1550  0.0017 2400 32 2402 18 100
A_11 66 159 0.84 9.18 0.17 0.415 0.007  0.84 0.1604  0.0017 2237 30 2460 18 91
A_11 27 69 1.10 7.31 0.14 0.394 0.006  0.82 0.1345  0.0015 2143 29 2157 19 99
A_12 167 2703 4.29 1.32 0.02 0.062 0.001  0.84 0.1542  0.0016 387 6 2393 17 16
A_12 10 20 1.14 11.93 0.24 0.498 0.008  0.80 0.1737  0.0022 2606 35 2594 21 100
A_12 115 222 0.45 13.19 0.25 0.518 0.008  0.84 0.1847  0.0019 2691 35 2695 17 100
A_12 95 189 0.62 13.68 0.26 0.501 0.008  0.84 0.1979  0.0021 2620 34 2809 17 93
A_12 51 110 0.16 10.37 0.20 0.466 0.007  0.83 0.1614  0.0017 2466 33 2470 18 100
A_12 144 421 0.39 7.58 0.14 0.342 0.005  0.84 0.1610  0.0017 1895 26 2466 17 77
A_13 12 32 1.49 6.77 0.14 0.381 0.006  0.78 0.1287  0.0017 2083 29 2080 22 100
A_13 14 28 0.63 12.12 0.25 0.500 0.008  0.80 0.1757  0.0022 2615 35 2613 20 100
A_13 83 180 0.57 10.10 0.19 0.462 0.007  0.84 0.1586  0.0017 2447 32 2441 18 100
A_13 152 391 0.61 7.07 0.13 0.389 0.006  0.84 0.1317  0.0014 2120 29 2121 18 100
A_13 15 32 2.29 9.75 0.20 0.454 0.007  0.80 0.1557  0.0019 2414 32 2409 20 100
A_13 22 60 0.94 6.03 0.12 0.360 0.006  0.81 0.1217  0.0014 1981 27 1981 21 100
A_13 31 58 1.13 14.33 0.28 0.537 0.009  0.83 0.1935  0.0021 2771 36 2772 17 100
A_13 81 174 0.40 10.17 0.19 0.462 0.007  0.84 0.1595  0.0017 2450 32 2450 17 100
A_13 27 55 0.37 11.56 0.22 0.491 0.008  0.82 0.1708  0.0019 2574 34 2566 18 100
A_13 102 220 1.45 10.36 0.20 0.465 0.007  0.83 0.1615  0.0017 2463 33 2472 18 100
A 00 176 524 0.19 6.10 0.12 0.335 0.005  0.82 0.132 0.001 1865 25 2123 19 88
A_00 63 545 0.32 2.08 0.04 0.116 0.002  0.79 0.130 0.002 707 11 2101 2 34
A_00 56 144 0.66 7.00 0.14 0.388 0.006  0.79 0.131 0.002 2114 28 2110 22 100
A_01 96 279 0.46 6.11 0.12 0.342 0.005  0.81 0.130 0.001 1897 26 2092 20 91
A_01 73 307 0.22 434 0.08 0.239 0.004 081 0.132 0.002 1383 20 2120 20 65
A_01 48 136 0.26 6.51 0.17 0.355 0.006  0.61 0.133 0.003 1957 27 2140 35 91

Uv-4-13 A 01 33 180 0.69 1.90 0.04 0.183 0.003  0.80 0.075 0.001 1083 16 1080 23 100
A_01 61 337 0.42 1.90 0.04 0.182 0.003 081 0.076 0.001 1078 16 1091 2 99
A_01 77 328 0.18 4.28 0.09 0.235 0.004  0.72 0.132 0.002 1359 19 2127 26 64
A_02 29 118 0.32 4.46 0.09 0.243 0.004  0.74 0.133 0.002 1400 20 2141 25 65
A_02 98 701 0.29 2.51 0.05 0.140 0.002  0.80 0.131 0.002 842 12 2107 20 40
A_02 80 365 0.30 3.95 0.08 0.218 0.003 081 0.132 0.001 1270 18 2119 20 60
A_02 88 241 0.24 6.64 0.13 0.364 0.006  0.82 0.132 0.001 1999 27 2131 19 94
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A_02 121 1345 0.35 1.63 0.03 0.090 0.001  0.80 0.131 0.002 556 8 2109 21 26
A_03 107 517 0.31 3.71 0.07 0.206 0.003  0.82 0.130 0.001 1210 17 2102 19 58
A_03 93 355 0.25 4.76 0.09 0.263 0.004 081 0.131 0.002 1504 21 2116 20 71
A_03 89 195 0.99 9.96 0.19 0.458 0.007 081 0.158 0.002 2431 32 2432 19 100
A_03 98 285 0.21 6.39 0.13 0.344 0.005  0.75 0.135 0.002 1907 26 2158 24 88
A_03 67 174 0.35 6.98 0.13 0.387 0.006  0.81 0.131 0.001 2111 28 2106 20 100
A_03 108 279 0.27 6.90 0.13 0.387 0.006  0.81 0.130 0.001 2107 28 2092 20 101
A_03 111 351 0.54 5.68 0.11 0.315 0.005  0.81 0.131 0.002 1766 24 2108 20 84
A_07 111 380 0.31 6.65 0.13 0.292 0.005  0.84 0.165 0.002 1650 23 2511 17 66
A_07 74 182 0.44 11.01 0.21 0.408 0.007  0.84 0.196 0.002 2204 30 2793 17 79
A_07 105 181 0.55 18.91 0.36 0.578 0.009  0.84 0.237 0.002 2941 38 3101 16 95
A_07 15 74 0.66 5.41 0.12 0.199 0.003  0.77 0.197 0.003 1170 18 2803 23 42
A_08 36 67 0.75 14.59 0.28 0.543 0.009  0.84 0.195 0.002 2795 37 2784 17 100
A_08 94 152 0.83 20.17 0.39 0.615 0.010  0.84 0.238 0.002 3090 40 3106 17 99
A_08 34 69 0.79 13.37 0.26 0.490 0.008  0.84 0.198 0.002 2570 34 2810 17 91
A_08 89 142 0.32 23.97 0.46 0.623 0.010  0.84 0.279 0.003 3123 40 3357 16 93
A_09 39 72 0.89 14.40 0.28 0.538 0.009  0.84 0.194 0.002 2773 36 2779 17 100
A_10 107 192 0.30 2252 0.44 0.555 0.009  0.84 0.294 0.003 2847 37 3440 16 83
A_10 119 355 0.56 9.98 0.19 0.335 0.005  0.84 0.216 0.002 1862 26 2952 17 63
A_10 28 77 0.66 9.97 0.19 0.364 0.006  0.84 0.199 0.002 2001 28 2816 17 71

Uy-24-13 A_10 21 40 0.57 15.54 0.30 0.528 0.009  0.83 0.213 0.002 2732 36 2932 17 93
A_10 113 196 0.41 22.55 0.44 0.578 0.009  0.84 0.283 0.003 2939 38 3380 16 87
A_11 11 42 0.46 7.09 0.19 0.257 0.005  0.67 0.200 0.004 1476 23 2826 32 52
A_11 72 151 0.22 15.84 0.30 0.480 0.008  0.84 0.240 0.002 2525 34 3117 16 81
A_11 71 131 0.59 14.53 0.28 0.542 0.009  0.84 0.195 0.002 2790 37 2781 17 100
A_12 59 123 0.54 16.21 0.31 0.483 0.008  0.84 0.243 0.003 2541 34 3142 17 81
A_12 28 46 0.30 20.07 0.39 0.614 0.010  0.83 0.237 0.003 3087 40 3100 17 100
A_12 56 97 0.22 16.85 0.33 0.574 0.009  0.84 0.213 0.002 2925 38 2928 17 100
A_12 29 54 0.85 14.60 0.32 0.540 0.009  0.77 0.196 0.003 2784 38 2794 23 100
A_13 74 348 0.06 6.12 0.13 0.213 0.004  0.80 0.209 0.003 1243 19 2896 20 43
A_13 124 331 0.28 11.34 0.22 0.374 0.006  0.84 0.220 0.002 2049 28 2979 17 69
A_13 131 263 1.51 14.68 0.29 0.499 0.008  0.82 0.213 0.002 2611 35 2930 18 89
A_13 114 200 1.21 16.54 0.33 0.569 0.009  0.82 0.211 0.002 2903 38 2912 18 100
A_00 36 133 0.67 5.05 0.08 0.268 0.003  0.69 0.136 0.002 1532 15 2183 19 70
A_00 72 131 0.68 15.37 0.22 0.552 0.006  0.72 0.202 0.002 2832 24 2844 16 100
A_00 213 1047 0.77 3.67 0.05 0.204 0.002 071 0.131 0.001 1195 11 2108 18 57
A_00 156 623 0.30 4.75 0.07 0.251 0.003  0.72 0.137 0.001 1445 14 2192 18 66
A_00 179 326 0.81 16.00 0.24 0.548 0.006  0.71 0.212 0.002 2818 24 2918 17 97
A_00 134 339 0.18 10.38 0.15 0.396 0.004  0.72 0.190 0.002 2149 19 2745 17 78

UY-3-13 - 01 251 831 0.14 7.00 0.10 0.302 0.003  0.72 0.168 0.002 1702 16 2539 17 67
A_01 153 703 0.58 6.28 0.09 0.218 0.002 072 0.209 0.002 1272 12 2897 17 44
A_01 146 245 0.23 18.57 0.27 0.596 0.006  0.72 0.226 0.002 3014 25 3024 16 100
A_01 57 95 0.71 18.28 0.27 0.597 0.006  0.72 0.222 0.002 3016 25 2997 16 101
A_01 90 374 0.95 4.40 0.06 0.242 0.003  0.72 0.132 0.001 1396 13 2125 18 66
A_01 128 459 0.45 7.32 0.11 0.279 0.003 071 0.190 0.002 1586 15 2746 17 58
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A 01 47 88 0.39 13.89 0.20 0.530 0.006 071 0.190 0.002 2740 23 2744 17 100
A_01 106 191 0.56 15.53 0.23 0.555 0.006 072 0.203 0.002 2846 24 2851 16 100
A_02 87 143 0.71 19.56 0.29 0.613 0.006  0.72 0.231 0.002 3082 26 3062 16 101
A 02 66 266 0.45 4.48 0.07 0.249 0.003 071 0.130 0.001 1435 13 2101 18 68
A 02 131 222 0.55 22.48 0.33 0.591 0.006 071 0.276 0.003 2994 25 3339 16 90
A_02 127 303 0.67 9.38 0.14 0.420 0.004 072 0.162 0.002 2258 20 2478 17 91
A_02 39 130 0.70 9.29 0.14 0.300 0.003 071 0.225 0.002 1689 16 3016 17 56
A 02 9 161 0.54 18.65 0.28 0.597 0.006 071 0.227 0.002 3019 25 3028 17 100
A 02 83 597 0.66 3.25 0.05 0.138 0.001 071 0.171 0.002 834 8 2566 17 33
A_02 85 216 0.57 7.43 0.11 0.395 0004 071 0.136 0.001 2147 19 2182 18 98
A_03 92 327 0.12 8.63 0.13 0.281 0.003 071 0.222 0.002 1598 15 2998 17 53
A 03 186 392 0.86 13.94 0.20 0.475 0.005 071 0.213 0.002 2503 22 2929 16 85
A 03 109 682 1.21 3.90 0.06 0.160 0.002 071 0.177 0.002 957 9 2623 17 36
A_03 50 94 1.11 13.64 0.20 0.529 0006 071 0.187 0.002 2736 23 2717 17 101
A_03 46 114 1.41 7.52 0.11 0.399 0.004 071 0.137 0.001 2164 19 2186 18 99
A 03 66 169 0.10 7.32 0.11 0.392 0.004 070 0.135 0.001 2132 19 2170 18 98
A 03 68 122 0.32 16.29 0.24 0.555 0.006  0.70 0.213 0.002 2845 24 2929 17 97
A_03 105 224 0.30 14.10 0.21 0.470 0.005 071 0.218 0.002 2483 22 2964 16 84
A_04 30 114 0.87 4.96 0.08 0.259 0.003 067 0.139 0.002 1487 14 2212 20 67
A 04 214 821 0.71 7.70 0.11 0.261 0.003 071 0.214 0.002 1495 14 2937 16 51
A 04 157 414 0.20 10.16 0.15 0.380 0.004 071 0.194 0.002 2075 18 2777 17 75
A_04 123 259 0.40 13.28 0.19 0.476 0.005 071 0.202 0.002 2509 22 2846 17 88
A_04 85 143 0.50 18.34 0.27 0.594 0.006 071 0.224 0.002 3005 25 3010 16 100
A 04 93 237 0.41 7.37 0.11 0.394 0.004 071 0.136 0.001 2141 19 2172 18 99
A 04 109 292 0.47 11.48 0.17 0.373 0.004 071 0.223 0.002 2045 18 3004 16 68
A_04 210 2039 0.18 0.86 0.01 0.103 0001 070 0.060 0.001 633 6 614 23 103
A_04 27 65 0.76 7.83 0.12 0.411 0.004  0.70 0.138 0.001 2218 20 2207 18 100
A 04 179 273 0.70 23.27 0.34 0.654 0.007 071 0.258 0.003 3244 27 3234 16 100
A_05 124 206 0.46 19.15 0.28 0.602 0.006 071 0.230 0.002 3040 25 3055 16 99
A_05 199 833 1.11 5.83 0.09 0.238 0002 071 0.177 0.002 1379 13 2629 17 52
A_05 55 559 0.17 0.83 0.01 0.099 0.001 063 0.061 0.001 606 6 652 28 93
A 05 189 884 0.18 5.35 0.08 0.213 0.002 071 0.182 0.002 1247 12 2671 17 47
A 05 120 311 0.16 6.85 0.10 0.385 0.004 071 0.129 0.001 2098 19 2087 18 101
A_05 82 225 0.15 6.27 0.09 0.364 0.004 070 0.125 0.001 2001 18 2026 19 99
A_05 167 253 0.20 23.66 0.35 0.657 0.007 071 0.261 0.003 3257 27 3253 16 100
A 05 130 554 0.57 5.87 0.09 0.234 0.002 071 0.182 0.002 1357 13 2667 17 51
A 06 70 179 0.37 8.44 0.12 0.392 0.004 071 0.156 0.002 2133 19 2415 18 88
A_06 145 359 0.31 7.55 0.11 0.403 0004 071 0.136 0.001 2181 19 2176 18 100
A_06 112 268 0.37 12.58 0.19 0.419 0.004 071 0.218 0.002 2257 20 2963 17 76
A 06 71 425 0.85 4.70 0.07 0.167 0.002 070 0.204 0.002 995 10 2862 17 35
A 06 48 76 0.33 21.59 0.32 0.632 0.007  0.70 0.248 0.003 3159 26 3170 17 100
A_07 270 461 0.34 17.68 0.26 0.586 0.006 071 0.219 0.002 2971 25 2973 17 100
A_07 10 27 1.14 6.99 0.13 0.386 0.004 061 0.131 0.002 2106 20 2116 26 100

UY-16-13 o7 46 132 0.73 6.16 0.09 0.350 0.004 071 0.128 0.001 1934 17 2066 18 94
A 07 106 348 1.33 5.31 0.08 0.304 0.003 071 0.127 0.001 1710 16 2053 18 83
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A_07 - 12 - 32 0.85 6.45 0.10 0.370 0.004  0.68 - - 0.126 0.001 2029 18 2049 20 99
A_07 - 36 - 9% 3.09 6.51 0.10 0.375 0.004  0.70 - - 0.126 0.001 2052 18 2042 19 100
A_08 - 107 - 285 0.37 8.09 0.12 0.376 0.004 071 - - 0.156 0.002 2059 18 2412 17 85
A_08 - 93 - 229 0.06 9.24 0.14 0.406 0.004 071 - - 0.165 0.002 2197 19 2507 17 88
A_08 - 41 - 132 0.73 6.53 0.10 0.310 0.003  0.70 - - 0.153 0.002 1743 16 2376 18 73
A_08 - 260 - 493 0.38 13.69 0.20 0.526 0.006  0.70 - - 0.189 0.002 2725 23 2731 17 100
A_08 - 23 - 58 0.78 7.14 0.11 0.390 0.004  0.70 - - 0.133 0.001 2123 19 2136 19 99
A_08 - 109 - 980 3.88 2.58 0.04 0.111 0.001 071 - - 0.168 0.002 680 7 2541 17 27
A_08 - 117 - 537 2.48 4.74 0.07 0.219 0.002 071 - - 0.157 0.002 1276 12 2426 17 53
A_09 - 65 - 174 0.30 8.65 0.13 0.375 0.004  0.70 - - 0.167 0.002 2055 19 2529 18 81
A_09 - 18 - 63 0.79 4.55 0.07 0.289 0.003  0.70 - - 0.114 0.001 1636 15 1870 19 87
A_09 - 204 - 392 0.65 13.53 0.20 0.521 0.005 071 - - 0.188 0.002 2703 23 2728 17 99
A_09 - 125 - 569 1.30 3.45 0.05 0.220 0.002 071 - - 0.114 0.001 1282 12 1860 19 69
A_09 - 60 - 143 0.35 8.42 0.12 0.422 0.004 071 - - 0.145 0.002 2269 20 2284 18 99
A_10 - 63 - 193 2.10 5.61 0.09 0.324 0.003  0.69 - - 0.125 0.001 1811 17 2035 19 89
A_10 - 19 - 50 1.79 6.43 0.10 0.371 0.004  0.70 - - 0.126 0.001 2034 18 2039 19 100
A_10 - 13 - 109 0.80 1.49 0.03 0.120 0.001  0.54 - - 0.090 0.002 730 8 1426 33 51
A_10 - 7 - 67 0.79 0.81 0.02 0.098 0.001  0.51 - - 0.060 0.001 603 6 605 40 100
A_10 - 153 - 321 0.64 11.89 0.18 0.476 0.005 071 - - 0.181 0.002 2509 22 2663 17 94
A_10 - 20 - 52 1.26 7.04 0.11 0.387 0.004  0.70 - - 0.132 0.001 2111 19 2121 19 100
A_10 - 58 - 99 0.99 17.79 0.27 0.584 0.006 071 - - 0.221 0.002 2965 25 2988 17 99
A_11 - 203 - 433 0.18 11.16 0.16 0.469 0.005  0.71 - - 0.173 0.002 2479 22 2583 17 9%
A_11 - 218 - 440 0.02 12.30 0.18 0.495 0.005 071 - - 0.180 0.002 2594 22 2653 17 98
A_11 - 51 - 164 0.45 7.93 0.12 0.312 0.003 071 - - 0.184 0.002 1749 16 2693 17 65
A_11 - 85 - 226 1.36 6.55 0.10 0.376 0.004 071 - - 0.126 0.001 2057 19 2048 18 100
A_11 - 131 - 259 0.31 12.32 0.18 0.505 0.005  0.71 - - 0.177 0.002 2636 23 2623 17 101
A_11 - 86 - 225 0.57 6.93 0.10 0.383 0.004 071 - - 0.131 0.001 2092 19 2112 18 99
A_11 - 225 - 546 0.25 9.43 0.14 0.412 0.004 071 - - 0.166 0.002 2223 20 2519 17 88
A_11 - 58 - 226 1.63 4.69 0.08 0.257 0.003  0.65 - - 0.133 0.002 1472 14 2133 2 69
A_12 - 42 - 112 0.85 6.68 0.10 0.374 0.004  0.70 - - 0.129 0.001 2050 19 2090 19 98
A_12 - 55 - 146 0.70 6.46 0.10 0.373 0.004 071 - - 0.126 0.001 2043 18 2037 19 100
A_12 - 100 - 357 0.16 5.15 0.08 0.280 0.003  0.69 - - 0.134 0.001 1590 15 2146 19 74
A_12 - 57 - 152 0.79 6.50 0.10 0.375 0.004 071 - - 0.126 0.001 2052 19 2041 19 101
A_13 - 23 - 231 1.05 0.82 0.01 0.099 0.001  0.68 - - 0.060 0.001 608 6 609 24 100
A_13 - 38 - 101 1.98 6.70 0.10 0.379 0.004  0.70 - - 0.128 0.001 2072 19 2073 19 100
A_13 - 118 - 321 0.54 6.35 0.10 0.367 0.004  0.69 - - 0.126 0.001 2015 18 2037 20 99

2.1 0.88 339 1166 2829  0.412 07792 00511 0.0950 0.0019 029  10.5227 02127  0.0595  0.0042 585 11 584 157 100
3.1 1.51 9.5 44.2 78.6 0.562  0.8343  0.1077 0.0950 0.0033 037  10.5272 0.3639  0.0637  0.0093 585 19 732 301 79
3.2 0.66 252 679 2222 0305 0.8346 0.0534 00977 0.0020 039 102320 02125  0.0619  0.0042 601 12 672 158 89
41 0.69 19.0 63.5 1639 0387 0.7684  0.0541  0.0944 0.0020 056  10.5987  0.2240  0.0591  0.0046 581 12 569 169 102
AA-12 6.1 1.63 186 575 1687 0341  0.8208 0.0628 0.0961  0.0022 055  10.4049  0.2409  0.0619  0.0053 592 13 672 189 88
7.1 2.33 158 689  131.1 0525  0.7194 0.1129  0.0954  0.0035 0.01  10.4823  0.3798  0.0547  0.0099 587 20 400 349 146
9.1 1.06 19.1 854 1625 0526  0.7720  0.0935  0.0942 0.0030 0.07 10.6156  0.3342  0.0594  0.0079 580 17 583 263 99
10.1 1.74 133 407 1168 0349  0.7991  0.1115 0.0936 0.0034 055  10.6832  0.3838  0.0619  0.0096 577 20 671 288 85
11.1 0.66 183 858  150.7 0.569  0.7347  0.0998  0.0940 0.0032 039  10.6327 0.3585  0.0567  0.0088 579 19 478 292 121
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121 0.40 202 915 1620 0565 07980  0.1088  0.0956  0.0033 037  10.4656  0.3641  0.0606  0.0094 588 20 624 329 94
131 2.28 183 493 1577 0313  0.8058 00481  0.0973 00022 001 102745 02285  0.0600  0.0041 599 13 605 141 98
141 3.20 55 209 457 0458 07911  0.0934  0.0987 00038 025 10.1351 0.3890  0.0581  0.0084 607 22 535 280 113
151 014 415 1989 3179 0626 07657  0.0314 0.0931  0.0016 0.63 10.7420 0.1884  0.0597  0.0026 574 10 591 95 97
152 0.92 10.6 357 843 0424 0.8682 00766 00989  0.0032 035 10.1102 0.3258  0.0637  0.0065 608 19 730 228 83
161 0.93 223 1011 1792 0564  0.8453  0.0425 0.0979  0.0020 057 102137 02124  0.0626  0.0034 602 12 695 121 86
171 2.16 11.6 375 9.7 0388 07614 00671 00968 0.0028 012  10.3276  0.3028  0.0570  0.0058 596 17 493 213 120
181  2.54 127 591  100.8 0586  0.7245  0.0844  0.0962  0.0035 058  10.3982  0.3738  0.0546  0.0069 592 20 398 245 148
191 2.8 208 833 1701 0490  0.8559 00336 0.1027 0.0018 0.83 97339  0.1662  0.0604  0.0025 630 10 619 89 101
201 2.15 95 450 723 0623 08176 0.0768 00963  0.0033 038 103810 03524 00616  0.0067 593 19 659 246 90
211 3.02 216 591 1836 0322 07705 00444  0.0963 00021 001 103858  0.2255  0.0580  0.0037 593 12 531 132 111
212 132 85  36.0 63.1 0571  0.8337 00871 00930 0.0035 030 107510 0.4081  0.0650  0.0083 573 21 775 266 74
5.1 2.49 60 198 481 0411 07712 01475 0.0997  0.0043 047  10.0341 04343 00561  0.0124 612 25 457 365 133
8.1 0.68 97 434 76.8 0565  0.6745  0.1189 00939  0.0036 043  10.6505 0.4104 00521  0.0104 579 21 290 340 199

1.1 5.39 37 130 335 0388 09177 02978 00953 0.0080 038 104950 0.8833  0.0699  0.0258 587 47 924 652 63
17.2 0.4 857 246 2265 0.1 627580 0.16540 036270 0.00440 0.820 2.75680 0.03380 0.12550  0.00320 1995 21 2036 45 98
11.2 0.5 61.0 564 1557 0.4 628330 0.16950 0.36230 0.00520 0.450 2.75980 0.03940 0.12580 0.00340 1993 24 2040 47 97
11.1 0.9 536 380 1350 03 633980 021090 0.36190 0.00620 0.480 2.76290 0.04730  0.12700  0.00430 1991 29 2057 60 96
13.1 0.1 159.7 1331 3956 03 657710 0.14710 037780 0.00410 0920 2.64710 0.02860 0.12630  0.00260 2066 19 2047 36 100
10.1 0.0 53.9 365 1377 03 641280 0.19140 036660 0.00580 0.690 2.72810 0.04280 0.12690  0.00390 2013 27 2055 55 97
3.1 0.4 505 357 1221 0.3  6.48400 0.20090 0.36840 0.00590 0.550 2.71410 0.04370 0.12760  0.00390 2022 28 2066 53 97
20.1 0.2 655 540  159.6 03 652650 0.16240 0.36940 0.00440 0520 2.70720 003210 0.12810 0.00310 2027 21 2073 42 97
7.2 0.2 349 456 83.6 05  6.67220 0.24910 037720 0.00720 0.690 2.65100 0.05030 0.12830 0.00510 2063 34 2075 70 99
19.1 0.6 354 281 83.1 0.3  6.64980 0.24520 037510 0.00610 0.150 2.66620 0.04320 0.12860 0.00480 2053 28 2079 64 98
21.1 0.2 55.7 288 1484 0.2  6.68880 0.18360 037720 0.00480 0.960 2.65130 0.03380 0.12860 0.00340 2063 23 2079 47 99
8.1 0.2 137.4 1249 3194 04 676870 0.15130 0.38070 0.00470 0.650 2.62690 0.03240  0.12900 0.00270 2079 22 2084 37 99
12.1 0.1 847 573 2095 03 657630 0.16100 036960 0.00440 0.010 2.70570  0.03190 0.12910  0.00290 2027 21 2085 0 97
1.1 0.2 728 585 1705 03 663200 0.17810 037210 0.00540 0.800 2.68780 0.03910 0.12930  0.00330 2039 25 2088 45 97
AAL3 g 0.1 813 453  204.0 0.2 654350 0.20050 036700 0.00520 0.860 2.72480 0.03830 0.12930 0.00390 2015 24 2089 53 9
9.1 0.7 60.5 502  144.3 03  6.69340 026590 0.37500 0.00760 0.850 2.66660 0.05370  0.12940  0.00570 2053 36 2091 76 98
22.1 0.1 629 543 1500 04  6.69990 0.18920 037370 0.00490 0570 2.67610 0.03500 0.13000 0.00350 2047 23 2098 47 97
16.1 0.1 109.4 1260  246.0 0.5  6.65310 0.15440 037030 0.00420 0.150 2.70060 0.03050 0.13030  0.00280 2031 20 2102 37 9%
17.1 0.6 342 282 79.9 0.4 670640 0.23900 037310 0.00590 0.670 2.68030 0.04250 0.13040 0.00460 2044 28 2103 63 97
2.1 0.1 946 548  219.9 0.2 658390 0.17100 0.36580 0.00520 0.610 2.73370 0.03870  0.13050 0.00330 2010 24 2105 4 95
7.1 0.4 438 325 1018 03 669760 0.18190 037190 0.00550 0.220 2.68910 0.03950 0.13060 0.00340 2038 26 2106 47 9
5.1 0.4 184 108  44.6 0.2 671230 0.35410 037070 0.00970 0.390 2.69780 0.07040  0.13130  0.00770 2033 45 2116 102 96
16.2 0.6 549 363 1428 0.3 675870 0.19200 0.37230 0.00530 0.030 2.68620 0.03800 0.13170  0.00360 2040 25 2120 51 9
15.1 0.4 1467 493  376.1 01 690710 0.15850 0.39060 0.00430 0.590 2.56010 0.02820 0.12820  0.00270 2126 20 2074 37 102
14.1 0.1 90.6 650 2359 03 602230 0.14820 035050 0.00410 0.540 2.85310 0.03360  0.12460  0.00290 1937 20 2023 41 95
4.1 0.1 113.4 835 2877 0.3 623850 0.14430 035220 0.00450 0.800 2.83960 0.03660 0.12850 0.00270 1945 22 2077 38 93
6.1 0.1 60.3 540 1336 0.4  7.20260 0.15450 0.40630 0.00490 0.810 2.46100 0.02990 0.12860 0.00260 2198 23 2078 35 105

Buv.sl. L1 2.4 445 518 4876 0.1 0.8709  6.8087 01037  2.1560 0316  9.4099  2.1310  0.0795  2.1250 636 13 635 139 100

2.1 12.5 875 502 10291 0.0 0.6868 27.8881 0.0865 22791 0081 10.1098 21067  0.1551  1.2842 535 12 514 611 96
1 31 0.4 129 249 455 0.5 55849  3.4664 03277  3.1336 0904  3.0379  3.1300  0.1268  1.1147 1827 50 2009 26 110
4.1 1.1 481 415 5473 0.1 0.8683  3.7704 01011 21322 0565 9.7827 21259  0.0707  1.3609 621 13 684 66 110
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5.1 0.2 67.5 90.6 213.4 0.4 6.3403 2.2533 0.3674 2.1671  0.961 2.7160 2.1664 0.1267 0.4939 2017 38 2031 11 101
6.1 0.2 20.9 21.0 235.0 0.1 0.8419 2.8481 0.1035 2.2943  0.805 9.6421 2.2929 0.0605 1.2393 635 14 567 37 89
7.1 0.1 66.3 65.2 808.2 0.1 0.7742 2.6010 0.0954 21235 0.816  10.4706 2.1232 0.0597 1.3934 587 12 562 33 96
9.1 0.3 116.7 58.4 385.2 0.2 5.9619 2.3053 0.3514 2.1976  0.953 2.8368 2.1967 0.1253 0.5240 1941 37 2001 12 103
10.1 0.5 23.9 46.3 78.6 0.6 5.8241 2.6534 0.3522 2.3186 0.873 2.8254 2.3143 0.1233 0.8618 1945 39 1955 23 101
111 0.7 333.6 181.0 1088.9 0.2 6.1152 2.2271 0.3542 2.1109  0.947 2.8040 2.1098 0.1300 0.2206 1955 36 2032 13 104
121 0.4 17.7 17.2 205.9 0.1 0.8314 3.7193 0.0998 2.1978  0.590 9.9849 2.1913 0.0633 1.8837 613 13 619 65 101
13.1 1.5 52.6 44.7 639.1 0.1 0.7698 5.5895 0.0944 21313  0.381 10.4390 2.1226 0.0708 3.0540 581 12 573 112 99
13.2 0.1 21.6 29.1 64.0 0.5 7.0120 2.5608 0.3919 2.3435 0.915 2.5501 2.3431 0.1302 0.9970 2132 43 2095 18 98
141 0.1 27.8 36.6 325.9 0.1 0.8251 2.7271 0.0990 2.1545 0.790  10.0825 2.1538 0.0615 1.4664 609 13 619 36 98
15.1 0.3 23.0 19.4 258.4 0.1 0.8530 3.1930 0.1032 2.1717  0.680 9.6665 2.1690 0.0621 1.7495 633 13 602 51 95
1.1 0.1 171.9 74.3 536.7 0.1 6.5665 2.2391 0.3724 2.2029 0.983 2.6824 2.2027 0.1286 0.3591 2041 39 2069 7 101
2.1 0.1 136.0 138.7 413.3 0.3 6.7439 2.1700 0.3826 2.1270 0.980 2.6119 2.1269 0.1283 0.3953 2088 38 2068 8 99
BUY-84- 3.1 0.1 116.3  46.7 363.5 0.1 6.4971 2.1848 0.3717 21360 0.977 2.6865 2.1356 0.1277 0.3765 2038 37 2054 8 101
3.2 0.1 118.0 89.1 367.4 0.2 6.7905 2.1702 0.3735 2.1333  0.983 2.6760 2.1331 0.1323 0.3620 2046 37 2123 7 104
1 4.1 0.2 47.1 22.4 146.0 0.2 6.5496 2.3615 0.3745 2.2327  0.945 2.6638 2.2312 0.1285 0.5918 2051 39 2054 14 100
5.1 0.1 57.9 154.4 173.2 0.9 6.9598 2.2633 0.3890 2.1837 0.964 2.5688 2.1833 0.1302 0.5358 2118 39 2095 10 99
6.1 0.0 157.0 1816 493.8 0.4 6.5482 2.1993 0.3701 2.1755  0.989 2.7022 2.1755 0.1283 0.3227 2030 38 2075 6 102
7.1 0.1 16.5 160.3 287.4 0.6 0.5347 2.6971 0.0668 2.1704 0.804  14.9505 2.1697 0.0590 1.3918 417 9 532 35 128
31 0.1 67.3 80.8 139.3 0.6 7.1111 0.1675 0.4026 0.0046  0.810 2.4841 0.0281 0.1281 0.0030 2181 21 2072 42 105
17.1 0.1 79.4 145.0 175.8 0.8 6.1110 0.1393 0.3678 0.0040 0.730 2.7189 0.0293 0.1205 0.0027 2019 19 1964 39 102
5.1 0.4 102.6 1183 261.3 0.5 6.2486 0.1164 0.3577 0.0033  0.980 2.7960 0.0255 0.1267 0.0022 1971 16 2053 30 96
8.1 0.2 52.4 114.1 119.0 1.0 5.1727 0.1458 0.3316 0.0040 0.810 3.0156 0.0368 0.1131 0.0032 1846 20 1850 51 99
21 0.2 63.7 61.3 135.1 0.5 6.8749 0.1480 0.3746 0.0039  0.720 2.6698 0.0275 0.1331 0.0028 2051 18 2140 36 95
6.1 0.3 58.6 49.6 120.8 0.4 7.0472 0.1486 0.3836 0.0039  0.700 2.6069 0.0267 0.1332 0.0026 2093 18 2141 34 97
121 0.3 80.6 94.5 172.9 0.5 7.0020 0.1498 0.3794 0.0039 0.850 2.6356 0.0273 0.1338 0.0027 2074 18 2149 36 96
13.1 0.1 1225 1113 268.7 0.4 7.5703 0.1590 0.4098 0.0042  0.940 2.4403 0.0248 0.1340 0.0026 2214 19 2151 34 102
14.1 0.3 109.7 1373 262.3 0.5 6.2292 0.1376 0.3456 0.0037  0.840 2.8933 0.0306 0.1307 0.0027 1914 17 2108 36 90
15.2 4.6 256.4 833 2592.8 0.0 0.7650 0.0156 0.0922 0.0008 0.960  10.8467 0.0965 0.0602 0.0011 568 5 610 40 93
4.1 0.3 38.5 379.9 274.6 14 0.8051 0.0612 0.0974 0.0017 0.660  10.2659 0.1820 0.0599 0.0050 599 10 602 168 99
BUY-93- 15.1 1.9 52.1 288.2 494.2 0.6 0.8055 0.0276 0.0955 0.0011 0.710 10.4712 0.1178 0.0612 0.0022 588 6 645 76 91
11.2 2.0 69.9 226.0 650.6 0.3 0.8228 0.0260 0.0967 0.0011 0.580  10.3429 0.1133 0.0617 0.0020 595 6 664 74 89
1 2.2 3.9 190.0 62.1 1757.8 0.0 0.9267 0.0230 0.1007 0.0010 0.970 9.9353 0.0952 0.0668 0.0015 618 6 831 47 74
7.1 0.3 232.8 210.2 990.9 0.2 3.2274 0.0505 0.2065 0.0016  0.990 4.8423 0.0375 0.1133 0.0016 1210 9 1854 27 65
9.1 4.9 16.7 117.2 149.5 0.8 0.7431 0.0804 0.0841 0.0020 0.960  11.8903 0.2880 0.0641 0.0071 521 12 744 237 69
10.1 0.1 189.7 293.3 556.2 0.5 2.8658 0.0716 0.1972 0.0022  1.000 5.0721 0.0560 0.1054 0.0021 1160 11 1722 34 67
12.2 2.3 1749 1723 873.2 0.2 2.9830 0.0558 0.1969 0.0017  0.970 5.0796 0.0451 0.1099 0.0021 1158 9 1798 35 64
16.1 0.6 1353 2330 411.2 0.6 4.6891 0.0887 0.2726 0.0025 0.950 3.6683 0.0330 0.1248 0.0022 1554 12 2025 31 76
1.1 3.2 13.1 50.4 93.6 0.5 1.0842 0.1113 0.1173 0.0028  0.010 8.5258 0.2063 0.0670 0.0075 715 16 839 231 85
4.2 20.8 104.4 127.7 1675.5 0.1 0.3942 0.0108 0.0470 0.0005 0.950  21.2808 0.2082 0.0608 0.0015 296 3 634 53 46
11.1 9.7 2441 6040 2387.1 0.3 0.8293 0.0180 0.0988 0.0009 0.880 10.1210 0.0929 0.0609 0.0013 607 5 635 45 95
13.2 5.8 187.8 251.2 733.1 0.3 3.6341 0.0566 0.2292 0.0018  1.000 4.3632 0.0334 0.1150 0.0020 1330 10 1880 34 70
18.1 6.4 35.2 138.5 490.8 0.3 0.8090 0.0296 0.0965 0.0011  0.990  10.3637 0.1132 0.0608 0.0025 594 6 632 89 93
5.2 0.3 188.1 36.8 1780.7 0.0 0.7187 0.0158 0.0858 0.0008 0.970  11.6538 0.1039 0.0607 0.0014 531 4 630 49 84
9.2 6.2 122.0 6104 1190.5 0.5 0.7111 0.0215 0.0865 0.0009 0.850 11.5546 0.1155 0.0596 0.0017 535 5 589 62 90
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261 00 781 1076 5817 02 _ 07086 00204 00887 00012 0950 112748 01480 00579 _ 00014 548 7 528 57 103
161 00 182 283 1653 0.2 07496 00248 00909 00012 0940 11.0003 01478 00598  0.0020 561 7 597 73 o4
131 03 195 400 1542 03 07609 00317 00927 00014 0650 107922 01617 00596  0.0027 571 8 588 101 97
171 12 645 2173 4908 04 07608 00157 00945 00010 0950 10.5785 0.1167 00584  0.0010 582 6 544 38 107
21 11 239 388 211.0 02 07644 00259 00951 00012 0430 105182 01311 00583 00021 585 7 542 81 108
11 21 483 800 4009 02 07826 00176 00972 00009 0950 102911 00935 00584 00015 598 5 545 55 109
241 14 418 695 3483 02 08057 00202 00994 00012 0970 10.0554 0.1189 00588 00013 611 7 558 48 109
121 00 483 3411 2747 12 08267 00391 01008 00016 0.850 9.9250  0.593 00595  0.0033 619 10 58 116 105
5.1 1.2 89 156 810 02 07409 00406 00879 00016 0520 113804 02128 00612 00039 543 10 645 141 84
9.1 09 103 385 794 05 07811 00554 00921 00022 0320 10.8627 02617 00615 00051 568 13 658 165 86
191 12 617 1521 4466 03 07603 00198 00957 00011 0970 104501 0.1224 00576  0.0015 589 7 515 56 114
201 26 404 596 2991 0.2 07953 00259 00994 00013 0870 10.0592 01316 00580 00019 611 8 531 71 115

UY-22-14 231 00 729 981 6154 02 08176 00165 0.1013 00011 0.690 9.8716 01073 00585 00010 622 6 550 36 113
3.1 42 367 1733 2686 0.6 07892 00258 00990 00012 0720 10033 01211 00578 00021 608 7 523 78 116
8.1 49 742 1577 6277 03 07707 00150 00949 00008 0960 10.5382 0.0870  0.0589  0.0013 584 5 564 48 103
21 88 112 555 1286 04 05809 00268 00701 00012 0530 142692 02365  0.0601 00028 437 7 608 105 71
61 181 604 1408 4437 03 07071 00173 00867 00009 0880 11.5388 01133 00592 00015 536 5 574 57 93
111 165 184 635 1410 05 07503 00333 00957 00014 0590 10.4455 01577 00568  0.0028 589 8 485 112 121
151 24 103 255  86.1 03 07647 00447 00973 00019 0050 10.2801 0.1989  0.0570 00034 598 11 492 129 121
101 02 111 399 851 05 07801 00673 01008 00026 0720 99220 02543 00561 00056 619 15 458 206 135
7.1 04 1313 2424 10954 02 06196 00124 00768 00007 0950 13.0182 01147 00585 00011 477 4 549 41 86
211 02 1362 3068 10381 03 08098 00162 01006 00011 0850 9.9365  0.1047  0.0584 00010 618 6 543 36 113
141 00 1621 2365 13727 0.2 08192 00166 01020 00011 0010 9.8075  0.1044 00583 00010 626 6 540 37 115
181 01 1500 2703 11936 0.2 07439 00159 00916 00010 0.690 109148 01210 00589  0.0011 565 6 563 40 100
251 06 1133 787 9721 01 08196 00161 01025 00011 0980 97524  0.003  0.0580  0.0010 629 6 529 39 119
41 0.0 18 -17.6 -231 08 07584 00126 00930 00007 0960 107558 00802 00592 00011 573 4 573 40 99
21 033 734 3703 6287 0589 07870 00312 00963 00014 082 103887 01497 00593 _ 00024 592 8 578 %0 102
91 000 1315 3772 13160 0287 07900 00195 00965 00011 049 103602 01174 00594 00014 594 6 580 52 102
181 030 832 121.0 8202 0148 07983 00233 00970 00011 061 10.3106 01185 00597 00018 597 7 593 64 100
141 031 573 2582 4930 0524 08055 00289 00971 00013 050 103001 01329 00602  0.0022 597 7 610 80 97
32 207 1329 4602 12157 0379  0.8034 00207 00971 00011 085 103030 01181  0.0600 00015 597 7 605 55 98
121 017 1170 3781 10849 0348 08031 00204 00971 00011 0.62 10.2953 01114 00600  0.0015 598 6 602 55 99
191 023 808 2323 7545 03080 08101 00241 00975 00011 068 10.2573 01179 00603 00018 600 7 613 64 97
152 085 1012 2374 9891 0240 08055 00202 00977 00010 088  10.2319 01075 00598  0.0015 601 6 595 56 100
11 045 2807 8631 28024 03080 08151 00143 00979 00010 099 102180 01013  0.0604 00009 602 6 618 34 97

BUY-64- ;1 196 1282 4011 12405 0323 07726 0019 00935 00011 074 10.6958  0.1224  0.0599 00014 576 6 601 51 95

1n 51 078 213 2030 1530 1327 07525 00808  0.0956  0.0026 063 104551  0.2856 00571  0.0070 589 15 494 243 119
142 188 697 2134 6383 0334 08395 00239 01009 00011 077 99075 01125 00603 00017 620 7 615 63 100
131 069 658 3328 5591 0595 08496 00301 01014 00013 054 98577 01247 00607  0.0022 623 8 630 77 98
162 380 849 3638 7697 0473 06458 00200 00782 00010 097 127827 01566  0.0599  0.0016 486 6 599 60 81
171 078 2488 869.6 22801 0381 08425 00181 01022 00010 091 97807  0.0985 00598 00012 628 6 595 45 105
61 205 1231 4676 10494 0446  0.8684 00216 01060 00012 061 94360 01074 00594 00015 649 7 583 53 111
41 394 916 4692 9126 0514 08701 00744 01043 00025 091 95835 02325 00605 00057 640 15 621 212 103
102 319 2375 7158 19910 03590 07356 00171 00892 00010 098  11.2144 01199 00598  0.0013 551 6 597 a7 @
111 080 9416 47255 113252 0417 04671 00092 00599 00006 099  16.6954 01664 00566  0.0010 375 4 474 39 79
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3.1 0.16  147.1 166.0 2065  0.804 141171 0.2761  0.5264  0.0063  0.88 1.8996  0.0229  0.1945  0.0035 2726 27 2781 29 98
1.2 1352 742 786 7364 0107  0.7609  0.0253  0.0922  0.0012 092  10.8471  0.1406  0.0599  0.0020 568 7 599 71 94

8.1 6.04 46.6 3868 4180 0925 08666 00461  0.1063 0.0018 091  9.4103  0.1595  0.0591  0.0036 651 11 572 131 113

8.2 11.56 1161 394.7 11581 0341  0.7224  0.0187 0.0862  0.0010 096  11.5981  0.1320  0.0608  0.0016 533 6 631 59 84

10.1 8.10 344 2522 2797 0901 09953  0.0744 01150 0.0025 0.68  8.6919  0.1886  0.0627  0.0052 702 14 699 175 100

15.1 8.51 339 2725 302.6 0901 0.8185 0.0397 00987 0.0014 088 10.1356 0.1481  0.0602  0.0032 607 9 610 120 99

16.1 8.60 1286 427.8 11650 0367 0.7797 0.0189  0.0946 0.0010 099  10.5671  0.1104  0.0598  0.0015 583 6 595 53 98

14.1 6.62 371 166.0 3759  0.442 07235 0.0239 0.0849 00011 049 11.7808 0.1557  0.0618  0.0022 525 7 668 75 78

3.1 2.17 51.8 3065 503.4  0.609 07160 0.0242 0.0880 0.0011 007 11.3641 01479  0.0590  0.0021 544 7 568 75 95

19.1 0.86 345 2499 3140 0796 07311  0.0271 0.0884 00012 041 113062 0.1596  0.0600  0.0024 546 7 602 91 90

17.1 0.57 112 664 1074 0618 0.7089  0.0710  0.0899  0.0024 013  11.1251  0.2923  0.0572  0.0066 555 14 499 241 111

15.1 8.79 434 3485 3857 0904 07344 00275 0.0904 0.0012 0.98 11.0630 0.1514  0.0589  0.0026 558 7 564 98 98

16.1 4.53 450 2148 4663 0461 07620  0.0180  0.0908  0.0010 0.80  11.0161  0.1248  0.0609  0.0015 560 6 635 55 88

18.1 1.64 68 1062  47.2 2252 08110  0.1725  0.0908  0.0048 0.31  11.0073  0.5794  0.0647  0.0160 561 28 766 403 73

9.1 7.31 291 129.8 2819 0460 07874 01245  0.0924  0.0047 001  10.8255 0.5451  0.0618  0.0122 570 28 668 274 85

11.1 2.28 7.2 20.0 18.9 1.059  3.7355 03946  0.2605  0.0115 0.59  3.8383  0.1692  0.1040  0.0119 1493 58 1697 194 87

41 1.89 218  63.6 62.1 1.025  4.4056  0.1346  0.2935  0.0048 0.63  3.4074  0.0559  0.1089  0.0034 1659 24 1781 56 93

1.1 0.41 8.9 24.4 24.3 1.007  3.9573 02207 02865 0.0086 0.50  3.4903  0.1045  0.1002  0.0061 1624 43 1627 106 99

211 2.33 6.6 18.8 24.1 0.782  3.0773  0.2406  0.2085  0.0071 020 47967  0.1632  0.1071  0.0098 1221 38 1750 172 69

BUY-66- 551 1.32 8.8 26.5 30.0 0.881 29977  0.2806  0.2219  0.0083 076 45069  0.1695  0.0980  0.0099 1292 44 1586 194 81
1 9.2 25426 21.0 3825 6771 0565 01914  0.0050 0.0180  0.0002 0.21  55.6666  0.6678  0.0773  0.0024 115 1 1128 64 10
7.2 64.55 6.0 859 2356 0364  0.1752  0.0172  0.0229 0.0007 090  43.6793 13197  0.0555  0.0057 146 4 433 178 33

71 11462 505 4151 9657 0430 03660  0.0097  0.0424  0.0005 0.23  23.5989  0.2636  0.0626  0.0018 268 3 696 61 38

8.2 68.46 615 464.0 10123 0.458  0.4099  0.0102  0.0489  0.0005 030  20.4489  0.2053  0.0608  0.0016 308 3 632 55 48

20.1 5.82 282 2334 3190 0.732 05998  0.0269 00685 0.0011 061  14.5940 02237  0.0635  0.0032 427 6 724 105 58

5.1 8.17 865 530.1 789.0 0.672 0.6385 0.0136 0.0763  0.0007 093  13.0998 0.1214  0.0607  0.0014 474 4 627 50 75

212 3580 612 3576 752.8 0475 07402  0.0283  0.0802  0.0012 094  12.4663  0.1845  0.0669  0.0028 497 7 835 86 59

10.1 5843 742 427.9 8825 0485 06590 00175 00814  0.0009 0.72  12.2800 0.1331  0.0587  0.0016 505 5 556 63 90

8.1 9.24 162 750 1475 0509  4.9843  0.0983  0.2449  0.0028 1.00  4.0826  0.0462  0.1476  0.0033 1412 15 2318 39 60

2.1 2542 1606 620  681.5  0.091  4.8863  0.0856  0.1900  0.0017 1.00 52645  0.0470  0.1866  0.0030 1121 9 2712 26 41

13.1 22217 127 1314 615 2.135  0.8907  0.1096  0.0941  0.0034 0.49  10.6275 0.3858  0.0686  0.0099 580 20 888 286 65

12.1  13.84 275 3195 2360 1.354 07426  0.0316 0.0895 0.0014 071  11.1699  0.1700  0.0602  0.0029 553 8 609 105 90

10.1  13.00 9 100 67 1.50 0.9134  0.1582  0.0929  0.0032 0.01 10.7688 03726  0.0713  0.0126 572 19 967 363 86

1.1 6.76 11 165 72 2.29 0.8013  0.1175  0.0931  0.0026 0.24 107413  0.2966  0.0624  0.0100 574 15 689 316 9

171 1421 12 78 102 0.76 0.8427  0.1260  0.0937  0.0041 0.30 10.6749  0.4654  0.0652  0.0116 577 24 782 347 93

13.1 2135 8 122 42 2.93 0.6949 02278  0.0965 0.0042 0.01  10.3604  0.4477  0.0522  0.0181 594 24 295 496 110

2.1 17.84 12 162 80 2.04 0.7473  0.1337  0.0967  0.0028 0.01  10.3442  0.3046  0.0561  0.0104 595 17 455 340 104

3.1 20.53 16 167 129 1.30 0.7806  0.0783  0.0969  0.0019 0.01  10.3197 0.2076  0.0584  0.0064 596 11 546 232 101

AA-12 41 12.20 20 201 154 1.30 0.6781  0.0920  0.0986  0.0022  0.27 101457  0.2225  0.0499  0.0073 606 13 190 228 115
(Ttn) 6.1 29.56 10 127 77 1.66 0.6591  0.1355  0.0993  0.0028 0.01  10.0688 0.2798  0.0481  0.0110 610 16 106 326 118
5.1 50.27 8 97 49 2.01 0.8625  0.1830  0.1002  0.0035 0.37  9.9814 03507  0.0624  0.0144 616 21 689 450 97

8.1 18.02 12 177 74 2.39 0.6826  0.1310  0.1002  0.0028 0.22  9.9808  0.2829  0.0494  0.0101 616 17 168 351 116

9.1 17.13 8 116 47 2.50 0.8719  0.1990  0.1005  0.0038 0.37  9.9506  0.3785  0.0629  0.0159 617 22 706 445 96

111 14.99 15 159 99 1.61 0.8621  0.1129  0.1007  0.0025 0.09  9.9291  0.2486  0.0621  0.0090 619 15 677 281 97

7.1 16.45 14 228 93 2.45 0.8056  0.1388  0.1017  0.0028 0.30  9.8293  0.2708  0.0574  0.0108 625 16 508 300 104
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12.1 38.72 11 170 63 2.71 0.7755 0.1617 0.1022 0.0033 0.48 9.7850 0.3126 0.0550 0.0127 627 19 414 416 107
141 20.84 8 92 57 1.62 0.6674 0.1839 0.0930 0.0063 0.01 10.7572 0.7280 0.0521 0.0156 573 37 289 359 110
13.2 34.87 6 110 38 2.86 0.9528 0.2178 0.0910 0.0070 0.43 10.9903 0.8413 0.0759 0.0220 561 41 1094 613 82
15.1 25.93 8 113 61 1.86 0.7122 0.1831 0.0915 0.0059 0.53 10.9299 0.7058 0.0565 0.0161 564 35 470 433 103
18.1 32.19 6 95 48 1.98 0.8901 0.1782 0.0922 0.0056 0.31 10.8460 0.6620 0.0700 0.0166 569 33 929 415 87
16.1 80.12 2 6 32 0.17 0.6250 0.2354 0.0872 0.0076 0.86 11.4743 0.9971 0.0520 0.0228 539 45 286 521 109
1.1 23.93 6 9 61 0.14 0.8016 0.0931 0.0948 0.0022 0.34 10.5488 0.2481 0.0613 0.0079 584 13 651 250 97
9.1 32.38 3 14 30 0.47 0.6967 0.1456 0.0928 0.0031 0.21 10.7711 0.3550 0.0544 0.0125 572 18 389 317 106
16.1 33.43 3 23 25 0.90 0.8340 0.1749 0.0983 0.0036 0.17 10.1710 0.3706 0.0615 0.0142 605 21 657 450 98
1.2 60.97 3 5 26 0.19 0.8826 0.1138 0.0980 0.0025 0.33 10.1993 0.2608 0.0653 0.0092 603 15 784 313 93
5.1 61.72 2 1 24 0.05 0.7513 0.1937 0.0905 0.0040 0.18 11.0542 0.4941 0.0602 0.0171 558 24 612 457 98
21 76.99 2 7 19 0.38 0.9626 0.1956 0.0984 0.0044 0.01 10.1623 0.4517 0.0710 0.0168 605 26 956 438 88
15.1 81.42 2 1 25 0.02 0.8250 0.2588 0.0891 0.0051 0.27 11.2266 0.6366 0.0672 0.0215 550 30 843 537 90
17.1 87.40 1 0 12 0.02 1.1560 0.3327 0.1061 0.0063 0.59 9.4218 0.5563 0.0790 0.0268 650 37 1172 597 83
13.1 0.08 79 79 200 0.39 6.9499 0.0914 0.3962 0.0031 0.89 2.5241 0.0197 0.1272 0.0018 2151 14 2060 25 102
AA-13 14.1 0.42 123 51 325 0.16 7.3467 0.1041 0.4170 0.0034 0.95 2.3981 0.0196 0.1278 0.0018 2247 16 2068 24 104
(Ttn) 6.1 98.31 1 0 7 0.03 0.3191 0.9056 0.1924 0.0183 0.09 5.1975 0.4940 0.0120 0.0614 1134 104 0 993 403
3.1 174.85 1 0 9 0.03 0.1385 0.5718 0.0751 0.0108 0.54 13.3170 1.9235 0.0134 0.0458 467 64 0 513 354
4.1 276.76 1 1 6 0.13 0.0805 0.7680 0.0853 0.0147 0.20 11.7244 2.0220 0.0068 0.0592 528 86 0 527 671
12.1 240.92 1 1 6 0.17 0.5080 0.6771 0.0940 0.0119 0.52 10.6361 1.3407 0.0392 0.0567 579 70 0 951 138
18.1 130.36 1 1 10 0.09 0.6730 0.6341 0.0970 0.0115 0.42 10.3056 1.2189 0.0503 0.0510 597 67 209 930 114
7.1 72.57 2 4 24 0.19 0.3021 0.2527 0.0929 0.0050 0.50 10.7598 0.5767 0.0236 0.0201 573 29 0 120 213
8.1 118.82 1 2 14 0.13 0.6039 0.3475 0.0966 0.0066 0.48 10.3484 0.7061 0.0453 0.0288 595 39 0 444 123
10.1 133.71 2 1 16 0.06 0.6111 0.3332 0.0953 0.0063 0.41 10.4975 0.6890 0.0465 0.0271 587 37 25 579 121
11.1 146.15 1 1 13 0.09 0.5706 0.2562 0.0954 0.0050 0.53 10.4870 0.5549 0.0434 0.0213 587 30 0 438 128
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-Appendix 4-

Hf Isotopy Results

U-Pb

76 7 176 177 o 176Hf/177|_|f s 176Hf/177|_|f Tom 176Hf/177|_|f s

Sample Spot Hf/ " 'Hf 120 Lu/"""Hf 120 (:ng:) (To) (T (T) M (Ma) M (Tow)
10.2  0.281298 0.000071 0.001679 0.000057 1947 -52.14  0.281236 -10.92 0.281799 3222 0.280838 4.43

9.1 0.281309 0.000054 0.000476 0.000004 1990 -51.72 0.281291 -7.95 0.281767 3068  0.280955 5.00

8.1 0.281319 0.000038 0.000331 0.000001 2008 -51.40 0.281306 -7.03 0.281754 3024 0.280989 5.17

1.1 0.281350 0.000036 0.000344 0.000000 2024 -50.29  0.281337 -5.57 0.281742 2944  0.281050 5.47

BUY- 13.2  0.281340 0.000045 0.000338 0.000001 2035 -50.63  0.281327 -5.65 0.281734 2957 0.281039 5.42
54-11 13.1 0.281340 0.000041 0.000446 0.000008 2048 -50.63  0.281323 -5.51 0.281724 2958 0.281039 5.41
3.1 0.281343 0.000037 0.000300 0.000001 2049 -50.55 0.281331 -5.20 0.281723 2940 0.281053 5.48

12.1 0.281356 0.000054 0.000390 0.000001 2049 -50.07 0.281341 -4.85 0.281723 2917 0.281070 5.57

10.1 0.281312 0.000042 0.001013 0.000007 2061 -51.65 0.281272 -7.03 0.281714 3064 0.280958 5.02

2.1 0.281500 0.000053 0.000888 0.000044 2078 -44.98  0.281465 0.23 0.281702 2617 0.281298 6.68

7.1 0.281417 0.000053 0.000536 0.000002 2131 -47.90 0.281396 -1.02 0.281662 2737  0.281207 6.23

19.2 0.281273 0.000035 0.000249 0.000002 1839 -53.01 0.281264 -12.36 0.281880 3229 0.280832 4.40

14.2  0.281267 0.000043 0.000276 0.000005 1864 -53.23  0.281257 -12.04 0.281861 3229 0.280833 4.41

4.1 0.281357 0.000051 0.000416 0.000003 1871 -50.04 0.281342 -8.86 0.281856 3034 0.280981 5.13

18.2  0.281255 0.000034 0.000286 0.000002 1873 -53.65 0.281245 -12.28 0.281854 3251 0.280816 4.32

BUY- 18.1 0.281342 0.000038 0.000519 0.000006 2023 -50.56  0.281322 -6.10 0.281743 2977  0.281025 5.34
57-11 12.1 0.281326 0.000055 0.000846 0.000010 2025 -51.15 0.281293 -7.09 0.281741 3041 0.280976 5.11
20.1 0.281254 0.000044 0.000238 0.000001 2065 -53.68 0.281245 -7.90 0.281711 3123  0.280914 4.80

13.1 0.281350 0.000040 0.000374 0.000005 2094 -50.29  0.281335 -4.02 0.281690 2899 0.281084 5.63

19.1 0.281444 0.000056 0.000708 0.000007 2096 -46.96  0.281416 -1.11 0.281688 2715 0.281223 6.31

16.1 0.281333 0.000027 0.000266 0.000004 2100 -50.90 0.281322 -4.35 0.281685 2925 0.281064 5.54

16.2 0.281320 0.000031 0.000278 0.000002 2112 -51.34  0.281309 -4.53 0.281676 2945  0.281049 5.46

2.2 0.281143 0.000036 0.000469 0.000013 2046 -57.6 0.281125 -12.6 0.281725 3403 0.280699 3.8

6.2 0.281120 0.000029 0.000374 0.000005 2047 -58.4 0.281105 -13.3 0.28172468 3446  0.280666 3.6

3.1 0.281149 0.000039 0.000403 0.000005 2049 -57.4 0.281133  -12.2 0.281723 3382 0.280716 3.8

7.1 0.281148 0.000030 0.000515 0.000014 2055 -57.4 0.281128 -12.3 0.281719 3390 0.280709 3.8

BUY- 10.2  0.281151 0.000030 0.000404 0.000002 2071 -57.3 0.281135 -11.7 0.281707 3364 0.280729 3.9
61-11 11.1 0.281136 0.000028 0.000859 0.000008 2090 -57.9 0.281102 -12.4 0.281693 3425 0.280682 3.7
4.2 0.281105 0.000022 0.000408 0.000002 2104 -58.9 0.281089 -12.5 0.28168208 3445 0.280668 3.6

5.2 0.281080 0.000029 0.000601 0.000018 2327 -59.8 0.281053 -8.7 0.281515 3374  0.280722 3.9

12.1  0.281040 0.000042 0.001122 0.000029 2504 -61.3 0.280986 -7.0 0.281382 3402 0.280701 3.8

9.1 0.281064  0.000025 0.000289 0.000001 2526 -60.4 0.281051 -4.2 0.281365 3242  0.280823 4.4

5.1 0.281010 0.000029 0.001203 0.000012 2614 -62.3 0.280950 -5.7 0.281299 3407 0.280697 3.7

3.1 0.281564  0.000025 0.000630 0.000001 622 -42.7 0.281556  -29.3 0.282775 3342.0 0.280746 4.0

4.1 0.281470 0.000022 0.000292 0.000003 577 -46.1 0.281467 -33.5 0.282808 3562.3 0.280577 3.2

8.1 0.281626 0.000034 0.000687 0.000025 609 -40.5 0.281618 -27.4 0.28278462 3214.8 0.280843 4.5

7.1 0.281513 0.000047 0.001025 0.000003 658 -44.5 0.281500 -30.5 0.282749 3442.4 0.280669 3.6

BUY- 9.1 0.281929 0.000034 0.000679 0.000017 585 -29.8 0.281922 -17.2 0.28280207 2563.4 0.281338 6.9
63-11 12.1 0.281868 0.000032 0.001187 0.000025 559 -32.0 0.281856  -20.1 0.282821 2723.5 0.281217 6.3
14.2  0.281918 0.000033 0.000488 0.000005 676 -30.2 0.281912 -15.5 0.282736  2530.1 0.281363 7.0

14.1  0.281795 0.000031 0.000336 0.000008 640 -34.5 0.281791 -20.6 0.282762 2817.4 0.281146 5.9

10.1 0.281716  0.000032 0.000325 0.000002 716 -37.4 0.281711  -21.7 0.282707 2947.4 0.281047 5.5

16.1 0.281913 0.000028 0.000299 0.000000 546 -30.4 0.281910 -18.5 0.282830 2611.5 0.281301 6.7

2.1 0.281548 0.000023 0.000355 0.000002 760 -43.3 0.281543  -26.7 0.282675 3290.6 0.280786 4.2

1.1 0.281837 0.000061 0.001974 0.000089 2152 -33.08 0.281756 12.25 0.281646 1901 0.281834 9.29

4.2 0.281671 0.000021 0.001133 0.000024 617 -38.95 0.281657 -25.85 0.282779 3124  0.280913 4.80

7.1 0.281359 0.000031 0.000063 0.000002 1894 -49.95 0.281357 -7.81 0.281839 2985 0.281018 5.31

4.1 0.280963 0.000042 0.000376 0.000008 2029 -63.96  0.280949 -19.23 0.281738 3806 0.280390 2.24

BUY- 10.1 0.281280 0.000046 0.001657 0.000135 2107 -52.76  0.281213 -8.05 0.281680 3164  0.280882 4.65
65-11 6.1 0.281287 0.000042 0.000326 0.000001 2145 -52.52  0.281274 -5.04 0.281651 3003 0.281005 5.25
2.1 0.281320 0.000031 0.000382 0.000005 2158 -51.35 0.281304 -3.65 0.281642 2925 0.281064 5.54

8.1 0.281257 0.000042 0.000906 0.000004 2183 -53.57 0.281219 -6.09 0.281623 3099 0.280932 4.89

9.1 0.281297 0.000039 0.001850 0.000058 2441 -52.15 0.281211 -0.46 0.281429 2938 0.281054 5.49

5.1 0.280873 0.000037 0.000387 0.000003 2541 -67.16  0.280854 -10.84 0.281354 3673  0.280492 2.74
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11.1  0.281079 0.000034 0.001013 0.000018 2731 -59.86 0.281026 -0.32 0.281210 3151 0.280892  4.70
1.2 0.281620 0.000035 0.000299 0.000014 560 -40.7  0.281617 -28.5 0.282820 3246.2 0.280819 4.3
3.2 0.281626  0.000045 0.000717 0.000004 564 -40.5 0.281618 -28.4 0.282817 3240.1 0.280824 4.4
5.1 0.281638 0.000030 0.000877 0.000015 581 -40.1 0.281628 -27.7 0.28280498 3209.4 0.280848 4.5
6.1 0.281646 0.000021 0.000689 0.000004 682 -39.8  0.281637 -25.1 0.282731 3130.4 0.280908 4.8
BUY- 7.1 0.281572  0.000027 0.001212 0.000013 574 -42.4  0.281559  -30.3 0.28281006 3364.6 0.280729 3.9
77-11 10.1  0.281578  0.000044 0.001263 0.000043 582 -42.2 0.281564 -29.9 0.282804 3347.5 0.280742 4.0
12.1  0.281555 0.000045 0.001189 0.000016 624 -43.0 0.281541 -29.8 0.282774 3373.5 0.280722 3.9
13.1 0.281544 0.000051 0.001028 0.000011 587 -43.4  0.281533  -30.9 0.282801 3413.6 0.280691 3.7
14.1 0.281688  0.000046 0.000876 0.000036 561 -38.3 0.281679  -26.3 0.282820 3109.6 0.280924 4.9
17.1  0.281702  0.000037 0.000996 0.000005 627 -37.8  0.281690 -24.5 0.282772  3046.9 0.280971 5.1
21.1 0.281635 0.000053 0.001771 0.000051 612 -40.2 0.281615 -27.5 0.282782  3220.8 0.280839 4.4
1.1 0.281689 0.000022 0.000401 0.000001 2089 -38.3 0.281673 7.9 0.281693 2135.6 0.281659 8.4
5.1 0.281665 0.000031 0.000834 0.000008 2073 -39.2 0.281632 6.0 0.281705 2240.3 0.281581 8.1
6.1 0.281624 0.000025 0.000805 0.000007 2092 -40.6  0.281591 5.0 0.28169105 2319.5 0.281521 7.8
9.1 0.281683 0.000032 0.003378 0.000018 2078 -38.5 0.281549 3.2 0.281702  2425.2 0.281442 7.4
17.1  0.281624 0.000027 0.001123 0.000046 2089 -40.6  0.281579 4.5 0.28169329 2349.0 0.281499 7.7
30.1 0.281616  0.000032 0.000762 0.000011 2098 -40.9 0.281585 5.0 0.281687  2329.7 0.281513 7.7
BUY- 29.1 0.281616 0.000026 0.000551 0.000004 2099 -40.9 0.281594 53 0.281686  2308.5 0.281529 7.8
88-11 28.1 0.281713  0.000037 0.002023 0.000021 2073 -37.5 0.281633 6.1 0.281705 2238.5 0.281582 8.1
27.1 0.281637 0.000034 0.000779 0.000011 2091 -40.1 0.281606 5.5 0.281692  2287.6 0.281545 7.9
23.1 0.281811 0.000051 0.003862 0.000045 2090 -34.0 0.281658 7.3 0.281693 2170.0 0.281633 8.3
16.1 0.281698 0.000032 0.001441 0.000010 2077 -38.0  0.281641 6.4 0.281702  2217.7 0.281597 8.1
20.1 0.281687 0.000028 0.000656 0.000008 2088 -38.4  0.281661 7.4 0.281694 2164.1 0.281638 8.3
22.1 0.281660 0.000031 0.001147 0.000014 2076 -39.3 0.281614 5.5 0.281703  2278.3 0.281552 7.9
14.1 0.281821  0.000037 0.003169 0.000075 2073 -33.6 0.281696 8.3 0.281705 2095.3 0.281689 8.6
1.1 0.281118 0.000030 0.001198 0.000031 2608 -58.5 0.281058 -2.0 0.281303 3165.7 0.280881 4.6
2.1 0.281194 0.000028 0.001166 0.000006 2612 -55.8  0.281136 0.8 0.281300 2987.8 0.281016 5.3
2.2 0.281166  0.000015 0.000777 0.000002 2621 -56.8  0.281127 0.7  0.28129358 3000.6 0.281007 5.3
3.1 0.281151 0.000027 0.000590 0.000010 2633 -57.3 0.281122 0.8 0.281285 3004.7 0.281004 5.2
51 0.281122 0.000028 0.000706 0.000005 2629 -58.4  0.281086 -0.6  0.28128754 3088.1 0.280940 4.9
6.1 0.281170 0.000023 0.000629 0.000011 2619 -56.6  0.281139 1.1 0.281295 2975.4 0.281026 5.3
8.1 0.281273 0.000037 0.000489 0.000003 2645 -53.0  0.281248 5.6 0.281275 2707.0 0.281229 6.3
Nb-66 9.1 0.281163 0.000028 0.000793 0.000005 2637 -56.9 0.281123 0.9 0.281281 2998.6 0.281008 53
12.1  0.281172  0.000022 0.000362 0.000006 2617 -56.6  0.281154 1.6 0.281297 2941.7 0.281051 5.5
13.1  0.281150 0.000025 0.000490 0.000014 2637 -57.4  0.281125 1.0 0.281281 2993.5 0.281012 5.3
14.1 0.281126 0.000023 0.000487 0.000008 2528 -58.2 0.281103 -2.3 0.281364 3122.4 0.280914 4.8
151 0.281193 0.000038 0.000305 0.000011 2629 -55.8  0.281178 2.7 0.281288 2879.4 0.281099 5.7
18.1 0.281116 0.000025 0.000502 0.000001 2635 -58.6  0.281090 -0.3 0.281283 3074.3 0.280951 5.0
19.1 0.281102 0.000034 0.000497 0.000002 2631 -59.1 0.281077 -0.8 0.281286 3107.8 0.280925 4.9
20.1 0.281165 0.000029 0.000477 0.000004 2642 -56.8  0.281140 1.7 0.281278 2955.4 0.281041 5.4
21.1 0.281068 0.000044 0.000774 0.000006 2628 -60.3 0.281029 -2.6 0.281288 3218.7 0.280840 4.4
29.1 0.280934 0.000027 0.000502 0.000010 2751.0 -65.00 0.280908 -4.08 0.281195 3406 0.280698  3.74
58.1 0.280964 0.000037 0.001174 0.000071 2753.0 -63.94 0.280902 -4.23 0.281194 3417 0.280689  3.70
27.1 0.281043 0.000044 0.002018 0.000071 2767.0 -61.15 0.280936 -2.70 0.281183 3330 0.280756  4.03
32.1 0.281053 0.000043 0.003413 0.000001 2769.0 -60.77 0.280872 -4.92 0.281182 3472 0.280646  3.49
BUY- 32.2 0.280960 0.000029 0.001265 0.000001 2770.0 -64.08 0.280893 -4.16 0.281181 3425 0.280682  3.67
76-11 3.1 0.280912  0.000027 0.000409 0.000003 2780.0 -65.78 0.280890 -4.03 0.281173 3424  0.280683  3.67
57.1 0.280987  0.000030 0.001351 0.000015 3010.0 -63.11 0.280909  2.01 0.280999 3214 0.280844  4.46
35.1 0.280864 0.000025 0.001035 0.000022 3204.0 -67.47 0.280800  2.67 0.280851 3320 0.280763  4.07
43.1 0.280871 0.000036 0.001111 0.000006 3204.0 -67.22 0.280803  2.75 0.280851 3314 0.280767  4.09
50.1 0.280952  0.000028 0.001286 0.000018 3217.0 -64.36 0.280872  5.54 0.280841 3145 0.280897  4.72
2.1 0.280799 0.000022 0.000815 0.000003 3224.0 -69.78 0.280748  1.28 0.280836 3424 0.280684  3.68
23.1 0.282717 0.000030 0.001540 0.000052 664 -1.94  0.282698 12.04  0.282745 771 0.282667 13.33
18.1 0.282703  0.000029 0.001205 0.000029 672 -2.43 0.282688 11.88  0.282739 788 0.282655  13.27
25.1 0.282155 0.000025 0.001535 0.000007 1200 -21.83 0.282120 3.55 0.282352 1730 0.281961 9.91
141 0.281955 0.000031 0.001033 0.000022 1218 -28.89 0.281931 -2.73 0.282339 2144 0.281653  8.41
342 0.282094 0.000020 0.000949 0.000011 1222  -23.98 0.282072  2.35 0.282336 1823  0.281892  9.57
241 0.281806 0.000031 0.001347 0.000004 1512 -34.16 0.281767 -1.91 0.282122 2318 0.281522  7.77
BUY- 32.2 0.281891 0.000032 0.000943 0.000018 1527 -31.15 0.281864 1.84 0.282111 2091 0.281693  8.60
55-11 32.1 0.281940 0.000024 0.000466 0.000004 1530 -29.41 0.281927 4.14 0.282109 1946  0.281801 9.13
12.1  0.282042  0.000043 0.001366 0.000013 1543  -25.82 0.282002  7.10 0.282099 1766  0.281935 9.78
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6.1 0.281078 0.000035 0.000503 0.000017 2924 -59.90 0.281050  5.01 0.281064 2956 0.281040 5.42
4.1 0.280765 0.000035 0.001324 0.000013 3436 -70.99 0.280677 3.72 0.280673 3428 0.280680  3.66
1.1 0.281663 0.000028 0.000692 0.000005 2088 -39.2 0.281636 6.5 0.281694 2221.4 0.281595 8.1
2.1 0.281670 0.000028 0.000706 0.000002 2105 -39.0 0.281641 7.1 0.281681 2196.3 0.281614 8.2
3.1 0.281717 0.000032 0.001603 0.000054 2066 -37.3 0.281654 6.7 0.2817105 2196.0 0.281614 8.2
51 0.281662 0.000034 0.001182 0.000016 2116 -39.3 0.281614 6.4 0.281673  2251.2 0.281572 8.0
7.1 0.281534 0.000039 0.001076 0.000021 2106 -43.8  0.281491 1.8 0.2816806 2538.0 0.281357 7.0
7.2 0.281596  0.000033 0.000730 0.000003 2075 -41.6  0.281567 3.8 0.281704 2386.1 0.281471 7.5
8.1 0.281642 0.000026 0.000677 0.000008 2084 -40.0  0.281615 5.7 0.281697  2270.7 0.281558 7.9
9.1 0.281604 0.000031 0.000716 0.000020 2091 -41.3 0.281575 4.4 0.281692  2357.6 0.281493 7.6
10.1  0.281592  0.000027 0.000468 0.000002 2055 -41.7  0.281573 35 0.281719 2386.8 0.281471 7.5
11.1  0.281573  0.000039 0.000960 0.000002 2057 -42.4  0.281536 2.3 0.281717 2470.6 0.281408 7.2
AA-13 11.2 0.281585 0.000033 0.000479 0.000002 2040 -42.0  0.281567 3.0 0.281730 24119 0.281452 7.4
13.1 0.281676  0.000027 0.000834 0.000003 2047 -38.8  0.281643 5.9 0.281725 22329 0.281586 8.1
12.1  0.281606  0.000028 0.000774 0.000008 2085 -41.2 0.281576 4.3 0.281696 2360.3 0.281491 7.6
151 0.281569  0.000032 0.000652 0.000005 2074 -42.6  0.281543 2.9 0.281705 2442.4 0.281429 7.3
16.1 0.281702  0.000039 0.002208 0.000041 2102 -37.9 0.281613 6.0 0.281684 22629 0.281564 8.0
16.2 0.281578  0.000028 0.000586 0.000006 2120 -42.2 0.281555 4.4 0.281670 2383.7 0.281473 7.5
17.1  0.281603  0.000035 0.000943 0.000022 2103 -41.3 0.281565 4.4 0.281683 2371.1 0.281482 7.6
18.1 0.281584  0.000029 0.000702 0.000001 2089 -42.0  0.281556 3.7 0.281693 2401.4 0.281460 7.5
19.1 0.281587  0.000034 0.000758 0.000003 2079 -41.9 0.281557 3.5 0.281701 2406.4 0.281456 7.4
20.1 0.281615 0.000029 0.000702 0.000021 2073 -40.9 0.281587 4.4 0.281705 2343.0 0.281503 7.7
21.1 0.281610 0.000028 0.000411 0.000002 2079 -41.1 0.281593 4.8 0.281701 2324.0 0.281518 7.7
22,1 0.281680 0.000036 0.000761 0.000001 2098 -38.6  0.281649 7.2 0.281687 2183.3 0.281623 8.3
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-Appendix 5-

Rb-Sr Geochronology

Sample Rb (ug/g) Sr (ng/g) ¥ Rb/*sr +20 (%) 5 [*sr +20 (%) 20 Tom (Ga)
BUY-92-11 Ms 298.0 26 33.303882 0.5 1.016576  0.00281  0.000029 0.66
BUY-92-11 WR 91.8 164 1.614827 0.5 0.760806 0.00259 0.000020 2.53
BUY-94-11 Ms 364.2 40 26.452916 0.5 0.941649 0.00652 0.000061 0.63
BUY-94-11 WR 93.0 260 1.028606 0.5 0.736273 0.00420 0.000031 2.32

UY-1-13 Phl 335.6 18.9 51.161133 0.5 1.130063 0.00123 0.000014 0.59
UY-1-13 WR 8.4 87.9 0.273940 0.5 0.730735 0.00276 0.000020 7.48
U13MHO04 Ms 175.3 32.0 15.788259 0.5 0.977857 0.00142 0.000014 1.22
U13MH04 WR 37.5 10.1 10.708015 0.5 0.935135 0.00112 0.000010 1.52
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K-Ar Geochronology

-Appendix 6-

Sample Spike (N°) K,0 (%wt) 4(’Ar*(nl/g) Opr (%) Age (Ma) 20 (Ma)
uUY-23-13 5059 10.24 246.05 99.42 623.9 7.4
UY-23-13 5059 10.24 245.88 99.49 625.9 7.4
U13MHO04 5083 10.02 232.18 99.00 605.0 10.8

UY-6-14 5408 9.54 233.07 98.58 632.7 6.1
UY-26-14 5259 10.14 228.13 99.53 589.7 6.2
uY-27-14 5205 10.32 239.22 96.77 605.0 7.2
uyY-41-14 5255 9.85 228.30 99.48 604.9 6.3
uY-45-14 5238 10.47 249.47 99.16 619.4 8.5
uY-48-14 5404 10.38 245.36 92.76 615.2 6.6
UY-54-14 5254 9.98 239.84 99.36 623.8 6.6
UY-55-14 5263 10.10 236.61 99.69 610.4 6.5
uY-64-14 5264 10.04 238.68 99.35 618.1 7.6
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