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We report a newmethod for precise analysis of gallium (Ga) isotopic composition in geological samples. The pu-
rification of Ga is achieved by a three-step ion exchange chromatography to remove matrix and interfering ele-
ments. The 71Ga/69Ga ratios are analyzed by multi-collector inductively-coupled-plasma mass-spectrometer
(MC-ICP-MS). The external reproducibility of the measurements (0.05‰, 2 s.d.) was assessed by replicate anal-
yses of the USGS BCR-2 and BHVO-2 standards. This newly developed technique was then used to investigate
the extent of Ga isotopic fractionation during igneous processes by analyzing well-characterized samples from
the Kilauea Iki lava lake, USA. These samples were formed in a closed system and have MgO contents ranging
from 26.9 to 2.4 wt.%. We found that igneous processes do not fractionate Ga isotopes within the analytical un-
certainty and that the Ga isotopic composition of mafic-ultramafic lavas can be used to estimate the composition
of theirmantle source. Twelve ocean island basalts, twomid-ocean-ridge basalts, one continentalfloodbasalt and
one komatiite have homogeneous and nearly identical Ga isotopic compositions within analytical uncertainties
averaging 0.00 ± 0.06‰ (2 s.d.). This value represents the best estimate for the Ga isotopic composition of the
bulk silicate Earth

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Gallium is amoderately siderophile andmoderately volatile element
with two stable isotopes, 69Ga and 71Ga, of natural elemental abundance
60.1079 % and 39.8921 %, respectively (Meija et al., 2016). Gallium is
moderately incompatible and behaves similar to Al during magmatic
differentiation due to their comparable ionic radii, valence and
ionization potential (de Argollo and Schilling, 1978) and therefore is
enriched in planetary crusts compared to the mantle. Gallium can also
substitute for Fe3+ due to the similar valence (+III) and ionic radius
(Ga3+: 62 pm, Fe3+: 64 pm) in oxidizing environments, but this is sec-
ondary to Al3+ substitution. As a moderately siderophile element, it is
enriched in ironmeteorites (up to 100 ppm; Lovering et al., 1957) com-
pared to chondritic meteorites (5– 10 ppm; Lodders and Fegley, 1998).
However, due to its moderate volatility (T1/2 = 968 K, Lodders, 2003),
Ga concentrations vary by about two orders of magnitude between
iron meteorite groups as a function of provenance and thermal history,
and this fact has been used as an important parameter in ironmeteorite
. This is an open access article under
classifications (Lovering et al., 1957; Goldberg et al., 1957; Wasson,
1967; Wai and Wasson, 1977, 1979).

The Ga concentration of the bulk silicate Earth (BSE) has been esti-
mated to be ~4 ppm based on mantle xenoliths (O'Neill and Palme,
1998; Jagoutz et al., 1979; McKay and Mitchell, 1988). Using this con-
centration, McDonough (2003) noticed that Ga falls on the terrestrial
volatility trend, suggesting that despite its siderophile behavior, Ga
was not incorporated into the Earth's core. Blanchard et al. (2015) sug-
gested that the light element composition of the Earth's core is a major
factor in the metal/silicate partitioning of Ga and that this explains its
lithophile behavior in the Earth. However, this conclusion was based
on extrapolation of low pressure experiments to high pressure condi-
tions of core formation, an approach that can impose large associated
errors (Siebert et al., 2013), and therefore requires further experimental
investigation. In addition, as a moderately volatile element, Ga displays
a widespread depletion in terrestrial planets and in meteorites. For ex-
ample, carbonaceous chondrites are progressively depleted in Ga,
from the CI (~10 ppm) to the CV (~6 ppm) group meteorites (Lodders
and Fegley, 1998). The Earth's mantle is even more depleted in Ga
(~4 ppm; O'Neill and Palme, 1998) compared to the carbonaceous
chondrites. Therefore, if there is virtually no Ga in the Earth's core,
there may be only ~2.7 ppm in the bulk Earth from mass balance
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2016.11.020&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.chemgeo.2016.11.020
mailto:kato@ipgp.fr
http://dx.doi.org/10.1016/j.chemgeo.2016.11.020
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/00092541
www.elsevier.com/locate/chemgeo


Table 1
Three-step chemical purification method for Ga.

Eluent Volume (mL) Step

Step 1. Matrix removal H2O 250 Cleaning
0.5 N HNO3 250 Cleaning
H2O 250 Cleaning
0.5 N HNO3 250 Cleaning
H2O 250 Cleaning
6 N HCl 20 Conditioning
6 N HCl 1 Sample loading
6 N HCl 20 Matrix removal
6 N HCl 20 Matrix removal
0.4 N HCl 10 Matrix removal
0.4 N HCl 20 Collection

Step 2. Fe removal 6 N HCl 12 Cleaning
3 N HCl 12 Conditioning
3 N HCl 1 Sample loading
3 N HCl 8 Matrix removal
3 N HCl 12 Collection

Step 3. Ba removal H2O 4 Cleaning
0.5 N HNO3 4 Cleaning
H2O 4 Cleaning
0.5 N HNO3 4 Cleaning
H2O 4 Cleaning
6 N HCl 2 Conditioning
6 N HCl 0.5 Sample loading
6 N HCl 4 Matrix removal
6 N HCl 4 Matrix removal
0.4 N HCl 4 Collection
0.4 N HCl 4 Collection

165C. Kato et al. / Chemical Geology 448 (2017) 164–172
calculations. Furthermore, the Moon appears to be more depleted, as
evidenced by Ga concentrations in lunar mare basalts that typically
are an order of magnitude lower than their terrestrial counterparts
(e.g. Warren, 2003).

The isotopic composition of Ga has the potential to be used as a trac-
er of different processes (evaporation/condensation, metal/silicate
partitioning) responsible for its large elemental abundance variations
(several order of magnitude) amongst solar system materials. Previous
studies on Ga purification by ion exchange were focused on creating
chemical fractionation on the columns for isotopic enrichment (e.g.
Machlan and Gramlich, 1988; Dembiński et al., 2006) and only few
data exist for meteorite or geological standard samples (De Laeter,
1972; Zhang et al., 2016). In this study, we developed a new method
for precise determination of the Ga isotopic compositions of terres-
trial and meteoritic samples and then applied this method to esti-
mate the Ga isotopic composition of the Earth's mantle. To evaluate
the composition of the Earth's mantle, the effects of igneous differen-
tiation on Ga isotopes was estimated by analyzing Kilauea Iki lava
lake samples, and tested for the spatial heterogeneity of the Earth's
mantle by measuring mafic rocks from different geo-tectonic
settings (OIBs, MORBs, CFB), and temporal variability analyzing an
Archean komatiite.

2. Samples and methods

2.1. Samples

We have analyzed two USGS standard reference materials (SRM),
Columbia River continental flood basalt (BCR-2) and Hawaiian basalt
(BHVO-2), Andlau, Bas-Rhin granite (GA), Senones Vosges granite
(GS-N), and ocean island basalts (OIBs) from three different locales:
the Atlantic ocean (St. Helena, Tristan da Cunha), Indian ocean (Piton
de la Fournaise, Reunion Island), and the Pacific ocean (Kilauea Iki
lava lake, Hawaii). Two mid-ocean ridge basalt samples (MORB) from
the Atlantic Ocean, and a 2.7 Ga komatiite from the Belingwe green-
stone belt in the Rhodesian Craton were also analyzed. Mid-ocean
ridge basalt sample ARP 74 10-16 is a blocky glassy olivine basalt col-
lected at 2696 m depth, originating from the southwestern side of
Mont de Venus located in the FAMOUS area near the mid-Atlantic rift
valley (ARCYANA, 1977; Bougault et al., 1979). Ocean island basalts
and MORB are mantle-derived rocks that are isotopically distinct in
multiple elements (e.g. Sr, Nd, Re, Os, Pb, O), originating from different
parts of the mantle (White and Hofmann, 1982; Hauri and Hart, 1993;
Jackson and Dasgupta, 2008; Day et al., 2009). The Kilauea Iki lava lake
was formed after the 1959 eruption on the southeast part of the Island
of Hawaii, when a single eruption filled a previously existing crater,
resulting in the formation of a crust roofed lava chamber (Helz, 1980,
2012). The lava cooled in a closed system, and since the lava has the
same composition as the country rock, chemical assimilation is minor.
Because differentiation of the Kilauea Iki lava lake produced samples
with a large range ofMgO contents, they have beenwidely used to eval-
uate isotopic fractionation during igneous processes (e.g., Li, Tomascak
et al., 1999; Mg, Teng et al., 2007; Fe, Teng et al., 2008; Zn, Chen et al.,
2013). For this study, eight drill core samples with a wide range of
MgO contents have been selected (from 2.4 to 25.8 wt.%).

Komatiites are formed fromhigh temperaturemagmaswith low vis-
cosity, which ascend rapidly preserving the characteristics of themantle
source (Huppert et al., 1985). Komatiite sample TN19 from the Tony's
Flow in the 2.7 Ga Belingwe Greenstone Belt, Zimbabwe, previously an-
alyzed by Puchtel et al. (2009) for major and trace elements and Nd and
Os isotopic compositions was analyzed.

2.2. Chemical purification of Ga

All samples were ground to a fine powder with agate mortar and
pestle, and the weight of each sample for chemistry was then chosen
in order to obtain approximately 1 μg of Ga (5mg to 100mg depending
on Ga concentration of the sample). The sampleswere then dissolved in
a mixture of concentrated HF and HNO3 (3:1) in closed Teflon vials and
heated at a temperature of 120 °C for 72 h to ensure full digestion.
Sample solutions were then dried down at 100 °C, then 6 mL of 6 N
HCl was added and samples were heated at 120 °C for 24 h in closed
beakers to dissolve the fluoride compounds. After digestion, samples
were again dried downat 100 °C, thenprepared for chemical separation.
A protocol for the separation and purification of Ga which involves 3
steps (Table 1) was established. The first step is based on an anion ex-
change resin to remove matrix elements where Ga is retrieved along
with Fe. The second step is to separate Fe from Ga. The last and final
step further purifies the solutions, ultimately removing any remaining
barium (Ba).

a) Removal of major elements

After sample digestion, all of the dried samples were dissolved in
1 mL of 6 N HCl and loaded on pre-cleaned and pre-conditioned col-
umns. Twenty mL of anion exchange resin AG MP1 (100–200 mesh)
in a Bio-Rad Econo-pac chromatography column (diameter 1.5 cm,
length 11.5 cm, reservoir volume 250 mL) was used to remove matrix
elements. Due to their similarities, Ga3+ and Fe3+ ions are not separat-
ed with this resin and are collected together. Gallium appeared trans-
parent in the columns but ferric chlorides were visible as a yellow
band,which provides a visual aid for precise calibration of the collection
volume. A total of 40 mL of 6 N HCl is added to remove most elements
except Ga3+ and Fe3+. Then 10mL of 0.4 N HCl is added to remove fur-
ther matrix, before Ga and Fe are retrievedwith 20mL of 0.4 N HCl. Elu-
tion results are shown in Table S1 and Fig. S1 in Supplementary
materials.

b) Separation of Fe from Ga

Seven mL of cation exchange resin AG 50w-X12 (200–400 mesh)
were loaded on a PTFE Teflon columnwith a diameter of 7mm, a length



Table 2
Observed intensity on masses 68.5, 69, 137Ba and 138Ba and ratios for a 5 ppb Ba standard
on the MC-ICP-MS.

Mass I68.5 I69 137Ba 138Ba I69/I68.5 138Ba/137Ba 138Ba/137Ba lit.

Intensity (V) 0.036 0.23 0.26 1.65 6.39 6.35 6.38a

a = Meija et al., 2016
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of 27 cm and a reservoir volume of 12 mL. The dried samples from the
first step were re-dissolved in 1 mL of 3 N HCl and loaded onto the col-
umns. Iron was first eluted from the column with 8 mL of 3 N HCl,
followed by 12 mL of 3 N HCl to elute and collect Ga, which was later
dried. Elution results are shown in Table S2 and Fig. S2. After this step,
the Fe/Ga is checked, and this step was repeated several times until
the Fe/Ga ratio of the sample becomes b0.5, as opposed to ~4000 in
the bulk sample.
c) Separation of Ba from Ga

The third column pass is the final step of the column chromatogra-
phyprotocol. The doubly charged Ba ion 138Ba++ is an interfering isobar
to 69Ga+ due to the same mass/charge ratio. Because Ba has a low po-
tential of ionization and a large fraction of it is doubly ionized, Ba pro-
duces a significant contribution at mass 69 which must be minimized
by chemical removal of Ba (and later numerical correction) in order to
obtain high precision Ga isotopic measurements. For this final step of
the column chromatography protocol, the same elution protocol for
the first step was used, but with a much smaller volume, in order to re-
move the remaining Ba. Samples were dissolved in 0.5 mL of 6 N HCl
and then passed through a PTFE Teflon column with a diameter of
2 mm, a length of 3 cm and a reservoir volume of 4 mL. After cleaning
and conditioning of the resin, the sample dissolved in 0.5 mL of 6 N
HCl was loaded on the column, the Ba was eluted with 8 mL of 6 N
HCl. Finally, Ga was collected with 8 mL of 0.4 N HCl. Elution results
are shown in Table S3 and Fig. S3, and the chemical procedures are
given in Table 1.

The yield of the full chemical purification has been estimated several
times over the course of this study and has always been found to be bet-
ter than 95%. The final analytical blank was 0.02 ng, which is negligible
compared to the total of N1 μg of Ga analyzed in each of the samples.
Chlorine and P were under the detection limit of the MC-ICP-MS in
the final solution minimalizing the possibility of 37Cl16O2 or 40Ar31P
interferences.
2.3. Mass spectrometry

The Ga concentration and isotopic ratio were analyzed on a Ther-
mo Fisher Neptune Plus multi-collector inductively-coupled-plasma
mass-spectrometer (MC-ICP-MS) at either Washington University in
St. Louis, USA or at the Institut de Physique du Globe de Paris (IPGP),
France. Samples were dissolved and diluted in a 0.1 N HNO3 solution
to have the same concentration as the standard (25 ppb), and were
introduced into the plasma source through an APEX sample intro-
duction system. The APEX heating and cooling temperatures were
120 °C and 2 °C respectively, and a self-aspirating nebulizer with
an average uptake rate of 81 μL/min was attached. A blank solution
of 0.1 N HNO3 was measured in the beginning of each sequence
and a blank correction was applied. A jet sampler cone and a H skim-
mer cone was used. A 25 ppb Ga solution yields an intensity between
7 and 9 V, with this variation caused by the ageing of the cones or res-
olution slit, or variations in the nebulizer uptake rate. Faraday cups
equipped with 1011 Ω amplifier were positioned to monitor the
masses 68 (68Zn), 68.5 (137Ba++), 69 (69Ga and 138Ba++), and 71
(71Ga) with an integration time of 8 s per cycle. Peak centers were
taken after tuning and baselines were measured before each mea-
surement. One analysis contained 25 cycles, andwas done in low res-
olution mode. Samples were bracketed using the standard before
and after and no fit was used. A 0.1 N HNO3 cleaning solution was
passed through for 160 s after each measurement. To correct for in-
strumental mass fractionation, standard-sample bracketing was
used, with a Ga ICP/DCP standard solution (Aldrich, catalog number
35623-9), which is named Ga IPGP standard hereafter.
3. Results

3.1. Correction of interfering Ba

Although Ba removal during step 3 of the Ga purification protocol is
near complete, the remaining fraction of Ba as well as possible contam-
ination result in a trace amount of Ba in the sample causing an isobaric
interference (Table 2). Ba has 7 stable isotopes, masses 130Ba (0.11%),
132Ba (0.10%), 134Ba (2.42%), 135Ba (6.59%), 136Ba (7.85%), 137Ba
(11.23%), and 138Ba (71.70%). From concentration measurements of a
5 ppb Ba ICP standard, double ionization measured as 138Ba++/138Ba+

(mass 69/138) and 137Ba++/137Ba+ (mass 68.5/137) occurs at a rate
of about 14% (Table 2). The doubly ionized 138Ba has the same mass/
charge ratio as 69Ga. Because of this interference, a post analysis calcula-
tion is needed to remove the effect from the 138Ba on the intensity of the
mass 69. The intensity of the 137Ba was monitored at its half mass 68.5.

69GaTRUE ¼ I69−138Baþþ ð1Þ

69GaTRUE
71Ga

¼ I69
71Ga

−
138Baþþ

71Ga
ð2Þ

I69 represents the intensity measured on the mass 69 (Eq. (1) and
(2)). The true 69Ga intensity (69GaTRUE) is only available after removal
of the 138Ba++ from the intensity on mass 69. I68.5 represents the dou-
bly ionized 137Ba, at themass of 68.5, 71Ga is the intensity from the sam-
ple on mass 71.

138Baþþ

71Ga
¼ I68:5

71Ga
�

138Baþþ

I68:5
ð3Þ

The 138Ba/137Ba ratio was 6.35, and I69/I68.5 ratio was 6.39 mea-
sured on the MC-ICP-MS, compared to the natural element abundance
138Ba/137Ba = 6.38. Even though this ratio obtained on the mass spec-
trometer due to instrumental mass bias is different from the natural
ratio, the difference is negligible and does not lead to a significant differ-
ence on the corrected 71Ga/69Ga. Therefore, an approximation can be
made, 138Ba+/137Ba+ ≈ 138Ba++/137Ba++ ≈ 138Ba++/I68.5 (Eq. (3)).
Finally, the data are reported with the conventional delta notation ob-
tained by Eq. (4). The Ba correction was not applied to samples with a
negative I68.5 value (Table S4).

δ71Ga ¼
71Ga=69Ga

� �
sample

71Ga=69Ga
� �

Ga IPGP standard

−1

2
64

3
75� 1000 ð4Þ

3.2. Verification of post analytical Ba interference correction validity and Ce
interference

In order to verify the efficacy of the Ba interference correctionmeth-
od, a 25ppbGa IPGP standard dopedwith a Ba standardwith concentra-
tions ranging from 0.5 ppt to 0.5 ppb was measured (Table 3; Fig. 1a).
From a Ba/Ga ratio of 4 × 10−4, the discrepancy between the standard
normalized data and Ba interference corrected data became apparent.
As the Ba/Ga ratio increased, the sample became isotopically light due
to the increase in the mass 69 signal from contribution by the doubly
ionized 138Ba. However, accounting for the Ba interference using the



Table 3
Barium interference correction test and Ce interference test.

Ba/Ga
(ppb/ppb)

δ71Ga (‰) Without Ba
correction
δ71Ga (‰)

Ce/Ga
(ppb/ppb)

Without Ce
correction
δ71Ga (‰)

2.0E-05 0.05 -0.14 2.0E-05 0.00
4.0E-05 n/d n/d 4.0E-05 0.04
2.0E-04 -0.03 -0.38 2.0E-04 -0.02
4.0E-04 0.00 -0.16 4.0E-04 0.03
1.0E-03 n/d n/d 1.0E-03 0.00
2.0E-03 0.05 -0.43 2.0E-03 -0.05
3.0E-03 -0.04 -0.75 3.0E-03 0.07
4.0E-03 0.05 -0.72 4.0E-03 0.06
7.5E-03 0.00 -1.58 7.5E-03 n/d
1.0E-02 -0.05 -2.11 1.0E-02 0.17
2.0E-02 -0.03 -4.02 2.0E-02 0.30
4.0E-02 n/d n/d 4.0E-02 0.39
2.0E-01 n/d n/d 2.0E-01 2.54
4.0E-01 n/d n/d 4.0E-01 4.71

Fig. 1. Doubly charged interference test of Ba and Ce. Black circles represent the δ71Ga
obtained from the standard normalized data values, uncertainties are smaller than the
symbols. a) δ71Ga versus Ba/Ga ratio for a 25 ppb Ga IPGP standard doped with a Ba
standard with various concentrations. Red squares represent the δ71Ga obtained after
correction of the Ba interference (see text for details). The data without correction
diverts from the δ71Ga = 0‰ and becomes isotopically light after a Ba/Ga ratio of 10−3,
whereas the data with the Ba correction is in agreement with the standard up to the
maximum Ba/Ga ratio used here (2 × 10−2). b) δ71Ga versus Ce/Ga ratio for a 25 ppb Ga
IPGP standard doped with various Ce standard concentrations. The δ71Ga value becomes
isotopically heaver with increasing Ce, with the diversion beginning from 3.0 × 10−3.
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68.5 mass effectively corrects this artifact at least up to a Ba/Ga ratio of
2 × 10−2. A typical pre-chemistry Ba/Ga ratio (Ba/Ga ~ 1000), is always
reduced to below Ba/Ga= 5.0 × 10−4 after chemical purification for all
the samples presentedhere validating the efficacy of thismethod to cor-
rect for double charged Ba interference on 69Ga.

The doubly ionized 142Ce++ ion is an isobar for 71Ga. Although Ce is
not as enriched as Ba in terrestrial samples (Ba/Ce ~ 12), it is still con-
centrated twice as much as Ga. A 25 ppb Ga IPGP standard was doped
with Ce concentration of 0.5 ppt to 10 ppb, and its isotopic composition
was measured. With increasing Ce/Ga, ratio, the δ71Ga became isotopi-
cally heavier (Table 3, Fig. 1b). Since Ce is effectively removed by the
first step of the chemistry (Table S1, Fig. S1), and Ce is under the detec-
tion limit of theMC-ICP-MS in the final product, this effect was ignored.

3.3. Evaluation test of the reproducibility and accuracy

To confirm that the plasma load did not alter the plasma condition,
different concentrations with 10, 30, and 40 ppb Ga IPGP standard
were bracketed against a 25 ppb solution. Therewere no significant iso-
topic fractionations due to the difference in concentrations (Table 4;
Fig. 2). 10 ppb vs 25 ppb had an average value of δ71Ga = −0.01 ±
0.06‰, 30 ppb vs 25 ppb: δ71Ga = 0.00 ± 0.06‰, 40 ppb vs 25 ppb:
δ71Ga=−0.01 ± 0.06‰. This confirms that the sample load difference
in this range does not affect the isotopic composition. Furthermore, un-
certainties in concentration of samples diluted to create a 25 ppb solu-
tion are well below the difference tested here.

Several tests were carried out to assess the reproducibility of the
chemical chromatography and mass spectrometry. Results are shown
in Table 5 and Fig. 3. As a test of precision, a single BHVO-2 sample
(BHVO-2 B) was divided into six aliquots, processed through different
columns from the second step andmeasured on themass spectrometer.
BHVO-2 E and BCR-2 were divided in to two aliquots and measured. To
further test the reproducibility, the same solutions were measured sev-
eral times during different analytical sessions. The Ga isotopic composi-
tions of BHVO-2 D, E and F were measured during different analytical
sessions (3, 2 and 2, respectively) several months apart (see Table 5).
All measurements agreed within 0.05‰.

The absence of isotopic fractionation induced by the chemical purifi-
cation has been tested by processing BHVO-2 D several times through
the column chemistry. After analysis of the sample BHVO-2 D
(δ71Ga = −0.01 ± 0.05‰), which was passed through the second
step of column chemistry three times, the leftover solution was proc-
essed again through the second step for the fourth time, and 50% of
the solution was analyzed (δ71Ga = 0.01 ± 0.14‰), and 50% of the so-
lution was processed for the fifth time (δ71Ga = −0.01 ± 0.05‰) (see
Table 6). These three replicates of BHVO-2 processed 3, 4 and 5 times
through the most delicate part of the chemical purification (second
step) are isotopically indistinguishable from each other at the level of
the precision and this therefore suggests that the chemical purification
during the second step of the chemistry does not fractionate the Ga iso-
topes. Finally, to test for the possibility of incomplete dissolution or iso-
topic heterogeneity of the sample, a total procedural replicate
(dissolution, chemical purification and mass-spectrometry) of BHVO-2
was prepared (BHVO-2 A to F). When these six independent analyses
are taken together we obtain an external reproducibility of 0.05‰ for
δ71Ga.

Finally, to further confirm that there was no isotopic fractionation
created by the column chemistry, the Ga IPGP standard mixed with
major (Al, Fe, Ca) and interfering elements (Ba, Ce) in similar propor-
tions as in BHVO-2 was passed through the chemistry. An aliquot con-
taining 110 ng Ga IPGP standard with 350 μg of Al, 430 μg of Fe,
400 μg of Ca, 190 ng of Ce and 650 ng of Ba from elemental standards
were mixed together to create an artificial BHVO-2. This artificial



Table 4
Gallium isotopic fractionation test bracketed with different Ga IPGP standard
concentrations.

Concentration δ71Ga (‰) 2 s.d.

10 ppb Ga IPGP std. 0.01
0.00

−0.05
10 ppb Ga IPGP std. ave. −0.01 0.06

30 ppb Ga IPGP std. −0.02
0.05

−0.02
0.01
0.00

30 ppb Ga IPGP std. ave. 0.00 0.06

40 ppb Ga IPGP std. −0.07
−0.02
−0.01
−0.02

0.00
0.00

−0.03
0.00
0.04

−0.02
0.02

40 ppb Ga IPGP std. ave. −0.01 0.06

Table 5
Gallium isotopic composition and averages for BHVO-2, BCR-2 and artificial BHVO-2.

Sample
names

Sample
types

δ71Ga
(‰)

2 s.d. n Ga
(ppm)

MgO
(wt%)

BHVO-2 B col. 1 0.00 1
BHVO-2 B col. 2 -0.05 1
BHVO-2 B col. 3 -0.02 1
BHVO-2 B col. 4 -0.02 1
BHVO-2 B col. 5 -0.03 1
BHVO-2 B col. 6 -0.10 1
BHVO-2 B ave. OIB -0.03 0.07 6 21.7a 7.23a

BHVO-2 E col. 1 0.03
0.00

BHVO-2 E col. 1 ave. 0.02 0.05 2 21.7a 7.23a

BHVO-2 E col. 2 -0.04
0.05
0.07

BHVO-2 E col 2 ave. 0.03 0.11 3 21.7a 7.23a

BHVO-2 E ave. OIB 0.02 0.02 2 21.7a 7.23a

BHVO-2 D 06/04/2016 -0.02 1 21.7a 7.23a

BHVO-2 D 13/05/2016 -0.09
-0.05
-0.02
-0.01

BHVO-2 D 13/05/2016 ave. -0.04 0.08 4 21.7a 7.23a

BHVO-2 D 10/06/2016 0.00
-0.02

BHVO-2 D 10/06/2016 ave.. -0.01 0.03 2 21.7a 7.23a

BHVO-2 D 30/08/2016 0.02
BHVO-2 D ave. OIB -0.01 0.05 4 21.7a 7.23a

BHVO-2 F 06/04/2016 -0.02 1 21.7a 7.23a

BHVO-2 F 10/06/2016 0.00
-0.04

BHVO-2 F 10/06/2016 ave. -0.02 0.06 2 21.7a 7.23a

BHVO-2 F 30/08/2016 0.04 21.7a 7.23a

BHVO-2 F ave. OIB 0.00 0.06 3 21.7a 7.23a

BHVO-2 A 0.01
0.00

BHVO-2 A ave. OIB 0.00 0.01 2 21.7a 7.23a

BHVO-2 C OIB -0.05 1 21.7a 7.23a

BHVO-2 A, B, C, D, E, F ave. -0.01 0.05 6 21.7a 7.23a

BCR-2 col. 1 -0.01 1 23b 3.59b

BCR-2 col. 2 0.00
-0.02
-0.01

BCR-2 col. 2 ave. -0.01 0.03 3 23b 3.59b

BCR-2 ave. CFB -0.01 0.01 2 23b 3.59b

Artificial BHVO-2 -0.03
0.00

Artificial BHVO-2 ave. -0.01 0.04 2 Ga recovery rate 96 %

a = Wilson 1997a, b = Wilson 1997b.
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BHVO-2 had no significant Ga isotopic fractionation compared to the
original Ga IPGP standard, with an isotopic value of δ71Ga = −0.01 ±
0.04‰, with a Ga recovery rate of 96% (Table 5).

3.4. Natural samples

Galliumconcentrations and isotopic compositions in the samples are
reported in Table 7 and Fig. 4a, b and c. The Ga isotopic compositions are
reported as per mil deviations from the Ga IPGP standard. A NIST SRM
3119a Gallium (lot 890,709), measured along with the samples during
each analytical session, had a relative difference of δ71Ga = 1.38 ±
0.06‰ (2 s.d., n = 15) with the Ga IPGP standard. Due to the large iso-
topic fractionation between the NIST standard and that of the natural
samples, we chose to use the more representative isotopic composition
for BSE of the Ga IPGP standard as the reference to report the data.

Although the Ga concentrations in terrestrial samples vary from 2 to
29ppm, allmeasured isotopic compositions arewithin analytical uncer-
tainty of each other ranging from δ71Ga =−0.05 to 0.05‰with an av-
erage δ71Ga = 0.00 ± 0.06‰ (2 s.d., n = 16). In addition, there is no
correlation between the elemental concentrations at the level of the an-
alytical precision. The komatiite, which is the samplewith the lowest Ga
concentration (2.2 ppm), is also isotopically similar to other terrestrial
samples with an isotopic composition of 0.02 ± 0.05‰ (2 s.e., n = 9).
Kilauea Iki lava lake samples display variation in Ga concentrations,
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Fig. 2.Gallium isotopic fractionation testwith differentGa IPGP standard concentrations. A
10ppb, 30 ppb and 40 ppb solutionwere bracketedwith a 25ppb solution. Average values
of each concentration are also shown.
ranging from 11 to 29 ppm, but there are no significant differences in
the Ga isotopic composition. Granites GA andGS-Nwere onlymeasured
once, and had an isotopic composition of 0.02‰ and 0.03‰ respectively.

4. Discussion

4.1. Reproducibility and accuracy of the method

A BHVO-2 and BCR-2 were measured for the full reproducibility of
the chemical and instrumental procedure. Total procedural replicates
(i.e. dissolution, chemical purification and mass-spectrometry) of
BHVO-2 (BHVO-2 A, B, C, D, E and F) were tested and all six BHVO-2
samples agree within each replicate uncertainty. The obtained average
value of the six replicates is−0.01±0.05‰ (2 s.d. n=6).We therefore
use this error as the external reproducibility. In addition, the average for
a single BCR-2 divided into two aliquots is δ71Ga = −0.01 ± 0.01‰
(2 s.d., n= 2). Similar reproducibility to BHVO-2 and BCR-2was obtain-
ed on other samples (see Table 7). Two replicates of the St. Helena's ba-
salt SH25 are in good agreement with an average value of δ71Ga =
0.01 ± 0.02‰ (2 s.d.). KI 67-2-85.7 exhibit an average value of
δ71Ga = 0.01 ± 0.05‰ (2 s.d., n = 7), which is confirmed by the full
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Fig. 3. Test results of the reproducibility of the chemical purification and isotopic
measurement of Ga, represented as δ71Ga normalized to the Ga IPGP standard. Each full
procedure replicate measured during different MC-ICP-MS sessions of BHVO-2 give a
homogeneous isotopic composition with an external reproducibility of 0.05‰ (2 s.d.).
NIST SRM 3119a Ga standard has a value of δ71Ga = 1.38 ± 0.06‰ (2 s.d.).

Table 7
Average Ga isotopic composition and Ga concentration of samplesmeasured in this study.

Sample
names

Sample
types

δ71Ga
(‰)

2 s.d. n Ga
(ppm)

MgO
(wt.%)

St. Helena SH25 OIB 0.02
0.02
0.02

ave. 0.02 0.00 3 25a 13.99f

St. Helena SH25 OIB −0.01
replicate −0.03

−0.03
−0.01

0.01
0.00
0.04
0.05

ave. 0.00 0.06 8 25a 13.99f

St. Helena SH25 ave. 0.01 0.02 2 25a 13.99f

Tristan da Cunha OIB 0.05
0.05
0.03

Tristan da Cunha ave. 0.04 0.02 3 22a 17.83g

Reunion Island OIB −0.02
−0.04
−0.07

Reunion Island ave. −0.04 0.05 3 10a 20.63g

ARP 74 10-16 DR MORB −0.01
MORB Glass −0.10

MORB Glass ave. −0.05 0.13 2 13a 10.66h

ARP 74 10-16 DR MORB −0.04
MORB Core −0.03

MORB Core ave. −0.03 0.00 2 16a 10.13i

GA Granite 0.02 0.05⁎ 1 16b 0.95b

GS-N Granite 0.03 0.05⁎ 1 22c 2.3c

TN 19 Komatiite 0.13
0.01
0.02
0.00
0.07
0.11

−0.15
0.03
0.00

TN 19 ave. 0.02 0.16 9 2.2a 30.3j

KI 81-2-88.6 OIB 0.03
0.02
0.00
0.03

KI 81-2-88.6 ave. 0.02 0.03 4 29a 2.37k

KI 79-3-150.4 OIB 0.10
0.06
0.02
0.02

KI 79-3-150.4 ave. 0.05 0.08 4 13a 13.5k

KI 75-1-121.5 OIB −0.02
0.01

ave. 0.00 0.04 2 17a 7.77k

KI 75-1-121.5 OIB −0.09
replicate −0.06

−0.05
−0.06
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procedural replicates (n = 4) with a value of δ71Ga =−0.01 ± 0.07‰
(2 s.d.). The derived average value for KI 67-2-85.7 is δ71Ga = 0.00 ±
0.03‰ (2 s.d.). KI 67-3-58.0 also agrees with its full procedural replicate
within error, with values of δ71Ga= 0.00± 0.06‰ (2 s.d.) and δ71Ga=
0.04 ± 0.03‰ (2 s.d.). Finally, no isotopic variations were observed (no
more than 0.06‰) for sample solutions analyzedmonths apart in differ-
ent sessions for BHVO-2 D, E and F, implying a lack of any seasonal var-
iation in the data. Therefore, all these tests support the robustness of the
method and demonstrate satisfying reproducibility.

The BHVO-2 tests that were carried out do not completely rule out a
systematic isotopic fractionation on the columns since the true value of
BHVO-2 or BCR-2 is unknown. In order to address this, an artificial
BHVO-2 that was created from the Ga IPGP standard and other major
and interfering elements, and its isotopic composition agree within
error with the non-matrix induced Ga IPGP standard after chemistry
and applying the Ba correction. Furthermore, a similar relative differ-
ence between BHVO-2 and BCR-2with Zhang et al. (2016)was obtained
(Zhang et al., 2016 = 0.02 ± 0.03‰, this study = 0.00 ± 0.05‰).

4.2. Absence of Ga isotopic fractionation during fractional crystallization in
a closed system

The original 1959 Kilauea Iki lava is a picrite with the emplaced lava
having an averageMgO content of 15.4 wt.% (Wright, 1973). The chem-
ical compositions of these fast cooling eruption samples are controlled
mainly by variations in the olivine content. Core samples from Kilauea
Table 6
Chemical reproducibility test for the second step of Ga purificationmethod using a BHVO-
2 sample.*

Procedure δ71Ga (‰) 2 s.d. 2 s.e. n

BHVO-2 D (3) ave −0.01 0.05 0.02 4

Fourth pass chemistry
BHVO-2 D (4) −0.04

0.06
BHVO-2 D (4) ave 0.01 0.14 0.10 2

Fifth pass chemistry
BHVO-2 D (5) −0.01
BHVO-2 D (5) ave −0.01 0.05⁎ 1

⁎ Used the external reproducibility for the δ71Ga (‰).

ave. −0.07 0.04 4 19a 7.77k

KI 75-1-121.5 ave. −0.03 0.09 2 18a 7.77k

KI 67-2-85.7 OIB 0.06
0.01
0.02

−0.02
0.02

−0.02
0.03

ave. 0.01 0.05 7 24a 2.6k

KI 67-2-85.7 OIB 0.01
replicate 0.03

−0.01
−0.06

ave. −0.01 0.07 4 26a 2.6k

KI 67-2-85.7 ave. 0.00 0.03 2 25a 2.6k



Table 7 (continued)

Sample
names

Sample
types

δ71Ga
(‰)

2 s.d. n Ga
(ppm)

MgO
(wt.%)

KI 67-3-58.0 OIB 0.03
0.01
0.00

−0.04
ave. 0.00 0.06 4 14a 8.91k

KI 67-3-58.0 OIB 0.06
replicate 0.02

0.02
0.05

ave. 0.04 0.03 4 13a 8.91k

KI 67-3-58.0 ave. 0.02 0.05 2 13.5a 8.91k

KI 79-1R1-170.9 OIB −0.01
−0.02

0.04
0.02

ave. 0.01 0.06 4 23a 3.48k

KI 79-1R1-170.9 OIB 0.05
replicate 0.05

0.03
0.08

ave. 0.05 0.04 4 22a 3.48k

KI 79-1R1-170.9 ave. 0.03 0.07 2 22.5a 3.48k

KI 67-3-6.8 OIB −0.04
−0.05

ave. −0.04 0.02 2 11a 25.83k

KI 67-3-6.8 OIB −0.04
replicate 0.01
ave. −0.01 0.07 2 11a 25.83k

KI 67-3-6.8 ave −0.03 0.04 2 11a 25.83k

KI 75-1-75.2 OIB 0.00
0.02

ave. 0.01 0.03 2 21a 5.77k

KI 75-1-75.2 OIB 0.01
replicate 0.03
ave. 0.02 0.02 2 22a 5.77k

KI75-1-75.2 ave 0.01 0.01 2 21.5a 5.77k

Total
Ave.

2 s.d. n

Total average (including
BHVO-2 and BCR-2)

0.00 0.06 16

NIST SRM 3119a NIST STD 1.38 0.06 15

a = This study, b = Govindaraju and Roelandts, 1988, c = Govindaraju and Roelandts,
1989, d =Wilson, 1997a, e =Wilson, 1997b, f = Kawabata et al., 2011, g = Humphreys
and Niu, 2009, h= Fujii and Bougault, 1983, i = ARCYANA, 1977, j = Puchtel et al., 2009,
k = Heltz, 2012.
⁎ Used the external reproducibility as error for δ71Ga (‰).
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Fig. 4. Results of Ga isotopic compositions, Ga concentrations and MgO concentrations in
samples. a) Ga isotopic composition versus Ga concentrations of samples. No significant
correlation between the Ga isotopic composition and its concentration is observed. BSE
estimate value is shown as the light green square along with the dotted line showing
the error with a δ71Ga value of 0.00 ± 0.05‰, and a Ga concentration of 4 ppm (Palme
and O'Neill, 2003). b) Ga isotopic composition versus MgO (wt.%) from literature. There
is no significant correlation between the Ga isotopic composition and MgO
concentration. c) Ga concentration versus MgO (wt.%) from literature. Reverse
correlation between the Ga concentration and MgO concentration can be observed.
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Iki lava lake range from olivine-rich cumulates, through olivine tholei-
ites, ferrodiabases and andesites (Helz and Thornber, 1987). The sam-
ples utilized in this study include two eruption lavas (Iki-22, Iki-58)
and 8 drill core samples from the interior of the lake, and therefore pro-
vide a large spectrum of lithologies. These samples have beenwell char-
acterized in previous studies for major and trace elements, with MgO
contents ranging from 25.8 to 2.4 wt.%, and 44.6 to 57.1 wt.% for SiO2

wt.%, as well as Li, Mg and Fe isotopes (Helz et al., 1994; Tomascak et
al., 1999; Teng et al., 2007, 2008, 2011; Pitcher et al., 2009; Helz, 2012).

Kilauea Iki lava lake was formed during a single eruption and inter-
nal fractional crystallization has produced awide range of bulk chemical
compositions. The chemical composition of the most MgO rich samples
(MgO N 7.5 wt.%) is controlled by the removal or addition of olivine,
whereas the most evolved samples (MgO b 7.5 wt.%) are formed by ex-
traction of a liquid from a crystalmushwherein crystallization of augite,
Fe-Ti oxides and plagioclases occurred (Helz, 2012). Fractional crystalli-
zation and crystal settling has produced samples with different Ga con-
tents, ranging from 11 to 29 ppm and Ga is negatively correlated with
the MgO wt.% (Fig. 4c), which is a consequence of the incompatibility
of Ga in olivine. This observation is in agreement with a previous
study of Hawaiian basalts by Wasson and Baedecker (1970) that ob-
served an increase in Ga concentration in the residual magma. On the
other hand, there is no correlation between the Ga isotopic composition
and the MgO (or Ga) abundances (Fig. 4a and b).

We can therefore conclude that igneous processes have limited ef-
fects on the isotopic composition of Ga (b0.05‰ for δ71Ga), implying
that the isotopic compositions of basalts can be used as a proxy for
their mantle sources. These results are similar to those observed for
Mg (Teng et al., 2007), for which no isotopic fractionation (b0.1‰ for
δ26Mg) was observed in the same samples. Additionally, two granites
have isotopic compositions that are indistinguishable from mafic and
ultramafic rocks (Table 7) at the level of the current precision, further
indicating a lack of significant Ga isotopic fractionation duringmagmat-
ic differentiation.

4.3. Gallium isotopic composition in the bulk silicate Earth

Kilauea Iki lava lake samples show that high temperature igneous
processes do not fractionate Ga isotopes at the current level of precision.
This implies thatmantle-derivedmafic and ultramafic rocks can be used
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to determine the isotopic composition of the mantle. The Ga isotopic
compositions of mafic and ultra-mafic lavas from different tectonic set-
tings (e.g. continental flood basalts such as BCR-2 vs OIB and MORBs),
mantle sources (OIBs from different mantle end-members), depths of
melting (MORBs vs OIBs), and degrees of partial melting (komatiites
vs basalts) all have a homogeneous Ga isotopic composition averaging
δ71Ga = 0.00 ± 0.06‰ (2 s.d.). This indicates that the Ga isotopic
composition of the mantle is homogeneous within the analytical
uncertainty. The lack of resolvable Ga isotopic fractionation during
igneous differentiation suggests that the Ga isotopic composition of
planetary crusts and primitive meteorites can be directly compared.
The next step is to study the effects of Ga metal-silicate partitioning at
relevant pressures and temperatures to evaluate the effect of core
formation on the Ga isotopic composition of the bulk Earth. In addition,
it has recently been shown that the isotopic composition of moderately
volatile elements can be used to study the origin of the volatile
depletion of the Moon (e.g. Day and Moynier, 2014; Kato et al., 2015;
Wang and Jacobsen, 2016). Since Ga is depleted by a factor 10
between terrestrial and lunar basalts (Warren, 2003), Ga isotopes may
hold valuable insights with regards to the volatile depletion of the
Moon.

5. Conclusions

Wehave developed a chemical chromatography procedure to purify
Ga from rock samples. The three-step ion-exchange chromatography
coupled with MC-ICP-MS isotopic measurements allows to measure
the Ga isotopic composition with an external reproducibility of 0.05‰
(2 s.d).

We applied thismethod to study a series of samples from theKilauea
Iki lava lake and show that igneous differentiation does not fractionate
Ga within the analytical uncertainty and that basalts have the same
composition as their mantle source. We analyzed the Ga isotopic com-
position of a variety of terrestrial mafic and ultra-mafic samples and
evaluate the δ71Ga of the BSE to be 0.00 ± 0.06‰ (2 s.d., n = 16).
These observations suggest that the Ga isotopic signature of a given
component of a magmatic reservoir that has undergone igneous differ-
entiation can be used as a proxy for the bulk reservoir, e.g. the crustal Ga
isotopic signatures of terrestrial, lunar, and Martian crustal material ac-
curately represent the Ga isotopic signature of the bulk mantle of these
respective bodies.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2016.11.020.
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