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Abstract Gallium isotope is a potential geochemical tool
for understanding planetary processes, environmental pol-
lution, and ore deposit formation. The reported Ga isotope
compositions (8’'Gayygres Values) of some international
geological standards, such as BCR-2 and BHVO-2 basalts,
exhibit inconsistencies between different laboratories. Dur-
ing mass spectrometry analysis, we found that 8”'Gay;sroos
values of geological standards with or without the correc-
tion of the interference of '*¥Ba’* (mass/charge ratio =69)
on ®Ga show significant isotope offsets, and thus efficient
separation of Ba and correcting the interference of '3*Ba*
are both crucial to obtain accurate 8''Ga values. By com-
paring 8"'Gaygregs Values (relative to NIST SRM 994 Ga)
of the same geostandards from different laboratories, we
suggest that the isotopic heterogeneity from NIST SRM
994 Ga is one of the key reasons for the inconsistencies in
8"'Gaygroo4 Values of BCR-2 and BHVO-2. To facilitate
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inter-laboratory comparisons, we measured the Ga isotopic
compositions of 11 geological reference materials (includ-
ing Pb-Zn ore, bauxite, igneous rocks, and loess) and two
Ga solution standards (NIST SRM 3119a and Alfa Aesar).
The 8"'Gaygrgo4 and 8”'Gaypgp values of these reference
materials vary from 1.12 %o to 2.63 %o and —0.13 %o to 1.38
%o, respectively, and can be used to evaluate the precision
and accuracy of Ga isotope data from different laboratories.

Keywords Ga isotopes - MC-ICP-MS - Reference
materials - Chemical purification - Ba interference

1 Introduction

Gallium (Ga) has two stable isotopes, %Ga and "'Ga, with
abundances of 60.1% and 39.9%, respectively (De Laeter
1972). Early studies measured the Ga isotopic compositions
of meteorite samples and metallic Ga, and found the frac-
tionation of Ga isotopes in natural samples is minor with
high uncertainty (Inghram et al. 1948; De Laeter 1972;
Zhang et al. 2016). With the development of multi-collector
inductively coupled plasma mass spectrometry (MC-ICP-
MS) and improvements in chemical separation and purifi-
cation methods (Yuan et al. 2016; Zhang et al. 2016; Kato
et al. 2017), accurate analysis of Ga isotope ratios in natural
samples has become possible (Yuan et al. 2016, 2018, 2021,
2022; Zhang et al. 2016, 2021; Kato and Moynier 2017a, b;
Kato et al. 2017; Feng et al. 2019; Wimpenny et al. 2020,
2022; Wen et al. 2021; Liu et al. 2022; Render et al. 2023;
Roland et al. 2023).

Gallium isotopic compositions are usually reported as
87'Ga values relative to a Ga isotope standard, including
NIST SRM 994 Ga (Yuan et al. 2016, 2018, 2021, 2022;
Zhang et al. 2016, 2021; Feng et al. 2019; Wimpenny
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et al. 2020, 2022; Wen et al. 2021; Render et al. 2023;
Roland et al. 2023) and Institut de Physique du Globe de
Paris (IPGP) Ga (Kato and Moynier 2017a, b; Kato et al.
2017; Liu et al. 2022). Similar to other non-traditional
stable isotopes, the measurement of Ga isotope ratios has
two challenges; i.e., the separation and purification of Ga
from samples and the correction of instrumental mass
bias. The potential interferences on ’'Ga and *°Ga include
Ba ('3¥Ba?*), Ce (13¥Ce?* and '2Ce?*), Nd (*2Nd>*), La
(138La%"), SFe!’0™, Zn'H*, and etc.

The abundance of Gallium in the crust is~ 15 pg/g (Tu
et al. 2003). Gallium-rich deposits are associated with baux-
ite and Pb-Zn ore deposits (Liu 1965, 1982; Tu et al. 2003).
Chemical separation and purification methods for Ga have
been developed in different laboratories (Yuan et al. 2016;
Zhang et al. 2016, 2021; Kato et al. 2017; Wimpenny et al.
2020; Roland et al. 2023). However, the reported Ga isotopic
compositions of different geological reference materials are
still limited, such as sphalerite and bauxite. Meanwhile, the
reported 8’'Ga values of some international geostandards
are varied between different laboratories. For example, the
8! GayysToos values of BHVO-2 reported in the literature
vary from 0.48 %o to 1.21 %o, and the 8"'Gayygyqe, values
of BCR-2 vary from 0.52 %o to 1.20 %o (Table 1) (Zhang
et al. 2016, 2021; Feng et al. 2019; Wimpenny et al. 2020;
Wen et al. 2021; Yuan et al. 2021, 2022; Roland et al. 2023).
Among the potential interfering elements (Ba, Ce, Nd,
La, Fe, Zn, and etc.), Ba has the lowest ionisation poten-
tial, and little Ba (138Ba2+; mass/charge ratio=69) in the
separated samples could result in large Ga isotope offsets
(Kato et al. 2017). Meanwhile, the National Institute of
Standards and Technology (NIST) SRM 994 Ga is likely
heterogeneous due to the high uncertainty of the certi-
fied value (1.50676 +0.00039), this means that different
batches of NIST 994 Ga isotopic standard could cause a
maximum error of ~0.5 %o. The two factors may result in
different reported 8”'Gayygreo4 Values in the literatures. To
facilitate interlaboratory comparisons of 8’'Ga values, it is
necessary to investigate the reasons for these inconsistencies
and obtain more Ga isotope data for geological reference
materials.

In this study, the potential factors for the differences in
the 8"'Gay;groo, values of BHVO-2 and BCR-2 were inves-
tigated. We also measured the Ga isotopic compositions
of nine geological reference materials (including bauxites,
Pb-Zn ores, loess, and igneous rocks) and two Ga solution
standards (NIST SRM 3119a and Alfa Aesar). The results of
this research will improve comparisons of Ga isotope data
measured in different laboratories.

2 Materials and methods

The sample digestion, chemical separation, and Ga isotope
ratio measurements by Neptune Plus MC-ICP-MS (Thermo
Fisher Scientific, Germany) were conducted at the State Key
Laboratory of Ore Deposit Geochemistry, Institute of Geo-
chemistry, Chinese Academy of Sciences, Guiyang, China.
All sample preparation was carried out in an ISO class 5
clean room facility.

2.1 Reagents and materials

Deionised water from a> 18.2 MQ grade Milli-Q water
purification system (Millipore; Bedford, MA, USA) was
used. Reagent grade HC1, HF, and HNO; were purchased
from Sinopharm Chemical Reagent Company Limited,
Shanghai, China, and the acids were purified twice using
DST-1000 sub-boiling stills (Savillex®; USA). AG 1-X4
anion exchange resin (100-200 mesh; Biorad), Ln-spec resin
(50-100 pm; TrisKem), and customised quartz columns
(~0.52 cm inner diameter and 15 cm resin bed height) were
used for the Ga purification.

The National Institute of Standards and Technology
(NIST) SRM 994 Ga isotopic standard (**Ga/"'Ga=1.
50676 +0.00039), NIST SRM 3119a Ga standard solu-
tion (lot: 140,124), and Alfa Aesar Ga standard solu-
tion (lot: 8,129,898) were used as Ga reference materials.
ERM®-AE647 Cu isotopic standard solution (provided
by the Institute for Reference Materials and Measure-
ments [IRMM]; °Cu/*Cu=0.44560 + 0.00074) was used
for the mass bias correction in the external normalisation

Table 1 Ga isotopic BCR-2

BHVO-2 References

compositions of BCR-2 and
BHVO-2 reported in the

671GaNIST994 (%) 671GaNIST31 19a (%0) 671GaNIST994 (%o) 871GaNIST31 19a (%0)

literature
0.52+0.07

0.70+0.03
0.76 £0.02
0.76 £0.06
0.89+0.03
1.19+0.08
1.20+0.08

—-1.36£0.08

0.48+0.02 Wimpenny et al. (2020)
0.70£0.05 Yuan et al. (2022)
0.74+0.02 Zhang et al. (2016)
0.75+0.06 -1.37+0.09 Feng et al. (2019)
0.88+0.04 Roland et al. (2023)
1.21+£0.05 Wen et al. (2021)
1.19+£0.04 Zhang et al. (2021)
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method. The Ga isotopic compositions of 11 geological
reference materials were measured, including two bauxites
(GBWO07181 and GBW07182; Chinese Reference Materi-
als [CRM)), two Pb—Zn ores (GBW07168 and GBW07372
[CRM)), three basalts (BCR-2 and BHVO-2 from the United
States Geological Survey, and GBW07126 [CRM]), one
granite (GBW07103 [CRM]), one andesite (GBW07104
[CRM]), one granodiorite (GBW07111 [CRM]), and one
loess (GBW07454 [CRM]).

2.2 Sample digestion

An aliquot of each powdered sample containing > 0.5 pg of
Ga was placed into a Teflon beaker, and 4 mL of 15 M HNO,
and 4 mL of 22 M HF were added. The samples were then
digested in a closed vessel in a microwave digester (Anton
Paar Multiwave 7000; Austria) using the following power-
controlled digestion program, 10 min ramp time and 90 min
hold time (250 °C; 140 bar). The sample solutions were then
evaporated to dryness on a hot plate at 120 °C, and dissolved
in 6 M HCl prior to chemical purification of Ga.

2.3 Chemical purification procedure

The chemical purification procedure for separating Ga from
the matrix involved two chromatographic columns loaded
with AG1-X4 anion exchange resin and Ln-spec resin (Yuan
et al. 2016). In this study, the volume of AG1-X4 resin in
the first column was increased from 1.8 to 3.0 mL to better
remove Zn, and the volume of Ln-spec resin in the second
column was increased from 1.4 to 3.0 mL to completely
remove Fe and Mo (Wen et al. 2021). In addition, the vol-
ume of 6 M HCI washing solution was also increased from
10 to 40 mL to completely remove Cu (Zhang et al. 2021).
This allowed to add a Cu isotope standard to the samples to
correct the instrumental mass bias. The modified procedures
are listed in Table 2.

2.4 Mass spectrometry

The Ga isotope standards and purified Ga from the sam-
ples were dissolved in 1% HNO; solution in preparation for
Neptune Plus MC-ICP-MS analysis in low-resolution mode
using Pt Jet sampler and Ni X-type skimmer cones. A Teflon
nebuliser with an uptake rate of 50 pL/min was used for the
sample introduction, and the Ga concentrations of the sam-
ples and solution standards were ~200 ng/mL. ®*Cu*, Cu™,
%67nt, 137Ba’*, 9°Ga*, and "'Ga* ion beams were collected
using Faraday cups at the L3, L1, C, H2, H3, and H4 posi-
tions, respectively. The purified Ga from the samples and
bracketing standards were each analysed in 4 blocks of 10
cycles with 2.097 s integration periods. After each analysis,
the nebuliser and spray chamber were rinsed with 2% HNO,

@ Springer

Table 2 Gallium chemical purification procedures

Process Reagent Volume (mL)

Column #1: 3 mL AG1-X4 resin (100-200 mesh, Biorad)

Clean H,0 20

0.1 M HCl1 20

0.5 M HCl1 20
Condition 6 M HCl 10
Load sample 6 M HCI 3~5
Wash 6 M HCI 10x4
Collect Ga 0.5 M HCl 1.5x4
Column #2: 3 mL Ln-spec resin (50-100 pm, TrisKem)
Condition 0.5 M HCl1 10
Load sample 0.5 M HCl1 6
Collect Ga 0.5 M HCl1 2x3
Clean (for reuse) 0.25 M oxalic 30

acid+3 M HCI
0.1 M HCl1 30
4 M HCI 30

until the signal intensity reached the original background
level (®Ga < 0.6 mV; generally after 4 min).

Due to the low ionisation potential of Ba, the dou-
bly charged ion ('*®Ba®*; mass/charge ratio =69) gener-
ated during ionisation forms a large interference on “Ga.
Kato et al. (2017) reported that the interference of 1382+
on %Ga is significant when the Ba/Ga ratio of a sample
is>4x 107*. The interference of **Ba’* on “*Ga can be
corrected by monitoring the signal intensity of '3"Ba’*
(mass/charge ratio=68.5). The correction equation is
FGargup =169 — **Ba** ~ 169 — (6.39 x 168.5) (where 169
represents the measured intensity of mass 69 and 168.5 rep-
resents the intensity of doubly ionised '*’Ba’" at a mass
of 68.5; Kato et al. 2017). We used this method to correct
for the interference of **Ba%* on ®*Ga, which has been
described in detail by Kato et al. (2017).

A method that combines standard—sample bracket-
ing (SSB) with an internal mass bias correction can pro-
duce more accurate and precise Ga isotope ratios. Cop-
per is a suitable internal standard for correcting the
mass bias during Ga isotope analysis (Yuan et al. 2016;
Zhang et al. 2016). ERM®-AE647 Cu solution (IRMM;
65Cu/Cu=0.44560 +0.00074) was used for the correction
of the Ga isotope ratios, with a Ga/Cu ratio of ~ 1 for the
bracketing standards and purified Ga from the samples.

The Ga isotopic compositions are reported in 8 notation
relative to a Ga isotope standard:

67'Ga (%) = [(ﬂGa/GgGa)Sample/(71Ga/69Ga) 1] x 1000

standard

NIST SRM 994 and IPGP Ga are mainly used as stand-
ards for 8’'Ga values reported in the literature (Yuan et al.
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2016, 2018, 2021, 2022; Zhang et al. 2016, 2021; Kato
and Moynier 2017a, b; Kato et al. 2017; Feng et al. 2019;
Wimpenny et al. 2020, 2022; Wen et al. 2021; Liu et al.
2022; Render et al. 2023). In this study, the 8’'Ga values are
reported relative to the NIST SRM 994 Ga standard. In order
to facilitate interlaboratory comparisons, we also calculated
the 8”'Ga values relative to the IPGP Ga standard.

3 Results and discussion
3.1 Matrix removal and Ga recovery

To achieve accurate and precise Ga isotopic compositions
by MC-ICP-MS, it is necessary to add Cu or Zn stand-
ards to correct for instrumental mass bias. When the Zn/
Ga ratio of the sample is > 10%, 6870 H* will interfere
with the determination of the Ga isotope ratio (Yuan et al.
2016); therefore, Cu is more suitable for instrumental mass
bias correction. Accordingly, during the chemical purifica-
tion of the sample, the actual Cu in the sample needs to be
removed, such that it does not interfere with the measure-
ment of the Cu isotope ratio (°Cu/%3*Cu) of the added Cu
standard. During the process of removing the interfering
elements using an AG1-X4 resin column, the first 10 mL
(0-10 mL) of 6 M HCI added removes ~50% of the Cu,
the second 10 mL (10-20 mL) of 6 M HCI removes an
additional ~ 30% of the Cu, the third 10 mL (20-30 mL)
of 6 M HCI removes a further ~ 16% of the Cu, and the

fourth 10 mL (30-40 mL) of 6 M HCI removes ~3.9%
of the Cu (Fig. 1; Table S1). Although there is a distinct
tailing effect during Cu removal, 40 mL of 6 M HCI can
remove ~ 99.9% of the Cu, and the Cu concentration of the
purified solution is mostly <2 ng/mL. For some samples
with very high Cu contents (e.g., sphalerite containing a
small amount of chalcopyrite [CuFeS,]), it may be neces-
sary to increase the volume of 6 M HCI eluted or to con-
duct a second anion exchange resin purification. Unlike
the tailing effect of Cu, the removal of other elements (Ce,
Nd, La, etc.) was effective, and 0—-10 mL of 6 M HCI was
able to remove > 96% of these elements (Fig. 1; Table S1).

Unlike Cu, Ce, Nd, and La, which were removed by elut-
ing 6 M HCI, Zn was mainly separated from Ga by being
adsorbed to the AG1-X4 anion exchange resin and was
not eluted (Table S1). We passed a sample solution with a
high Zn concentration through the AG1-X4 anion exchange
resin to determine the maximum Zn adsorption capacity of
the resin. When 6 M HCl is used, 3 mL of AG1-X4 anion
exchange resin could adsorb up to 9630 pg of Zn (3210 pg/
mL), whereas only 3540 pg of Zn (1180 pg/mL) could be
adsorbed when 0.5 M HCI was used (Table S2). In the chem-
ical purification process, to completely remove Zn from the
sample, the ratio of total Zn content in the sample to the
volume of the anion exchange resin should be < 1180 pg/mL.

The removal of Fe was similar to that of Zn. When the
sample passed through the Ln-spec resin (i.e., the second
column), Fe was adsorbed on the resin and Ga was not;
therefore, Ga and Fe were separated. Our results revealed

| _Ln-specresin |

| AG1-X4 resin | [
Loading| Eluting Loading Eluting

| (6M HCl) == Matrixremoval 6 MHCl) ————————= (0.5 M HCI) | (0.5MHCI) | (0.5M HCI)!

| Cend|, I I | [ FemoGa | [T

10 ;B | | | | BHE |1

: | | | | I

X

: | | | | I

s : | | | | ||

3 : | | | | I

g | | | | [
X

g : | | | | ||

3 60 : | | | | |

8 1 . | | | ||
X

i | | | | |

T 3 | | | | [

3 40 : | | | | o

g % | Cu | | | [

x X | | | | |1

2 | | | | [

20 | | Cu | | |

8 | | | | [

X | | | | [l

Ba Cu
% | La | Ba | | Ga|
0 B T |l T L
0 10 20 30 40 60 70
Volume (mL)

Fig. 1 Elution scheme during Ga separation from the matrix using AG1-X4 resin and Ln-spec resin (additional information available on

Table S1)
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that the maximum Fe adsorption capacity of 3 mL of Ln-
spec resin was ~2610 pg (870 pg/mL; Table S2).

In this study, we analysed 11 geological reference materi-
als and 2 procedural blanks. The Ga contents of the proce-
dural blanks ranged from 0.2 to 0.3 ng, and these contents
are negligible compared with the Ga contents (> 0.50 pg) of
the samples. The recovery of Ga varied from 98.1% to 99.8%
(mean=99.1%+0.8%; 2 sd; n=11).

3.2 Mass bias correction

Just as Cu isotope ratios can be corrected for instrumental
mass bias using Ga as an internal standard (e.g., Hou et al.
2016; Lauwens et al. 2018), Ga isotope ratios can be cor-
rected for instrumental mass bias using Cu as an internal
standard (e.g., Yuan et al. 2016; Zhang et al. 2016; Feng
et al. 2019). If the instrumental isotopic fractionation of
Cu and Ga isotopes follows the exponential law, the raw
Cu and Ga isotope ratios will form a fractionation line in
In(®Cu/%*Cu) versus In("'Ga/*°Ga) isotope space, and a the-
oretical slope can be estimated using the following equation
(Wombacher et al. 2003):

slope = ((ln(71 Ga/69Ga)

raw

—In(™ Ga/°9Ga)Corrme ) /(n(%Cu/%Cu)

When analysing a standard solution of 0.2 pg/mL NIST
SRM 994 Ga with 0.2 pg/mL ERM®-AE647 Cu solution,
the 8”'Ga values corrected with Cu and not corrected with
Cu were 0.01 %0 +0.02 %o (2 sd; n=24) and 0.00 %0 +0.08
%o (2 sd; n=24), respectively. The precision of the 8’'Ga
values corrected with Cu is better than that of the uncor-
rected 8’'Ga values (Fig. 3).

3.3 Correction of the Ba interference

Analysis of the Ga isotopic compositions of reference mate-
rials is an effective means of comparing Ga isotopic meas-
urements conducted in different laboratories. However, the
Ga isotopic compositions of geological reference materials
reported in the literature differ (Table 1). For example, the
8"'Gays7994 Values of BCR-2 and BHVO-2 reported in the
literature vary from 0.52 %o to 1.20 %o and 0.48 %o to 1.21
%o, respectively (Zhang et al. 2016, 2021; Feng et al. 2019;
Wimpenny et al. 2020; Wen et al. 2021; Yuan et al. 2021,
2022; Roland et al. 2023). Among the potential interfering
elements, the Ce, Nd, La, Fe, and Zn contents of the purified
Ga from the samples do not reach ranges that would interfere

—In(°Cu/%Cu),) )]

raw

For our long-term (about 3 years) measurements, the
In(®>Cu/%3Cu) versus In(’'Ga/*°Ga) plot exhibits a good
positive correlation (R>=0.97), with a slope of 0.84 (Fig. 2),
which is close to the theoretical slope (0.91) calculated from
Eq. (1). This suggests that the instrumental mass bias on
the Ga isotope ratios can be corrected using Cu isotopes.

with the Ga isotopic measurements (Yuan et al. 2016; Zhang
et al. 2016; Kato et al. 2017; Feng et al. 2019; Wimpenny
et al. 2020). However, owing to the relatively low ionisation
potential of Ba, the interference from the doubly charged
ion (!**Ba*; mass/charge ratio =69) on °Ga can only be
ignored when the Ba/Ga ratio of the sample is < 107 (Kato

Fig. 2 Correlation between the -0.3738

raw isotope ratios of Ga and Cu

-0.3740

-0.3742 A

-0.3744

-0.3746

In("Ga/*Ga)

-0.3748

-0.3750

-0.3752

y =0.84x + 0.27
R%=0.97 (N = 220)

-0.3754 T
-0.7698  -0.7696
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et al. 2017). We conducted multiple analyses of the Ga iso-
tope ratios of BCR-2 and BHVO-2. The '¥’Ba* signal inten-
sity for the 0.2 pg/mL NIST SRM 994 Ga isotope standard
was found to be equal to that of the blank (1% HNO; solu-
tion). However, the '*’Ba** signal intensity of the 0.2 pg/mL
Ga separated from BCR-2 and BHVO-2 was 1.5-5.0 times
higher than that of the blank.

Over a period of three years, five separate aliquots of
BCR-2 and BHVO-2 were purified and measured their
Ga isotope ratios (Table 3). We also analysed the Ga iso-
topic compositions of NIST SRM 3119a and Alfa Aesar
(Table 4). For the NIST SRM 3119a and Alfa Aesar, the
8" Gans7994 mean Values (without Ba correction) were 2.60
%0 +0.08 %o (2 sd; n=26) and 1.95 %o +0.06 %o (2 sd;
n=24), and the Ba-corrected 8" Gayggo4 values were 2.63
%0 +0.07 %o (2 sd; n=26) and 2.00 %o = 0.08 %o (2 sd;
n=24), respectively. The corrected and uncorrected 8’'Ga
values are the same within error. For BCR-2 and BHVO-2,
the 8”'Gays1994 mean Values varied from 0.69 %o to 1.17 %o
(average =0.95 %o) and 0.61 %o to 1.16 %o (average =0.92
%o), respectively, and the Ba-corrected 8! Gayygroos Values
varied from 1.19 %o to 1.29 %o (average=1.24 %o) and
1.16 %o to 1.32 %o (average = 1.22 %o). The 8’'Ga values of
BCR-2 and BHVO-2 varied over a wide range when uncor-
rected for Ba interference but were constant at~ 1.2 %o after
correction for the Ba interference (Fig. 4). In the different
analytical sessions, there was a large difference in the ratio
of the signal intensity of *’Ba" to ®Ga (168.5/169) for the
same solution (Table 4), which may be related to differences
in the MC-ICP-MS set-up during the different analytical ses-
sions (e.g., in the flow rate of Ar gas and X, Y, and Z cone
coordinates). Therefore, we divided the ratio of the signal
intensity of '*’"Ba?* to that of °Ga for the sample solution
by the ratio of the signal intensity of '*’Ba®* to that of the
signal intensity of ®*Ga for the NIST SRM 994 Ga stand-
ard to quantify the Ba interference. This ratio is abbrevi-
ated as [(168.5/169)s,mpie] / [(168.5/169)N151904]- During the

Measurement number

MC-ICP-MS analysis of NIST SRM 3119a and Alfa Aesar,
the average [(168.5/169),mp1e] / [(168.5/169)y151994] Values
were 1.21 and 1.33, respectively. The Ba concentrations of
NIST SRM 3119a and Alfa Aesar are not significantly dif-
ferent from that of the NIST SRM 994 Ga standard, which
may be why the corrected and uncorrected 8’'Ga values are
the same within error. For BCR-2 and BHVO-2, the [(168.5/
169)sampiel / [(168.5/169)151994] Values varied from 1.57 to
5.21. The Ba contents of these Ga fractions were signifi-
cantly higher than that of the Ga isotope standard, and the
8! Gaygroo4 value without Ba correction was significantly
lower than the corrected value (Table 3). In Fig. 4, the
8! Gaygroo4 Values without Ba correction exhibit a negative
correlation (for BCR-2, R*=0.96; for BHVO-2, R*=0.94)
with the [(168.5/169),mp1e] / [(168.5/169)x151904] Values, but
after the Ba correction, the 8”'Gaygrgos Values of BCR-2
and BHVO-2 are both constant at~ 1.2 %oc. Minor **Ba’*
could result in a lower 8”'Ga value, and thus efficient separa-
tion of Ba and correcting the interference of **Ba* are both
crucial to obtain accurate 8''Ga values.

During the analysis of Ga isotopes by MC-ICP-MS,
when the Fe/Ga ratio is very high, Fe will generate false
137Ba®* ion signals (I68.5), thereby affecting the Ba-cor-
rected 8"'Ga values (Roland et al. 2023). By adding different
amounts of Fe to the NIST SRM 994 Ga standard and then
analysing the Ga isotope ratios by MC-ICP-MS, we found
that Fe does not affect the Ba-corrected 8’'Ga values when
Fe/Ga (ppm/ppm) is < 100 (Fig. 5; Table S3). The Fe/Ga
ratios in the purified Ga from BCR-2 and BHVO-2 were
0.2—-1.0, which is much smaller than the Fe/Ga ratio required
to affect the Ba-corrected 8''Ga values.

3.4 Heterogeneity of NIST 994 Ga isotopic standards
The certified value of ®®Ga/”'Ga ratio of NIST SRM 994 Ga

isotopic standard is 1.50676 + 0.00039, this means that
different batches of NIST 994 Ga isotopic standard could

@ Springer



1060 Acta Geochim (2024) 43:1054-1064

Table 3 Barium interference correction data for BCR-2 and BHVO-2

Analytical ses- BCR-2 BHVO-2

sion 87! Gagroos™ 8" Gayrsroosmee  Lample 107°) Tampie/laa 8'Ganisoos™ 8" Ganisroosmed  Lsample (107 Tumpie/ I
(%o) (%o) (%o) (%o)

1st 1.21 0.69 10.65 4.08 1.26 0.61 12.90 4.99
1.22 0.70 10.69 4.17 1.30 0.63 13.09 5.10
1.23 0.71 10.48 4.35 1.32 0.68 12.38 5.21
1.20 0.70 10.24 4.22 1.26 0.61 12.61 5.04
1.19 0.71 10.03 4.06 1.21 0.63 11.42 498

2nd 1.25 0.92 7.26 3.47 1.20 0.83 7.70 3.87
1.23 0.89 7.39 3.53 1.19 0.83 7.51 3.98
1.24 0.89 8.54 2.83 1.21 0.84 8.71 2.98
1.27 0.92 8.03 3.14 1.26 091 8.26 291

3rd 1.21 0.91 7.29 2.93 1.20 1.00 5.72 2.30
1.26 0.98 6.82 2.86 1.21 1.01 5.51 2.26
1.25 0.95 7.08 2.92 1.24 1.05 5.43 2.29
1.25 0.96 6.94 2.89 1.25 1.05 5.59 2.35

4th 1.24 1.03 5.73 2.28 1.16 0.92 6.23 2.49
1.25 1.05 5.69 2.25 1.18 0.96 6.08 2.32
1.29 1.08 5.89 2.17 1.19 0.98 5.90 2.32
1.27 1.08 541 2.18 1.19 0.98 5.90 2.31
1.25 1.05 5.70 221 1.20 0.99 5.90 2.35

5th 1.20 1.12 3.17 1.71 1.28 1.16 3.66 1.86
1.23 1.15 3.05 1.76 1.23 1.13 3.62 2.01
1.22 1.13 3.09 1.72 1.21 1.08 3.71 1.95
1.24 1.17 3.05 1.64 1.19 1.10 3.53 1.89
1.21 1.13 2.98 1.57 1.21 1.09 3.49 1.91

Average 1.24 +0.05%0 0.95+0.31%0 6.75 2.82 1.22 +0.08%0 0.92+0.35%0 7.17 3.03

(2sd,n=23) (2sd,n=23) (2sd,n=23) (2sd,n=23)

8"'Gaysroos™ denotes the 87'Gayygroos Value after correction for Ba interference; 87'Ga yigroos.meatt denotes the 8”'Gaygroos value without cor-
rection for Ba interference; Iy, denotes [(168.5/169) ], i-¢., the ratio of the signal intensity of 137Ba’* in the sample solution to the signal
intensity of ®Ga; and Lampie/Isia denotes [(168.5/169) ;1 [/[(168.5/169) 1579941, 1-€., the ratio of the signal intensity of 137Ba* to the signal inten-
sity of ®Ga in the sample solution divided by the ratio of the signal intensity of *’Ba>* to that of ®Ga in the NIST SRM 994 Ga isotopic stand-
ard

cause a maximum Ga isotope offset up to~0.5 %o¢. Feng
et al. (2019) obtained 8”'Gayygroo4 Values of BCR-2 and
BHVO-2 are varying from 0.75 %o ~0.76 %o, respectively.
Here, the 8"'Gaygroo, Values of the two geological stand-
ards are between 1.22 %o and 1.24 %o. When Ga isotopic
compositions of BCR-2 and BHVO-2, obtained from Feng
et al. (2019) and this study (Table 5), are reported relative
to NIST 3119a or IPGP Ga, the 8’'Ga values of BCR-2 and
BHVO-2 are consistent. Thus, we suggest that NIST SRM
994 Ga is likely isotopic heterogeneity.

3.5 Gallium isotopic compositions of geological
reference materials

Gallium is mainly enriched in bauxite and Pb—Zn ore depos-

its, and bauxite is mostly associated with epigenetic weath-
ering of igneous rocks (Liu 1965, 1982; Tu et al. 2003). In

@ Springer

this study, we conducted Ga isotope analysis of 11 geologi-
cal reference materials. BCR-2 and BHVO-2 were digested
and analysed in five replicates, and the remaining sam-
ples were analysed in triplicate. The results are presented
in Table 5. The Ga isotopic compositions of two bauxite
reference materials (GBW07181 and GBW07182) are not
fractionated, and they have 8"'Gayygroo, values of 1.17
%0 +0.07 %o and 1.18 %o +0.08 %o (8"'Gaypgp= —0.08
%o and —0.07 %o), respectively. The 8”'Gaygroos Vval-
ues of the zinc concentrate (GBW07168) and Pb—Zn ore
(GBWO07372) are 1.12 %0 +0.07 %o and 1.21 %0 +0.10 %o
(8"'Gagpgp= —0.13 %o and —0.04 %o), respectively. The
8"'Gaygroos values of the Emeishan basalt (GBW07126)
and andesite (GBW07104) are 1.22 %o +0.07 %0 and 1.27
%0 +0.07 %o (8"'Gapgp= —0.03 %o and 0.02 %o), respec-
tively, similar to the 8"'Ga values for BCR-2 and BHVO-2.
The 8"'Gaygroo, values of the granite (GBW07103) and
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Table 4 Barium interference correction data for NIST SRM 3119a and Alfa Aesar

Analytical ses-  NIST SRM 3119a Ga (lot: 140,124) Alfa Aesar Ga (lot: 8,129,898)

sion 71 - 71 s 71 - 71 s
& GaNIST994>F 8 GaNIST994-mea# Isample (10 ) Isample/ Istd 5 GaNIST994>‘< 8 GaNIST994-mea# Isample (10 ) Isample/ Istd
(%0) (%o0) 00) (%0)

Ist 2.63 2.58 341 1.28 1.99 1.94 3.39 1.36
2.67 2.63 3.22 1.24 2.03 1.97 3.44 1.31
2.65 2.62 2.77 1.25 1.99 1.94 3.19 1.34
2.58 2.54 3.21 1.30 2.00 1.94 3.37 1.33
2.58 2.52 3.51 1.32

2nd 2.64 2.60 2.98 1.27 2.03 1.96 3.14 1.45
2.66 2.62 2.66 1.24 2.00 1.95 2.86 1.40
2.62 2.58 2.72 1.29 2.04 1.99 2.82 1.33
2.66 2.62 3.59 1.22 1.99 1.91 4.22 1.40
2.62 2.58 3.50 1.25 1.99 1.94 3.65 1.33
2.65 2.61 3.19 1.24

3rd 2.62 2.59 2.98 1.16 2.03 1.95 4.34 1.43
2.67 2.65 2.79 1.16 2.02 1.93 4.49 1.47
2.69 2.67 2.81 1.16 2.05 1.98 4.22 1.38
2.67 2.65 2.80 1.16 2.06 1.97 4.54 1.45
2.62 2.59 3.49 1.13 2.03 1.95 4.40 1.42

4th 2.67 2.65 2.92 1.12 1.99 1.93 343 1.36
2.63 2.59 2.94 1.22 2.04 2.00 3.09 1.23
2.65 2.63 2.96 1.12 2.03 1.99 3.05 1.25
2.66 2.65 2.72 1.11 2.01 1.97 3.00 1.25
2.65 2.63 291 1.14 2.00 1.97 2.98 1.19

5th 2.61 2.56 2.10 1.29 2.00 1.94 2.28 1.32
2.64 2.61 2.09 1.21 1.94 1.91 2.12 1.21
2.61 2.58 2.27 1.18 1.94 1.89 2.28 1.27
2.55 2.50 2.19 1.17 1.92 1.89 2.22 1.22
2.59 2.56 2.13 1.17 1.91 1.90 2.24 1.21

Average 2.63+0.07%o 2.60+0.08%0 2.88 1.21 2.00+0.08%o 1.95+0.06%o0 3.28 1.33
(2sd,n=26) (2sd,n=26) (2sd,n=24) (2sd,n=24)

8" Gaygroos™ denotes the 8”'Gaygroos Value after correction for Ba interference; 87'Ga ygroos.mea? denotes the 87! Gaygroos Value without cor-

rection for Ba interference; Iy, denotes [(168.5/169)
intensity of %Ga; and I /1.4 denotes [(168.5/169),

sample’ “std

sample

sample

1, i.e., the ratio of the signal intensity of '*’Ba** in the sample solution to the signal
1/[(168.5/169)N1s1994]5 1.€., the ratio of the signal intensity of 137Ba* to the signal inten-

sity of ®*Ga in the sample solution divided by the ratio of the signal intensity of *’Ba®* to that of ®Ga in the NIST SRM 994 Ga isotopic stand-

ard

granodiorite (GBWO07111) are 1.34 %0 +0.11 %o and 1.35
%o +0.09 %o (8"'Gagpgp=0.09 %o and 0.10 %o), respec-
tively, indicating the granite and granodiorite are slightly
more enriched in the heavy Ga isotope than the basalts.
The 8"'Gaygroo,4 Value of the loess (GBW07454) is 1.28
%o +0.08 %o (5" Gagpgp=0.03 %o).

4 Conclusions

We investigated the maximum adsorption capacity of the
AG 1-X4 and Ln-spec resin for matrix elements (Zn, Fe)
during the purification process, and found that (1) the maxi-
mum Zn adsorption capacity of the AG 1-X4 anion resin
is~1180 pg/mL; (2) the maximum Fe adsorption capacity
of the Ln-spec cation resin is ~870 pg/mL; and (3) the Cu

@ Springer
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elution process in the AG 1-X4 anion resin exhibited an
obvious ‘tailing effect’. Accordingly, the purification proce-
dure was appropriately modified to make it suitable for Ga
isotope measurements of the geological samples with high
Zn and Fe contents.

By comparing the Ga isotopic compositions of geologi-
cal standards (BCR-2 and BHVO-2) with and without Ba
correction, the 8! Gay;groo, Values are varied, suggesting
that efficient separation of Ba and correcting the interfer-
ence of 1*®Ba®* are crucial to obtain accurate §’'Ga values.
By comparing the Ga isotope data from different laborato-
ries, we suggest that the isotopic heterogeneity from NIST

@ Springer

Fe/Ga (ppm/ppm)

SRM 994 Ga is likely the key reason that results in the
differences in 8”'Gayygrgo, values for BCR-2 and BHVO-2
reported in the literatures.

The Ga isotopic compositions of 11 geological refer-
ence materials were determined, including two Pb-Zn ores
(GBWO07168 and GBW07372), two bauxites (GBW07181
and GBWO07182), three basalts (BCR-2, BHVO-2, and
GBWO07126), one granite (GBWO07103), one andesite
(GBWO07104), one granodiorite (GBWO07111), and one
loess (GBWO07454). We also measured the Ga isotopic
compositions of two standard solutions (NIST SRM
3119a and Alfa Aesar). The 8"'Gaygroos values of these
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Table 5 Gallium isotopic compositions of geological reference materials

Sample Description #Ga (pg/e)  8"'Gayysroos 2sd n 8" Gappgp (%0)  8"'Gansrsiioa
(%o) (%)
GBWO07181 Bauxite, (CRM, China) 82+15 1.18 0.06 3 -0.07 —-145
Parallel sample 1.19 0.03 3 —-0.06 —1.44
Parallel sample 1.13 0.06 3 -0.12 —1.50
Mean 1.17 0.07 9 —0.08 —1.46
GBW07182 Bauxite, (CRM, China) 72+11 1.19 0.11 3 —0.06 —1.44
Parallel sample 1.21 0.04 3 —-0.04 —-1.42
Parallel sample 1.14 0.01 3 —0.11 —1.49
Mean 1.18 0.08 9 -0.07 —1.45
GBWO07168 Zinc concentrate (ZnS), (CRM, China) 180+31 1.16 0.06 3 —-0.09 —1.47
Parallel sample 1.12 0.06 3 -0.13 —1.51
Parallel sample 1.09 0.01 3 —0.16 —1.54
Mean 1.12 0.07 9 -0.13 -1.51
GBW07372 Pb—Zn ore, (CRM, China) 30.7+1.9 1.20 0.11 3 -0.05 —1.43
Parallel sample 1.26 0.04 3 0.01 —-1.37
Parallel sample 1.17 0.01 3 —0.08 —1.46
Mean 1.21 0.10 9 -0.04 —-1.42
GBWO07126 Emeishan basalt, (CRM, China) 24.8+2.0 1.19 0.05 3 —-0.06 —1.44
Parallel sample 1.20 0.05 3 -0.05 —1.43
Parallel sample 1.26 0.04 3 0.01 —-1.37
Mean 1.22 0.07 9 -0.03 —-1.41
GBW07104 Andesite, (CRM, China) 18.1+1.4 1.28 0.03 3 0.03 -1.35
Parallel sample 1.23 0.04 3 —-0.02 —1.40
Parallel sample 1.30 0.01 3 0.05 —-1.33
Mean 1.27 0.07 9 0.02 -1.36
GBW07103 Granite, (CRM, China) 19+2 1.36 0.02 3 0.11 -1.27
Parallel sample 1.40 0.05 3 0.15 —-1.23
Parallel sample 1.27 0.01 3 0.02 —-1.36
Mean 1.34 0.11 9 0.09 -1.29
GBWO07111 Granodiorite, (CRM, China) 20.8+1.6 1.39 0.06 3 0.14 —-1.24
Parallel sample 1.36 0.04 3 0.11 —-1.27
Parallel sample 1.29 0.01 3 0.04 —-1.34
Mean 1.35 0.09 9 0.10 -1.28
GBWO07454 Loess, (CRM, China) 149+04 1.31 0.07 3 0.06 -1.32
Parallel sample 1.23 0.03 3 -0.02 -1.40
Parallel sample 1.29 0.04 3 0.04 -1.34
Mean 1.28 0.08 9 0.03 -1.35
BCR-2 Basalts, (USGS, USA) 23+2 1.24 005 23 —-0.01 -1.39
BHVO-2 Basalts, (USGS, USA) 21.7+0.9 1.22 0.08 23 -0.03 —1.41
NIST 3119aGa  lot: 140,124, (NIST, USA) 2.63 0.07 26 1.38 0
Alfa Aesar Ga lot: 8,129,898 2.00 0.08 24 0.75 -0.63

CRM: Chinese Reference Materials; USGS: United States Geological Survey; NIST: National Institute of Standards and Technology. The
8"'Gappgp values were calculated in this way. The 87'Ga of NIST 3119a Ga is+2.63+0.07%0 relative to NIST 994 Ga. Kato et al. (2017)
reported that the 8"'Ga value of NIST 3119a Ga was + 1.38 +0.06%o relative to the IPGP Ga standard. Thus, we calculated the 8”'Ga value of
NIST 994 Ga relative to IPGP Ga standard as —1.25%o. Ga content is the recommended values (http://m.crmrm.com/; https://www.nist.gov/srm)

reference materials vary from 1.12 %o to 2.63 %o (—0.13
%o to 1.38 %o for 8! Gaypgp; Table 5).
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