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Large quantities of monazite from different pegmatite bodies of the Itambe pegmatite district were investigated
to assess their suitability as U–Pb and Sm–Nd isotope referencematerials for LA-ICP-MS and to track the origin of
a piece of theMoacyrmonazite (termed here Itambé), a widely used referencematerial for LA-ICP-MS U–Pb geo-
chronology. Monazite from the largest pegmatite bodies in the district (the Bananeira, Coqueiro and Paraíso peg-
matites) are Ce-monazite, with negligible amounts of the huttonite and brabantite components. They are
homogeneous in major and trace elements, which makes them potential candidates as compositional reference
materials. U–Pb LA-ICP-MS and ID-TIMS analyses yielded identical ages within error. Although the ID-TIMS ages
(507.7 ± 1.3 (207Pb⁎/235U) and 513.6 ± 1.2 Ma (206Pb⁎/238U)) were reversely discordant, spot ages determined
by LA-ICP-MS geochronology were concordant at ca 508 Ma. The Bananeiro monazite was assessed as a LA-ICP-
MS U–Pb primary reference material against other known reference materials (treated as unknowns). This
approach successfully reproduced the previously published ages of the referencematerials. MREE/HREE fraction-
ation (ie, (La/Gd)N and (Gd/Lu)N values), Eu/Eu⁎ and the chondrite-normalized REE patterns suggest that the
“Itambé”monazite aliquot is very similar to that from the Coqueiro pegmatite. This similarity is likewise apparent
in their Sm–Nd isotope compositions. Moreover, the εNdi values of the “Itambé” monazite fragment
(εNdi=−4.2) and those from all themajor pegmatites in the district, are distinct from other referencematerials
(eg, Managountry; εNdi = −22.3) as well as gem-quality monazite from c. 490–520 Ma pegmatites from the
Araçuaí Orogen, further to the south. The εNdi can provide a further distinction for tracing Brazillian gem-
quality monazite reference materials.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Monazite (Ce, La, Nd, Th) PO4 is a monoclinic light rare earth ele-
ment (LREE; Ni et al., 1995) orthophosphate, with a general formula
given by ABO4, where A = Bi, Ca, Ce, La, Nd, Th, U and B = As, P, Si
(Back and Mandarino, 2008). Due to its high concentration of U (hun-
dreds to thousands ppm) and Th commonly N50,000 ppm (Parrish,
1990, Heaman and Parrish, 1991) and low concentrations of common
, Universidade Federal de Ouro

çalves).
Pb,monazite has proven useful for constraining the timing of geological
events using U–Th–Pb geochronology (Hawkins and Bowring, 1997;
Kosler et al., 2001; Harrison et al., 2002; Williams et al., 2007, Kohn
and Vervoort, 2008; Warren et al., 2011; Goudie et al., 2014). In addi-
tion, owing to its high concentration of Sm and Nd (e.g., ~104 to
105 ppm; Tomascak et al., 1998; McFarlane and McCulloch, 2007),
monazite has also been shown to be useful for isotopic tracing because
the original Sm–Nd isotopic composition of the source rockmay be pre-
served despite high-temperature overprinting (Rapp and Watson,
1986; Montel and Seydoux, 1998; Hammerli et al., 2014). Clearly, the
combination of U–Th–Pb ages, Sm–Nd isotope compositions and chem-
ical composition variation of monazite provides a powerful tool for
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studying crustal evolution (McFarlane and McCulloch, 2007; Thöni
et al., 2008; Gregory et al., 2009).

Monazite has a high closure temperature for Pb (N 900 °C; Cherniak
et al., 2004; Gardes et al., 2006), which means that the diffusion of this
cation is negligible, even at high-grade conditions (e.g., Cherniak et al.,
2004; Gardes et al., 2006). The low diffusivity of major and trace ele-
ments also allows the preservation of compositional domains that can
record the geological processes that have influenced the host rock
(Foster et al., 2000, 2002; Catlos et al., 2002; Williams et al., 2007),
e.g., sub-solidus vs. suprasolidus growth in polymetmorphosed
metapelitic rocks (Buick et al., 2010). One disadvantage of using
monazite for U–Th–Pb dating is its ability to recrystallize under the
presence of fluid, potentially causing resetting of the U–Th–Pb sys-
tem (Harlov et al., 2011; Williams et al., 2011).

Sm–Nd isotope systematics inmonazite resides in the fact that those
elements are relatively immobile (DePaolo, 1988) and that the chemical
similarities of Sm–Nd makes the ratio of the two elements difficult to
fractionate during most crustal processes (Rapp and Watson, 1986;
Montel and Seydoux, 1998; Goudie et al., 2014). Moreover, the very
high partition coefficients for those elements inmonazite make the sys-
tem difficult to reset (Stepanov et al., 2012). Recently, Sm–Nd isotopic
analyses on monazite have been successfully undertaken by laser
ablation-multicollector-inductively plasma-mass spectrometry (LA-
MC-ICP-MS; McFarlane and McCulloch, 2007; Yang et al., 2008; Fisher
et al., 2011; Iizuka et al., 2011; Liu et al., 2012), greatly improving the
use of this systematics due to high-spatial resolution, fast data acquisi-
tion and low cost, in comparison to solution techniques.

The complex chemical and age zonation commonly preserved in
individual monazite grains requires high spatial resolution analytical
techniques, such as secondary ionization ion mass spectrometry
(SIMS; Harrison et al., 1995; Stern and Berman, 2001), laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS; Machado
and Gauthier, 1996; Poitrasson et al., 2000; Kosler et al., 2001;
Horstwood et al., 2003; Gehrels et al., 2008; Paquette and Tiepolo,
2007; Kohn and Vervoort, 2008; Liu et al., 2012; Goudie et al., 2014)
or electron probe microanalysis (EPMA; Suzuki and Adachi, 1991;
Montel et al., 1996; Catlos et al., 2002, Williams et al., 2007). Although
the three techniques require well-calibrated primary and secondary
(quality control) reference materials, LA-ICP-MS has shown both the
greatest increase in application to geochronology and isotope geochem-
istry, but is the most inherently destructive technique; it requires a
constant supply of well-characterized reference materials in order to
correct mass bias, elemental fractionation and instrumental drift. In
general, relatively few U–Pb or Sm–Nd isotope reference materials
are available for international distribution to high spatial resolution in-
struments and, of these, only a small subset have been distributed
Fig. 1. Position of the Itambé pegmatite district, the northern tip of the Easter
widely to LA-ICP-MS laboratories because only small amounts of
the reference material are available and the destructive nature of
the LA-based technique. Facilities otherwise develop in-house refer-
ence materials that are not widely available. For the case of LA-ICP-MS,
themost commonly distributedU–Pb referencematerial is 44,069mon-
azite (c. 425 Ma - Aleinikoff et al., 2006), and Managountry monazite
(Paquette et al., 1994) is also commonly used. Managountry mona-
zite (Liu et al., 2012), Namaqualand monazite (also known as
Steenkampskraal) (Liu et al., 2012) and 16-F-16 monazite (Iizuka
et al., 2011) have all been proposed as reference materials for Sm–
Nd isotope tracing.

One widely distributed reference material used for LA-ICP-MS or
SIMS U–Pb geochronology and EPMA chemical dating comes from the
Itambé pegmatite district of Bahia State (E Brazil; Silva et al., 1996;
Fig. 1). Monazite from this source is described as either “Moacyr” or
“Moacir” monazite in the literature (e.g. Seydoux-Guillaume et al.,
1999, 2002; Paquette and Tiepolo, 2007; Dumond et al., 2008; Kohn
and Vervoort, 2008; Gasquet et al., 2010; Palin et al., 2013; Harley and
Nandakumar, 2014), but the exact location of those monazite crystals
remains unclear. An initial TIMS age determination suggested that this
monazite was concordant at c. 474 Ma (Seydoux-Guillaume et al.,
1999). Subsequent TIMS age determinations have suggested that the
Moacyrmonazite is reversely discordant, with best-estimate crystalliza-
tion (207Pb/235U) ages in the range c. 504–508 Ma (unpublished data
quoted in Dumond et al., 2008, and Kohn andVervoort, 2008; published
data in Gasquet et al., 2010). The TIMS 207Pb/235U crystallization age es-
timates forMoacyrmonazite do not entirely overlap,within error, and it
is unclear whether this is an inter-laboratory analytical effect, or other
unknown factor i.e. different sources. Compounding this uncertainty is
the fact the Itambé pegmatite district contains three different large peg-
matite bodies (the Bananeira, Coqueiro and Paraíso pegmatites; Fig. 2),
all of which contain large quantities of monazite.

The main goal of this study is to assess the suitability of the mona-
zites from the Itambe district as reference material for U–Pb geochro-
nology. We furthermore attempt to identify the origin of a c. 50 g
crystal fragment of Moacyr monazite (termed hereafter Itambé) that
has previously been proposed as a SIMS oxygen isotope referencemate-
rial by Rubatto et al. (2014) and its origin has been investigated by com-
paring new data on its age, Nd-isotope composition and chemical
composition with those of monazite sampled for this study.

2. Sample description and geological setting

The Itambé pegmatite district occurs in the northernmost portion of
the Eastern Brazilian Pegmatite Province (EBPP), a NNE-SSW belt of ap-
proximately 150,000 km2. The EBPP consists of pegmatites that were
n Brazilian Pegmatite Province—EBPP, in relation to the Araçuaí orogen.

Image of Fig. 1


Fig. 2. Location of the Itambé pegmatite district in relation to the Aracuaí belt-São Francisco Craton (black square). The Itambé district geological map in detail is provided. Thewhite stars
are the Bananeira pegmatite body (1), Coqueiro (2) and Paraíso (3).
Modified from Silva et al. (1996).
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mostly derived fromhighly-fractionated, late Neoproterozoic toOrdovi-
cian granitoids emplaced during the protracted evolution of the Araçuaí
Orogen (AO) (Pedrosa-Soares et al., 2011). The Araçuaí Orogen occurs
between the Archean–Paleoproterozoic São Francisco craton and the
Atlantic shore (Pedrosa-Soares et al., 2001, 2008; Fig. 2).

The Itambé pegmatite district (Bahia State, eastern Brazil, Figs. 1
and 2) differs from those from the rest of the EBPP in that the pegma-
tites are located outside the Araçuaí orogen, in the transition zone
between the São Francisco Craton and the orogen itself (Silva et al.,
Table 1
LA-Q-ICP-MS operating conditions and data acquisition parameters.

Instrument parameters

ICP-MS Laser

Model Agilent 7700× Model New wave U
Forward power 1550 W wavelenght 213 nm
Plasma gas (Ar) 15.0 L/min Mode Q-switched
Carrier gas (He) 0.96 L/min Repetition rate 10 Hz
Make up gas (Ar) 0.01 L/min Focus Sample surf

Spot size 25 μm
Energy density ~3 J/cm2
1996; Pedrosa-Soares et al., 2011). The district comprises three
main pegmatite bodies: Bananeira, Coqueiro and Paraíso (Silva et al.,
1996). The pegmatites of the Itambé district occurs mainly within feld-
spathic mica schists at the base of the Lower Unit of the Espinhaço Su-
pergroup, a metasedimentary sequence of the Brasiliano Cycle (Silva
et al., 1996). A more detailed description of the pegmatite bodies can
be found on the Supplementary material. It is important to state that
no record of granitoids, which could potentially be the source of the
pegmatites, are present in the area (see Discussion).
Analytical protocol

P213 Acquisition mode Time resolved analysis
Scanning mode Peak jumping
Background acquisition time 20 s
Signal acquisition time 40 s

ace Wash-out time 20 s
Isotopes determined 206Pb, 207Pb, 208Pb, 232Th, 238U
Dwell time per isotope (ms) 10, 30, 10, 10, 15

Image of Fig. 2


Table 2
LA-SF-ICP-MS operating conditions and data acquisition parameters.

Instrument parameters

ICP-MS Laser Analytical Protocol

Model Element II Model CETAC Nd:YAG Acquisition mode Time resolved analysis
Forward power 1200 W Wavelenght 213 nm Scanning mode Peak jumping
Plasma gas (Ar) 0.8 L/min Mode E-scan Background acquisition time 30 s
Auxiliary gas (Ar) 0.8 L/min Repetition rate 10 Hz Signal acquisition time 60 s
Carrier gas (He) 0.8 L/min Focus Sample surface Wash-out time 20 s
Make up gas (Ar) 0.8 L/min Spot size 15 μm Scanned masses 202, 204, 206, 207, 208, 235, 232, 238

Energy density ~5.6 J/cm2 Dwell time (ms) 4 ms
Burst count 275 Mass resolution 300

Table 3
Faraday cup configuration and instrument operating parameters for Nd isotopic analysis.

Faraday cup configuration
Cups L4 L3 L2 L1 Center H1 H2 H3 H4
Nominal mass 142 143 144 145 146 147 148 149 150
Measured elements Nd Nd Nd Nd Nd Sm Nd Sm Nd
Natural abundance (%) 27.20 12.20 23.80 8.30 17.20 14.99 5.7 13.82 5.6
Interfering elements Ce Sm Sm Sm
Natural abundance (%) 11.11 3.07 11.24 7.38

Instrument parameters
Thermo-Finnigan Neptune MC-ICP-MS Photon Machine 193 nm HelFx Excimer
RF forward power 1200 W Fluence ~4 J/cm2

Cooling gas 15.5 L/min Output power ~30 mJ
Auxiliary gas 0.85 L/min Spot size 20 um
Sample gas 1.013 L/min Pulse rate 8 Hz
Mass resolution 400 (Low) He gas cell 1.2 L/min
Integration time 0.524 s
Sensitivity on 146Nd 15 V/ppm
Acceleration voltage 10 kV

Fig. 3. Back-scattered electron (BSE) images of the studied monazites. (a) Bananeira, (b) Coqueiro, (c) Paraíso and (d) Itambé.
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Table 4
Summary of the electron microprobe results. The oxide concentrations for each sample are the average of 12 EPMA point analyses. The complete dataset can be found in Supplementary
material.The structural formula is calculated on the basis of four oxygens and the mole fractions are for the end-members Ce-monazite, huttonite and brabantite.

Sample Bananeira SD Coqueiro SD Paraíso SD Itambé SD

(%) CaO 0.92 0.01 0.93 0.02 0.44 0.01 0.69 0.01
SiO2 0.94 0.05 1.37 0.07 1.64 0.05 1.11 0.09
MnO 0.03 0.01 0.02 0.01 0.02 0.01 0.03 0.01
FeO 0.01 0.01 0.01 0.01 0.01 0.01 b0.01 0.01
P2O5 28.50 0.23 27.66 0.31 27.34 0.25 28.14 0.20
PbO 0.17 0.01 0.21 0.01 0.18 0.01 0.16 0.01
Y2O3 1.56 0.02 0.41 0.03 0.77 0.04 0.40 0.04
ThO2 7.03 0.05 8.45 0.27 8.05 0.06 6.79 0.20
UO2 0.45 0.01 0.43 0.02 0.23 0.02 0.34 0.02
La2O3 9.92 0.10 11.74 0.13 12.74 0.09 11.75 0.18
Ce2O3 28.63 0.34 30.01 0.24 31.72 0.29 31.22 0.35
Pr2O3 3.21 0.09 3.13 0.09 3.20 0.07 3.37 0.09
Nd2O3 11.18 0.31 10.33 0.26 10.59 0.30 10.97 0.24
Sm2O3 5.48 0.12 4.02 0.15 2.66 0.08 4.13 0.15
Gd2O3 2.62 0.07 1.55 0.07 0.99 0.06 1.51 0.08
Dy2O3 0.54 0.06 0.41 0.08 0.25 0.06 0.35 0.04
Total 101.20 100.68 100.83 100.94
Th/U 15.52 19.63 34.74 20.00
(a.p.f.u.) Ca2+ 0.039 0.040 0.019 0.029
Si4+ 0.037 0.055 0.066 0.044
Mn4+ 0.001 0.001 0.001 0.001
FeO 0.000 0.000 0.000 0.000
P4+ 0.951 0.935 0.925 0.946
Pb2+ 0.009 0.010 0.009 0.008
Y3+ 0.033 0.009 0.016 0.008
Th4+ 0.063 0.077 0.073 0.061
U4+ 0.004 0.004 0.002 0.003
La3+ 0.144 0.173 0.188 0.172
Ce3+ 0.413 0.439 0.464 0.454
Pr3+ 0.046 0.046 0.047 0.049
Nd3+ 0.157 0.147 0.151 0.156
Sm3+ 0.074 0.055 0.037 0.056
Gd3+ 0.034 0.020 0.013 0.020
Dy3+ 0.007 0.005 0.003 0.004
TOTAL 2.01 2.02 2.01 2.01
O2− 4 4 4 4

Mole fractions
ThSiO4 0.037 0.051 0.065 0.043
(La-Sm)PO4 0.816 0.839 0.867 0.868
(Th,Ca,U,Pb)[PO4]2 0.078 0.078 0.037 0.058
Sum 0.932 0.967 0.970 0.969
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Monazite from the three pegmatites locally occurs as crystals in excess
of 5 cm in diameter. Hand specimens of this monazite (and the Itambé
crystal fragment) are deep red-orange in colour, and small fragments
Fig. 4. (A) Nomenclature of the system 2CePO4–CaTh(PO4)2–2ThSiO4 (Bowie and Horne, 1953;
contents of other REE and Y are added to Ce, and the contents of U and Pb are included with the
proportions calculated on the basis of 16 oxygens atoms (Franz et al., 1996), that shows the di
(100 s μm diameter shards) are orange-yellow. As noted previously, the
origin of the Itambé crystal fragment is unclear and it might have come
from any one of the three pegmatite bodies described above.
Förster, 1998). In calculating end-member proportions, on the basis of 4 oxygen atoms, the
brabantite molecule. (B) Diagram (U+ Th+ Si) versus (REE+ P+Y) (a.p.f.u) of formula
fferent substitutions in monazite.

Image of Fig. 4
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3. Sample preparation and analytical methods

Major and trace element chemical compositions, U–Pb ages and Sm–
Nd isotopic compositions were determined on a number of different
materials: 1) fragments of the Itambé SIMS oxygen isotope reference
material (i.e., Rubatto et al., 2014); 2) monazite collected directly from
the Bananeira and Coqueiro pegmatites; and 3) ~50 g crystal fragment
of monazite from the Paraíso pegmatite, supplied by one of the authors
(M.M.).

For each sample, random shards of large (N3 cm3) crystals were
carefully selected in order to obtain the most translucent material pos-
sible, free of inclusions or obvious zones of alteration. Those fragments
were mounted on a double-sided tape, cast in 2.5 cm epoxy resin discs
and subsequently polished to expose the fragments and obtain a flat
surface that is suitable to backscattered electron (BSE) imaging and
LA-ICP-MS analyses at the Isotope Laboratory, Universidade Federal de
Ouro Preto. Small aliquots of the most concordant crystal and the
Itambé monazite were separated for U–Pb ID-TIMS.

3.1. Chemical characterization

3.1.1. Electron microprobe
The mineral composition of the monazite aliquots were determined

at the Centro de Microscopia at the Universidade Federal de Minas
Gerais (UFMG, Belo Horizonte, Brazil) using a JEOL JXA-8900 electron
microprobe equipped with a wavelength-dispersive system (WDS).
Operating conditions, acquisition parameters, calibration procedures
and data processing details can be found in the Supplementarymaterial.

3.1.2. LA-Q-ICP-MS
Mineral composition were also determined by quadrupole laser

ablation ICP-MS (LA-Q-ICP-MS) at the Laboratório de Geoquímica
Ambiental (LGqA) in Universidade Federal de Ouro Preto (Minas Gerais,
Brazil). An Agilent 7700× Q-ICP-MS coupled to a 213 NdYAG solid state
laser (NewWave Research UP-213) was used. Average Ce (determined
byEPMA)was used as internal referencematerial. Further details can be
found in Supplementary material.

3.2. Isotopic characterization

3.2.1. LA-Q-ICP-MS
LA-Q-ICP-MS was used to determinate preliminary U–Pb ages. The

samples with the best results in this stage were selected for further
investigations. The U–Pb ages were acquired at the Laboratório de
Geoquímica Ambiental (LGqA) in Universidade Federal de Ouro Preto
using a Agilent 7700× quadrupole ICP-MS coupled to a 213 Nd:YAG
laser (NewWave Research UP-213 nm). Laser and operation conditions
and data acquisition parameters can be found on Table 1. The USGS
44069 monazite (Aleinikoff et al., 2006) was used as primary reference
material. Concordia ages are reported with 2σ errors and weighted
average ages and isotope ratios are reported at the 95% confidence
level. Supplementary information on the methodology are presented
in Supplementary material.

3.2.2. LA-SF-ICP-MS
The U–Pb ages were acquired at the Laboratório de Geoquímica

Isotópica in Universidade Federal de Ouro Preto using a Thermo-
Finnigan Element II, single collector sector field (SF) ICP-MS, coupled
to a CETAC UV Nd:YAG 213 nm laser with a Helix ablation cell. Instru-
mental and acquisition parameters as shown in Table 2. Raw data
were processed offline using an Excel® spreadsheet, following Gerdes
and Zeh (2006, 2009). The 44,069 monazite (Aleinikoff et al., 2006)
was used as primary reference material. All reported uncertainties
(2σ) are propagated by quadratic addition of the external reproducibil-
ity (2 s.d.) obtained from the referencematerial 44,069monazite during
the analytical session and the within-run precision of each analysis
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(2 s.e.). Further information about the methodology are presented in
Supplementary material.

3.2.3. LA-MC-ICP-MS
The Sm–Nd isotope measurements were carried out on a Thermo-

Finnigan Neptune MC-ICP-MS, coupled with a 193 nm HelEx Photon-
Machine laser ablation system, at the Laboratório de Geoquímica
Isotópica (LOPAG), Universidade Federal deOuro Preto. The experimen-
tal conditions and cup configurations for Nd isotopic analysis are given
in Table 3.
Fig. 5. Chondrite-normalized REE patterns of the monazites from this study. The compilations a
presented in Supplementary material. Concentrations were normalized by the chondrite value
The data reduction was performed using an offline Excel® spread-
sheet by A. Gerdes (Frankfurt). Laser-induced elemental fractionation
and instrumental mass discrimination were corrected and evaluated
by two different approaches. The first round of analysis used NIST 610
as a primary reference material. A subsequent analytical session used
theNamaqualandmonazite (Liu et al., 2012) as a primary referencema-
terial and the results of both sessions were compared in order to evalu-
ate the extent of matrix-effects for different reference materialization
approaches. More information about the methodology and data reduc-
tion process are presented in Supplementary material.
re the average results of three lines in four different fragments and the complete data are
s from Sun and McDonough (1989).

Image of Fig. 5
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3.2.4. ID-TIMS
Themonazite samples that yielded themost concordant populations

from LA-Q-ICP-MS and LA-SF-ICP-MS dating were also dated by ID-
TIMS (Isotope Dilution-Thermal Ionization Mass Spectrometry) in
order to obtain high-precision “true ages” or “accepted values”. Mona-
zite ID-TIMS U–Pb geochronology were undertaken at the Jack Satterly
Geochronology Laboratory (JSGL) at the University of Toronto (Canada)
and in University of Oslo (Norway). At the JSG lab, themass spectrometer
used was a VG354 and in the Oslo lab a MAT262 was used. The method-
ologies used for each lab are found in Supplementary material.

4. Results

4.1. Chemical composition

The BSE images, presented in Fig. 3, shows that the monazite frag-
ments from different samples were homogeneous in greyscale intensity
(ie were compositionally homogeneous) and showed no evidence of
mineral inclusions. Additional compositional maps performed by EDS
are presented in the Supplementarymaterial. The internal homogeneity
was also evaluated through electron microprobe profiles along the dif-
ferent grains, each of them with approximately 500–200 μm long. For
each grain, 12 points were made and the average results are shown in
Table 4. The complete data set are presented in Supplementarymaterial.

Itambémonazite, and samples from the three pegmatites, are similar
in major element composition, and are compositionally uniform on a
grain scale, consistent with the BSE images. Monazite from all samples
have low CaO (0.44–0.93 wt%) and SiO2 (0.94–0.1.64 wt%) concentra-
tions. All can be classified as Ce-monazite, with monazite from
Bananeira having the lowest Ce2O3 concentration (26.63 wt%). La2O3

concentrations are highest in Paraísomonazite (12.74 wt%), and lowest
in Bananeira monazite (9.92 wt%), which has the highest Y contents
(1.56 wt%).

The structural formula was calculated based on four oxygens fol-
lowing Pyle et al. (2001). The molar fractions of the monazite end-
members of the system 2CePO4–2ThSiO4–CaTh(PO4)2 (Bowie and
Horne, 1953; Förster, 1998, Table 4) were calculated andwere ploted
in the ternary diagram of the Fig. 4A. All the samples can be classified as
Ce-monazite (2CePO4), with the samples having between 0.037–0.065 of
the huttonite component (ThSiO4). The brabantite component showed a
similar behaviour, between 0.037–0.078 ((Th,Ca,U,Pb)[PO4]2). The ex-
tent of brabantite vs huttonite exchange operational in monazite can
be observed in a plot of Th + U + Si vs REE + Y + P (Fig. 4B). The
huttonite exchange vector is clearly dominant in the samples, indicating
that the Ca2+ + Th4+ ↔2REE3+ (brabantite; Förster, 1998, Förster and
Harlov, 1999), Th4++Si4+− N REE3++P5+ (huttonite; Della Ventura
et al., 1996) and U4+ + Si4+ ↔REE3++ P5+ (coffinite) coupled substi-
tutions happened simultaneously.

The mineral compositions were also acquired using LA-Q-ICP-MS,
performing three lines each on four different grain fragments. The chon-
drite normalized REE patterns (Table 5 and Fig. 5) are characterized by
strong relative enrichment in LREEs, a clear relative depletion in HREEs
and a large negative Eu anomaly (Eu/Eu⁎; 0.07 for Bananeira, 0.03 for
Coqueiro, 0.01 for Paraíso and 0.03 for Itambé monazite, respectively).
The Paraíso monazite has a higher concentration of MREEs, with a
slightly larger negative Eu anomaly, than the other monazite samples,
whereas the Bananeira monazite is the most enriched in HREEs.

Based on the line traverses, the Coqueiro monazite is the most ho-
mogeneous in composition; monazites from Bananeira and Paraíso
have slight compositional differences between grain fragments but
within-grain fragment compositions are very uniform. Itambé mona-
zite, however, shows differences between fragments, with one with
significantly higher concentrations of the HREEs than the others. The
Coqueiro, Paraíso and Itambé monazites show a strong fractionation of
MREE/HREE ((Gd/Lu)N between 514 and 823) whereas the Bananeira
sample has a small fractionation ((Gd/Lu)N = 42) (Fig. 5).



Fig. 6.Weighted average 207Pb/235U ages obtained by LA-Q-ICP-MS at UFOP. A-Bananeira, B-Coqueiro, C-Paraíso and D-Itambé monazites. The error quoted in parentheses is the realistic
error (see text).
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4.2. Isotopic characterization

4.2.1. LA-ICP-MS U–Pb geochronology
The LA-Q-ICP-MS (UFOP) analyses were performed in three dif-

ferent analytical sessions. For the Bananeira monazite (Table 6 and
Fig. 6), 49 laser spot analyses yielded a weighted average 207Pb/235U
age of 503.3 ± 5.1 Ma (95% confidence level or c.l.; MSWD = 0.47). It
is important to highlight that, because of the high number of spots (to
show homogeneity), the statistical errors on the average mean of all
LA-ICP-MS analyseswere typically lower than 0.1%.We therefore calcu-
lated a more realistic error based on the quadratic addition of the aver-
agemean error (given by Isoplot) and the 1% error inherent precision of
the technique. This sample was also analysed at UFOP by LA-SF-ICP-MS
(Table 7 and Fig. 7), with sixteen analysed laser spots yielding aweight-
ed average 207Pb⁎/235U age of 506.9 ± 6.1 Ma (95% c.l.; MSWD= 0.48).

Twenty-six analyses of the Coqueiro samplewere undertaken by LA-
Q-ICP-MS at UFOP (Table 6 and Fig. 6). These analyses yielded aweight-
ed average 207Pb/235U age of 511.8±5.6Ma (95% c.l.; MSWD=1.5). An
additional seventeen laser spots were analysed using the LA-SF-ICP-MS
(Table 7 and Fig. 7), resulting in a weighted average 207Pb⁎/235U age of
510.4 ± 5.4 Ma (95% c.l.; MSWD= 0.99).

Paraíso sample had twenty two laser spot analyses by quadrupole
(Table 7 and Fig. 7) and they yielded a weighted average 207Pb/235U
age of 506.4 ± 5.4 Ma (95% c.l.; MSWD = 1.03). This sample has also
been analysed by LA-SF-ICP-MS (Table 8 and Fig. 8), with the nineteen
laser spot analyses yielding a weighted average 207Pb⁎/235U age of
509.6 ± 5.4 Ma (95% c.l.; MSWD= 1.5).
The Itambé sample had fifty six laser spots analysed at UFOP by
LA-Q-ICP-MS (Table 6 and Fig. 6) from four analytical sessions. All
spots pooled together yielded a weighted average 207Pb/235U age of
509.1 ± 5.1 Ma (95% c.l.; MSWD = 0.71). The results are in agreement
with a single LA-SF-ICP-MS (Table 7 and Fig. 7) session of thirty four
laser spot analyses, which yielded a weighted average 207Pb⁎/235U age
of 504.6 ± 5.1 Ma (95% c.l.; MSWD = 0.71).

Monazite 44,069 (425 Ma; Aleinikoff et al., 2006) was used as the
primary reference material for LA-ICP-MS geochronology at UFOP. One
hundred and twenty seven analyses of this reference material on the
LA-Q-ICP-MS (Table 6) yielded a weighted average 207Pb/235U age of
425.57 ± 4.3 Ma (95% c.l.; MSWD = 1.15), and thirty LA-SF-ICP-MS
analyses yielded a weighted average 207Pb⁎/235U age of 424.6 ±
4.4 Ma (95% c.l.; MSWD= 1.10; Table 7).
4.2.2. ID-TIMS U–Pb ages
U–Pb ID-TIMS analysis were carried out at the University of Toronto

(Jack Satterly Geochronology Laboratory) and at the University of Oslo.
We separated small fragments from the largest crystals (one Itambé and
one Bananeira). The random fragments that were analysed are from the
exact same crystal that the LA-ICP-MS data were acquired. Itambémon-
azite was selected because it is the fragment of the original Moacyr
monazite and the Bananeira because it gave the most consistent LA-
ICP-MS U–Pb results, ie, showed the lowest values of RSD% for a given
age or ratio (see previous section). The shards were aproximally
200 μm long.

Image of Fig. 6
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For the Itambémonazite (Table 8 and Fig. 8), one of the eight points
was discarded due to discordance. If we disregard this analysis, the
seven monazite fractions yielded weighted average 207Pb⁎/235U,
206Pb⁎/238U and 207Pb⁎/206Pb⁎ ratios of 0.6467 ± 0.0012 (95% c.l.;
MSWD = 1.5), 0.082628 ± 0.000087 (95% c.l.; MSWD = 0.93) and
0.056750 ± 0.000024 (one point rejected; 95% c.l.; MSWD =
1.16), respectively. The corresponding 207Pb⁎/235U, 206Pb⁎/238U and
207Pb⁎/206Pb⁎ weighted average ages are 506.44 ± 0.73 Ma (95%
c.l.; MSWD = 1.5), 511.79 ± 0.52 Ma (95% c.l.; MSWD = 0.93)
and 481.82 ± 0.91 Ma (95% c.l.; MSWD = 1.17). The best estimate
of the crystallization age of the monazite is the 207Pb⁎/235U age
(506.44 ± 0.73 Ma), and is in agreement, within error, with the
LA-ICP-MS data. Which is very similar to some of TIMS ages obtain-
ed from “Moacyr/Moacir” monazite e.g. the unpublished TIMS ages
quoted in Kohn and Vervoort (2008), Dumond et al. (2008) and
published ages of Gasquet et al. (2010; Fig. 9).

U–Pb ID-TIMS data obtained for the Bananeira sample also had one
of the eight points discarded due to discordance (Table 8 and Fig. 8).
The weighted mean 207Pb⁎/235U, 206Pb⁎/238U and 207Pb⁎/206Pb⁎ ratios
obtained by the remaining seven aliquots are 0.6487 ± 0.0021 (95%
c.l.; MSWD = 6.8), 0.08294 ± 0.00021 (95% c.l.; MSWD = 6.6) and
0.056723 ± 0.000051 (95% c.l.; MSWD = 2.4), respectively; yielding
weighted mean ages of 507.7 ± 1.3 Ma (95% c.l.; MSWD = 6.8),
513.6 ± 1.2 Ma (95% c.l.; MSWD = 6.6), and 480.8 ± 2.0 Ma (95% c.l.;
MSWD = 2.4), respectively. The weighted mean 207Pb⁎/235U age of
507.7 ± 1.3 Ma provides the best estimate of the crystallization age of
this monazite, and is equivalent within error to the data obtained
from the Itambé monazite sample and to the LA-ICP-MS data. This age
is also very similar to some of TIMS ages obtained to “Moacyr/Moacir”
in the literature (see above).

4.2.3. Sm–Nd isotope composition
The first set of analyses was performed using NIST 610 as a primary

referencematerial. All the results are quoted as the average of the values
and errors as referencematerial deviation (2SD) of the same values. The
mounts analysed are the same that were used in the previous sections.
The fragments were between 200 and 500 μm long.

The Bananeira sample had 65 points analysed in six different shards
obtained from one bigger crystal (Table 9). This sample showed a
somewhat heterogeneous radiogenic Sm–Nd isotopic composition;
individual fragments were internally homogeneous on a length scale
of 4 mm, but differed in 147Sm/144Nd from other fragments. The mean
147Sm/144Nd values from individual fragments varied from 0.2742 ± 6
(2SD) to 0.2839 ± 4 (2SD) with an overall value for the six fragments
of 0.2775 ± 74 (2SD). In contrast, the 143Nd/144Nd mean values
from the different fragments varied from 0.512748 ± 27 (2SD) to
0.512784 ± 23 (2SD), yielding a general mean value of 0.512763 ±
38 (2SD), a much smaller variation. The εNdi values of the fragments
ranged from −2.3 ± 0.4 (2SD) to −3.4 ± 0.4 (2SD) and yielded an
average value of −2.8 ± 0.2 (SD). The mean 145Nd/144Nd value of
0.34841 ± 1 (2SD) is in agreement with the recommended value of
0.348415 (Wasserburg et al., 1981). On a plot of 147Sm/144Nd v.
143Nd/144Nd the data do not plot together, forming three different
groups of values, but are consistent with the 508 Ma (ID-TIMS
207Pb/235U age for this sample) reference isochron (Fig. 9). The relative
reference material deviation (RSD%) for the 147Sm/144Nd ratio is 2.66%
and 0.007% for the 143Nd/144Nd ratio. The variation in 147Sm/144Nd, in
particular, is bigger in comparison to proposed Sm–Nd reference mon-
azites such as Namaqualand andManagountry (Liu et al., 2012; Fig. 10).

The Coqueiro monazite had 86 points analysed from six different
fragments (Table 9). This sample also showed a somewhat heteroge-
neous radiogenic Sm–Nd isotopic composition, although 147Sm/144Nd
ratios were again homogeneous within individual grain fragments.
The mean 147Sm/144Nd values ranged from 0.2016 ± 5 (2SD) to
0.2129 ± 4 (2SD) yielding an overall average value of 0.2073 ± 64
(2SD). The 143Nd/144Nd ratio ranged from 0.512487 ± 27 (2SD) to



Fig. 7.Weighted average 207Pb/235U ages obtained by LA-SF-ICP-MS at UFOP. A-Bananeira, B-Coqueiro, C-Paraíso and D-Itambé monazites. The error quoted in parentheses is the realistic
error (see text).
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0.512510± 26 (2SD), yielding an overall value of 0.512497± 27 (2SD).
The εNdi value of the different crystal shards ranged between −3.2 ±
0.2 (SD) to −3.6 ± 0.3 (SD), yielding an average value of −3.4 ± 0.3
(SD). The mean 145Nd/144Nd value of 0.34841 ± 1 (2SD) was also in
agreement with the recommended value of Wasserburg et al. (1981).
As with the Bananeira sample, a plot of 147Sm/144Nd versus
143Nd/144Nd shows that the data do not group together, but instead
form three clusters that are consistent with the 510 Ma (207Pb/235U
LA-ICP-MS age for this sample) reference isochron (Fig. 9). The RSD%
for the 147Sm/144Nd ratio is 3.10% and 0.005% for the 143Nd/144Nd.
These variations, particularly for the 147Sm/144Nd ratio, are larger than
those for the Namaqualand and Managountry monazites (Liu et al.,
2012; Fig. 10).

The Paraíso sample had 75 points analysed in three different crystal
fragments (Table 9). One of the three chips showed a different
147Sm/144Nd isotopic composition than the other homogeneous two.
The 147Sm/144Nd mean values ranged from 0.2761 ± 2 (2SD) to
0.2857 ± 4 (2SD), with a general value of 0.2833 ± 73 (2SD). The
143Nd/144Nd values ranged from 0.512761 ± 24 (2SD) to 0.512791 ±
15 (2SD) and yielded an overall average value of 0.512784 ± 29
(2SD). Even though there were small variations in the isotopic ratios,
the εNdi of the fragments agrees within error to one another with an
average value −2.8 ± 0.2 (SD). The 145Nd/144Nd average value
is 0.34841 ± 1 (2SD), compatible to the canonical value from
Wasserburg et al. (1981). The plot of 147Sm/144Nd versus 143Nd/144Nd
shows that the data do not group together, forming three different
groups of values, consistent with the 510 Ma (U–Pb LA-ICP-MS
Concordia age for this sample) reference isochron (Fig. 9). The RSD%
for the 147Sm/144Sm ratio is 2.59% and 0.006% for the 143Nd/144Nd.
Those variations are also bigger in comparison to the Namaqualand
and Managountry monazites (Liu et al., 2012) but very similar to the
variations of the Bananeira sample (Fig. 10).

The Itambé monazite had 49 analysed points in two large fragments
(Table 9). The two fragments have slightly different 147Sm/144Nd iso-
topic compositions. The 147Sm/144Nd values ranged from 0.1938 ± 2
(2SD) to 0.1980 ± 9 (2SD), yielding an overall value of 0.1955 ± 41
(2SD). The 143Nd/144Nd values are relatively homogeneous resulting
in an average of 0.512424 ± 24 (2SD). Those narrow variations on
the 147Sm/144Nd ratios did not change the εNdi value, yielding an av-
erage value of −4.1 ± 0.2 (SD). The mean 145Nd/144Nd value is
0.34840 ± 1 (2SD), which is within error of the recommended
value of Wasserburg et al. (1981). The plot 147Sm/144Nd versus
143Nd/144Nd shows that again the data do not group together,
forming two different groups of values but are consistent with the
506 Ma (ID-TIMS 207Pb/235U age for this sample) reference isochron
(Fig. 9). Furthermore, the RSD% for the 147Sm/144Sm ratio is 2.12% and
0.005% for the 143Nd/144Nd ratio. The variations of the 147Sm/144Nd
ratio are similar to proposed referencematerial Managountrymonazite
but bigger than the Namaqualand reference material monazite (Liu
et al., 2012; Fig. 10). Comparing the RSD% of this sample to the other
monazites from the Itambé district, the Itambémonazite is themost ho-
mogeneous sample (Fig. 10).

In order to evaluate a possible matrix effect due to normalization to
the NIST 610 glass, another analytical session were performed using,

Image of Fig. 7


Table 8
ID-TIMS U–Pb results. (a) Th/U calculated from radiogenic 208Pb/206Pb ratio and 207Pb/206Pb age assuming concordance; (b) PbC is total amount of common Pb in picograms; 1 pg Pb assigned the isotopic composition of laboratory blank; initial Pb
corrected using Pb evolution model of Stacey and Kramers (1975); (c) measured 206Pb/204Pb corrected for fractionation and spike; (d) corrected for fractionation, spike, blank and initial Pb; (e) rho is correlation coefficients of X–Y errors on the
Concordia plot; (f) Disc is percent discordance for the given 207Pb/206Pb age; (g) corrected for fractionation, spike and blank only; *Oslo University, **Toronto University. The analyses in italic were not used in the age calculations.

Corrected for fractionation, spike, blank and initial common Pb:

Sample Weight U Th/U PbC 206Pb/204Pb 207Pb/235U ±2σ 206Pb/238U ±2σ rho 207Pb/206Pb ±2σ 207Pb/235U
[μg] [ppm] (a) [pg] measured [abs] [abs] [abs] [Ma]

(b) (c) (c) (c) (e) (c) (c)

Itambé** 21 57963 27.4 1101 5746 0.6518 0.0041 0.08301 0.00050 0.93 0.05695 0.00013 509.6
Itambé** 7 141907 28.3 1287 3996 0.6477 0.0029 0.08261 0.00030 0.78 0.05687 0.00016 507.1
Itambé** 35 183201 28.6 235 8211 0.3738 0.0153 0.04814 0.00196 0.99 0.05632 0.00027 322
Itambé* 9 N2100 28.1 16.1 6071 0.6449 0.0031 0.08234 0.00036 0.95 0.05680 0.00008 505.3
Itambé* 1 N4500 26.4 5.5 4264 0.6465 0.0031 0.08256 0.00037 0.96 0.05679 0.00008 506.3
Itambé* 50 N830 25.9 28.6 7578 0.6466 0.0016 0.08265 0.00019 0.96 0.05674 0.00004 506.4
Itambé* 66 N570 27.1 27.4 7150 0.6461 0.0015 0.08260 0.00017 0.94 0.05673 0.00005 506.1
Itambé* 12 N1820 26.6 18.6 6117 0.6468 0.0016 0.08268 0.00018 0.94 0.05674 0.00005 506.5
Bananeira* 3 N3900 27.5 16.2 3763 0.6462 0.0017 0.08274 0.00017 0.90 0.05665 0.00006 506.1
Bananeira* 8 N1300 27.0 14.0 3863 0.6464 0.0017 0.08273 0.00017 0.89 0.05667 0.00007 506.3
Bananeira* 2 N4700 27.3 12.9 3806 0.6469 0.0018 0.08271 0.00017 0.84 0.05673 0.00009 506.6
Bananeira* 1 N2700 27.3 6.1 2306 0.6507 0.0021 0.08313 0.00018 0.76 0.05677 0.00012 508.9
Bananeira* 57 N1600 28.6 108.0 4384 0.6518 0.0017 0.08330 0.00018 0.92 0.05676 0.00006 509.6
Bananeira* 2 N2300 28.6 5.6 4337 0.6493 0.0016 0.08298 0.00017 0.89 0.05675 0.00006 508.0
Bananeira* 2 N1800 27.1 4.6 4181 0.6502 0.0018 0.08302 0.00017 0.86 0.05680 0.00008 508.6
Bananeira* 1 N1600 29.9 8.5 817 0.5452 0.0033 0.06976 0.00025 0.69 0.05668 0.00025 441.8
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Corrected for fractionation, spike, blank and initial common Pb: Corrected for fractionation, spike and blank:

Sample ±2σ 206Pb/238U ±2σ 207Pb/206Pb ±2σ Disc 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 206Pb/238U ±2σ 207Pb/206Pb ±2σ
[abs] [Ma] [abs] [Ma] [abs] [%] [abs] [abs]

(c) (c) (f) (g) (g) (g) (g) (g)

Itambé** 2.5 514.1 3.0 489 5 −5.2 5797 345 49217 12.010 0.073 0.05945768 0.000078
Itambé** 1.8 511.7 1.8 486 6 −5.4 4026 244 35285 12.052 0.043 0.06048259 0.000048
Itambé** 11 303 12 465 11 36 8564 497 76193 20.731 0.863 0.05802208 0.00027938
Itambé* 1.9 510.1 2.1 483.9 3.3 −5.6 6937 409 62411 12.113 0.052 0.0589018 0.00007
Itambé* 1.9 511.4 2.2 483.4 3.1 −6.0 6682 394 56512 12.080 0.052 0.0589704 0.00007
Itambé* 1.0 511.9 1.1 481.5 1.7 −6.6 8150 477 67517 12.073 0.027 0.0585298 0.00004
Itambé* 1.0 511.6 1.0 481.0 1.8 −6.6 7716 452 66976 12.078 0.024 0.058617 0.00005
Itambé* 1.0 512.1 1.0 481.4 1.9 −6.6 6859 404 58296 12.063 0.025 0.0588621 0.00004
Bananeira* 1.0 512.4 1.0 477.8 2.5 −7.5 4293 258 37672 12.036 0.024 0.060041 0.000054
Bananeira* 1.1 512.4 1.0 478.6 2.6 −7.4 4508 270 38931 12.039 0.024 0.05989756 0.000061
Bananeira* 1.1 512.3 1.0 480.9 3.4 −6.8 4506 270 39267 12.042 0.024 0.05995971 0.000083
Bananeira* 1.3 514.8 1.1 482.7 4.6 −6.9 3438 210 30024 11.966 0.026 0.0610083 0.0001
Bananeira* 1.0 515.8 1.1 482.1 2.2 −7.3 4467 268 40855 11.957 0.026 0.0600178 0.00004
Bananeira* 1.0 513.9 1.0 481.7 2.5 −7.0 6738 397 61558 12.019 0.024 0.0589085 0.00005
Bananeira* 1.1 514.1 1.0 483.6 3.1 −6.6 7420 436 64399 12.016 0.025 0.0587586 0.00007
Bananeira* 2.2 434.7 1.5 479.0 9.8 9.5 1064 75 9219 14.092 0.061 0.0703744 0.00015
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Fig. 8. ID-TIMSU–Pbweightedmean age 207Pb⁎/235U results for Bananeira (A) and Itambé (B), for this last ID-TIMS data for Gasquet et al. (2010) (orange) and Palin et al. (2013) (grey) are
also included for comparison with the data obtained by this work (green).
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instead of the synthetic glass, the Namaqualand (Steenkampskral)
monazite reference material (Liu et al., 2012; Table 10). In this session,
only Itambé monazite sample was analysed. The 39 points obtained
from two fragments, in general, showed the same behaviour regardless
of the reference material used. In contrast to the data generated using
the NIST glass as a reference material, the 147Sm/144Nd values were
within error of each other, yielding an average value of 0.2000 ± 30
(2SD). The 143Nd/144Nd values were homogeneous in 0.512463 ± 30
(2SD). The εNdi value average was slight lower than the obtained by
normalization to synthetic glass but, within error, did not change, yield-
ing an average value of −3.6 ± 0.3 (SD). The weighted average
145Nd/144Nd value is 0.34841 ± 2 (2SD), again in agreement with the
recommended value of Wasserburg et al. (1981).

Because of the small spread in Sm/Nd ratios (e.g., Fig. 9), it was also
important to evaluate possible effects of downhole fractionation on the
Nd/Nd and Sm/Nd ratios. Fig. 12 shows a time-resolved pattern
(i.e., down-hole) of one analysis of the Itambé monazite. The variations
measured in the 147Sm/144Nd ratio through time do not form a descen-
dant line that is characteristic of the down-hole fractionation but rather
a very narrow compositional variation in the order of ±0.001 (Fig. 11).
This variation is one order of magnitude smaller (±0.01) than the var-
iations observed in Fig. 10 for the same point or between fragments.
Furthermore, the variations are observed in the time-resolved pattern
of the 143Nd/144Nd ratio (0.00001; Fig. 11), are also smaller then the var-
iations observed in the samples (Fig. 9), and therefore no possible effect
of downhole fractionation was detected.
5. Discussion

In order to have a monazite to be used as a U–Pb reference material
for LA-ICP-MS, it should fulfil some requirements, similar to the pro-
posed by Sláma et al. (2008) for zircon: (i) homogeneity and con-
cordance of radiogenic Pb/U ratios; (ii) low common Pb content;
(iii) moderate U content (tens to hundreds ppm); (iv) crystalline
(nonmetamict) structure; (v) size suitable for repeated laser abla-
tion analyses (grains several mm to cm in diameter) and (vi) avail-
ability to the scientific community. In the case of a Sm–Nd monazite
reference material, Iizuka et al. (2011) and Liu et al. (2012) suggest
that the reference material must fulfil the following criteria:
(i) matrix matching; (ii) it must have had an initially homogeneous
Nd isotopic composition; (iii) its Sm–Nd isotope system must re-
main undisturbed and (iv) it must be available in large quantities
of coarse-grained, gem-quality crystals, for distribution among dif-
ferent LA-ICP-MS laboratories.

In either case, the internal homogeneity is a crucial parameter for
any potential reference material. This homogeneity is important be-
cause the mean values of the monazite must be representative for any
small chip or fragment that is included in a LA-ICP-MS mount.

5.1. U–Pb reference material evaluation

According to the BSE images and compositional maps, all the sam-
ples are internally homogeneous, an important characteristic of a good
LA-ICP-MS natural reference material (e.g. Sláma et al., 2008, Nasdala
et al., 2008). The electron microprobe analysis characterized the mona-
zites as monazite-(Ce), with negligible amount of the huttonite and
brabantite component (Table 4 and Fig. 4).

The U–Pb results of the different monazites analysed in this study
are summarized in Tables 6, 7 and 8. Monazite distributed under the
name Moacyr/Moacir has also been used as a U–Pb reference material
for a number of studies using LA-ICP-MS (e.g. Paquette and Tiepolo,
2007; Kohn and Vervoort, 2008; Dumond et al., 2008; Gasquet et al.,
2010) or SIMS (Harley and Nandakumar, 2014) approaches. A piece of
this monazite termed Itambé has been recently characterized as a refer-
encematerial for oxygen isotope analysis by SIMS (Rubatto et al., 2014).
However, the exact locality (or localities) from which the different
pieces ofMoacyr/Moacirmonazitewere obtained is unclear (see discus-
sion below).

The Itambé monazite crystal is characterized by hight contents of U
(up to 183,201 ppm) and narrow Th/U (25.9–28.6; Table 8) variations.
The ID-TIMS results shows relatively high contents of initial common
lead and reverse discordance. One of the eight splits was significantly
discordant and was therefore not included in the mean calculations.
As the U content is extremely high, the common Pb contents did
not greatly affect the ages. Reverse discordance in TIMS analyses
of monazite is partly attributed to “excess” 206Pb from the decay
of 230Th (e.g., Harrison et al., 2002; Kohn and Vervoort, 2008;
Fletcher et al., 2012). This can also be seen as the high Th content
in the Itambé is responsible for the slight disequilibrium of the
206Pb/238U system (Gasquet et al., 2010). Also a disequilibrium in
the U–Pb–Th system cannot be discarded. Considering that the
207Pb/235U ratio remains almost undisturbed by radioactive dis-
equilibria in the U series (Schärer, 1984), here we consider the
age for this ratio as the crystallization time for our samples. The re-
sults of LA-Q-ICP-MS and LA-SF-ICP-MS show good agreement with

Image of Fig. 8
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the obtained values of the ID-TIMS from this study. The values for the
ID-TIMS of 506.44 ± 0.73 Ma for the 207Pb⁎/235U age agrees, within
error, with previously published ages of 504 ± 0.2 Ma (Gasquet et al.,
2010), 506 ± 1 Ma (Dumond et al., 2008) and 507.86 ± 0.52 (Palin
et al., 2013; Fig. 9).

The Bananeira monazite has been previously dated at 520 Ma by
EPMA (Cruz et al., 1966) and in 508.9 ± 0.9 (0.18% 2SE, MSWD =
1.9) for the 206Pb/238U and a 208Pb/232Th age of 497.6 ± 1.6 (0.32%
2SE, MSWD = 6.1; Kylander-Clark et al., 2013). Fletcher et al. (2012)
have considered the monazite from the Bananeira pegmatite as the
“Moacyr” and thus compared its results with different works that
used it as reference material (e.g. Seydoux-Guillaume et al., 2002;
Gasquet et al., 2010). On the other hand, they did not provide tables
in order to compare the data and correlate it the other monazites
from the Itambé district. This sample was also used as referencemateri-
al in several studies, such as Goudie et al. (2014, U–Pb secondary
reference material) and in Kylander-Clark et al. (2013) for a REE refer-
ence material.

The U–Pb ID-TIMS data for the Bananeira monazite in this study
are similar to those of the Itambé sample. Bananeira monazite is
characterized by a relatively lower contents of U (b4700 ppm) and
narrow Th/U variations (27.01–27.45; Table 8). The ID-TIMS data
also shows relatively high contents of initial common lead, but less
than Itambé sample, and reverse discordance. The U content is at
least ten times smaller than the Itambé sample, but the proportion
of radiogenic Pb relative to the initial Pb is very high, thus the ages
were not greatly affected by the presence of initial common lead.
The ID-TIMS results also shows a good agreement with the results
of LA-Q-ICP-MS and LA-SF-ICP-MS geochronology.

Despite the reverse discordancy observed in the TIMS data for mon-
azite from Itambé and Bananeira (this study) and other “Moacyr/
Moacir” monazite in the literature (e.g. Gasquet et al., 2010; Palin
et al., 2013), the lower precision of the various LA-ICP-MS techniques,
compared to TIMS, yields U–Pb isotope data for these monazites,
when analysed as unknowns, that are concordant (Tables 6 and 7).
Moreover, the LA-ICP-MS data is in agreement to their TIMS crystalliza-
tion (207Pb⁎/235U) age (this study; Cabral and Zeh, 2015). This suggests
that these monazites can be used successfully as secondary reference
materials for high-spatial resolution U–Pb geochronology. The question
remains about their suitability as primary U–Pb reference referencema-
terials for LA-ICP-MS (e.g. Gasquet et al., 2010; Palin et al., 2013) or SIMS
(Harley and Nandakumar, 2014) techniques. In order to assess this for
the monazite in this study, we have used the Bananeira monazite as
the primary reference material for LA-SF-ICP-MS geochronology to
date twoU–Pb referencematerials (USGS 44069, ThompsonMinemon-
azite) as well as monazite from Steenkampskraal (South Africa),
for which there are previously published SHRIMP and LA-ICP-MS
ages. For data reduction of the unknowns, it was assumed that the
Bannaneira reference material had the average of the isotope ratios ob-
tained from the seven splits by ID-TIMS (207Pb⁎/235U = 0.6487,
206Pb⁎/238U = 0.08294 and 207Pb⁎/206Pb⁎ = 0.056723). The use of the
common led-corrected ratios to the standardize unknowns has been
used in several LA-ICP-MS studies, including other reference material
development (e.g., Nasdala et al., 2008, Sláma et al., 2008, Jackson
et al., 2004). Data reduction were performed using the Glitter 4.4.3
(Van Achterbergh et al., 2001).

Eighteen spot analyses of the USGS 44069 monazite (TIMS age:
424.9 ± 0.4 Ma; Aleinikoff et al., 2006) resulted in a weighted average
207Pb⁎/235U, 206Pb⁎/238U and 207Pb⁎/206Pb⁎ ages of 426 ± 5.1 Ma (95%
c.l.; MSWD = 0.58), 426.3 ± 5.1 Ma (95% c.l.; MSWD = 1.6) and
430 ± 19.4 Ma (95% c.l.; MSWD = 0.22), respectively (Table 11 and
Fig. 13). These ages are in complete agreement with the previous ID-
TIMS and LA-ICP-MS data published for this monazite (e.g., Aleinikoff
et al., 2006; Tollo et al., 2006; Gerbi and West, 2007; Alagna et al.,
2008; Pullen et al., 2008; Liu et al., 2012). In addition, 18 analyses
were obtained from the Thompson Mine monazite reference material



Fig. 9. Sm–Nd isotopic values for the Brazilian monazite samples in this study, using NIST610 as the reference material. (A) Bananeira, (B) Coqueiro, (C) Paraíso and (D) Itambé. The ref-
erence isochron ages for the Itambé and Bananeira samples are based on the ID-TIMS data from this study. The reference isochron ages for theCoqueiro and Paraíso are based on the LA-SF-
ICP-MS data from this study. Error bars are 2σ.

Fig. 10. A — Variations in 147Sm/144Nd for the studied monazites and references monazites (Namaqualand and Managountry data from Liu et al., 2012). Relative reference material
deviation (RSD%) is used to measure the range of variations in the 147Sm/144Nd ratio. B — 143Nd/144Nd vs. 147Sm/144Nd plot to compare the uniformity of the Sm–Nd isotope
compositions of the samples and reference materials from Liu et al. (2012). Error bars are reference material deviations (SD).
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Fig. 11. Time-resolved pattern of the 143Nd/144Nd and 147Sm/144Nd of the Itambé
monazite.
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(Williams et al., 1996). These analyses yielded a concordia age of
1761.2 ± 17.2 Ma (2σ; MSWD of concordance and equivalence =
0.15, Fig. 13) and weighted average 207Pb⁎/235U age of 1760.6 ±
17.9 Ma (95% c.l.; MSWD = 0.35, Table 11). The ages are in generally
good agreement with the assumed age of 1766 Ma (Williams et al.,
1996), for which analytical uncertainties have never been published.

Lastly, 13 analyses were obtained from Steenkampskraal monazite
(or Namaqualandmonazite, Liu et al., 2012). The LA-SF-ICP-MS analyses
yielded a concordia age of 1034.4 ± 5.8 Ma (2σ; MSWD of concordance
and equivalence= 0.15, Fig. 13), andweighted average 207Pb⁎/235U age
of 1034.4 ± 5.8 Ma (95% c.l.; MSWD = 0.22; Table 11). These results
agreewith a ca. 1033Ma SHRIMP age of Knoper et al. (2000), and anun-
published SHRIMP U–Pb concordia age of 1030.4 ± 6.1 Ma (95% c.l.)
using USGS 44069 monazite as the primary calibration reference mate-
rial (Buick, unpublished data).

The results of the round-robin analysis using Bananeira monazite
as primary reference material demonstrates its suitability as a pri-
mary reference material for U–Pb geochronology by LA-ICP-MS.
The other samples from the Itambé district, Coqueiro and Paraíso
monazites, have within error, the same age LA-(Q and SF)-ICP-MS
ages as the Itambé and Bananeira samples (Fig. 12). That suggests
the possibility of their use as, at least, a secondary reference material
as well.

5.2. Sm–Nd reference material evaluation

The requirements for a mineral to serve as a Sm–Nd isotopic refer-
ence material includes that: it matrix matches the unknowns to be
analysed; it has homogeneous 143Nd/144Nd and 147Sm/144Nd composi-
tions; and that it is available in large quantities of coarse-grained,
gem-quality crystals for distribution.

The influence of a matrix effect on 147Sm/144Nd fractionation during
LA-MC-ICP-MS analysis is controversial. Iizuka et al. (2011) has
observed a significant difference in the fractionation of 147Sm/144Nd
between monazite and NIST glass in the same analytical session.
Fisher et al. (2011), on the other hand, presented a highly correlated
β(Sm)–β(Nd) for different matrices, therefore no matrix effect was

Image of Fig. 11
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observed on the Sm–Nd mass bias, implying no need to use a matrix-
match reference material as an external reference material. In contrast,
Liu et al. (2012) observed differences in the 147Sm/144Nd correction fac-
tors for monazite, LREE glass and apatite, showing a significant matrix
effect even though the materials had similar relationship between
β(Sm) and β(Nd).

In order to evaluate possible matrix effects, in this study a first set of
analyses of all the Brazillian samples were undertaken using NIST 610
synthetic glass as the reference material. For comparison, another
dataset was collected from the Itambé monazite alone, using the pro-
posedNamaqualand (Steenkampskraal)monaziteNd-isotope reference
material (Liu et al., 2012). For Itambé the isotope data were the same,
within error, regardless the reference material used, suggesting that
use of the NIST glass reference material did not introduce a significant
matrix effect.

As shown on Table 9 and Figs. 9 and 10, the monazites from
this study have slight grain-scale variations in 147Sm/144Nd and, to a
much smaller extent, 143Nd/144Nd isotopic ratios. The magnitude of
NIST610-reference materialized heterogeneity of the 147Sm/144Nd iso-
topic composition of the Bananeira, Coqueiro and Paraíso are similar,
and cannot be related to down-hole fractionation. In the other hand,
the Itambé sample is more isotopically homogeneous, and comparable
to the Managountry Nd-isotope reference material (Liu et al., 2012;
Fig. 10). Although further investigations needs to be undertaken (solu-
tion MC-ICP-MS and/or ID-TIMS), the Itambé monazite has potential
as reference material for Sm–Nd analysis by LA-MC-ICP-MS.

5.3. Trace element reference material evaluation

As already noted, the Bananeira monazite has been previously used
as a primary reference material for monazite major and trace element
chemistry by Kylander-Clark et al. (2013). According to our results
(Table 5 and Fig. 5), the Bananeira, Coqueiro and Paraíso monazites
have homogeneous compositions, implying their suitability as concen-
trations reference materials. Even though the Bananeira monazite has
been previously used as concentration reference material, our results
showed that the Coqueiro sample is the most homogeneous monazite
with the RSD%, in general, lower than 1–2%, comparable to the
NIST612 synthetic glass for some elements (Table 5), and below the
Fig. 12. Compilation of the LA-SF-ICP-MS and ID-TIMS results showing that, despite the
reverse discordance of the ID-TIMS results, the lower precision of the LA-ICP-MS
technique yields concordant results that agrees, within error, to the ID-TIMS ages. Green
ellipses — Bananeira; grey — Coqueiro, yellow — Paraíso and blue — Itambé. Red and
orange filled ellipses are Bananeira and Itambé ID-TIMS results, respectively.

Image of Fig. 12


Fig. 13.Known referencematerials analysed as unknownsusing Bananeiramonazite as primary referencematerial by LA-SF-ICP-MS.A - 44,069monazite, B - Thompsonminemonazite, C -
Steenkampskrall monazite.
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5% that is themaximum variation that is expected for a referencemate-
rial for trace elements analysis.

5.4. Origin of “Moacyr” monazite

Monazite from the Itambé pegmatite district of Bahia state (Brazil)
has been used as a primary reference material in a number of U–Pb
studies. The initial TIMS age for this material is 474 ± 1 Ma
(Seydoux-Guillaume et al., 2002, Paquette and Tiepolo, 2007). However,
subsequently reported TIMS age (quoted as 207Pb/235U due tominor re-
verse discordance) of 504 ± 0.2 Ma (Gasquet et al., 2010) and 506 ±
1 Ma (Dumond et al., 2008) are available. None of the latter groups of
ages agrees with the Seydoux-Guillaume et al. (2002) and the latter
group themselves do not appear to wholly agree within stated
uncertainties.

As the “Moacyr”monazite is of excellent quality and is used as a pri-
mary or secondary reference material in many laboratories it is also im-
portant to determine the reasons for disparity between the 504–510Ma
ages. However, there is no basic description of the source pegmatite, or
the chemical composition of the samples in the literature. As result, in
this paper we have evaluated monazites from three different pegmatite
bodies from the Itambé district (Bananeira, Coqueiro and Paraíso) and
compared it to an aliquot of the “Moacyr” monazite itself in order to
evaluate the source of the reference material. The U–Pb LA-ICP-MS re-
sults showed that the samples have, within precision of the technique,
the same ages, so other means must be used to distinguish between
them.

In regard to chemical composition (Table 5), on the basis of MREE/
HREE fractionation (ie, (La/Gd)N and (Gd/Lu)N values), Eu/Eu* and the
chondrite-normalized REE patterns of the Itambémonazite is very sim-
ilar to that from the Coqueiro pegmatite, and both are distinctly differ-
ent from the Bananeira and Paraíso monazites (Fig. 5). This distinction
also is apparent in the Nd-isotope compositions, where the Itambé
monazite overlaps in composition with that from Coqueiro, but not
monazite from Bananeira or Paraiso. In investigating the origin of
other pieces of “Moacyr/Moacir”monazite, and potential disagreement
in accepted TIMS ages for thismaterial in the literature, the combination
of tracing by elemental and Nd-isotopic compositions appears to offer
the best hope of identifying the original source pegmatite.

Lastly, the large number of pegmatites in the EBPP offer promise for
the future development of othermonazite referencematerials of similar
age to those from this study. As shown by Rubatto et al. (2014), the
Itambé monazite has an unusual, very low oxygen isotope composition
for monazite crystallized from a pegmatite source (bulk reference
value = +0.46 ± 0.20‰, V-SMOW). It appears that the Nd-isotope
composition of the monazites in this study also sets them apart
from those from other EBPP pegmatites. Pegmatites from the Itambé
pegmatite district sit in the São Francisco craton and their monazites
(this study) have much less evolved Nd isotopic compositions (εNdi
between −2.7 and −4.2) than those from EBPP pegmatites of similar

Image of Fig. 13


49G.O. Gonçalves et al. / Chemical Geology 424 (2016) 30–50
(c. 490–510 Ma) crystallization age to the south, which are situated in
the Aracuai orogen itself. The latter monazites have εNdi in the
range ~−17 to−14 (Buick and Lana, unpublished data), with their or-
igin being interpreted as thefinal stage of fractional crystallization of the
wide-spread granitoid rocks of the area (Pedrosa-Soares et al., 2011).
We, in the other hand, interpret the origin of the pegmatites of the
Itambé district as related to the anataxis of the gnaisse-migmatitic base-
ment of the São Francisco craton (Fig. 2). Also, the different εNdi values
of the monazites can provide a further distinction for tracing Brazillian
gem-quality monazite reference materials of aproximally the same age.

6. Conclusions

1) The combination of elemental and Sm–Nd isotopic compositions
allowed the inference that the origin of the “Moacyr” monazite is
from the Coqueiro pegmatite, from the Itambé district.

2) We propose the Bananeiramonazite as a primary referencematerial
for U–Pb LA-ICP-MS analyses, as the LA-ICP-MS results agrees, with-
in error, to the ID-TIMS results. Furthermore, it was possible to re-
produce the ages of others known reference materials, using it as
primary referencematerial. The best estimative for Bananeira's crys-
tallization age (207Pb⁎/235U) is 507.7 ± 1.3 Ma (95% c.l.; MSWD =
6.8) and an average Th/U ratio of 27.6.

3) Our results also show the suitability for the othermonazites from the
Itambé district as, at least, secondary referencematerial for U–Pb LA-
ICP-MS analysis.

4) The very homogeneous REE results of the Coqueiro monazite indi-
cates its potential as a natural reference material for trace elements
analyses for LA-Q-ICP-MS.

5) Furthermore, the variations between the “Moacyr” monazite of the
literature and our Itambé samplemay suggest a thorough character-
ization and evaluation of the chemical and isotopic signatures of in-
dividual portions of megacrystals prior to their use in a given
laboratory.

6) Lastly, the εNd is an adequate tool for tracing Brazillian gem-quality
monazite reference materials, apart from the approximately 505Ma
age.

We are willing to distribute those reference materials upon request
to other laboratories.
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