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Due to their relatively high Hf contents (i.e., several hundreds to thousands of ppm), columbite-group
minerals (CGMs) are suitable for Lu—Hf isotope analysis, which can provide new insights into the source
of such minerals in combination with the U-Pb age of rare-metal deposits. However, few studies have
reported Lu—Hf isotope data for CGMs. Tantalum is a major element in CGMs (12-48 wt% Ta,Os) and
has a significant effect on measurements of Hf isotopes using MC-ICP-MS. This effect was first evaluated
in this study by analysis of mixed Hf-Ta standard solutions with different Ta/Hf ratios and LA-MC-ICP-
MS analysis of various CGMs. This analytical artifact reflects serious tailing of the large *¥!Ta signal onto
the 8%Hf and Y°Hf masses during analysis. Therefore, in order to obtain accurate Hf isotope data for
CGMs by MC-ICP-MS, we present an improved chemical separation procedure for Hf from Ta, and also
a novel analytical protocol for LA-MC-ICP-MS analysis of CGMs. Accurate in situ Y®Hf/*”’Hf ratios for
CGMs can be obtained by normalization to ¥®Hf/*’Hf = 1.4672, rather than Y°Hf/*’Hf = 0.7325, using
the exponential law. This approach was validated by solution and laser ablation MC-ICP-MS analysis of
four CGM samples from China and Africa. The Lu—Hf isotopic composition of CGMs provides a new
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1 Introduction

The Lu-Hf isotopic system is an important geochronometer and
petrogenetic tracer in Earth sciences.” With improvements in
multi-collector inductively coupled plasma mass spectrometry
(MC-ICP-MS) and chemical separation procedures, the range of
sample types suitable for Lu-Hf isotopic analysis has signifi-
cantly expanded. Analysis of Lu-Hf isotopes by solution and
laser ablation (LA)-MC-ICP-MS has been widely conducted on
Hf-bearing minerals. Due to the high Hf contents of zircon
(~0.5-2.0 wt%),® its Lu-Hf isotopic system is intensively
studied. Zircon Hf isotopic ratios were determined accurately
using LA-MC-ICP-MS as early as the mid-1990s to early 2000s.*”
As with zircon, the high Hf concentrations (~1.0-1.5 wt%)® of
baddeleyite make it also suitable for Hf isotopic analyses. Since
the 2000s, many studies of baddeleyite Hf isotopes were
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geochemical tracer for rare-metal deposits.

reported using solution and LA-MC-ICP-MS.**° For eudialyte
with Hf content of ~1000-4000 ppm,** Barfod et al*> firstly
obtained Hf isotopes of eudialyte by solution MC-ICP-MS. After
that, Kogarko et al.** and Wu et al."* used LA-MC-ICP-MS to
measure its Hf isotopes in 2010. For Hf-poor rutile (usually <50
ppm),* its Hf isotopes were also measured by solution MC-ICP-
MS and LA-MC-ICP-MS during the mid-2000s to 2010s.**®
Kendall-Langley et al.’” recently undertook reconnaissance Lu-
Hf isotope analysis of cassiterite (200-400 ppm Hf) by LA-MC-
ICP-MS, which provided insights into Li-Cs-Ta pegmatite
melts. However, there is no corresponding solution Lu-Hf
isotope analysis of cassiterite.

Columbite-group minerals (CGMs) with the general formula
(Fe,Mn)(Nb,Ta),0¢ are the most significant Nb- and Ta-bearing
ore minerals, and occur mainly in rare-metal granitic, pegma-
titic, alkali, and carbonatitic rocks.”®" The major and trace
element chemistry of CGMs has been widely utilized in petro-
genetic and geochemical studies.®**”” CGMs have high U and
low common Pb contents, and thus can be used for U-Pb
dating.>*?*** Meanwhile, many CGMs have relatively high Hf
contents (50-2650 ppm),>****%3537 which makes these minerals
suitable for Lu-Hf isotope studies. However, there is no estab-
lished analytical protocol for CGMs. Recently, Marko et al.’®
briefly described Lu-Hf isotope analysis of CGMs by isotope
dilution MC-ICP-MS in a conference abstract. The samples were
collected by using a microdrill, and ey values of the same grain
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showed wide variation, which indicated that the Lu-Hf isotopic
system of CGMs may be a potential petrogenetic tracer in the
study of Nb-Ta mineralization. Nevertheless, there were no
detailed chemical procedures for Hf isotope analysis of CGMs,
and also there was no follow-up report.

It is difficult to accurately and precisely measure Hf isotopes
using solution MC-ICP-MS and LA-MC-ICP-MS due to the
following challenges: the first is how to effectively extract the Hf
fraction from matrix elements by ion exchange methods. Miinker
et al.* separated Lu, Hf, and Ta from rock samples by a three-
column separation procedure. However, Ta is the major
element (wt% levels) in CGMs; it needs to be further investigated
to elute the high concentration of Ta and extract pure Hf. The
second is how to robustly correct mass bias for Hf. Generally
speaking, mass bias is corrected using an exponential law, and
the mass bias coefficient for Hf is traditionally calculated using
7OHf/"77Hf = 0.7325 in Hf isotope analysis.>**!* However, tailing
of '®'Ta on the low-mass side was reported which can seriously
affect the signal on Hf in MC-ICP-MS.**** Thus, mass bias needs
to be further evaluated for in situ analysis of the CGM Hf isotope.
The third is whether there is a matrix effect on Hf isotope
measurements of CGMs. Considering that CGMs usually include
ferrocolumbite, manganocolumbite, ferrotantalite, and man-
ganotantalite subgroup minerals, with different Ta/(Nb + Ta)
atomic ratios (abbreviated hereafter as Ta*) and Mn/(Fe + Mn)
atomic ratios (abbreviated hereafter as Mn*), the matrix effect
among different CGM endmembers during laser ablation should
be examined and investigated in detail.

In this study we have developed the first robust methodology
for Hf isotope analysis of CGMs. We undertook analysis of
mixed Hf-Ta solutions and natural CGM samples and estab-
lished an improved chemical procedure for Lu and Hf purifi-
cation from CGMs for solution MC-ICP-MS analysis. We also
established an analytical protocol of in situ Lu-Hf isotope
analysis of CGMs by LA-MC-ICP-MS. Our novel protocols were
validated by both solution and laser ablation MC-ICP-MS of four
natural CGM samples from China and Africa. Our methodology
will allow this isotopic system to be used as a tracer for rare-
metal deposits.

2 Experimental procedures
2.1 Natural samples

Four CGM samples from different locations were analyzed in
this study. One ferrotapiolite sample was also analyzed. Prior to
Lu-Hf isotope analysis, back-scattered electron (BSE) images
were obtained (Fig. 1) and quantitative elemental analyses
(Fig. 2 and Table S1f) were performed by electron probe
microanalysis (EPMA). Trace element contents (Table S11) and
in situ U-Pb ages (Table S2 and Fig. S17) were determined by LA-
ICP-MS. The detailed methods are described in Methods S1 and
S2. Average Ta,Os, Nb,Os, Hf, Yb, and Lu contents for each
sample are presented in Table 1. These samples are described
briefly below.

NP-2 is a single black ferrocolumbite megacryst (approxi-
mately 50 x 20 x 10 mm) from the Nanping No. 31 pegmatite.
The Nanping pegmatites are located 8 km west of Nanping City,
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Fig. 1 Representative back-scattered electron (BSE) images of the
CGM and ferrotapiolite grains.
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Fig. 2 Compositional plot of Ta/(Nb + Ta) vs. Mn/(Fe + Mn) for CGM
and ferrotapiolite samples. Data for samples Coltan139 and 713-79
quoted from Che et al. (2015).32

Table 1 Selected major- and trace-element concentrations of the
CGM and ferrotapiolite samples”

Sample NP-2 U-1 U-3 Coltan139 713-79
Number 21 15 16 20 20
Ta,05 (Wt%) 36.65 47.78 34.55 12.67 65.71
Nb,Os5 (Wt%) 43.78 33.45 44.82 65.57 10.87
Number 32 27 25 30 20

Hf (ppm) 211 469 1430 454 712
Yb (ppm) 1.610  0.483 0.0804  95.4 0.017
Lu (ppm) 0.355 0.0681 0.0165 11.2 0.0043
Ta/Hf 1424 658 204 229 756
Nb/Hf 1452 3574 469 963 107

¢ Data of samples Coltan139 and 713-79 quoted from Che et al. (2015).%

Fujian Province, China. The Nanping No. 31 pegmatite is
a highly differentiated and Nb-Ta-Sn-bearing dike. Rao et al.*
described the petrography of this pegmatite dike. The dike has
an LA-ICP-MS U-Pb CGM age of 387.1 £+ 4.0 Ma,* and an ID-
TIMS CGM age of 380.3 + 2.4 Ma.*

U-1 and U-3 are single black manganocolumbite and ferro-
columbite megacrysts (approximately 25 x 10 x 5 mm),
respectively, from an unknown location in Africa. These
samples have LA-ICP-MS U-Pb ages of 971 & 12 and 966 + 12
Ma (this study), respectively.

This journal is © The Royal Society of Chemistry 2021
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Coltan139 is an external reference material for in situ U-Pb
dating and elemental analysis of CGMs.>***3%%¢ It is a single
black ferrocolumbite megacryst (approximately 10 x 5 x 5 mm)
from a pegmatite in Madagascar, Africa. ID-TIMS U-Pb dating
of this sample has yielded an age of 505.4 + 1.0 Ma.*®

713-79 is a single black ferrotapiolite megacryst (approxi-
mately 20 x 10 x 5 mm) from the Altai Koktokay No. 3
pegmatite in Fuyun County, Xinjiang Province, China. The Altai
Koktokay No. 3 pegmatite is an evolved dike. Zhang et al.*’” and
Wang et al.*® described the petrography of this dike, which has
a LA-ICP-MS ferrotapiolite U-Pb age of 218 £ 2 Ma.*?

2.2 Solution analysis

Chemical purification and mass spectrometry were undertaken
at the State Key Laboratory of Lithospheric Evolution, Institute
of Geology and Geophysics, Chinese Academy of Sciences (CAS),
Beijing, and the State Key Laboratory for Mineral Deposits
Research, Nanjing University (NJU), Nanjing, China. The
chemical separation procedures were conducted in a class 100
laminar flow hood in a class 10 000 clean room environment.
Samples NP-2, U-1, U-3, Coltan139, and 713-79 were subjected
to solution Lu-Hf isotope analysis. We selected several small
pieces from different parts of these samples for analysis.

2.2.1 Chemical reagents and materials. Milli-Q water (18.2
MQ em™ ) from Millipore (Elix-Millipore, USA) and hydrofluoric
acid (HF), hydrochloric acid (HCI), nitric acid (HNO;), perchloric
acid (HCIO,), boric acid (H;BO;), and hydrogen peroxide (H,O,)
were used for mineral digestion, elemental purification, and
analysis. Spex Hf (1000 ug mL™") from SPEX CertiPrep, Alfa Hf
(10 000 pg mL™") from Alfa Aesar of Johnson Matthey Company,
and Ta solution (1000 ug mL™') from the National Analysis
Center for Iron and Steel, China, were used to prepare mixed Hf-
Ta solutions. Two chromatographic materials were used in our
study, which were a Ln Spec cation exchange resin (100-150 um
particle size; 2 mL) from Eichrom Industries (Darien, Illinois,
USA) and an AG 1-X8 anion exchange resin (200-400 mesh size; 2
mL) from Bio-Rad (Richmond, California; USA). Standard solu-
tions of 200 ng mL ™" Alfa Hf, 50 ng mL™* Alfa Lu, and 100 ng
mL ™" JMC475 were prepared and used for the measurements. A
series of mixed solutions with variable Ta/Hf ratios were analyzed
(Table S3t). Standard reference materials BCR-2, BIR-1a, BHVO-2,
and AGV-2 from the USGS were used to evaluate the chemical
separation procedures.

2.2.2 Sample digestion. Handpicked and fresh CGM and
ferrotapiolite grains were washed in Milli-Q water and ethanol
before being powdered with an agate mortar and pestle. The
digestion procedures for the CGM and ferrotapiolite samples
were followed as described by Romer and Smeds* and Yang
et al*® At CAS, approximately 10-20 mg of the sample powder
and, in some cases, a mixed '7°Lu-"*"Hf spike were weighed
into 7 mL Savillex PFA vials, and then digested on a hot plate at
100 °C for one week in 22 M HF-14 M HNO3-70% HClO, (2 mL +
1 mL + 0.2 mL). At NJU, approximately 20 mg of the sample
powder was weighed into a bomb, and then dissolved in 0.2 mL
of 70% HClO, and 4 mL of 29 M HF in an oven at 180 °C for one
week.

This journal is © The Royal Society of Chemistry 2021

JAAS

The capsules were then opened and heated on a hot plate to
dryness with fuming HCIO,. Subsequently, 1 mL of 6 M HCl was
added to the residue and evaporated to dryness and then
repeated. After the samples were evaporated to dryness and
cooled, 5 mL of 3 M HCI + 3% H3;BO; were added to the resi-
dues. The capsules were resealed and placed on a hot plate at
80 °C for 12 h to dissolve the samples for chemical separation.

2.2.3 Column chemistry. Chemical separation of Hf from
the mixed Hf-Ta solution and the natural samples was under-
taken by ion exchange techniques. A two-column procedure was
required for the separation procedure (Table 2). The first column
was used to separate Lu and Hf (and Ta) from the matrix with the
Ln Spec resin (Table 2). First, 2 mL of the Ln Spec resin was
prepared in a mixture of 6 M HCI + 0.2 M HF and then pre-
conditioned with 25 mL of 3 M HCI. In order to decrease the
sample load, only 1.5-2.5 mL of the 5 mL solutions were loaded
onto the first column. The matrix elements (including light rare
earth elements) were sequentially eluted with 3 M and 4 M HCl.
Both Lu and Yb were eluted with 5 mL of 4 M HCI, collected in
a PFA beaker, and evaporated to dryness. This fraction was dis-
solved in a trace quantity of 3 M HCI and diluted with 0.5 mL of
2% HNO; before mass spectrometry. Subsequently, 6 M HCI was
eluted through the column to remove any remaining Lu and Yb
to minimize the isobaric interferences of '"°Lu and '7°Yb on
76Hf, Titanium was eluted with a mixture of 4 M HCI + 0.5%
H,O0,. Finally, Hf-Ta was extracted with 4 mL of 2 M HF.

Given that Ta is a major element in the CGM and ferrota-
piolite samples, a second column step was required to further
separate Hf from Ta using an anion exchange resin (AG 1-X8;
Table 2). First, 2 mL of the AG 1-X8 resin was prepared in 6 M
HCI and Milli-Q H,0, which was then preconditioned with 6 M
HNO; + 0.2 M HF and 2 M HF. The Hf-Ta collected from the first
column was loaded directly onto the second column. After
eluting the matrix (mainly Ta) with 10 mL of 2 M HF, Hf was

Table 2 Two-column procedure for combined separation of Lu and
Hf

Step Column volumes  Acid

Column I (Ln Spec 2 mL ca. 0.8 cm X 4 cm)

Preparation 20 mL x 3 times 6 M HCI + 0.2 M HF
Preconditioning 25 mL 3 M HCI
Loading sample 1.5-2.5 mL 3 M HCI
Eluting matrix 5 mL x 2 times 3 M HCI
Eluting matrix 5 mL X 2 times 4 M HCI
Collecting Yb, Lu 5 mL 4 M HCI
Eluting residual Yb, Lu 5 mL x 4 times 6 M HCl
Eluting Ti 20 mL 4 M HCI + 0.5% H,0,
Collecting Hf-Ta 4 mL 2 M HF
Column II (AG 1-X8 2 mL ca. 0.8 cm X 4 cm)
Preparation 5 mL x 2 times 6 M HCI
5 mL x 2 times Milli-Q H,0
Preconditioning 5 mL X 2 times 6 M HNO; + 0.2 M HF
5 mL x 2 times 2 M HF
Loading Hf-Ta cut 4 mL 2 M HF
Eluting matrix 2.5mL x 4 times 2 M HF

Collecting Hf 2 mL x 3 times 6 M HNO; + 0.2 M HF

J. Anal. At. Spectrom., 2021, 36, 1643-1656 | 1645
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collected in a PFA beaker in 6 mL of 6 M HNO; + 0.2 M HF, and
evaporated to dryness. This residue was dissolved in trace
amounts of 2 M HF and diluted to 1.25 mL with 2% HNO;, and
was then ready for Hf isotope analysis.

The mixed Hf-Ta solutions were divided into two parts.
Separation of Hf from one aliquot was undertaken with the
second column procedure described above, and the other
aliquot was not purified. The mixed Spex Hf and Ta solutions
were also not purified. After the spiked samples (U-1, U-3,
Coltan139, and 713-79) were digested, these sample solu-
tions were passed through the first column, and then the
collected Hf (and Ta) was divided into two aliquots. One
aliquot was passed through the second column, whereas the
other was not.

Paper

2.2.4 Mass spectrometry. Lu-Hf isotope analyses were
carried out using Thermo Fisher Scientific Neptune Plus MC-
ICP-MS instruments at CAS and NJU, and the analytical
methods were similar to those described by Yang et al.>® The
typical instrumental operating parameters and Faraday cup
configurations are presented in Table 3. The interference from
176Yb on '7®Lu was corrected by assuming that the mass bias
behavior of Lu follows that of Yb and '7®Yb/'”?Yb = 0.5887
(using the exponential mass fractionation law). Hafnium
isotope data were reduced offline and normalized to
"Hf/""7Hf = 0.7325 using the exponential law. Hafnium
contents were calculated from the "*°Hf/"”"Hf ratio using the
isotope dilution method. During the period of data acquisi-
tion, standard reference materials were analyzed using the

Table 3 Operational parameters and Faraday cup configuration for the measurements of Lu and Hf isotopes®

MC-ICP-MS

Lab. CAS NJU
Model Thermo Fisher Scientific Neptune Plus

RF forward power ~1200 W ~1200 W
Cooling gas 16 1 min " 15 1 min~*
Auxiliary gas 0.8 1 min™* 0.95 I min™*
Sample gas 11 min*

Extraction —2000 V

Focus —620V

Detection system Nine Faraday collectors

Acceleration voltage 10 kv

Interface cones
Nebuliser type

Standard cone
Micromist PFA nebulise

Sample uptake rate 50 uL min ™"
Uptake mode Free aspiration
Resolution ~400 (low)

Typical sensitivity
Sampling (solution)

~16 V per ppm (10-11 Q resistors) on 180Hf
9 blocks of 8 cycles for Hf

4 blocks of 10 cycles for Hf

1 block of 30 cycles for Lu
Sampling (laser)
Integration time
Baseline

4.194 s for Hf and 2.097 s for Lu (solution)
ca. 1 min on peak in 2% HNO,

1 blocks of 200 cycles for Hf
4.194 s (solution) or 0.131 s (laser) for Hf

Laser ablation system

Lab.

Model

Wave length
Energy density
Spot size
Frequency

NJU
Geolas Pro MV2
UV 193 nm

~8J cm 2

120 pm, 160 pm
20 Hz

Faraday cup configuration

L4 L3 L2 L1 Center H1 H2 H3 H4
Solution
Lu (CAS) "[Er+Yb] Y°[Er+Yb] ''vb 2yb  *vb 74yb + Hf] ’Lu Y¢[Lu+Yb+Hf] 7°Hf
Hf (CAs) '%Yb 7 Lu YSHf+Yb+Lu] 7Hf '°Hf 7OHf OHf+ Ta+ W]  '®'Ta* 183w
Hf (NJU) 172Yb 174Hf 175];u 176Hf 177Hf 178Hf 179Hf 180[Hf + Ta]
Laser
Hf (NJU) 172Yb 173Yb 175Lu 176Hf 177Hf 178Hf 179Hf ISO[Hf + Ta]
@ 181a*: MC-ICP-MS did not accept the *®'Ta signal without purification by the second column, however accepted the **'Ta signal when purified by

the second column.

1646 | J Anal At. Spectrom., 2021, 36, 1643-1656
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analytical procedures described above. The Hf isotope ratios of
these reference materials agree well with published values for
these standards (Table S41).2%°-** In addition, “°Hf/"""Hf
ratios were normalized to ®Hf/'”’Hf = 1.4672 using the
exponential law for the standard Hf solutions doped with Ta,
given that Ta has a significant effect on Hf isotope
measurements.

2.3 In situ analysis

For laser ablation analyses, handpicked CGM and ferrotapio-
lite grains were mounted in epoxy resin and polished. The Lu-
Hf isotope analyses for these samples were carried out at NJU
using a Geolas Pro MV2 193 nm laser ablation system coupled
to a Neptune Plus MC-ICP-MS. Table 3 lists the laser ablation
system and MC-ICP-MS instrumental parameters. Both CGM
and ferrotapiolite samples were analyzed using laser spot
diameters of 120 pm for samples NP-2, U-1, and U-3, and 160
um for samples Coltan139 and 713-79. The laser frequency was
20 Hz. The energy density was ca. 8 J cm 2. The isobaric
interferences from '7°Yb and '"°Lu on '7°Hf were calculated
from the measured '7?Yb and '"’Lu intensities and natural
ratios (*7°Yb/*”?Yb = 0.5887 and *7°Lu/*"*Lu = 0.02655). The
very low Yb contents of the samples make it difficult to
determine an accurate mass bias factor for Yb, and thus the
mass bias for Yb was assumed to be the same as that for Hf.
Instrumental mass bias for Hf was corrected based on the
measured "°Hf and '"’Hf intensities and the natural ratio
(*7°Hf/"’7Hf = 0.7325) using the exponential law. The hafnium
isotope ratios for a zircon reference material (91 500) obtained
by LA-MC-ICP-MS agree well with the published values for this
standard (Table S41).>%° For comparison, ""°Hf/"’’Hf ratios
were also normalized to "7®Hf/"”Hf = 1.4672 using the expo-
nential law.

0.28239
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3 Results

3.1 Mixed Hf-Ta standard solutions

3.1.1 Purity of the Ta standard solution. To check the purity
of the Ta standard solution used in this study, we measured the Hf
signal of the 1000 and 10 000 ng mL ™" Ta standard solutions. The
78Hf ion signals were very low (Table S51), 0.00011 and 0.00024 V,
respectively, whereas the '*°Hf intensities increased due to the
contribution from Ta. The "“Hf ion beam intensity from the 200
ng mL ™" Alfa Hf solution was ~1 V. By comparing the *”’Hf signal
of the Alfa Hf and Ta solutions, approximate Hf concentrations of
the Ta solutions were calculated (Table S51), which were 0.015 ng
mL ™" Hf in the 1000 ng mL ™" Ta solution and 0.033 ng mL~ ' Hf in
the 10 000 ng mL~" Ta solution. This shows that the Ta standard
solutions are almost Hf-free and high purity.

3.1.2 Hafnium isotopic compositions. Hafnium isotope
data for the 50 ng mL ™" Spex Hf + Ta solutions and 200 ng mL "
Alfa Hf + Ta solutions are shown in Fig. 3 (Table S61). We
prepared nine 200 ng mL~"' Alfa Hf solutions without Ta for
analysis, and the obtained “°Hf/"’Hf ratios are 0.282161-
0.282178. A further 13 Hf solutions were doped with different
amounts of Ta and analyzed after chemical separation on the
second column, which yielded *"®Hf/"””Hf = 0.282173-0.282184
with initial Ta/Hf ratios of 1-50. These results are the same as
those for the 200 ng mL ™" Alfa Hf standard solution.?

Without the second column separation, the raw "°Hf/*”’Hf
ratios of the mixed Hf-Ta solutions increased gradually away from
the reference value with increasing Ta concentrations (Fig. 3). The
76Hf/’Hf values of the Spex Hf + Ta solutions (0.282150-
0.282353), with Ta/Hf = 1-60, deviate from the reference value
(“"°Hf/"7Hf = 0.282160 =+ 20; in-house NJU Hf standard) when Ta/
Hf = 10 (V°Hf/"’Hf = 0.282187 + 13 when Ta/Hf = 10). The
76H£/'""Hf values of the Alfa Hf + Ta solutions (0.282169-0.282250),
with Ta/Hf = 1-50, deviate from the reference value when Ta/Hf =

0.28239
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Fig. 3 YCHf/Y”Hf values of the mixed Ta—Hf standard solutions. (a) 50 ng mL~* Spex Hf + Ta solutions; (b) 200 ng mL™* Alfa Hf + Ta solutions.
Error bars are 2SE values for the individual analyses. Shaded areas are the YHf/*Hf reference value of Alfa Hf (0.282185 + 30; in-house CAS
standard) and Spex Hf (0.282160 =+ 20; in-house NJU standard). Blue dotted lines are the best-fit lines through the Hf isotope ratios measured on
the 50 ng mL~ Spex Hf + Ta and 200 ng mL~* Alfa Hf + Ta solutions that were not passed through the second column. Green dotted lines are the
best-fit lines through their Hf isotope ratios without chemical separation but reduced offline by normalization to ¥°Hf/*”’Hf = 0.7325 using the
exponential law. Pink circles are the raw ®Hf/Y””Hf ratios of the Ta-free Hf solutions. Orange squares are Hf isotopic data for the mixed Hf-Ta
solution that were analyzed without chemical separation but reduced offline by normalization to ®Hf/*”Hf = 1.4672 using the exponential law.
Solid triangles are raw Y6Hf/Y’Hf ratios of the Alfa Hf + Ta solution that was passed through both columns.
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25 (7°Hf/"7Hf = 0.282221 + 11 when Ta/Hf = 25). The ""°Hf/"""Hf
and Ta/Hf ratios exhibit a strong linear correlation (R* = 0.99 and
0.93, respectively), but the slopes of the two correlations are
different (slope = 3.30 x 10 ® and 1.58 x 10™°, respectively).

The "7°Hf/"”"Hf ratios of the mixed solutions without the
second column purification were reduced offline and normal-
ized to °Hf/'”’Hf = 0.7325 using the exponential law. The
result is similar to the raw value above (Fig. 3). There is a strong
linear correlation between '7°Hf/*”’Hf and Ta/Hf ratios (R*> =
0.97 for Spex and 0.96 for Alfa, respectively); the slopes of the
two correlations are also different (slope = 3.48 x 10 ® and 1.64
x 10~°, respectively).

The ®Hf/"”’Hf ratios of the mixed solutions without the
second column separation were reduced offline and normalized

0.28227
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to PHf/'Hf = 1.4672 using the exponential law. The
7SHf/""7Hf ratios for the Spex Hf + Ta solutions are 0.282117-
0.282180, with Ta/Hf = 1-60 (Fig. 3a), which are consistent with
the Spex Hf isotopic reference value. For the Alfa Hf + Ta solu-
tions, "7°Hf/"”"Hf ratios vary from 0.282151-0.282182 with Ta/
Hf = 1-50 (Fig. 3b), which agree well with the Alfa Hf isotopic
reference value. As such, accurate "®Hf/'”’Hf ratios can be
determined for mixed Hf-Ta standard solutions by normaliza-
tion to 7*Hf/"7Hf = 1.4672.

3.2 Natural samples

3.2.1 Solution analyses. The Lu and Hf contents and Hf
isotopic compositions for samples NP-2, U-1, U-3, Coltan139,
and 713-79 are listed in Table 4 and shown in Fig. 4. The Hf

0.30000

¥ .
ozsic0 | (P) v U-1
028800 | 0.291993 * 14137 (2SD, n = 3)
0.28200 Y 1
0.28189 ; 1
i T
028182 ... & 0.281848 £ 33 (2SD, n = 4) _
0.28175 L L L L
U-1-1 U-1-2 U-1-3 U-1-4
0.28210
(d) I Cfltan 139
0.28205 | T
< |
I o.zazossl: 38 (2SD, n =3)
028200 f=-ooeoe ? rrrrrrrrrrrrrrrrrrrrrrrr
0.281993 + 07 (25D, n = 4)
0.28195 |
0.28190 L L 1
Coltan139-1 Coltan139-2 Coltan139-3

m  spiked (column I +1I)
® unspiked (column I+ II)
spiked (column I)

Fig.4 YSHf/Y”Hf ratios of the CGM and ferrotapiolite samples measured by MC-ICP-MS. Error bars are the 2SE values for the individual analyses.
The gray box is the two standard deviation (2SD) field of the mean of multiple analyses of spiked and unspiked samples after passing through both
columns. Blue squares and red dots are 7®Hf/Y"”Hf ratios of spiked and unspiked samples after passing through both columns. Yellow triangles
are YOHf/Y7Hf ratios of the spiked sample after passing through the first column.
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isotope ratios obtained with or without spiking for each CGM
and ferrotapiolite sample are the same. For sample NP-2, all of
the Hf isotopic compositions are identical within analytical
precision, with a mean value of 7°Hf/*”’Hf = 0.282160 =+
0.000031 (2SD; n = 7). For sample U-1, the calculated mean
7SHf/*77Hf = 0.281848 + 0.000033 (2SD; 1 = 4). The Hf isotopic
data for U-3 yield a mean value of ""°Hf/"”’Hf = 0.281701 =+
0.000024 (2SD; n = 5). For Coltan139, "®Hf/"""Hf = 0.281993 +
0.000007 (2SD; n = 4). Sample 713-79 yielded a mean *"°Hf/*""Hf
= 0.282747 £ 0.000029 (2SD; n = 8). The calculated mean egg)
values are —12.9 & 1.1 (2SD; n = 4) for NP-2, —11.3 + 1.4 (2SD; n
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=3)for U-1, —16.5 £ 0.9 (2SD; n = 4) for U-3, —17.7 £ 0.2 (2SD; n
= 3) for Coltan139, and 4.0 + 1.0 (2SD; n = 5) for 713-79.
Some spiked samples (U-1, U-3, Coltan139, and 713-79) were
chemically separated using only the first column, and the
results are listed in Table 4 and shown in Fig. 4. The MC-ICP-MS
analyses yielded '7°Hf/"””Hf values with a mean of 0.291993 +
0.014137 (2SD; n = 3) for U-1, 0.282423 =+ 0.000226 (2SD; n = 3)
for U-3, 0.282036 £ 0.000038 (2SD; n = 3) for Coltan139, and
0.282983 £ 0.00321 (2SD; n = 3) for 713-79. The mean eyqq
values are 348.3 & 501.0 (2SD; n = 3) for U-1,9.0 £+ 8.0 (2SD; n =
3) for U-3, —16.4 &+ 1.6 (2SD; n = 3) for Coltan139, and 12.2 +

0.2829

(b) "SHf/"""Hf Norm. "8Hf/""THf Norm.
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Fig.5 In situ’®Hf/*”’Hf measurements of the CGM and ferrotapiolite samples using different normalization schemes. Blue points represent data
normalized to Y°Hf/Y”Hf = 0.7325. Purple points represent data normalized to Y"8Hf/*’Hf = 1.4672. The black line is the mean of the Hf isotope
analyses. The gray box highlights the 25D range on the mean 7Hf/Y”Hf value obtained by LA-MC-ICP-MS. The red dotted line is the range of

78H£/277H¢ values obtained using the solution method.
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11.4 (2SD; n = 3) for 713-79. However, these '"®Hf/"”"Hf ratios
are higher than those of the corresponding solutions that were
chemically separated through two-step column procedures.

3.2.2 In situ analyses. In situ Hf isotope data for the five
natural samples (NP-2, U-1, U-3, Coltan139, and 713-79) are
shown in Fig. 5 (Tables S7 and S8t). A comparison between the
solution and laser ablation analyses is provided in Table 5.

Using "7°Hf/"””Hf = 0.7325 for normalization, the CGM and
ferrotapiolite samples yielded the following mean *"°Hf/*""Hf
values: 0.282448 £ 0.000142 (2SD; n = 21) for NP-2, 0.282224 +
0.000338 (2SD; n = 29) for U-1, 0.281830 =+ 0.000029 (2SD; n =
22) for U-3, 0.282079 + 0.000096 (2SD; n = 20) for Coltan139,
and 0.283182 + 0.000145 (2SD; n = 29) for 713-79. The calcu-
lated mean ey values are —3.0 & 5.0 (2SD; n = 21) for NP-2, 2.1
+ 2.0 (2SD; n = 29) for U-1, —12.0 + 1.0 (2SD; n = 22) for U-3,
—14.6 + 3.4 (2SD; n = 20) for Coltan139, and 19.3 + 2.1 (2SD;
n = 29) for 713-79. These ""®Hf/"’’Hf ratios are higher than
those obtained using the solution methods.

In contrast, using ""®Hf/'”’Hf = 1.4672 for normalization,
these samples yielded the following mean *7°Hf/"”’Hf values:
NP-2 = 0.282180 £ 0.000111 (2SD; n = 21), U-1 = 0.281922 +
0.000159 (2SD; n = 29), U-3 = 0.281748 + 0.000041 (2SD; n =
22), Coltan139 = 0.281970 + 0.000098 (2SD; n = 20), and 713-79
= 0.282903 £ 0.000070 (2SD; n = 29). The mean ey values are
—12.5 + 3.9 (2SD; n = 21) for NP-2, —8.6 + 5.6 (2SD; n = 29) for
U-1, —14.9 & 1.4 (2SD; n = 22) for U-3, —18.4 & 3.5 (2SD; n = 20)
for Coltan139, and 9.4 + 2.5 (2SD; n = 29) for 713-79. The
7SHf/'7Hf values for samples Coltan139 and NP-2 agree with
their solution analyses. The '7°Hf/*””Hf values of samples U-1
and U-3 are very close to those determined by solution anal-
ysis. However, the '"°Hf/""Hf ratio and exg value of sample
713-79 are totally inconsistent with those determined by solu-
tion methods; the probable reason will be discussed in other
sections.

4 Discussion
4.1 Influence of Ta on Hf isotope measurements

From the perspective of mass spectrometry, the abundance
sensitivity is one of the most important indices to characterize
the influence of a strong peak on a nearby weak peak.’>® Peak
tailing of a high-abundance isotope on neighboring masses can
lead to the determination of inaccurate isotope ratios.”””** It was
previously shown that tailing of *'Ta on the low-mass side can
seriously affect the signal on Hf in MC-ICP-MS.*** The two
isotopes of tantalum are '*°Ta (0.012%) and '®*'Ta (99.99%).
CGM and ferrotapiolite normally have very high Ta contents
(Ta,05 = 12.67%; this study). In our experiments, the Ta signal
could not be collected in a Faraday cup during both the solution
(as Ta was not removed) and in situ measurements. For the
mixed Alfa Hf + Ta standard solution, the measured *"°Hf/*”"Hf
values without removing Ta are higher than those obtained
after chemical purification (Fig. 3). For the natural samples, the
measured '"®Hf/"’7Hf values after chemical separation using
only the Ln Spec resin are higher than those after using both
columns (Fig. 4), and the in situ Hf isotopic data (normalization
to V°Hf/"”7Hf = 0.7325) are higher than those obtained using

This journal is © The Royal Society of Chemistry 2021

Table 5 Comparison of the Lu—Hf isotopic compositions of the CGM and ferrotapiolite samples measured using MC-ICP-MS between solution and laser sampling
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the solution method after the two-column purification. These
results indicate that high Ta contents have a significant effect
on the Hf isotope measurements. The mass bias factor for Hf is
generally calculated using ""°Hf/"”"Hf = 0.7325. However, if the
Ta content is sufficiently high, the weak ""°Hf peak can be
seriously affected by the Ta tail. Therefore, an incorrect mass
bias factor is calculated, which results in erroneously high
OHf/"7Hf values. But using “*Hf/"”’Hf = 1.4672 results in
accurate Hf isotopic data for the CGMs (Ta,Os up to 47.78 wt%;
this study). Nevertheless, for ferrotapiolite, its Ta content is very
high (e.g., the Ta,O5 content of sample 713-79 is as high as
65.71 wt%). So the reason is likely to be that during Hf isotope
analysis using LA-MC-ICP-MS, the strong peak tailing from Ta
might even affect '7®Hf and result in inaccurate Hf isotope
ratios.

The slopes of the two correlations in Fig. 3 are significantly
different; they are likely to be affected by the concentration of Hf
and Ta in the solution, mainly controlled by the Hf concentra-
tion. During the Hf isotope measurements, the higher the
concentration of Hf, the higher the signal value of Hf obtained,
and the lower the effect of Ta tailing (even with relatively high
Ta content) achieved. Thus, the significantly different slopes of
the two correlations in Fig. 3 show that it is difficult to correct
laser data by the standard solution method. Boulyga and
Becker® have proposed that peak tailing can be reduced by an
He-filled collision cell. Therefore, it is possible that a collision
cell could reduce the peak tailing from Ta on Hf, and produce
accurate Hf isotope data for ferrotapiolite.

4.2 Method validation

Ln Spec resin is widely used to separate Lu and Hf from rock and
some mineral samples in a single purification step.'****%* HF is
a suitable elution medium for high field strength elements
because of their low distribution coefficients with Ln Spec resin
in 2 M HF.* For the CGM and ferrotapiolite samples with high
concentrations of Ta, the Hf solution collected from the Ln Spec
resin column still contains a large amount of Ta, and thus needs
further purification. We determined the 7°Hf/"”’Hf ratios of the
mixed Alfa Hf and Ta solutions using MC-ICP-MS after passing
these through the AG 1-X8 resin column and evaluated the Ta
removal efficiency of the resin. The acid used for sample loading
on the second column is 2 M HF, because Hf and Ta are retained
on the column in 2 M HF.** In order to separate Ta and Hf from
the solution, a 6 M HNO; + 0.2 M HF mixture can be used to
extract Hf, but Ta is still strongly absorbed on the resin.® The Alfa
Hf isotope data for the mixed Hf-Ta solutions obtained by MC-
ICP-MS are in good agreement with their reference value
(Fig. 3b), which demonstrates that the AG 1-X8 resin column can
effectively separate Hf from Ta.

There have been many Hf isotope studies of zircon. Zircon
often coexists with CGMs and ferrotapiolite in rare-metal
granites and pegmatites, and has textural characteristics
indicative of the coeval crystallization of these minerals.®** We
compiled Hf isotopic data for zircons from the same areas
(Nanping No. 31 and Koktokay No. 3 pegmatites) from the
literature for comparison with those obtained by (LA)-MC-ICP-
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MS analysis of CGMs and ferrotapiolite in this study. The
zircon eyg) values of the Nanping No. 31 pegmatite range from
—13.81 to —11.60 with TC DM model ages of 2107 to 2246 Ma.**
The zircon ey values of the Koktokay No. 3 pegmatite vary
from 0.80 to 2.39 with TC DM model ages of 973 to 1173 Ma.**%®
The good agreement of ey values and model ages between the
studied samples (NP-2 and 713-79 from Nanping and Koktokay,
respectively) and zircon demonstrates that Lu-Hf isotope data
can be measured accurately for CGM and ferrotapiolite samples
using the solution method presented here (Table S9t and
Fig. 6).

The Hf isotopic compositions of each of the samples (U-1, U-
3, Coltan139, and 713-79) measured by MC-ICP-MS after one-
stage purification are quite different from those after two-
stage purification, which indicates that the AG 1-X8 resin
column can remove large amounts of Ta from natural samples.
The excellent reproducibility of the solution method is evident
from the multiple analyses of samples NP-2, U-1, U-3, Col-
tan139, and 713-79 (unspiked or spiked) in two laboratories
(CAS and NJU), which yielded consistent "®Hf/*’’Hf ratios.
These CGM and ferrotapiolite samples from each of the areas
have basically the same ey values and model ages. Moreover,
individual '"®Hf/"”’Hf measurements have small errors (2SE
values are mainly <0.000030), and the corresponding error in
the ey value is also low (2SE values are mainly <1). This
indicates that the measurement accuracy is excellent for the
solution method.

For normalization to '7®Hf/"”’Hf = 1.4672, the Hf isotopic
compositions measured by LA-MC-ICP-MS are in agreement with
those measured by solution MC-ICP-MS for NP-2, U-1, U-3, and
Coltan139. This shows that Hf isotopes can be measured accu-
rately for CGMs using the laser ablation protocol presented here.
The precision attained by LA-MC-ICP-MS is a bit worse than that
obtained by solution MC-ICP-MS, but it is sufficient to

10 - CGM and Ferrotapiolite

X 0018 Solution LA
L OS5 e [ O NP2 O NP2
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F CHUR O U3 O U3

&> Coltan139 <> Coltan139)
0 71379

Zircon
O Nanping No.31 pegmatite
O Koktokay No.3 pegmatite

200 400 600 800 1000 1200
t(Ma)

Fig. 6 Plot of age versus ey for the studied samples and zircons. The
studied samples were analyzed using (LA)-MC-ICP-MS. DM =
depleted mantle; CHUR = chondritic uniform reservoir; 1.0, 1.6, 2.2,
and 2.8 Ga are the Hf isotope evolution lines for crust newly generated
at 1.0, 1.6, 2.2, and 2.8 Ga, respectively. The ages for NP-2, Coltan139,
and 713-79 are from Tang et al. (2017),** Melcher et al. (2015),%¢ and
Che et al. (2015),%? respectively. The ages for U-1 and U-3 were ob-
tained in this study. The age and Hf isotopic compositions of zircon
from the Nanping No. 31 pegmatite are from Tang et al. (2017),** and
those for the Altai Koktokay No. 3 pegmatite are from Zhou (2013)7
and Chen et al. (2018).%¢
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high Ta* CGMs (the ferrotantalite and manganotantalite
subgroup minerals) needs to be further verified. In natural rare-
metal granite- and granitic pegmatite-type Nb-Ta deposits, the
ferrotantalite and manganotantalite subgroup minerals nor-
mally coexist with ferrocolumbite or manganocolumbite
subgroup minerals.?>*»*>*” The mineral paragenesis indicates
the consistency of their source properties in the same magma
system. The source properties for this class of ferrotantalite and
manganotantalite subgroup minerals could be constrained by
analyzing the Hf isotopes of the coexisting ferrocolumbite or
manganocolumbite subgroup minerals. Thus, our method
should be useful for most Nb-Ta deposits.

Among the natural samples investigated in this study, the
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Fig. 7 Mean ey values of CGM and ferrotapiolite samples measured
by MC-ICP-MS using solution and laser ablation methods. The error
bars represent the 1SD values for individual analyses. The data obtained
by the solution method are after the samples had been passed through
both columns, and the data obtained using the laser ablation method
were normalized to Y8Hf/Y7Hf = 1.4672.

distinguish the *7°Hf/*””Hf values of the different CGM samples.
The mean Hf isotope ratios from multiple analyses of CGMs
obtained by LA-MC-ICP-MS are consistent with those obtained by
the solution method within ey units (Fig. 7). This is a suitable
level of accuracy and precision for usage in tracer studies.
However, for ferrotapiolite (713-79), the data obtained by LA-MC-
ICP-MS are not accurate or useful due to its high Ta contents.
Matrix effects are well known in LA-MC-ICP-MS analysis. The
matrix of CGMs is significantly different, normally with various
Ta” and Mn”. The samples of CGMs in this study are only
plotted within ferrocolumbite and manganocolumbite fields
(Fig. 2). No matrix effects are observed with the wide range of
Mn”. Considering the uncorrected Hf isotopic results of the
ferrotapiolite sample (713-79) by LA-MC-ICP-MS caused by the
high Ta contents, the validity of our laser analysis method for

CGM sample NP-2 has homogeneous and consistent Hf isotopic
components obtained by solution and laser methods, and it also
agrees with the Hf isotope of zircon. Moreover, the Yb/Hf and Lu/
Hf ratios are relatively low. Thus, sample NP-2 can be used as
a potential reference material in the future. In addition, sample
Coltan139 has the potential to be a monitor reference material
for CGM samples with high Yb/Hf and Lu/Hf ratios because of its
homogeneous and consistent Hf isotopic components.

4.3 Advantages and disadvantages of our method

Zircons from rare-metal granites and pegmatites generally have
high Yb/Hf ratios. It is difficult to make robust interference
corrections during in situ Hf isotope analysis of zircons with
high Yb/Hf ratios. Most CGMs from rare-metal granites and
pegmatites contain 50-2650 ppm Hf and low Yb (Yb/Hf < 0.1)
and Lu (Lu/Hf < 0.1) contents (Fig. 8); therefore, CGMs can be
used for Lu-Hf isotope analysis. The presented methods for Lu-
Hf isotope analysis of CGMs allow this isotopic system to be
used as an isotopic tracer for rare-metal deposits. To-date, only
Marko et al.*® have briefly mentioned Lu-Hf isotope analysis of
CGMs. The solution method described in the present study
requires a two-stage chemical separation process. Lutetium can
be purified by the Ln Spec resin column, and Hf can be effec-
tively separated from Ta using the AG 1-X8 resin column. This
allows accurate and precise Lu-Hf isotope analysis of CGMs and
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Fig. 8 Plot of Yb versus Hf contents (a) and Lu versus Hf contents (b) of the CGM and ferrotapiolite samples. Data quoted from Kuster et al.
(2009),** Deng et al. (2013),2* Badanina et al. (2015),*¢ Che et al. (2015),32 Melcher et al. (2015),2° and Feng et al. (2020),*” except the data of samples
NP-2, U-1 and U-3 (this study). Only 713-79 is a ferrotapiolite sample; others are CGM samples.
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ferrotapiolite by MC-ICP-MS. Better precision can be achieved
using the solution method. However, this method has the
disadvantages of being time-consuming owing to sample
dissolution, and also does not readily allow the determination
of spatial variations in the Hf isotopic compositions of CGMs
and ferrotapiolite. By normalization to "*Hf/'”’Hf = 1.4672,
reliable Hf isotopic data for CGMs can be obtained using LA-
MC-ICP-MS. This procedure is rapid and relatively inexpensive
and allows in situ analysis. However, the mineral grain size
required is relatively large because of the large laser spot and
laser frequency that are necessary. In addition, the significant
tailing of Ta affect "°Hf and even '®Hf during in situ
measurements. It is difficult to obtain precise and accurate
CHf/"’Hf data for ferrotapiolite through in situ analysis
because of its very high Ta content. Therefore, it requires more
care during Lu-Hf isotope measurements by LA-MC-ICP-MS
than other Ta-rich minerals, such as rutile (e.g., 0.5-40.1 wt%
Ta,05;% 0.1-14 wt% Ta,Os5 (ref. 68)) and cassiterite (e.g., 0.09-
5.49 wt% Ta,05;% 1.1-3.2 wt% Ta,Os (ref. 17)).

CGMs and ferrotapiolite (also called “blood” or “conflict”
minerals) have been sold by illegal militias to fund fighting in
the Congolese civil war. In order to restrict illegally traded col-
tan ores, a project to fingerprint Ta-Nb mineral concentrates
that was recommended by the United Nations Security Council
developed an effective system to identify the origins of CGMs
and ferrotapiolite by mineralogical, geochemical, and U-Pb
dating methods.?*?***7%”t Each Nb-Ta mineralization system
may have a unique Hf isotopic fingerprint (e.g., Fig. 6), which
could also be used to identify the sources of Ta-Nb-bearing
mineral concentrates in the near future.

5 Conclusions

We have established an improved chemical separation proce-
dure and in situ analytical protocol for Lu-Hf isotope analysis of
CGMs using MC-ICP-MS. Our conclusions are as follows.

(1) The solution method allows Lu and Hf to be separated
from CGMs and ferrotapiolite in a two-column procedure, and
results in precise and accurate determination of Lu-Hf
concentrations and Hf isotopic compositions by MC-ICP-MS.

(2) In situ measurements of Lu-Hf isotopes are feasible by LA-
MC-ICP-MS for CGMs, but are difficult for ferrotapiolite. The
instrumental mass bias for Hf was corrected to 7°*Hf/""Hf =
1.4672 rather than ""°Hf/"”"Hf = 0.7325, using the exponential law.

(3) Strong peak tailing of Ta may interfere with the '”°Hf and
even '7®Hf signals during (LA)-MC-ICP-MS analysis, which
suggests that the effects of Ta on Lu-Hf isotope analysis should
also be considered for other Ta-rich minerals.
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