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Columbite group minerals generally incorporate considerable amounts of U, making them promising

minerals for in situ U–Pb dating and constraining the time of Nb–Ta mineralization. Columbite group

minerals may have uranium-rich inclusions and metamict domains and may show complex internal

textures with recrystallization. To avoid such disturbances, isotopic measurements with high spatial

resolution are needed. The laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)

technique, which is widely used for U–Pb dating with high spatial resolution, requires homogeneous

reference materials for external calibration. Herein, we present in situ U–Pb ages, ranging from ∼2050

Ma to ∼136 Ma and chemical compositions for ten columbite group minerals considered potential

reference materials. Our study indicates that CT3, Buranga, Rongi and SN3 contain very limited amounts

of common Pb and can be used as primary reference materials for in situ U–Pb dating. Coltan17, ZKW,

DDB, HND and RL2 show variable common Pb contents but have robust U–Pb ages that allow them to

be used as primary reference materials. Among them, Coltan17 needs to be further characterized by

applying the isotope dissolution thermal ionization mass spectrometry (ID-TIMS) method. A new ID-TIMS

weighted average 206Pb/238U age of Coltan139 of 507.8 ± 1.3 Ma (2s, MSWD = 0.9; n = 6) is reported.

This study demonstrates that Coltan139 contains relatively high and variable common Pb contents.

Therefore, special attention should be given to the selected measurement areas when using Coltan139

as the primary reference material.
1 Introduction

Niobium and tantalum are economically important resources
owing to their wide application in emerging high-tech elds.
Columbite group minerals (CGMs) are the most important
niobium- and tantalum-bearing economic minerals that mainly
occur in rare metal granites, pegmatites and hydrothermal
veins,1–3 which have been used as U–Pb geochronometers owing
to their high U contents and low common Pb contents.4–7 Dating
columbite group minerals provides a direct step in connecting
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the formation of Nb and Ta resources to the magmatic and
tectonic history of the area. Most importantly, CGM U–Pb
dating can yield the emplacement age of rocks, such as highly
evolved rare element granites and pegmatites, which typically
are hard to date using the more commonly usedminerals zircon
and monazite.8,9 The age of CGM can also be used to ngerprint
the provenance of columbite–tantalite minerals to provide
transparency along trade chains.10–12

The rst results of U–Pb dating of columbite–tantalite
minerals using isotope-dilution thermal ionization mass spec-
trometry (ID-TIMS) were published by Aldrich et al.13 They ob-
tained a discordant U–Pb age for a columbite–tantalite sample
from the Brown Derby pegmatite. CGM may have abundant
uranium-rich inclusions, metamict zones, and complex internal
textures reecting recrystallization.5,14–18 Romer and Wright4

chemically removed inclusions and altered domains selectively
during CGM sample preparation and illustrated that the U–Pb
dating of columbite group minerals is a potentially powerful
tool to constrain the age of columbite-bearing granites,
pegmatites, and alkaline and carbonatitic intrusions. Even
though high precision ID-TIMS U–Pb dating of CGM involves
a tedious and time-consuming chemical separation procedure
and has limited spatial resolution, the setup was increasingly
J. Anal. At. Spectrom.
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used because of an increased interest in rare metal
pegmatites.1,5,6,14–22 The time-consuming procedure, the limited
spatial resolution, and the large sample consumption23,24

resulted in an increasingly more important substitution of ID-
TIMS U–Pb dating of CGM by in situ U–Pb age determina-
tions. The latter requires reliable reference material.

Smith et al.7 rst reported in situ CGM U–Pb ages using laser
ablation multi-collector inductively coupled plasma mass
spectrometry (LA-MC-ICP-MS). Moreover, CGM has been dated
using other in situ techniques, such as secondary ionization
mass spectrometry (SIMS),25 and most importantly LA-ICP-
MS.9,11,26–32 The major limitation of in situ U–Pb dating is the
absence of matrix-matchedmaterials with well-characterized U–
Pb systematics. Some early studies used non-matrix-matched
monazite and zircon as external calibration standards and
observed large variations in the obtained results. Smith et al.7

used monazite as an external calibration standard and docu-
mented up to 20% matrix-dependent fractionation for the
238U/206Pb ratio. Che et al.29 used zircon as an external calibra-
tion standard and obtained up to 11% matrix-dependent frac-
tionation for the 238U/206Pb ratio. The matrix-mismatched
reference materials showed contrasting fractionation to CGM
samples.29 Other studies have not observed matrix-dependent
U/Pb fractionation for in situ CGM U–Pb dating.26,31,33 Thus,
favourable analytical settings (such as the wavelength of the
laser ablation system, energy density, and laser spot size)34 may
minimize the effect of a non-matching matrix. However, matrix-
matched secondary reference material is needed for quality
control of the analytical data.

There are only a few established CGM reference materials
available for in situ U–Pb dating. Among these samples, Col-
tan139 is the most commonly used CGM reference material.
Gäbler et al.10 rst used this sample as an in-house reference
material. Later, Coltan139 was characterized by Che et al.29 This
sample had been dated by ID-TIMS11 although the analytical
data were not reported. Recently, Legros et al.25 and Xiang et al.34

introduced several reference materials for in situ CGM U–Pb
dating. However, these newly developed reference materials
have not been widely distributed and need to be further exam-
ined for their elemental and isotopic homogeneity.

The main objectives of this study are as follows: (i) examine
the elemental and isotopic homogeneity of the CGM samples
investigated in this study; (ii) re-evaluate the feasibility of Col-
tan139 as a reference material; and (iii) develop new CGM
reference materials suitable for in situ U–Pb dating.
2 Materials and methods
2.1 Sample description

2.1.1 CT1 and CT3. CT1 and CT3 were collected from
placers in the central-west Ivory Coast. The placers are directly
related to local granites and pegmatites. These two samples
were dated by both ID-TIMS and SIMS techniques by Legros
et al.25 and obtained ID-TIMS 207Pb/206Pb ages of 2046.8 ± 1.1
Ma (2s, MSWD = 2.2) and 2053.2 ± 1.3 Ma (2s, MSWD = 2.2),
respectively.
J. Anal. At. Spectrom.
2.1.2 Rongi and Buranga, Rwanda. The Rongi and Buranga
samples were collected from the pegmatites of the Karagwe-
Ankole belt of Central Africa. These two samples were dated
by applying the ID-TIMS method. Dewaele et al.27 and Melcher
et al.11 reported concordia ages of 936± 14Ma (2s, MSWD= 2.5)
and 931.1 ± 1.2 Ma (2s, MSWD = 2.0), respectively, for Rongi.
Legros et al.25 reported ID-TIMS concordia ages of 931.5 ± 2.5
Ma (2s, MSWD = 0.8) for Rongi and 905.2 ± 3.2 Ma (2s, MSWD
= 0.4) for Buranga. A SIMS U–Pb age of 905.0 ± 5.0 Ma (2s,
MSWD = 0.9) for Rongi was also reported by Legros et al.25

Sample Rongi may be homogeneous on a mineral scale but
heterogeneous between different crystals. The younger age of
the Buranga sample may reect the presence of several gener-
ations of pegmatites in the region or that some pegmatites have
been overprinted, leading to the formation of several genera-
tions of columbite. The Buranga sample investigated here was
obtained from Legros et al.25

2.1.3 Coltan139, Madagascar. Coltan139 was rst investi-
gated by Gäbler et al.10 and used as an in-house reference
material for CGM U–Pb dating. Melcher et al.11 reported two ID-
TIMS ages of 505.4 ± 1.0 Ma (2s, MSWD = 2.7; Bundesanstalt
für Geowissenschaen und Rohstoffe (BGR), Hannover, Ger-
many) and 506.6 ± 2.4 Ma (2s, MSWD = 0.23; University of
Toronto), and a LA-ICP-MS age of 506.2 ± 5.0 Ma (2s, MSWD =

0.93; University of Frankfurt). Che et al.29 further characterized
Coltan139 and used it as primary reference material for in situ
CGM U–Pb dating.

2.1.4 Coltan17, Brazil. Coltan17 is a CGM sample from
Brazil. Geological background information is absent. Gäbler
et al.10 presented a U–Pb LA-ICP-MS age of ∼502 Ma for Col-
tan17. Yuan et al.32 used Coltan17 for quality control during in
situ columbite–tantalite U–Pb dating and reported a U–Pb age of
502.8 ± 7.5 Ma (2s, MSWD = 0.03).

2.1.5 SN3, Shanxi Province, China. SN3 was collected from
the Shangnan Li–Be–Cs–Nb–Ta pegmatite district located in the
eastern part of the Qinling Orogen in Shangnan County, Shanxi
Province, China.35 There are two episodes of pegmatitic
emplacement at 399–363 Ma and 422–410 Ma.25,29,33,36 Xiang
et al.34 reported an ID-TIMS age of 404.0 ± 1.3 Ma (2s, MSWD =

2.2).
2.1.6 ZKW and DDB, Sichuan Province, China. Samples

ZKW and DDB were both collected from the newly discovered
Ke'eryin ore eld in west Sichuan Province, China. This ore eld
in the central Songpan-Garze fold belt (SGFB) hosts pegmatite-
type lithium deposits with niobium, tantalum, beryllium,
rubidium and tin.37 Sample ZKW was collected from the Lijia-
gou spodumene pegmatite. Fei et al.37 reported zircon, cassit-
erite and columbite–tantalite LA-ICP-MS U–Pb ages of 200.1 ±

4.6 Ma, 211.4 ± 3.3 Ma and 211.1 ± 1.0 Ma for albite spodu-
mene pegmatites. Sample DDB was collected from the Dangba
granitic pegmatite type rare-metal deposit. LA-ICP-MS cassit-
erite U–Pb dating of two cassiterite samples from this deposit
gives ages of 208.1 ± 1.9 Ma (2s, MSWD = 2.5) and 199.3 ± 1.6
Ma (2s, MSWD = 0.7).38

2.1.7 HND and RL2, the junction of Hunan and Hubei
Province, China. HND and RL2 samples were introduced by
This journal is © The Royal Society of Chemistry 2023
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Xiang et al.34 and collected from two pegmatite districts located
in the eastern part of the Jiangnan Orogen at the boundary
between the Hunan and Hubei provinces, China. Earlier studies
showed that the pegmatite dykes of this area were mainly
intruded at 133–140 Ma.39 Xiang et al.34 reported ID-TIMS U–Pb
ages of 136.2± 0.9 Ma (2s, MSWD= 2.4) and 135.7± 0.3 Ma (2s,
MSWD = 0.6) for the HND and RL2 samples, respectively.
2.2 Instrumentation

2.2.1 Electron microprobe analysis (EPMA). Quantitative
major element analysis of CGM samples was performed using
a CAMECA SX Five Electron Microprobe housed at the Electron
Microprobe and Scanning Electron Microscope Laboratory,
Institute of Geology and Geophysics, Chinese Academy of
Sciences, Beijing, China. The operating conditions included
a beam current of 3 × 10−8 A with 15 kV acceleration voltage
and 5 mm beam diameter. The peak counting time was 20 s for
all elements, and the background counting time was 10 s for the
high- and low-energy background positions. Natural minerals
(scheelite), compounds (SnO2 and MnTiO3), and pure metals
(Nb, Ta, and Sc) were used as standards. The detection limit is
better than 0.1% m/m for the analyzed elements.

2.2.2 In situ trace elements and U–Pb determination. The
trace elements and U–Pb dating analyses were conducted at the
Institute of Geology and Geophysics, Chinese Academy of
Sciences, using an Agilent 7500a Q-ICP-MS coupled to a Geolas
HD (Coherent, USA) 193 nm nanosecond laser ablation system
with a pulse width of 4 ns. The NIST SRM 610 standard glass40

was used to optimize the instrument during laser ablation.
Helium was used as the carrier gas andmixed with argon before
entering the ICP torch. The parameters of the two gases were
optimized to obtain a stable maximum signal intensity for
Table 1 Typical instrument parameters for U–Pb dating and trace elem

Laser ablation system

Laser ablation system
Ablation cell and volume

Fluence
Repetition rate
Spot diameter nominal
Ablation duration
Sampling mode
Sample preparation

Mass spectrometer

RF forward power (W)
Carrier gas (L min−1)
Cool gas (L min−1)
Sample depth (mm)
Interface cone
Isotopes detected and dwell time

Analysis duration

This journal is © The Royal Society of Chemistry 2023
238U+, while suppressing oxide formation and limiting frac-
tionation between U and Th, using the ThO+/Th+ (<0.5%) and
Th/U ratios (approximately 1) as monitors. Detailed parameter
settings are presented in Table 1. The laser was operated at ∼5 J
cm−2

uence, 32 mm spot size and 5 Hz repetition rate. All LA-
ICP-MS measurements were carried out using time-resolved
analysis in fast peak jumping mode. The measurement time
for each isotope was set at 6 ms for Sc, Zn, Y, Zr, Hf and REE; 10
ms for 232Th and 238U; 15 ms for 204Pb, 206Pb, and 208Pb; and 30
ms for 207Pb. Each spot analysis includes ∼15 s background,
∼15 s washout and 60 s data acquisition.41,42 A matrix matched
CGM reference material (CT1)25 was used as the primary stan-
dard to correct 207Pb/206Pb, 206Pb/238U, 207Pb/235U (using
238U/235U = 137.818)43 and 208Pb/232Th ratios. Coltan139 (ref.
29) and SN3 (ref. 34) were used as secondary reference materials
to monitor data reproducibility. The NIST SRM 610 glass40 was
used as the primary reference material, and ARM-1 synthetic
glass44 was used for quality control of trace element analysis.
Trace element concentrations were calibrated using 55Mn as the
internal standard (MnO contents were measured by EPMA).
Isotopic and elemental fractionation along with instrumental
mass bias were calibrated using Glitter 4.0 soware.45 All signal
intervals of the standards and unknown samples were selected
independently to obtain similar signal sections. The 204Pb
correction was not used owing to considerable amounts of
tungsten in columbite–tantalite minerals (it may form
186W16O+)23,46 and minor 204Hg+, which might affect the
measurement of 204Pb+. The 207Pb correction slightly affects the
obtained U–Pb ages23 and has been employed for samples with
common Pb. For samples with variable common Pb contents,
all data are plotted on Tera–Wasserburg diagrams and pre-
sented as discordias forced through 207Pb/206Pb ratios esti-
mated using the Stacey and Kramers48 crustal Pb model and the
ent analysis of CGM samples by LA-ICP-MS

Coherent Geolas HD

ComPex 102, ArF excimer UV 193 nm
Standard circle low volume cell
Volume ca. 4 cm3

∼5 J cm−2 for trace element analysis and U–Pb dating
5 Hz
32 mm for trace elements analysis and U–Pb dating
60 s for trace elements and U–Pb dating
Static spot ablation
Conventional mineral separation, 1-inch resin mount

Agilent 7500a Q-ICP-MS

∼1350
∼1.1
∼14
∼4.5
Ni
15 ms for 204Pb, 206Pb and 208Pb, 30 ms for 207Pb, 10 ms
for 232Th and 238U, 6 ms for isotopes of other elements
90 s (including 30 s background)
60 s ablation

J. Anal. At. Spectrom.
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age of the sample. Isoplot 4.15 (ref. 47) was used to make plots
and age calculations.

2.2.3 U–Pb ID-TIMS dating. U–Pb dating of the CGM by ID-
TIMS was completed at the GFZ German Research Centre for
Geosciences, Potsdam, essentially using the analytical procedure
described in Romer and Smeds.15 To avoid contributions from
commonPb-bearing inclusions (silicate and sulphideminerals) and
metamict domains (high U contents), which may behave as open
systems, all analysed fragments were treated with 20% HF,
6mol L−1 HCl and 7mol L−1 HNO3 for 20minutes each on a∼70 °
C hotplate. This procedure resulted in the preferred removal of
silicate and sulphide minerals, and the dissolution of sections
strongly damaged bya-recoil14 andmay cause theU and Pb contents
of the ID-TIMS analyses to be lower than for in situ analysis. Aer
the pretreatment, all samples were rinsed in H2O and acetone.
Table 2 Average chemical compositions of the studied CGM samples

CT1 CT3 Buranga Rongi Coltan1

Major elements (% m/m)
na 20b 22b 20b 20b 20c

WO3 n.d.d n.d.d n.d. d n.d.d 0.74d

Nb2O5 7.08 6.25 64.40 65.68 62.58
Ta2O5 74.72 75.46 11.59 10.96 12.67
TiO2 0.80 0.66 0.72 0.22 3.32
SnO2 0.03 0.03 0.20 0.03 0.61
Sc2O3 n.d.d n.d.d n.d.d n.d.d 0.88
FeO 14.57 14.35 10.63 14.14 10.38
MnO 0.84 0.94 9.83 6.45 8.99
Mn/(Fe + Mn) 0.06 0.06 0.48 0.32 0.47
Ta/(Nb + Ta) 0.86 0.88 0.10 0.09 0.11
Total 98.04 97.68 97.37 97.48 100.16

Trace elements (mg g−1)
na 21 21 21 21 51
Sc 0.80 1.24 39.9 3.15 6990
Zn 282 344 2150 1800 356
Y 0.18 0.27 1.84 0.66 2130
Zr 694 493 413 399 2490
La 0.11 0.15 0.17 0.07 0.25
Ce 0.13 0.18 0.18 0.08 4.34
Pr 0.08 0.10 0.13 0.05 2.16
Nd 0.31 0.41 0.47 0.19 26.4
Sm 0.37 0.58 0.61 0.25 114
Eu 0.09 0.11 0.13 0.07 0.17
Gd 1.08 1.44 1.56 0.69 283
Tb 0.14 0.18 0.18 0.09 76.9
Dy 0.27 0.36 0.51 0.20 413
Ho 0.06 0.09 0.10 0.04 41.0
Er 0.20 0.26 0.33 0.12 75.3
Tm 0.05 0.07 0.10 0.04 10.8
Yb 0.23 0.27 0.99 0.30 78.8
Lu 0.11 0.14 0.19 0.07 9.25
Hf 328 486 97.0 29.2 363
Pbf 139 214.9 59.3 14.8 171
Th 0.03 0.04 1.54 0.12 68.1
U 268 386 285 82.7 1697
REE + Sc + Y 4.19 5.83 47.3 6.06 10 200
Th/U 0.0001 0.0001 0.004 0.001 0.040

a “n”: number of analyses. b Average major element composition of samp
major element composition of sample Coltan139 according to Che et al.2

= 204Pb (mg g−1) + 206Pb (mg g−1) + 207Pb (mg g−1) + 208Pb (mg g−1).

J. Anal. At. Spectrom.
Aer the addition of a mixed 205Pb–235U tracer and a small
amount of H2SO4, the columbite group minerals were dissolved
in 40%HF on a 160 °C hot plate overnight. Uranium and Pb were
separated using ion exchange chemistry, as described in Romer
and Smeds.15Uranium and Pb were loaded with H3PO4 and silica
gel on separate Re single laments. The isotopic ratios of U and
Pb were measured using a Triton TIMS operated in static or
dynamic multi-collection mode, depending on signal intensity,
using Faraday collectors and an ion counter. Lead was analyzed
at 1200–1260 °C and U at 1380–1450 °C. Data were corrected for
15 pg Pb blank, 1 pg U blank and tracer contribution. Common
Pb was corrected based on the measured 204Pb content and the
Pb evolution model of Stacey and Kramers.48 The analytical
results are presented in Table 3. The precision for Pb–U and Pb/
Pb ratios and related ages are given at the 2s level.
39 Coltan17 SN3 ZKW DDB HND RL2

10 10 10 15 10 15
0.53 2.07 0.24 0.45 0.56 0.22
56.92 65.45 50.80 58.51 60.88 34.81
22.31 10.38 29.95 20.74 18.53 47.18
1.04 2.13 0.19 0.38 0.84 0.60
0.44 0.11 0.12 0.19 0.09 0.03
b.d.e 0.05 b.d.e b.d.e b.d.e b.d.e

10.88 17.35 5.88 7.86 11.30 10.40
8.13 2.53 12.67 11.40 8.27 6.91
0.43 0.13 0.69 0.60 0.43 0.40
0.19 0.09 0.27 0.18 0.15 0.45
100.24 100.06 99.84 99.53 100.46 100.15

21 29 24 19 21 21
7.21 407 1.95 1.59 1.34 11.6
1340 380 975 737 753 785
43.9 71.0 11.3 18.4 10.3 12.5
1580 1850 1155 2200 2090 772
1.57 0.08 0.15 0.18 0.10 0.13
1.27 0.09 0.17 0.23 0.72 0.18
0.11 0.06 0.10 0.13 0.07 0.09
0.38 0.27 0.46 0.51 0.28 0.41
0.36 0.61 0.55 0.60 0.37 0.52
0.09 0.07 0.13 0.18 0.08 0.10
1.04 3.00 1.35 1.74 0.90 1.46
0.55 1.77 0.18 0.38 0.27 0.46
7.07 15.4 0.59 3.04 1.92 2.68
1.70 2.12 0.10 0.49 0.21 0.26
6.32 5.26 0.37 1.60 0.43 0.66
1.35 0.83 0.13 0.38 0.08 0.14
12.4 5.89 1.71 3.65 0.54 1.25
1.44 0.63 0.26 0.49 0.08 0.23
154 145 132 231 203 127
141 51.4 35.9 62.6 31.4 11.5
10.3 0.83 5.72 19.1 21.2 9.47
1030 711 957 1770 1060 391
86.7 513.5 19.5 33.6 17.7 32.6
0.009 0.001 0.006 0.009 0.021 0.024

les CT1, CT3, Buranga and Rongi according to Legros et al.25 c Average
9 d “n.d.”: not determined. e “b.d.”: below detection limit. f Pb (mg g−1)

This journal is © The Royal Society of Chemistry 2023
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3 Results
3.1 Major and trace element compositions

The average chemical compositions (major and trace elements)
of the studied columbite–tantalite samples are presented in
Table 2. The full data set is presented in the ESI† and plotted in
Fig. 1.

All EPMA analyses are plotted in Fig. 1a. The data for CT1
and CT3 plot in the ferrotapiolite eld (Fig. 1a) and have rela-
tively homogeneous compositions with average Ta/(Nb + Ta)
and Mn/(Fe + Mn) atomic ratios of 0.87 and 0.06, respectively.
Both samples contain minor amounts of TiO2 (0.76–0.84%m/m
and 0.56–0.72% m/m, respectively). There are seven samples
(Buranga, Rongi, Coltan139, Coltan17, SN3, HND and RL2) that
fall into the eld of ferrocolumbite. Three of these samples
show limited variation in Ta/(Nb + Ta) andMn/(Fe + Mn) atomic
ratios, whereas sample RL2 (Fig. 1a) has heterogeneous Ta/(Nb
+ Ta) and Mn/(Fe + Mn) atomic ratios of 0.37–0.48 and 0.35–
Fig. 1 Compositional characterization of the studied CGM samples. (a) C
most CGM samples are highly correlated, although with a wide range
a relatively broad range of Th contents but a narrow range of U content
correlate with the combined REE, Sc and Y contents. (d) Chondrite-norm

This journal is © The Royal Society of Chemistry 2023
0.53, respectively. Samples Coltan139, Coltan17 and SN3 have
high TiO2 contents, reaching 3.32%, 1.04% and 2.13%,
respectively (Table 2). Samples ZKW and DDB plot in the
manganocolumbite eld (Fig. 1a) and have heterogeneous Ta/
(Nb + Ta) and Mn/(Fe + Mn) atomic ratios in the ranges 0.16–
0.58 and 0.07–0.52, respectively.

The Th/U ratios of all samples obtained by LA-ICP-MS fall
into the range of∼0.00001 to 0.01 (Fig. 1b), which overlaps with
the range typically obtained for columbite–tantalite group
minerals (0.001–0.1).29 The Th contents are positively correlated
with U contents, except for samples Buranga, CT1 and CT3 that
show a large variation in Th contents, which are commonly
below 0.1 mg g−1.

The total REE, Sc and Y contents are below 100 mg g−1 for
most samples. Some samples show relatively small ranges of
total REE contents, such as 2.8–3.8 mg g−1 for CT1, 3.3–6.2 mg g−1

for CT3, 1000–1870 mg g−1 for Coltan139, and 31.3–49.0 mg g−1

for SN3. The total REE, Sc and Y correlate with the U contents of
olumbite–tantalite quadrilateral diagram. (b) The Th and U contents of
of Th/U. Samples CT1, CT3 and Burunga are unusual as they have

s. (c) For samples with a broad range of U contents, the contents of U
alized REE patterns of the CGM samples.
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the investigated samples (Fig. 1c). Xiang et al.34 indicate that the
correlation reects the coupled substitution of (REE, Sc, Y)3+ +
U4+ / (Nb, Ta)5+ + (Fe, Mn)2+.

The chondrite-normalised REE pattern consistently shows
LREE depletions, negative Eu anomalies, and relatively at
HREE patterns (Fig. 1d). Most samples show negative Ce
anomalies, except for sample HND that shows a positive Ce
anomaly. Sample Coltan139 shows the most pronounced
negative Eu anomaly but does not have a Ce anomaly. Sample
Coltan17 is anomalous as it shows a slight La and Ce
enrichment.
Fig. 2 U–Pb concordia diagram for CGM ID-TIMS data. All error
ellipses are given at the 2-sigma level.
3.2 U–Pb ID-TIMS dating

Three CGM samples were selected for ID-TIMS U–Pb measure-
ment as they had not been dated by applying the ID-TIMS
method before (ZKW & DPB) or the complete dataset had not
been reported (Coltan139). Other CGM samples have published
ID-TIMS U–Pb ages.25,34

3.2.1 Coltan139 (Madagascar). Six aliquots of Coltan139
ferrocolumbite were analysed using ID-TIMS. The measured
206Pb/204Pb ratios of sample Coltan139 fall in the range of 5720–
13 800. Total Pb and U contents range from 84.0 mg g−1 to 108.1
mg g−1 and 1100 mg g−1 to 1430 mg g−1, respectively (Table 3).
The U–Pb results overlap within analytical uncertainty and give
a corrected weighted average 206Pb/238U age of 507.9 ± 1.3 Ma
(2s, MSWD = 0.9; Fig. 2a). The corrected weighted average
207Pb/206Pb age of 503.3 ± 2.7 Ma (2s, MSWD = 3.9) has a rela-
tively large uncertainty. We prefer the weighted average
206Pb/238U age that agrees with previously reported ID-TIMS
ages (∼506 Ma).11

3.2.2 ZKW (Sichuan Province, China). The fragments of
ZKW manganocolumbite have heterogeneous Pb and U
contents that range from 2.2 mg g−1 to 9.5 mg g−1 and 71 mg g−1

to 323 mg g−1, respectively. The measured 206Pb/204Pb ratios
range from 1010 to 2820 (Table 3). The apparent 206Pb/238U ages
of the ve fragments range from 199.9 ± 2.2 to 204.0 ± 1.1 Ma
and yield a weighted average 206Pb/238U age of 203.0 ± 1.6 Ma
(2s, MSWD= 3.7; Fig. 2b). The relatively large uncertainty might
have been caused by inclusions with common Pb (such as
sulphides or feldspar) and the presence of metamict domains
that had not been removed completely during the leaching
process. Fei et al.37 documented the intergrowth of CGM with
feldspar in columbite from ZKW and DDB.

3.2.3 DDB (Sichuan Province, China). Sample DDB, which
was sampled from the same ore eld as sample ZKW, shows
206Pb/204Pb values ranging from 463 to 3910 (Table 3). The
fragments of DDB manganocolumbite have higher Pb and U
contents, ranging from 14.0 mg g−1 to 19.8 mg g−1 and 435 mg g−1

to 670 mg g−1, respectively. The apparent 206Pb/238U ages of the
eight fragments range from 200.0 ± 1.8 to 203.6 ± 1.7 Ma and
yield a weighted average 206Pb/238U age of 202.0 ± 1.0 Ma (2s,
MSWD = 1.3; Fig. 2c). The large variation of the measured
206Pb/204Pb values of sample DDB reects the presence of
inclusions carrying common Pb that have not been completely
removed during the sample preparation using dilute HF.
This journal is © The Royal Society of Chemistry 2023
3.3 LA-ICP-MS U–Pb dating

In this study, the in situ U–Pb ages of the CGM samples are
shown in Fig. 3–5 and reported in two different ways. Concordia
diagrams are presented for radiogenic samples with little
common Pb (such as CT3 and Buranga). For other samples with
variable common Pb contents, all data are plotted in Tera–
Wasserburg diagrams and presented as discordia forced
J. Anal. At. Spectrom.
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Fig. 3 Concordia diagrams for (a) CT3 (ID-TIMS:25 2053.2 ± 1.3 Ma) and (b) Buranga (ID-TIMS:25 905.2 ± 3.2 Ma). Tera–Wasserburg diagrams for
(c) Rongi (SIMS:25 905.0 ± 5.0 Ma) and (d) Coltan139 (ID-TIMS from this study: 507.9 ± 1.3 Ma). Insets show the weighted mean and 207Pb/206Pb
age for (a) CT3 and 206Pb/238U ages for (b) Buranga, (c) Rongi and (d) Coltan139. The discordia in the Tera–Wasserburg diagrams is forced
through 207Pb/206Pb ratios estimated using the Stacey and Kramers48 crustal Pb model. “n” represents the number of analyses. Error ellipses are
shown at the 95% confidence level.
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through a 207Pb/206Pb ratio estimated from Stacey and Kram-
ers48 crustal Pb model. For the calculation of the discordia, we
used an uncertainty of 2% for the 207Pb/206Pb ratio of the
model Pb.

3.3.1 CT3 (Ivory Coast). In the Wetherill diagram, most
data of sample CT3 cluster near the concordia curve and yield
a concordia age of 2057 ± 8 Ma (2s, MSWD = 0.1, n = 21;
Fig. 3a). Weighted mean 207Pb/206Pb age is 2053 ± 9 Ma (2s,
MSWD= 1.5, n= 21; Fig. 3a), and weightedmean 206Pb/238U age
is 2054 ± 10 Ma (2s, MSWD = 0.2, n = 21). This result agrees
well with the published ID-TIMS age of 2053.2 ± 1.3 Ma (2s,
MSWD = 2.2)25 and SIMS age of 2054.1 ± 2.2 Ma (2s, MSWD =

1.4).25

3.3.2 Buranga and Rongi (Rwanda). Sample Buranga is
a radiogenic ferrocolumbite. Twenty-one analyses of sample
Buranga yielded a concordia age of 907.7± 4.2 Ma (2s, MSWD=

0.5, n= 21; Fig. 3b) and a weightedmean 206Pb/238U age of 906.2
± 4.5 Ma (2s, MSWD = 0.1, n = 21; Fig. 3b). This result agrees
well with the reported ID-TIMS age of 905.2± 3.2 Ma (2s, MSWD
= 0.4).25

Sample Rongi shows small variations in the contribution of
common Pb and has f206 values ranging from 0 to 1.74%. The
J. Anal. At. Spectrom.
discordia yields an intercept age of 906.9± 4.8 Ma (2s, MSWD=

0.1, n = 21; Fig. 3c). The chosen 207Pb/206Pb model ratio of 0.90
(ref. 48) is slightly higher than the unconstrained intercept of
0.80 ± 0.16, which corresponds to an intercept age of 907.0 ±

11.0 Ma (2s, MSWD = 0.1, n = 21). Both ages agree with each
other within uncertainties. The 207Pb corrected weighted
average 206Pb/238U age is 906.8 ± 5.8 Ma (2s, MSWD = 0.1, n =

21; Fig. 3c). The laser ablation result of Rongi agrees well with
the published age of 905.0 ± 5.0 Ma (2s, MSWD = 0.9).25

3.3.3 Coltan139 (Madagascar). A total of y-nine analyses
of sample Coltan139 dene an anchored discordia on the Tera–
Wasserburg diagram with an intercept age of 507.9± 1.4 Ma (2s,
MSWD = 0.4, n = 59; Fig. 3d). For comparison, the uncon-
strained discordia in the dataset yields a 207Pb/206Pb intercept of
0.85 ± 0.05 and an age of 507.8 ± 2.7 Ma (2s, MSWD = 0.1, n =

59; Fig. 3d). This sample shows a wide range of common Pb
contributions with f206 reaching up to 8.29%. The weighted
mean 206Pb/238U age of 507.8± 1.3 Ma (2s, MSWD= 0.4, n= 21;
Fig. 3d) agrees well with published values (∼506 Ma)11 and the
ID-TIMS results reported in this study.

3.3.4 Coltan17 (Brazil). Among the investigated samples,
Coltan17 has the highest contribution of common Pb and has
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Tera–Wasserburg diagrams for (a) Coltan17, (b) SN3 (ID-TIMS:34 404.0± 1.3 Ma), (c) ZKW (ID-TIMS from this study: 203.0± 1.6 Ma) and (d)
DDB (ID-TIMS from this study: 202.0 ± 1.0 Ma). Insets show 207Pb corrected weighted mean 206Pb/238U ages for (a) Coltan17, (b) SN3, (c) ZKW
and (d) DDB. The discordias on the Tera–Wasserburg diagrams are forced through 207Pb/206Pb ratios estimated using the crustal Pb model of
Stacey and Kramers.48 “n” represents the number of analyses. Error ellipses are shown at the 95% confidence level.
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f206 values ranging from 0.05% to 14.90%. The discordia con-
strained by 21 analyses yields on the Tera–Wasserburg diagram
an age of 502.1 ± 2.9 Ma (2s, MSWD = 0.3, n = 21; Fig. 4a). The
corresponding 207Pb corrected weighted mean 206Pb/238U age is
501.3 ± 2.2 Ma (2s, MSWD = 0.3, n = 21; Fig. 4a). The unan-
chored data give an upper intercept 207Pb/206Pb ratio of 0.89 ±

0.06 and an intercept age of 502.7 ± 3.1 Ma (2s, MSWD = 0.3, n
= 21). The obtained ages agree well with the published age of
∼502 Ma.10,32

3.3.5 SN3 (Shanxi Province, China). Most analyses of
sample SN3 fall on the concordia on the Tera–Wasserburg
diagram, i.e., have hardly any contributions of common Pb,
which is expressed in f206 values less than 0.76%. The discordia
constrained by twenty-nine analyses yields an intercept age of
404.9 ± 1.6 Ma (2s, MSWD = 0.2, n = 29; Fig. 4b) on a Tera–
Wasserburg diagram. The corresponding 207Pb corrected
weighted mean 206Pb/238U age is 404.9 ± 1.7 Ma (2s, MSWD =

0.1, n = 29; Fig. 4b). The laser ablation U–Pb age agrees well
with the ID-TIMS determined result of 404.0 ± 1.3 Ma (2s,
MSWD = 2.2).34

3.3.6 ZKW and DDB (Sichuan Province, China). Sample
ZKW shows limited variation in common Pb contributions with
f206 varying from 0 to 1.19%. The laser ablation U–Pb results
This journal is © The Royal Society of Chemistry 2023
dene an intercept age of 202.6 ± 1.0 Ma (2s, MSWD = 0.5, n =

24; Fig. 4c). The 207Pb corrected weightedmean 206Pb/238U age is
202.6 ± 1.0 Ma (2s, MSWD = 0.5, n = 24; Fig. 4c). For
comparison, the unconstrained discordia yields an 207Pb/206Pb
intercept of 0.57± 0.84 and an age of 202.3± 2.5 Ma (2s, MSWD
= 0.1, n = 24). As the twenty-four U–Pb analyses of sample ZKW
plot on or very close to the concordia, the 207Pb/206Pb intercept
is not well constrained.

Analyses of sample DDB show more variable common Pb
contributions than sample ZKW from the same deposit. The f206
values of DDB range from 0 to 4.65%. The dataset of ZKW yields
an intercept age of 202.1 ± 1.0 Ma (2s, MSWD = 0.5, n = 21;
Fig. 4d) and a 207Pb corrected weighted mean 206Pb/238U age of
202.0 ± 1.0 Ma (2s, MSWD = 0.5, n = 21; Fig. 4d). The uncon-
strained discordia intercepts at a 207Pb/206Pb ratio of 0.75± 0.52
and yields an age of 201.9 ± 2.2 Ma (2s, MSWD = 0.1, n = 21).
The large uncertainty of the 207Pb/206Pb ratio reects the small
spread of the data that falls close to the concordia.

The U–Pb ages of ZKW and DDB determined by LA-ICP-MS
agree well with the published mineralization age of ∼200
Ma.37,38

3.3.7 HND and RL2 (The junction of Hunan and Hubei
Province, China). Twenty-one analyses of sample HND yield an
J. Anal. At. Spectrom.
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Fig. 5 Tera–Wasserburg diagrams for (a) HND (ID-TIMS:34 136.2 ± 0.9 Ma) and (b) RL2 (ID-TIMS:34 135.7 ± 0.3 Ma). Insets show 207Pb corrected
weighted mean 206Pb/238U age for (a) HND and (b) RL2. Discordia in Tera–Wasserburg diagrams is forced through 207Pb/206Pb ratios estimated
using the crustal Pb model of Stacey and Kramers.48 “n” represents the number of analyses. Error ellipses are given at the 95% confidence level.
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intercept age of 136.4 ± 0.6 Ma (2s, MSWD = 0.3, n = 21;
Fig. 5a). The corresponding 207Pb corrected weighted mean
206Pb/238U age is 136.4 ± 0.6 Ma (2s, MSWD = 0.3, n = 21;
Fig. 5a). The unconstrained discordia yields a 207Pb/206Pb
intercept of 0.69 ± 0.53 and an intercept age of 136.2 ± 1.6 Ma
(2s, MSWD = 0.1, n = 21). The relatively large uncertainty of the
unconstrained 207Pb/206Pb intercept reects the limited spread
of the dataset, which is also reected in the small range of f206
from 0 to 1.86%.

Sample RL2 also contains very little common Pb with f206
varying from 0 to 1.55%. The laser ablation U–Pb data are
dened on the Tera–Wasserburg diagram as an intercept age of
136.9 ± 0.9 Ma (2s, MSWD = 0.2, n = 21; Fig. 5b). The corre-
sponding 207Pb corrected weightedmean 206Pb/238U age is 136.9
± 0.8 Ma (2s, MSWD = 0.2, n = 21; Fig. 5b). The unconstrained
regression line through the dataset yields a 207Pb/206Pb inter-
cept of 0.63 ± 0.95 and an intercept age of 136.7 ± 2.0 Ma (2s,
MSWD = 0.1, n = 21).

The in situ U–Pb ages of HND and RL2 obtained in this study
agree well with the published ID-TIMS age of ∼136 Ma.34
4 Discussion
4.1 Matrix effect related to Ta/(Nb + Ta) and Mn/(Fe + Mn)
atomic ratios

Reference materials are crucial for microanalysis to obtain
reliable results. In this study, we used ferrotapiolite CT1 as the
primary reference material. CT1 has Ta/(Nb + Ta) and Mn/(Fe +
Mn) atomic ratios of 0.86 and 0.06, respectively, and was used to
calibrate the U/Pb ratios of other CGM crystals that have Ta/(Nb
+ Ta) and Mn/(Fe + Mn) atomic ratios ranging from 0.09 to 0.88
and from 0.06 to 0.69, respectively. The obtained LA-ICP-MS U–
Pb ages of these normalized samples agree well with their ID-
TIMS U–Pb ages presented here and reported earlier (Fig. 3–
5). Thus, for the analytical conditions used in this study (Table
1), large variations in the major element composition of the
CGM crystals have little or no effect on the accuracy of the ob-
tained LA-ICP-MS U–Pb ages.
J. Anal. At. Spectrom.
The variation in Mn/(Fe + Mn) does not affect the accuracy of
LA-ICP-MS U–Pb ages because Fe and Mn have similar masses.
Such insensitivity to the composition was also reported for LA-
ICP-MS U–Pb dating of wolframite series minerals.23 In contrast,
the large mass difference between Nb and Ta may introduce
a signicant matrix effect, largely depending on the used
method and analytical settings. For instance, the matrix effect
due to variations in Ta/(Nb + Ta) may have induced apparent
discordance in the SIMS data.25 As matrix effects in CGM U–Pb
dating were not consistently observed in LA-ICP-MS studies,26,31

favourable analytical settings may minimize matrix effects. The
use of femtosecond laser ablation systems (lower heating effect
and smaller aerosol particles49,50), wet plasma conditions
(increasing plasma robustness51–53), and some ablation modes
(such as line scanning mode, low laser energy density and
moderate ablation spot size29,34) have been reported tominimize
matrix effects.
4.2 Re-evaluation of Coltan139 as a reference material

Ferrocolumbite Coltan139 has been used as a reference mate-
rial for in situ columbite–tantalite mineral U–Pb dating for over
a decade.9–11,20,29,32,54,55 The ID-TIMS U–Pb age of this sample was
determined in two laboratories and was reported by Melcher
et al.11 although the ID-TIMS data were not published. In this
study, we dated sample Coltan139 using the ID-TIMS U–Pb
method and reported the results (Table 3). The reported ID-
TIMS ages agree with the previously reported age of ∼506 Ma.11

Fig. 6 shows the deviation in the 207Pb/206Pb, 206Pb/238U and
207Pb/235U ratios of Coltan139 as determined by LA-ICP-MS
from the corresponding ratios determined by ID-TIMS. The
deviation is typically less than 5% from the ID-TIMS value and is
due to common Pb contributions rather than Pb loss. Although
all Coltan139 fragments are derived from one single crystal,11

the deviation is considerably larger than that previously re-
ported (less than 3%).29,34 This may reect the fact that common
Pb contents differ within the individual shards of this crystal
and among different shards. Therefore, special care (such as
This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Deviation of U/Pb isotope ratios of sample Coltan139 determined by LA-ICP-MS from the corresponding ratios determined by ID-TIMS.
(a) Plot of 206Pb/238U deviation versus 207Pb/206Pb deviation. (b) Plot of 207Pb/235U deviation versus 207Pb/206Pb deviation.
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back-scattered electron images, trace elements and real-time
mass spectrum signals) should be taken when using Col-
tan139 as a reference material for in situ U–Pb dating.
4.3 Potential CGM reference materials for in situ U–Pb
dating

The results of the LA-ICP-MS U–Pb dating of the investigated
CGM samples are presented in Table 4. The tested columbite–
tantalite minerals typically have U and Pb contents varying from
83 mg g−1 to 1560 mg g−1 and from 15 mg g−1 to 215 mg g−1,
respectively. Among the investigated samples, Coltan139 is the
most commonly used reference material for laser ablation U–Pb
dating,29 even though the common Pb contents of Coltan139
samples vary throughout the crystal (Fig. 3d and 6). Therefore,
special care should be taken when using Coltan139 as the
primary reference material. In contrast, CGM samples CT3,
Buranga and Rongi investigated by Legros et al.25 have negligible
Table 4 Compilation of columbite–tantalite group minerals U–Pb ages

Sample nb

mg g−1 Data for Tera–Wasserburg plot

Pbc Th U Th/U 238U/206Pb 2s 207Pb/206Pb 2s

CT3 21 215 0.04 386 0.0001 2.66 0.032 0.127 0.003
Buranga 21 147 33.0 820 0.019 6.62 0.029 0.069 0.002
Rongi 21 15 0.12 83 0.001 6.60 0.080 0.071 0.007
Coltan139 59 158 60.5 1564 0.036 12.13 0.364 0.062 0.021
Coltan17 21 141 10.3 1030 0.009 11.64 1.328 0.105 0.090
SN3 29 51 0.83 711 0.001 15.41 0.191 0.055 0.003
ZKW 24 36 5.72 957 0.006 31.28 0.420 0.735 0.001
DDB 19 63 19.1 1774 0.009 31.27 0.940 0.054 0.017
HND 21 31 21.2 1064 0.021 46.39 1.125 0.055 0.014
RL2 21 12 9.47 391 0.024 46.45 0.886 0.052 0.008

a Mass fraction's uncertainties are about 20%. Decay constants of Jaffey et
206Pb (mg g−1) + 207Pb (mg g−1) + 208Pb (mg g−1). d f206, common 206Pb in total
− (207Pb/206Pb)radiogenic].

e Total systematic uncertainties (ssys):
206Pb/238U

This journal is © The Royal Society of Chemistry 2023
or small contributions of common Pb and show very good
reproducibility. The LA-ICP-MS U–Pb ages of these three CGM
samples agree well with the reported ID-TIMS and SIMS ages.25

As depicted in Fig. 7a–c, samples CT3, Buranga and Rongi are
used as primary reference materials to calibrate CT1 and Col-
tan139. The obtained ages are consistent with recommended
results, indicating that samples CT3, Buranga and Rongi can
serve as primary reference materials and may be preferable to
Coltan139. Samples SN3, HND and RL2 were investigated by
Xiang et al.34 Each of these CGM samples exhibits limited vari-
ation in the common Pb contents. The LA-ICP-MS ages obtained
in this study are consistent with reported ID-TIMS results.34

Sample SN3 contains very little common Pb and can be used as
a primary reference material (Fig. 7d; an example of SN3 used as
a primary reference material). Samples HND and RL2 contain
minor amounts of common Pb and obtain robust intercept ages
on Tera–Wasserburg diagrams. They can also be used as refer-
ence materials.57 Data from samples ZKW and DDB have not
obtained by LA-ICP-MS in this studya

Data for Wetherill plot (%) 207Pb corr. (Ma)

207Pb/235U 2s 206Pb/238U 2s f206
d 2s 206Pb/238U 2s 2ssys

e

6.584 0.076 0.3758 0.0045 0.13 0.25 2054 21 46
1.445 0.025 0.1510 0.0007 0.09 0.14 906 3.8 19
1.489 0.160 0.1514 0.0019 0.27 0.80 907 6.4 19
0.710 0.292 0.0825 0.0026 0.58 2.61 508 6.3 12
1.267 1.221 0.0862 0.0101 5.89 11.0 501 5.4 11
0.498 0.032 0.0649 0.0008 0.11 0.38 405 4.4 9.1
0.007 0.035 0.0320 0.0008 0.27 0.79 202 3.9 5.6
0.239 0.092 0.0320 0.0010 0.47 2.12 202 3.4 5.2
0.166 0.051 0.0216 0.0005 0.81 1.75 136 1.5 3.1
0.154 0.028 0.0215 0.0004 0.39 0.98 137 1.8 3.2

al.56 were used. b “n”: number of analyses. c Pb (mg g−1) = 204Pb (mg g−1) +
206Pb; f206= [(207Pb/206Pb)total− (207Pb/206Pb)radiogenic]/[(

207Pb/206Pb)initial
= 2.0% (2s).

J. Anal. At. Spectrom.
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Fig. 7 U–Pb and Tera–Wasserburg (a and b) and concordia (c and d) diagrams for columbite–tantalite LA-ICP-MS data. Calibration using
different reference materials yields intercept ages, concordia ages, and 207Pb corrected weighted mean 207Pb/206Pb and 206Pb/238U ages.
Discordias on Tera–Wasserburg diagrams are forced through 207Pb/206Pb ratios estimated using the crustal Pb model of Stacey and Kramers.48

“n” represents the number of analyses. Error ellipses are given at the 95% confidence level.
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been reported before. Both samples show small variations in the
common Pb contents, resulting in f206 values of less than 5%.
The U–Pb ages obtained by LA-ICP-MS are consistent with ID-
TIMS ages and published cassiterite and columbite ages.37,38

They are suitable as reference materials for CGM U–Pb dating. In
contrast, sample Coltan17 contains high and variable common
Pb contents and yields a robust U–Pb age. Coltan17, however,
needs to be dated by applying the ID-TIMS method. Therefore, it
should be used presently only as secondary reference material to
check the data quality.
5 Conclusions

We characterize columbite–tantalite minerals with a broad
range of compositions and ages from 2054 Ma to 136 Ma. The
U–Pb dating of columbite–tantalite minerals by LA-ICP-MS
indicates that compositional variations in Ta/Nb and Mn/Fe
do not affect the fractionation behaviour of U and Pb. Three
CGM samples Coltan139, ZKW and DDB yield ID-TIMS
206Pb/238U ages of 507.9 ± 1.3 Ma (2s), 203.0 ± 1.6 Ma (2s)
and 202.0 ± 1.0 Ma (2s), respectively. The homogeneity of Col-
tan139 was examined, which revealed relatively high common
Pb contents. We recommend CGM samples CT3, Buranga,
Rongi and SN3 as primary reference materials for in situ CGM
J. Anal. At. Spectrom.
U–Pb dating. Samples ZKW, DDB, HND and RL2 have relatively
high common Pb contents but yield robust U–Pb ages. They can
also serve as primary reference materials. Coltan17 contains
a considerable amount of common Pb but yields a robust
intercept age. The age of this CGM sample needs to be veried
using the ID-TIMS method. At present, it may serve as
a secondary reference material.
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