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    ABSTRACT

    Several titanite crystals were collected at Khan copper mine, Namibia, Africa. These crystals were analyzed using the Sensitive High Resolution Ion Microprobe (SHRIMP) method at the High-Resolution Geochronology Laboratory (GEOLAB), at Geoscience Institute of the University of São Paulo (IGc-USP), to be used as a reference in determining the 206Pb/238U ratios of unknown samples. In this experiment, the BLR-1 standard (1047 Ma) was used as reference, and an age of 519 Ma was obtained for the Khan internal standard. This value is very close to the ages mentioned in the literature: 207Pb/206Pb age of 518 ± 2 Ma and 522.3 ± 2.3 Ma (Thermal Ionization Mass Spectrometry – TIMS) and concordia age of 516.9 Ma (LA-ICP-MS). Analytical tests (SHRIMP dating) were conducted in titanites from two samples of granitic rocks from the Rio Piên Suite, which is considered to be a magmatic arc that bounds Curitiba and Luis Alves Terranes (South-Southeast of Brazil). The ages of 594 ± 5 Ma and 616.6 ± 2.6 Ma were obtained for samples MJ-649 and OM-629, respectively. These ages are very close to U-Pb ages measured for zircons using TIMS and SHRIMP dating. The errors for U-Pb ages in titanites are usually higher than those for U-Pb ages in zircons, which is explained by the higher concentration of common Pb in titanites. To obtain an acceptable analytical precision, more measurements are necessary. In relatively young crystals (post-Neoproterozoic Era), 207Pb/206Pb ages are very inaccurate as a consequence of the high concentration of common Pb in titanites, but, on the other hand, 206Pb/238U ages are very significant. Analyses of titanite using SHRIMP method at the GEOLAB-IGc-USP are very important, mainly when examined together with U-Pb ages for zircons and Ar-Ar ages for minerals, such as biotite and amphibole. This data allows the conduction of a precise geochronological study and the obtainment of important thermochronological data related to the uplift/denudation of rock bodies. 
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    RESUMO

    Inúmeros cristais de titanita foram coletados na mina de cobre Khan, Namíbia, África. Eles foram analisados através da técnica de microssonda iônica de alta resolução e de alta sensibilidade (SHRIMP) no Laboratório de Geocronologia de Alta Resolução (GEOLab), do Instituto de Geociências da Universidade de São Paulo (IGc-USP), numa tentativa de serem utilizados como referência na determinação de razões 206Pb/238U de amostras desconhecidas. Neste experimento, foi utilizado como referência o padrão BLR1 (1.047 Ma), obtendo-se para o padrão interno Khan idade de 519 Ma. Tal valor é muito próximo das idades disponíveis na literatura especializada: idade 207Pb/206Pb de 518 ± 2 Ma e 522,3 ± 2,3 Ma (espectrômetro de massa de ionização térmica – Tims) e idade concórdia de 516,9 Ma (LA-ICP-MS). Os testes analíticos SHRIMP foram realizados em titanitas provenientes de duas amostras de rochas graníticas da Suíte Rio Piên, admitida como possível arco magmático, que baliza os terrenos Curitiba e Luis Alves (sul-sudeste brasileiro). A amostra MJ-649 acusou idade de 594 ± 5 Ma, e a amostra OM-629, idade de 616,6 ± 2,6 Ma. Tais valores são muito próximos às idades U-Pb obtidas em zircão através das técnicas SHRIMP e TIMS. Os erros obtidos nas idades U-Pb em titanitas são normalmente mais elevados que os obtidos em zircão em função da maior presença de Pb comum nas titanitas. Um maior número de medidas é aconselhável para a obtenção de uma precisão analítica aceitável. Em cristais de titanitas relativamente jovens (idades pós-neoproterozoicas), as idades 207Pb/206Pb são altamente imprecisas devido à elevada concentração de Pb comum; por outro lado, as idades 206Pb/238U apresentam valores bastante significativos. O desenvolvimento de análises em titanitas utilizando a técnica SHRIMP junto ao GEOLab-IGc-USP tem grande importância, principalmente quando acoplado a dados U-Pb obtidos em zircão e Ar-Ar em minerais, como anfibólio e biotita. Permite, além de um estudo geocronológico preciso, a obtenção de importantes parâmetros termocronológicos relacionados à ascensão/denudação de corpos rochosos.
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    INTRODUCTION

    The main goal of this study is to present, in situ, new U-Pb analytical techniques, which were applied to titanites and developed with the staff of the High Resolution Geochronology Laboratory (GEOLAB) of the Geoscience Institute of University of São Paulo (USP), using the Sensitive High Resolution Ion Microprobe (SHRIMP) technique. This technique is very important for geochronological studies and for obtaining important thermochronological data, mainly when it is associated with U-Pb ages of zircon (SHRIMP and Thermal Ionization Mass Spectrometry – TIMS) and Ar-Ar/K-Ar ages of minerals. The international standards used in this study are related to titanites from samples at Khan copper mine (Namibia, Africa), with age of 519 Ma, and to BLR-1 titanites (Ontario, Canada), with age of 1047 Ma. Analyses were conducted in titanite concentrate from granitic rocks of Curitiba terrane (South-Southeast of Brazil), which was chosen because U-Pb (TIMS and SHRIMP) analyses of zircons are available for these rocks, and TIMS analysis of titanite was available for one sample (Siga Júnior, 1995; Harara, 2001; Cury, 2009). 

  

  
    METHODOLOGY AND ANALITICAL PROCEDURE

    The titanite concentrate was obtained according to the following procedures: 

    
      • Manually breaking, crushing and grinding of samples, followed by grain size separation by sieving. The material (100-200 mesh fraction) was placed on a vibrating table (like a Wilfley table), and heavy minerals were then densimetrically separated using bromoform (d = 2.89 g/mL; 20ºC) and methylene iodide (d = 3.32 g/mL; 20ºC). The heavy material (density greater than or equal to 3.32 g/mL) was then electromagnetically separated using a Frantz separator. After magnetic minerals were removed using a hand magnet, the fraction was separated by a Frantz magnetic separator (amperage variation). Titanites are usually concentrated in the magnetic fraction and, on the other hand, zircons are concentrated in the non-magnetic fraction. In the Frantz magnetic separator, the current and inclination adjustments are respectively 0.8–1.5 A and 10º for light brown titanite, and 0.7–1.0 A and 10º for dark brown titanite; 

      • Titanite crystals were selected for dating by manual hand picking, using a binocular magnifying glass and transmitted light (TL). Clear and darker crystals (dark brown color) should be preferentially selected, and crystals with inclusions and fractures should not be used. Dark titanites usually have higher concentration of uranium and, consequently, of lead. Titanites, unlike zircons, are entirely dark in cathodoluminescent (CL) images. Therefore, it is not possible to observe core/rim, oscillatory zones or igneous growth in most titanites; 

      • Mount preparation: titanite crystals were cast with crystals of the Khan reference standard in an epoxy resin disc with a diameter of 2.54 cm. After drying, the surface was polished (P1000-2400) up to the crystal core, and then it was polished with a 3.0 to 0.25 µm diamond paste; 

      • SHRIMP IIe Setup – GEOLAB - IGc - USP – primary ion beam Köhler aperture = 120 µm, beam diameter = 20-30 µm, O-2 beam density ~ 3 - 5 ηA, and raster time = 2 minutes. Secondary ion beam source slit = 80 µm, mass resolution > 5000 (1%) with residue less than 0.020 and with no energy filter in the electrostatic analyzer (ESA). The Khan standard (U = 584 ppm) was used to calculate U, Th and Pb concentrations in unknown samples, and also to normalize the 206Pb/238U ratio (519 Ma). Integration times for acquiring data are: CaTi2O4 (10 s), 204Pb (10 s), 204.1 (10 s), 206Pb (20 s), 207Pb (20 s), 208Pb (5 s), 238U (10 s), 248(ThO) (2 s), and 254(UO) (3 s); 

      • Data acquisition and processing: SHRIMP IIe uses LabView 8.5 as a communication platform between the computer and the spectrometer by means of a SHRIMP program (version 2.90), which was developed by Australian Scientific Instruments (ASI). The calibration method is based on Ln(Pb/U) vs. Ln(UO/U) (Williams, 1998), and common Pb correction uses 204Pb as basis (for further information, please see Sato et al., 2014). Data reduction was performed using the software Squid 1.06 (Ludwig, 2009). 

    

  

  
     KHAN TITANITES: CHARACTERISTICS AND USE AS STANDARD FOR SHRIMP ANALYSIS AT GEOLAB-IGC-USP 

    General characteristics: Khan titanites 

    The Khan titanites were collected from pegmatitic rocks at Khan copper mine, Namibia, Africa. Titanite crystals are abundant, reaching lengths of 500 µm or more, and euhedral. Their color ranges from dark brown (high U concentration) to light brown (low U concentration), as shown in the TL image (Figure 1). In CL images, they are dark and homogeneous (Figure 2). In these crystals, U concentration is about 22–1700 ppm, with an average of 584 ppm (Heaman, 2009), and the common Pb concentration is relatively low (204Pb/206Pb < 0.002). This mineral was the first one analyzed by Kinny and McNaughton (1994), using the isotope dilution technique (Thermal Ionization Mass Spectometer – ID-TIMS), which yielded 207Pb/206Pb ages of 518 ± 2 Ma (2 σ). Posteriorly, Heaman (2009) obtained a 207Pb/206Pb (TIMS) age of 522.2 ± 2.2 Ma, and 206Pb/238U ages ranging from 432 to 569 Ma, which indicates the presence of titanite crystals (some fragments) with discordant ages. Simonetti et al. (2006) performed U-Th-Pb measurements using Laser Ablation – Ion Coupled Plasma – Mass Spectrometer (LA-ICP-MS) and obtained a concordia age of 516 ± 4.4 Ma. 

    
      

      [image: Figure 1.  Khan titanite standard.]
      Figure 1. Khan titanite standard.
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      Figure 2. Titanite standard BLR-1.

    

    Analyses were conducted in the Khan titanite using the BLR-1 titanite (Figure 2) as standard. This standard is represented by fragments of a metamorphic titanite mega-crystal from Ontario, Canada. This standard is widely used for titanite dating, by Secondary Ion Mass Spectrometer (SIMS). Aleinikoff et al. (2007), using the ID-TIMS method, obtained for the BLR-1 titanite ages of 1048.0 ± 0.7 Ma (207Pb/235U, 2 σ, n = 5, mean square weighted deviation – MSWD = 2.8), 1049.9 ± 1.3 Ma (207Pb/206Pb, 2 σ, n = 5, MSWD = 2.9), and a relatively uniform age of 1047.1 ± 0.4 Ma (206Pb/238U, 2 σ, n = 5, MSWD = 0.56). 

     Discussion and results 

    SHRIMP analyses were performed in the Khan titanite using as standard the BLR-1 titanite, i. e., the Khan titanite was used as sample and the BLR-1 titanite was used to normalize the 206Pb/238U ratio. In the Khan titanite, the common 206Pb concentration ranges from 0.5 to 3.8%. Total radiogenic Pb ranges from 35 to 62 ppm, with an average value of 51 ± 9 ppm. U concentration varies between 504 and 819 ppm, with an average value of 689 ± 145, and Th/U ratios vary between 0.97 and 2.3 (average of 1.3 ± 0.4, Appendix 1). U concentrations are within a similar range to the one obtained by Heaman (2009), between 229 and 1700 ppm, with an average of 584 ± 95 ppm (after outliers are removed). 

    It was observed that 207Pb/206Pb × 206Pb/238U data (without common Pb correction) is aligned along a straight line that intercepts the concordia curve at 522 ± 16 Ma (lower intercept, Tera-Wasserburg diagram, Figure 3A). The 207Pb/235U vs. 206Pb/238U concordia diagram, with common Pb correction, is shown in Figure 3B, and yielded an age of 519.0 ± 5.1 Ma. Common Pb quantification is shown using the color scale (on the right of diagrams A and B), indicating  that the higher the concentration of non-radiogenic Pb in titanites is, the greater the separation of the curve also is (Figure 3A). An increase in analytical errors was observed and, as a consequence, data uncertainty increased (increase in the ellipse major axis, Figure 3B). Figure 3C is the same as Figure 3B, but ellipses are not filled. In Figures 3D and 3E, data is shown in histograms (206Pb/238U ages) and bar diagrams (207Pb/206Pb ages). A unimodal Gaussian distribution, with a SHRIMP age very close to the values mentioned in the literature, was observed. It is important to highlight that Heaman (2009) obtained some discordant ages (TIMS) for the Khan titanite and, for that reason, crystals should be very carefully selected (darker crystals, without inclusions and no fractures). 
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      Figure 3. Standard obtained for the Khan titanite.

    

  

  
    GRANITIC ROCKS FROM SOUTH-SOUTHEAST OF BRAZIL SELECTED FOR SHRIMP ANALYSES OF ZIRCON AND TITANITE

    Two samples of granitic rocks collected from Curitiba and Paranaguá terranes (Southern Ribeira Belt) were selected for U-Th-Pb analyses of titanites, using the SHRIMP technique (MJ-649 and OM-629). These rocks were previously analyzed using U-Pb dating in zircons and titanite (OM-629), by TIMS method. Previous results of different methods in zircons and titanites are important for introducing the methodology, allowing better evaluation of the data. For that reason, zircons of these samples were also analyzed by SHRIMP. 

    Tectonic context of the studied rocks: south-southeast of Brazil 

    Geologic and geochronological studies conducted in South-Southeast of Brazil (Siga Júnior, 1995; Siga Júnior et al., 1995; 1996; 2011; Basei et al., 1998, 2011; Cury, 2009; Cury et al., 2008; Heilbron et al., 2008; Harara et al. 2001, 2002; Faleiros et al., 2011) identified four important terranes with distinctive and particular characteristics, bounded by expressive shear zones (Figure 4). Luis Alves Terrane is mainly represented by gneissic-granulitic rocks of the Paleoproterozoic (2200–2000 Ma), with some rocks inherited from the Archean (3100–2600 Ma) and some minerals of Paleoproterozoic age (2000–1800 Ma, K-Ar dating). During the Neoproterozoic, this terrane behaved as a microplate. It is limited to the north by mainly gneissic-migmatitic rocks of Curitiba Terrane (Figure 4) from Paleoproterozoic age (2200–2000 Ma) with some rocks inherited from the Archean (3100–2600 Ma), and it was extensively deformed and migmatized during the Neoproterozoic (620–600 Ma) (Siga Júnior et al., 2011). In the southern portion of Curitiba Terrane, there are deformed calc-alkaline granitic rocks (Rio Piên granitic suite) (Harara et al., 2001; 2002), which is considered be a Neoproterozoic magmatic arc. The granitic rocks selected in this study for SHRIMP U-Pb analyses of titanites are from the Rio Piên granitic suite (Figure 4). Luis Alves and Curitiba Terranes are bounded on their eastern side by an igneous belt (Paranaguá Terrane), which includes mainly granitic rocks of the Neoproterozoic (600–580 Ma) (Cury, 2009), and its host rocks are low-, medium, and high-grade metamorphic sequences. Apiaí Terrane, on the other hand (Figure 4), includes metavolcano-sedimentary sequences, mainly of the Mesoproterozoic (1500–1400 Ma), older basement cores, mainly of the Statherian (1750–1700 Ma), and secondarily sequences of the Neoproterozoic. It is located to the north of Curitiba Terrane, bounded by Lancinha shear zone (Figure 4). 

    
      

      [image: Figure 4. Simplified geological map.]
      Figure 4. Simplified geological map.

    

    Previous TIMS U-Pb Data (MJ-649 and OM-629) 

    Samples MJ-649 and OM-629 are deformed granitic rocks of calc-alkaline nature which occur along the northern portion of Curitiba Terrane, bounding Luis Alves Terrane (Figure 4). This granitic belt (Rio Piên granitic suite) is very important in the tectonic scenario of South-Southeast of Brazil and is considered by some authors (Basei et al., 1998, 2011; Harara et al., 2001, 2002) to be a possible Neoproterozoic magmatic arc. In previous geochronological studies, a TIMS U-Pb age of 615 ± 29 Ma (MJ-649) (Siga Júnior, 1995) was obtained for zircons, and a TIMS U-Pb age of 605 ± 5 Ma (OM-629) (Harara, 2001; Harara et al., 2002) was obtained for zircon and titanite (plotted together in the concordia diagram). 

  

  
    SHRIMP ANALYSES OF ZIRCONS FROM GRANITIC ROCKS OF THE SOUTH-SOUTHEAST OF BRAZIL (MJ-649 AND OM-629)

    SHRIMP U-Pb analyses of zircons: MJ-649 sample 

    Zircon crystal, as well as some of the analyzed points (spots) of sample MJ-649 (CL image), are represented in Figure 5A. In this figure, a zircon crystal trapped inside a titanite crystal is highlighted (in Figure 5B, details are shown in TL and CL images). Since the zircon length is 40 µm, it was possible to carry out “in situU-Th-Pb isotopic analyses, using SHRIMP method. The ages are shown in a histogram (Figure 6A), bar diagram (Figure 6B), and concordia diagram (Figure 6C). The 206Pb/238U ages are represented in the first two diagrams, with a weighted average of 607 ± 5 Ma. A unimodal Gaussian distribution is observed in the histogram, indicating that only one geological event was responsible for the zircon crystallization and consequent formation of this granitic rock. In the concordia diagram (206Pb/238U vs. 207Pb/238U ratios) (Figure 6C), the age obtained was 606.6 ± 2.6 Ma, which is very close to the 206Pb/238U average age. The TIMS U-Pb age previously determined for multiple grains was greater than that (615 Ma) (Siga Júnior, 1995), although with a relatively high error (29 Ma). It is important to point out that the zircons included in titanites (spots 1.1 and 2.1) are concordant to the others (Figure 6). 

    
      

      [image: Figure 5. Sample MJ-649.]
      Figure 5. Sample MJ-649.

    

    
      

      [image: Figure 6. MJ-649 sample.]
      Figure 6. MJ-649 sample.

    

    SHRIMP U-Pb analyses of zircons: OM-629 sample 

    Figure 7 shows zircon crystals (CL image) and analyzed points (spots) of sample OM-629. Some crystals have cores and rims, and when analyzed using SHRIMP method, they yielded Paleoproterozoic (upper intercept = 2192 ± 14 Ma) and Neoproterozoic ages (lower intercept = 613.6 ± 4 Ma) (Figure 8A). Data on the Neoproterozoic shows a bimodal distribution (histogram: Figure 8B, and bar diagram: Figure 8C), indicating that there were two different geological events in this period, with ages of 623.5 ± 4.5 Ma (F = 0.57 or 57%) and 609.0 ± 4.9 Ma (F = 0.43 or 43%), respectively. If we analyze the Neoproterozoic data all together, the average age is 615.9 ± 4.1 Ma (206Pb/238U age) (Figure 8C) and 616.8 ± 3.4 Ma (concordia diagram: 207Pb/235U vs. 206Pb/238U) (Figure 8D). In this diagram (Figure 8D), it can be clearly observed that there are two sets of values with ages of 624.7 ± 2.2 Ma and 609.2 ± 1.8 Ma, respectively. The analytical points with ages close to 625 Ma mostly correspond to zircon cores, whereas ages close to 609 Ma correspond to rims. This pattern is clearly observed in Figure 7, in which zircon 20 (spot-20) yielded an age of 625 Ma for its core (20.1) and 609 Ma for its rim (20.2). TIMS analyses of multiple zircon crystals from the same sample (OM-629) are discordant in the concordia diagram, but when those crystals are examined together with the results of TIMS analysis of titanite (concordant point), an age of 605 ± 5 Ma is obtained (Harara, 2001). 

    
      

      [image: Figure 7. CL images show the location of analytical points (sample OM-629).]
      Figure 7. CL images show the location of analytical points
        (sample OM-629).

    

    
      

      [image: Figure 8. Graphical representation of SHRIMP U-Pb data obtained from zircons of OM-629 sample.]
      Figure 8. Graphical representation of SHRIMP U-Pb data obtained from zircons of OM-629 sample.

    

  

  
    SHRIMP ANALYSES OF TITANITES FROM GRANITIC ROCKS OF SOUTH-SOUTHEAST OF BRAZIL (MJ649 AND OM-629): USE OF THE KHAN STANDARD 

    Analyses of titanites from granitic rock MJ-649 

    Titanite crystals from sample MJ-649, including analyzed points (spots), are shown in Figure 9 (A: TL image; B: CL image). In the TL image, titanite crystals with color ranging from light to dark brown are observed, indicating a progressive increase in U concentration. In the CL image, titanite crystals appear very dark and, therefore, it was not possible to select any crystal for SHRIMP analysis. 

    
      

      [image: Figure 9A. TL images with the position of the analysis (spots) of titanites from MJ-649 sample (shades of brown, ranging from light to dark, indicating a progressive increase in U concentration).]
      Figure 9A. TL images with the position of the analysis (spots) of titanites from MJ-649 sample (shades of brown, ranging
        from light to dark, indicating a progressive increase in U concentration).

    

    
      

      [image: Figure 9B. CL images with the position of the analysis (spots) of titanites from MJ-649 sample. Titanite crystals are completely dark, and, therefore, it was impossible to select crystals for SHRIMP analysis.]
      Figure 9B. CL images with the position of the analysis (spots) of titanites from MJ-649 sample. Titanite crystals are
        completely dark, and, therefore, it was impossible to select crystals for SHRIMP analysis.

    

    The average concentrations of U, Th and radiogenic Pb in titanites from sample MJ-649 are 146 ± 117 ppm, 240 ± 176 ppm, and 13 ± 10 ppm, respectively (Appendix 1). Th/U ratio is approximately 2 ± 1, and common lead, 6 ± 2% (common 206Pb). 

    Figure 10 shows SHRIMP U-Pb data obtained for titanites from sample MJ-649 plotted on a histogram, concordia and Tera-Wasserburg diagrams. In the histogram (Figure 10A), a unimodal normal (Gaussian) distribution is shown for 206Pb/238U ages, with an average age of 594 ± 14 Ma (common Pb corrected). The high concentration of common Pb is directly related to the age error (± 14 Ma). In the concordia diagram (Figures 10B and 10D), U-Pb data indicates an age of 594.0 ± 7.1 Ma. In Figure 10C, U-Pb data (without common Pb correction) is represented in the Tera-Wasserburg diagram. It was observed that 207Pb/206Pb, 238U/206Pb data are aligned along a straight line that intercepts the concordia curve at 583 ± 38 Ma. This figure shows the direct correlation between common Pb concentration (color scale, on the right of the diagram) and age precision (proximity to the lower intercept), where the concentration of common Pb is theoretically close to zero. When considering experimental errors, the ages obtained with or without common Pb correction, 594 ± 14 and 583 ± 38 Ma, respectively, are concordant. 

    
      

      [image: Figure 10. MJ-649 sample.]
      Figure 10. MJ-649 sample.

    

    Analyses of titanites from granitic rock OM-629 

    Titanite crystals from sample OM-629, including analyzed points (spots), are represented in TL image in Figure 11. The average concentrations of U, Th and Pb (radiogenic) are 78 ± 91 ppm, 208 ± 87 ppm, and 23 ± 27 ppm, respectively (Appendix 1). Th/U ratio is about 5 ± 2 (higher concentration of thorium). The concentration of common Pb (206Pb) in these titanites is about 8 ± 3%, which is relatively high when compared to the Khan titanite standard (0.5 to 3.8%). More than 30 SHRIMP analyses were carried out to determine the exact age of this rock, which is affected by the low concentration of U and high concentration of common Pb in titanite crystals. 

    
      

      [image: Figure 11. TL images with the position of analysis (spots) of titanites from OM-629 sample.]
      Figure 11. TL images with the position of analysis (spots) of titanites from OM-629 sample.

    

    SHRIMP U-Pb data obtained for titanites from sample OM-629 (206Pb/238U ages) is represented in the histogram (Figure 12A) and bar diagram (Figure 12B). The histogram (Figure 12A) shows a unimodal normal (Gaussian) distribution, with an age of 616.7 ± 5.0 Ma (average value). It is important to highlight that a bimodal distribution with ages of 623 ± 4.5 Ma and 609 ± 4.9 Ma was obtained for zircon crystals (SHRIMP) from this sample (Figure 8). Figures 12C and 12E show U-Pb data (with common Pb correction) plotted in a concordia diagram. The age of 616.6 ± 2.6 Ma was obtained in this diagram, which is very close to 206Pb/238U age (616.7 ± 5.0 Ma). In Figure 12D, U-Pb data (without common Pb correction) is shown in the Tera-Wasserburg diagram. It is observed that 207Pb/206Pb, 238U/206Pb data are aligned along a straight line that intercepts the concordia curve at 627 ± 12 Ma. The differences between the titanite ages obtained by SHRIMP (616.6 Ma) and by TIMS (605 ± 5 Ma) (Harara, 2001; Harara et al., 2002) techniques may be associated in part with the Khan standard, which is not always homogeneous and concordant (Heaman, 2009). 
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      Figure 12. OM-629 sample.

    

  

  
    DISCUSSION AND CONCLUSION

    This article presents the first U-Pb data obtained for titanite using the SHRIMP technique at the GEOLAB-IGc-USP. Initially, Khan titanites were carefully analyzed to investigate if they could be used as a standard. In this experiment, the BLR-1 titanite standard (1047 Ma) was used as a reference (Aleinikoff et al., 2007). The BLR-1 standard had lower concentrations of common Pb and yielded more homogeneous 206Pb/238U ages and the concordant level for this standard is better than the Khan standard. The analytical data for the Khan titanite presented an average concentration of common Pb of about 2% (0.6 to 4.0% of common 206Pb). SHRIMP 206Pb/238U and 207Pb/206Pb ages obtained for  the selected titanite crystals (Khan) were very close (519 ± 5 Ma) with the ones mentioned in the literature (Heaman, 2009; Simonetti et al., 2006). According to Heaman (2009), some Khan titanite crystals are not completely homogeneous and are discordant, and for that reason, the crystals should be selected and analyzed carefully. 

    Titanites from granitic rocks of the South-Southeast of Brazil (Rio Piên granitic suite) were analyzed using the Khan titanite as a standard. The concentrations of common Pb in titanites from these granitic rocks were relatively high when compared to the ones in zircons from the same rocks. The high concentration of 204Pb causes inaccuracy in the 207Pb/206Pb and 235U/207Pb ratios, mainly in younger samples (Phanerozoic). In these cases, tests showed that the number of analyses (spots) should be greater than 25. In zircons from these samples, with a relatively low concentration of common Pb, the same level of accuracy would be obtained with 12 analyses (spots). In these granitic rocks, SHRIMP U-Pb ages of titanites are very close to TIMS and SHRIMP U-Pb ages of zircon.

    According to the specialized literature, temperatures of Pb diffusion/retention in titanites are lower than the ones observed in zircons. The values are not exact because they are affected by many factors, such as crystal size, shape and composition, as well as fluids in the environment, pressure involved in the process, and local cooling rate. In the case of titanites, these temperatures were measured by several authors, reaching up to 650ºC (Mezger, 1990; Mezger et al., 1991; Tucker et al., 1987), between 630 and 600ºC (Cherniack, 1993) and even between 800 and 710ºC (Zhang and Scharer, 1996). The granitic rocks examined in this study have a calc-alkaline nature and were possibly formed in a magmatic arc environment and, therefore, with a relatively high geothermal gradient. The ages obtained for titanite and zircon are very close, suggesting that isotherm crossing occurred relatively close in geological time. The presence of inclusions of zircon in titanites with similar ages was observed in the granitic rock MJ-649, supporting the hypothesis that these minerals were formed in a relatively short geological period of time. 
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