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Here we report boron (B) mass fractions and δ11B values of a set of geological reference materials including ultramafic rocks,
basalts, andesites, felsic rocks and sedimentary materials. Boron was purified using a single column loaded with AGMP-1
resin. The δ11B data were determined by multi-collector inductively coupled plasma-mass spectrometry (MC-ICP-MS) using
the sample-standard bracketing method, and the NIST SRM 951 reference solution was selected as the calibrator. Boron
mass fractions were measured by ICP-MS. Based on analyses of the NIST SRM 951 reference solution over a period of
1 year, the intermediate measurement precision for B isotope determinations was better than 0.5‰ (2s). The robustness of
the overall B isotope analytical procedure was evaluated by carrying out replicate analyses of five reference materials (i.e.,
B5, JB-2, JB-3, B6 and JR-2). The eighteen geological reference materials have δ11B values ranging from -28.85 to
+10.47‰ and B mass fractions ranging from 2.37 to 158 μg g-1. The comprehensive data set presented here serves as a
reference for quality assurance and comparison of B isotope and B mass fraction data among different laboratories.
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Boron (B) is a moderately volatile, lithophile and soluble
element. It has two stable isotopes, 10B and 11B, with
abundances of 19.9 and 80.1%, respectively (Rosman and
Taylor 1988). Given its high geochemical reactivity (Xiao
et al. 2013) and the large relative mass difference between
10B and 11B, boron isotopes have become a powerful tool to
trace various geological processes, such as continental
erosion (Rose et al. 2000, Lemarchand and Gaillardet
2006, Ercolani et al. 2019, Mao et al. 2019), the evolution of
the crust-mantle system (Marschall et al. 2017), subduction-
related processes (Tonarini et al. 2011, Scambelluri and
Tonarini 2012, Li et al. 2016, 2019a), ancient marine
environments (Yu et al. 2010, Rae et al. 2011, Rasbury and
Hemming 2017, Raitzsch et al. 2018, Chen et al. 2019) and
mineralisation and ore genesis (Garda et al. 2009, Pal et al.
2010, Lambert-Smith et al. 2016, Zhang et al. 2019).
However, the analysis of boron isotopes in silicate materials
has encountered difficulties such as potential contamination,
vapour loss and poor recovery during digestion, chromato-
graphic purification and concentration processes. These
challenges have hindered the routine analysis of B isotope

compositions in silicate rocks, resulting in limited database of
the B isotope compositions of geological materials.

Generally, two methods, fusion and acid digestion, have
been used to digest silicates for B content and isotope
analysis (Liu et al. 2018). The fusion method is very effective
in decomposing silicate rocks (Kiss 1988), but it has a high
procedural blank for B (37–50 ng; Tonarini et al. 1997,
Lemarchand et al. 2012). Acid digestion, in contrast, involves
a lower B blank (1–20 ng), and it is thus the most widely
used digestion method for B isotope analysis in silicate
samples (Nakamura et al. 1992, Wei et al. 2013, Pi et al.
2014, Liu et al. 2018). However, in these acidic media
(containing HF), boron readily forms BF3, which is easy to
volatilise (Nakamura et al. 1992). Therefore, the chemical
extraction of boron from silicate samples encounters difficul-
ties such as vapour loss and potential contamination during
the long concentration process.

Silicate matrices contain a large number of elements
(such as Si, Al and Ti) whose elutions on ion exchange resins
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are similar to that of boron, which makes the separation of
boron in rock more complicated. Therefore, in the original
studies, the purification of boron from silicates involved at
least three ion exchange columns (Nakamura et al. 1992,
Tonarini et al. 1997). These procedures need to strictly
control the potential contamination of the sample from
prolonged sample processing and are time-consuming.
More recently, Wei et al. (2013) developed a simple
separation procedure using a single column loaded with
AGMP-1 anion exchange resin to purify B from silicates. This
technique greatly simplifies the purification process of B but
requires a large quantity of potentially hazardous chemicals
(24 mol l-1 HF). In addition, B can be purified by non-
exchange resin methodologies. For example, Pi et al. (2014)
presented a micro-sublimation technique for boron purifica-
tion in silicates. This technique is simple and does not rely on
ion exchange resin, but it requires ensuring that most silicon
from the sample is removed during the dissolution process
and is not suitable for the separation of samples with low B
contents (< 5 μg g-1).

Measurements of B mass fraction are generally carried
out with prompt gamma activation analysis (PGAA), induc-
tively coupled plasma-atomic emission spectrometry (ICP-
AES) or ICP-MS (e.g., Gonfiantini et al. 2003, Gméling et al.
2005, Leeman et al. 2017). Boron isotope compositions are
commonly measured by positive ion thermal ionisation mass
spectrometry (P-TIMS), negative ion thermal ionisation mass
spectrometry (N-TIMS) or MC-ICP-MS (Foster et al. 2018,
Marschall and Foster 2018). The P-TIMS method, where
Cs2BO2

+ (masses 308 and 309) are measured, involves the
minimum instrumental mass fractionation and most of B
isotope measurements for silicates were performed by this
method (e.g., Nakamura et al. 1992, Tonarini et al. 1997,
Rosner and Meixner 2004, Leeman et al. 2017). The N-
TIMS approach can achieve accuracy and precision of
� 0.4–0.7‰ (at 95% confidence) on sample sizes as small
as 1 ng of B (Foster et al. 2018). However, these two
approaches are time-consuming. In comparison, MC-ICP-
MS offers several distinct advantages including rapid
sample analysis (~ 8 min) and the mass bias can be
corrected by sample-standard bracketing (SSB) method and
can achieve precision of < 0.5‰ (2s, e.g., Wei et al. 2013).

Although the analytical precision of B mass fraction and B
isotope measurement has improved significantly in the past
two decades, there is still considerable indeterminacy in the
accuratemeasurement of Bmass fractions andB isotope ratios
in some geological materials. This issue can be demonstrated
by the insufficient agreement of B mass fractions reported for
some reference materials (i.e., JG-2, UB-N and PCC-1;
Gladney et al. 1991, Govindaraju 1994, Harvey et al.

1996, D’Orazio 1999, Romer et al. 2014, Peters and Pettke
2017) and inconsistent δ11B values for some reference
materials measured by different laboratories, such as B1, B2,
B4, B5, B6, B7 and AGV-2 (Gonfiantini et al. 2003, Pi et al.
2014, Liu et al. 2018). For example, Gonfiantini et al. (2003)
published the B isotope compositions of eight geological
materials that were analysed by nine laboratories, and the
results showed that the interlaboratory reproducibility for some
reference materials, such as B1, B2, B4, B5, B6 and B7, was
not good (2 standard deviations > 3‰) and the published
δ11B values for AGV-2 have ~ 1.5‰ differences (Wei et al.
2013, Pi et al. 2014, Liu et al. 2018). Such variability is beyond
the precision achieved in each individual laboratory
(< 0.5‰, e.g., Foster et al. 2013, 2018, Wei et al. 2013).
This may be attributed to contamination, laboratory-induced
artificial fractionation (Gonfiantini et al. 2003) or sample
heterogeneity. Therefore, to ensure data quality and avoid
analytical artefacts, it is necessary to better assess the
interlaboratory biases and analyse well-characterised geo-
logical reference materials. However, the database of B
isotope geological reference materials is still limited and the
inconsistency of the reported δ11B values was not well
evaluated. In this study, we report δ11B values and B mass
fractions for eighteen geological reference materials. These
materials vary widely in matrices and include ultramafic rocks,
mafic rocks, intermediate rocks, felsic rocks and sedimentary
materials. All δ11B results of the above reference materials are
normalised toNIST SRM951.We also evaluated the possible
causes of the inconsistency of the reported B mass fractions
and δ11B values in previous studies and provided the
recommended values for B mass fractions and δ11B values
of the studiedmaterials. This work facilitates the comparison of
publishedB isotopedataand lays a foundation for using these
reference materials for quality assurance.

Experimental procedure

Chemical reagents and samples

BVIII-grade hydrofluoric acid (HF), to which ~ 0.25 g l-1

of mannitol was added, was purified using a Savillex DST-
1000 system (USA). BVIII-grade hydrochloric acid (HCl) was
purified using a method similar to that for HF. Boron-free
high-purity water with a resistivity of 18.2 MΩ cm was
purified with a Millipore system (USA) coupled with Q-
Gard® Boron that could effectively remove boron. Mannitol
and ethanediol were analytical grade, and H2O2 was BVIII-
grade. The distilled HF and HCl were diluted with B-free
high-purity water to appropriate concentrations.

AGMP-1 anion exchange resin (Bio-Rad; 100–200
mesh) was used for B purification. Eighteen international
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geological reference materials, including ultramafic rocks
(UB-N and PCC-1), basalts (B5, W-2a, BCR-2, BHVO-2, JB-2
and JB-3), andesites (AGV-1 and JA-2), felsic rocks (B6, SDC-
1, JG-1, JG-2 and JR-2) and sedimentary materials (B8, JSD-
1 and SGR-1b) were analysed here. The detailed informa-
tion (e.g., location and provider) of the above reference
materials is described in Table 1.

Sample digestion and chromatographic
separation

All digestions and separation procedures were per-
formed in a class 100 clean hood at the State Key
Laboratory of Isotope Geochemistry, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIG-CAS),
Guangzhou, China.

Here we adopted the digestion and separation proce-
dures reported by Wei et al. (2013), with some modification
described by Li et al. (2019b). A brief description is given as
follows. For each sample, a mass of approximately 100 mg
(sample with B mass fraction > 8 μg g-1) or 150 mg
(sample with B mass fraction < 8 μg g-1) was weighed into
a pre-cleaned 15 ml polypropylene (PP) centrifuge tube.
Next, 1.5 ml of 24 mol l-1 HF, 200 μl of 2% m/m mannitol
and 150 μl of H2O2 were added to the tube, which was
then capped tightly and placed on a hot plate at 50–55 °C
for 15 days for digestion. Then, the supernatants were
diluted with B-free high-purity water to an HF molarity of

3 mol l-1 for purification. Boron was purified using a single
column loaded with AGMP-1 resin. Matrix elements were
removed by 8 ml of 3 mol l-1 HF, 8 ml of B-free high-purity
water and 48–66 ml of 0.1 mol l-1 HCl, and boron was
then collected by 12 ml of 24 mol l-1 HF. Following this step,
200 μl of 2% mannitol and 100 μl of ethanediol were
added to the final B eluate, and the resulting mixture was
transferred into a pre-cleaned 30-ml beaker and then dried
on a hot plate at 55 � 2 °C until 100–200 μl of solution
remained. Finally, the concentrated samples were redis-
solved with B-free high-purity water to 1.5 ml and transferred
into 2 ml PP tubes for B mass fraction and isotope
determination.

Boron mass fraction and isotope measurements

A 200 μl aliquot of the above-prepared solution was
diluted 400 times with 2% v/v HNO3 for B mass fraction
measurement by using ICP-MS. Considering that the B mass
fraction in the sample was determined after the separation
of the boron, B single elemental standard solutions with mass
fractions of 1, 5, 10, 25 and 50 ng g-1 were chosen to
establish a standard curve and measure the B mass fraction
of the unknown samples. A rhodium internal standard with a
final mass fraction of 5 ng g-1 was added to the B single
elemental standard solutions and samples for drift correc-
tions, and the analytical precision for B mass fraction was
better than 5% RSD. Unlike directly measuring the B mass
fractions of samples after chromatographic separation

Table 1.
Reference materials investigated in this study are from Istituto di Geoscienze e Georisorse (IGG), Geological
Society of Japan (GSJ), United States Geological Survey (USGS) and Association Nationale de la Recherche
Technique (ANRT)

Sample ID Sample type Location Provider

B5 Basalt Etna Volcano (Sicily), Italy IGG
JB-2 Basalt Oshima volcano, Oshima, Tokyo, Japan GSJ
JB-3 Basalt Fuji volcano, Narusawa-mura, Yamanashi Prefecture, Japan GSJ
BCR-2 Basalt Columbia River Group basalt, Bridal Veil Flow Quarry, Washington, USA USGS
BHVO-2 Basalt Basalt Kilauea caldera, Kilauea volcano, Hawaii, USA USGS
W-2a Diabase Bull Run Quarry, Fairfax county, Virginia, USA USGS
JA-2 Andesite Goshikidai sanukitoid, Sakaide, Kanagawa prefecture, Japan GSJ
AGV-1 Andesite Guano Valley, Lake County, Oregon, USA USGS
JR-2 Rhyolite Wada Toge obsidian, Shimosuwa-machi, Nagano Prefecture, Japan GSJ
B6 Obsidian Lipari Island (Aeolian Archipelago, Sicily), Italy IGG
JG-1 Granodiorite Sori granodiorite, Azuma-mura, Gunma Prefecture, Japan GSJ
JG-2 Granite Naegi granite, Hirukawa-mura, Gifu Prefecture, Japan GSJ
SDC-1 Mica schist Rock Creek Park, Washington, D.C, USA USGS
B8 Clay Pliocene clay, Montelupo (Tuscany), Italy IGG
SGR-1b Shale Green River Formation, Colorado, USA USGS
JSD-1 River sediment Composite sample of northern region, Ibaraki Prefecture, Japan GSJ
UB-N Serpentinite Col de Bagenelles (Vosges), France ANRT
PCC-1 Peridotite Austin Creek, California, USA USGS
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several years ago (Wei et al. 2013), in this experiment, the B
mass fractions of samples were measured after chromato-
graphic separation and concentration processes, which
could monitor whether the B was lost during the evaporation
and ensure that no artificial B isotope fractionation was
introduced during chemical treatment.

The prepared B solutions were diluted with B-free high-
purity water to 40–60 ng g-1 (11B intensity of 0.4–0.5 V) at
the same mass fraction as the bracketing standard (NIST
SRM 951) for B isotope determination. The analytical details
for mass spectrometry are presented in Li et al. (2019b), and
a brief description is given as follows. Boron isotope
compositions were determined by using a Neptune Plus
MC-ICP-MS (Thermo-Fisher Scientific) with a ‘wet’ plasma
introduction system at GIG-CAS. Instrumental mass fraction-
ation was corrected by using the SSB technique, and the
NIST SRM 951 reference solution was selected as the
calibrator. The washing method after each measurement of
the sample or NIST SRM 951 RM involved continuous
washing with 0.3 mol l-1 HCl, 0.3 mol l-1 HCl + 0.15 mol
l-1 HF and B-free high-purity water in sequence for 10–
15 min. The 11B intensity decreased from 0.4–0.5 V to
~ 3 mV after the above washing method. The isotope data
were expressed in delta (δ) notation (‰):

δ11BSRM 951 ¼ 11B=10B
� �

sample
= 11B=10B
� �

SRM 951
�1

� �
(1)

where (11B/10B)SRM 951 is the mean of the two bracketing
calibrators, and all 11B/10B ratios in this equation were
blank-corrected to account for instrumental memory effects.

Results and discussion

Yields and blanks

Previous studies have documented that chemical treat-
ment is crucial for the accuracy of B isotope data, and poor
recovery and contamination are the main problems that may
hamper data quality during this process (Wei et al. 2013, Pi
et al. 2014). Poor recovery of B is generally caused by loss
during digestion, chromatographic separation and volatili-
sation. Therefore, the extraction efficiency during the digestion
process and the yields of chromatographic separation were
evaluated. As described in Wei et al. (2013), the B mass
fractions in both the supernatants and the solutions dissolved
from fluorite deposits by HCl and HNO3 were determined by
ICP-AES. After chromatographic separation and concentra-
tion processes, the B mass fraction in the purified B solution
determined by ICP-MS was compared with that in the B
solution before the chromatographic procedure was carried

out. The results indicated that the B yields of digestion were
> 98% and that the B yields of chromatographic separation
were generally > 99%. Moreover, 2% mannitol and
ethanediol were used to prevent the loss of B during
evaporation. Furthermore, almost all B mass fractions of the
samples obtained in this study are in agreement with the
literature data, which also indicates the full recovery of B
during chemical treatment. In addition, to verify the purifica-
tion efficiency of this chromatographic separation procedure,
the final B eluate of the sample was further checked by an
entire mass scan (fromm/z 6 tom/z 238) on the MC-ICP-MS
system, and the results showed that no significant peak of the
matrices could be found except for B, argon and argon’s
interference masses, indicating that other matrix elements
were removed effectively after chemical purification.

To reduce B contamination during chromatographic
separation, ultrapure reagents with very low boron contents
were used for chromatographic separation. To decrease B
contamination during volatilisation, as described by Wei
et al. (2013), the frequently used B-bearing materials in the
air filters of the clean bench were replaced with B-free
materials such as polypropylene (PP). Further, each beaker
that contained the final B eluate was covered with a pre-
cleaned PP beaker, with only a narrow gap for the vapour to
exit. In addition, to prevent potential contamination by the PP
tube, the B mass fractions and isotope compositions of the
prepared B solution were determined as soon as possible.
After the above modifications, the blanks for the whole
procedure, including digestion, chromatographic separation
and evaporation, were repeatedly tested by following all the
steps but without digesting and loading any sample, and the
results showed that the whole procedural blanks of B were
less than 6 ng. Except for JG-2 and BHVO-2, these blanks
were negligible (< 1%) compared with the amount of B of
other samples loaded on the column. As such, our method
can purify boron from rock matrices efficiently and achieves
low blank and high recovery during chemical treatment so
that no artificial B isotope fractionation was introduced into
our purification process.

Evaluating the precision of boron isotope
measurements

The precision of B isotope measurements was evaluated
by repeatedly measuring the B isotope composition of the
calibration solution NIST SRM 951. The intermediate mea-
surement precision of δ11B for NIST SRM 951 was better
than 0.5‰ (2s) over 1 year (Figure 1).

The robustness of the overall B isotope analytical
procedure is evaluated by repeated measurements of five
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reference materials (i.e., B5, JB-2, JB-3, B6 and JR-2). The
analytical results of the above reference materials, together
with the compiled published results, are listed in Table 2. The
compiled δ11B values of the analysed samples were the
mean value calculated from all available literature data
(Appendix A). The measured δ11B values of the five
reference materials are as follows: B5 = -4.43 � 0.8‰
(2s, n = 5), JB-2 = +7.22 � 0.45‰ (2s, n = 5), JB-
3 = +6.75 � 0.41‰ (2s, n = 5), B6 = -2.71 � 0.29‰
(2s, n = 5) and JR-2 = 3.35 � 0.51‰ (2s, n = 8). The
δ11B values of JB-3 and B6 obtained in this study are
consistent with the results reported in Li et al. (2019b) but
they are ~ 1‰ higher and lower than the results reported in
Wei et al. (2013), respectively, which may be caused by
different matrix effects on these measurements compared
with those carried out 8 years ago (Li et al. 2019b). The
modified B isotope measurement procedure in Li et al.
(2019b) improves the washing process and more strictly
matches the acidity and concentration between the stan-
dard and the samples (Chen et al. 2016), which helps
improve the stability during B isotope measurement. Besides,
as shown in Figure 2 and Table 2, the measured δ11B
values of the above reference materials are consistent with
almost all published results, which verifies the robustness of
our overall B isotope analytical procedure.

Boron mass fractions and isotope compositions of
geological reference materials

We report our measurement results in Table 2, for B
mass fractions and δ11BSRM 951 values in eighteen geolog-
ical reference materials. We also report in Table 2 mean
literature values, when available, and, in columns ‘Com-
bined’, the mean of our results and the individual literature
values detailed in Appendix A. These ‘Combined’ data
could serve as reference values in future studies.

Our results on B mass fractions in the eighteen reference
materials range from 2.37 to 158 μg g-1. They are all in
good agreement with the literature data (Table 2, Appendix
A and Figure 3), except for JG-2, UB-N and PCC-1. For JG-
2, our measured B mass fractions are 2.37 � 0.14 µg g-1,
which is similar to most literature data (1.86 � 0.39 µg g-1;
compiled by Imai et al. 1995, D’Orazio 1999, Romer et al.
2014) but lower than the reported values (6.80 � 0.90 μg
g-1) in Harvey et al. (1996). These higher values reported by
Harvey et al. (1996) were measured by PGAA, and the B
mass fraction obtained by this method may be greatly
different from the published results (obtained by ICP-AES or
ICP-MS) when the matrices of the samples do not match with
those of the reference materials. A similar discrepancy was
also reported by Gméling et al. (2005) and Leeman et al.
(2017; e.g., the B contents of JR-1 and/or JR-2 measured by
PGAA were higher than the published results obtained by
other methods). Therefore, for JG-2 the combined value of
1.99 � 0.60 μg g-1 was obtained by averaging our result
with all literature values except the highest. For UB-N, our
measured B mass fractions are 158 � 7.81 µg g-1, which is
consistent with the published results reported by D’Orazio
(1999; 157 µg g-1) and by Govindaraju (1995;
140 � 34.6 µg g-1), but higher than the literature data
reported by Govindaraju (1994; 140 μg g-1) and Peters
and Pettke (2017; 135 � 2.97 μg g-1). This discrepancy
may be caused by experimental errors introduced by
chemical treatment because serpentinite rocks are very
difficult to dissolve. For PCC-1, the mean mass fraction of
1.70 μg g-1 reported by Govindaraju (1994) was compiled
from the reported values (Gordon et al. 1979, Gladney et al.
1984, Higgins 1984, Anderson et al. 1985, Walsh 1985)
except the three highest values in Gladney et al. (1991).
Other three values were 4.69 � 0.33 μg g-1 (Mortier et al.
1982), 6.0 μg g-1 (Thompson et al. 1970) and 12.8 μg g-1

[published data in Flanagan (1969)], respectively. The B
mass fraction of AGV-1 (13.8 μg g-1) reported in Flanagan
(1969) was also higher than the compile values of AGV-1
(7.97 � 0.31 μg g-1), which may indicate that the value of
12.8 for PCC-1 reported in Flanagan (1969) was higher
than the real value. Considering that most reported values
measured by PGAA or AES do not provide the uncertainty of
the measurement, and the reproducibility of these results
measured by PGAA or AES is thus difficult to evaluate, it is
difficult to clarify the discrepancy of B mass fraction for PCC-
1. Our measured B mass fractions of PCC-1 are
4.41 � 0.64 μg g-1, which is in agreement with the values
(4.69 � 0.33 μg g-1) measured by charged particle acti-
vation analysis (Mortier et al. 1982). Such analytical results
seem to indicate that the mass fraction of this sample is
homogeneous but more investigations on PCC-1 are still
required to further verify whether it is homogeneous.
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Figure 1. Plot illustrating the intermediate measure-

ment precision of δ11B over a long-term (> 1 year)

period for NIST SRM 951.
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For each material, we replicated our B isotopic mea-
surements at least three times on samples prepared
separately. Our results for δ11B on all materials range from
-28.85 to +10.47‰ (Figure 4). Besides the measured δ11B
values of the five reference materials (i.e., B5, JB-2, JB-3, B6
and JR-2) shown above (Evaluating the precision of B
isotope measurements), the measured δ11B values of BCR-2
(-5.70 � 0.70‰, n = 7), SDC-1 (-5.93 � 0.81‰, n = 6),
JG-2 (-11.87 � 1.64‰, n = 6) and B8 (-5.28 � 0.51‰,

n = 6) in this study are also consistent with published results
(Figure 2). Unlike the inconsistent δ11B results between
laboratories reported by Gonfiantini et al. (2003), the δ11B
results for B5, B6 and B8 reported in most laboratories were
consistent in the last two decades (Appendix A). This
evolution is possibly the confirmation that the inconsistencies
underlined by Gonfiantini et al. (2003) were due to
problems during sample preparation and at the stage of
extracting B from sample matrices in particular.
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The spread of δ11B values of JG-2 obtained in this study
is a bit wider than other studied materials, which may be
caused by its low B content: assuming the B isotope
composition of the blank was 50‰ different from that of the
respective sample (based on our determined B isotope
compositions of procedural blanks), a 6 ng B blank affecting
a 355 ng B sample (B amount of JG-2) caused a shift of
about 0.85‰ in δ11B value, while a 6 ng B blank affecting
other samples with higher B content (B mass fraction
> 4.40 μg g-1) caused a shift of < 0.45‰ in δ11B value.
The measured δ11B values of BHVO-2 are -2.38 � 0.95‰
(2s, n = 6), which is (~ 1.50‰) lower than the δ11B values
reported by Wei et al. (2013) but is consistent with the value
reported by Liu et al. (2018). The reason for this discrepancy
may be the low B content of BHVO-2 (2.62 � 0.05 μg g-1).
As mentioned above, the δ11B analytical results of samples
with lower B content are more influenced by the B blank.

The measured δ11B values of JA-2 are -7.72 � 0.49‰
(2s, n = 6), which is (~ 1.50‰) higher than the δ11B values
reported by Wei et al. (2013) and the δ11B value of UB-N
is +10.47 � 0.52‰ (2s, n = 5), which is (~ 2.50‰) lower
than the δ11B values reported by Wei et al. (2013).

Considering that the B contents of JA-2 and UB-N are
relatively high, the influence of the blank should be
negligible (< 0.12‰). These discrepancies may be caused
by the different matrix effect on this measurement com-
pared with those carried out several years ago and/or the
B isotope compositions of JA-2 and UB-N may be
heterogeneous, but more investigations on JA-2 and UB-
N are still required to further verify whether they are
heterogeneous.

The new δ11B results of six reference materials are as
follows: W-2a = +9.09 � 1.22‰ (2s, n = 6), AGV-
1 = -4.84 � 0.58‰ (2s, n = 6), JG-1 = -10.30 �
0.30‰ (2s, n = 6), SGR-1b = -28.85 � 0.38‰ (2s,
n = 6), JSD-1 = -1.97 � 0.39‰ (2s, n = 6) and PCC-
1 = +8.19 � 0.26‰ (2s, n = 6). The new δ11B results of
the above reference materials presented here and the
recommended δ11B values of the other twelve reference
materials (reported in Table 2 in the columns ‘Combined’)
could serve as reference for quality assurance and future
comparisons.

Conclusions

The reference materials analysed in this study cover a
wide range of matrices, with igneous rocks, and from
ultramafic rocks to felsic rocks and sedimentary materials.
Significant discrepancy of δ11B values (1.5–2.5‰) in JA-2
and UB-N suggests that the B isotope compositions of these
two reference materials may be heterogeneous and more
investigations on JA-2 and UB-N are still required to further
ascertain their δ11B values, and using the above reference
materials for quality control should thus be approached with
caution.
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Appendix A

Boron mass fraction and isotopic data from the literature for a selected range of geological reference materials. ‘Mean’
values correspond to means of all data from the literature and are reported in columns ‘Literature’ from Table 2. Literature data
marked with an asterisk (*) have not been taken into account for the calculations of means, with results from this work reported in
columns ‘Combined’ from Table 2.

Material B mass fraction
data � 1s

Source δ11BSRM 951
data � 1s

Source

µg g -1 ‰

B5 11.9 � 0.2 Gonfiantini et al. (2003) – –
B5 10.3 � 0.5 Gonfiantini et al. (2003) – –
B5 10.1 � 0.5 Gonfiantini et al. (2003) -3.71 � 0.37 Romer et al. (2014)
B5 9.75 � 0.04 Gonfiantini et al. (2003) -3.86 � 0.32 Pi et al. (2014)
B5 8.36 � 0.12 Gonfiantini et al. (2003) -3.50 � 0.80 Pi et al. (2016)
B5 11.5 � 0.4 Gonfiantini et al. (2003) -4.30 � 0.10 Hansen et al. (2017)
B5 10.0 � 0.1 Gonfiantini et al. (2003) -4.30 � – Berryman et al. (2017)
B5 10.1 � 1.2 Gonfiantini et al. (2003) -4.10 � 2.70 Gonfiantini et al. (2003)
B5 8.42 � 0.15 Tonarini et al. (2003) -3.95 � 0.32 Tonarini et al. (2003)
B5 8.48 � 0.17 Tonarini et al. (2003) -3.84 � 0.32 Tonarini et al. (2003)
B5 9.27 � 0.14 Pi et al. (2014) -4.39 � 0.53 Xiao et al. (2011)
B5 9.16 � 0.13 Pi et al. (2016) -3.60 � 0.35 Wei et al. (2013)
B5 9.30 � – Berryman et al. (2017) -4.69 � 0.30 Li et al. (2019b)
Mean B5 9.74 � 1.10 (n = 13) -4.02 � 0.37 (n = 11)
JB-2 – – +6.96 � 0.11 Pi et al. (2014)
JB-2 – – +7.66 � 0.08 Leeman and Tonarini (2001)
JB-2 – – +5.79 � 0.21 * Leeman et al. (2004)
JB-2 – – +6.85 � 0.12 Deyhle (2001)
JB-2 – – +7.66 � 0.08 Dyar et al. (2001)
JB-2 – – +7.38 � 0.21 Le Roux et al. (2004)
JB-2 – – +7.50 � 0.22 Vils et al. (2009)
JB-2 30.0 � 0.3 Jochum et al. (2016) +7.14 � 0.77 Kasemann et al. (2001)
JB-2 30.0 � – Govindaraju (1994) +7.12 � 0.34 Kasemann et al. (2001)
JB-2 30.4 � 1.6 Kasemann et al. (2001) +7.13 � 0.10 Tonarini et al. (2001)
JB-2 29.6 � 1.7 Leeman et al. (2017) +7.33 � 0.18 Tonarini et al. (2003)
JB-2 28.5 � 1.8 Leeman et al. (2017) +7.38 � 0.11 Le Roux et al. (2004)
JB-2 30.2 � – Imai et al. (1995) +7.25 � 0.44 Le Roux et al. (2004)
JB-2 29.9 � 1.5 Ishikawa et al. (2001) +7.35 � 0.44 Le Roux et al. (2004)
JB-2 28.4 � 0.6 D’Orazio (1999) +7.01 � 0.05 Boschi et al. (2008)
JB-2 28.8 � 0.7 Michel et al. (2015) +7.95 � 0.24 Chetelat et al. 2009
JB-2 31.2 � 0.3 Lu et al. (2007) +6.81 � 0.11 Yamaoka et al. (2012)
JB-2 31.7 � – Gméling et al. (2005) +6.83 � 0.26 Lemarchand et al. (2012)
JB-2 30.8 � – Gméling et al. (2005) +7.20 � 0.26 Wei et al. (2013)
JB-2 30.4 � 2.4 Dreyer et al. (2010) +7.13 � 0.10 Boschi et al. (2013)
JB-2 29.6 � 0.2 Le Fevre and Ottolini (2006) +7.30 � 0.30 Genske et al. (2014)
JB-2 30.8 � 0.1 Le Fevre and Ottolini (2006) +7.25 � 0.32 Harvey et al. (2014)
JB-2 29.7 � 0.5 Mori et al. (2007) +7.16 � 0.31 Li et al. (2016)
JB-2 28.8 � 0.9 Raffone et al. (2008) +7.90 � 1.03 Kimura et al. (2016)
JB-2 30.0 � 1.0 Li et al. (2016) +7.13 � 0.10 Leeman et al. (2017)
JB-2 30.9 � 0.5 Pi et al. (2014) +7.38 � 0.33 Li et al. (2019b)
Mean JB-2 30.0 � 0.9 (n = 19) +7.21 � 0.41 (n = 26)
JB-3 15.0 � – Govindaraju (1994) – –
JB-3 18.0 � – Imai et al. (1995) – –
JB-3 18.1 � 0.8 D´Orazio (1999) – –
JB-3 20.3 � 1.0 Ishikawa et al. (2001) – –
JB-3 20.0 � 2.0 Rosner and Meixner (2004) – –
JB-3 20.9 � – Tanaka and Nakamura (2005) – –
JB-3 20.5 � – Tanaka and Nakamura (2005) – –
JB-3 21.5 � – Gméling et al. (2005) – –
JB-3 21.4 � – Gméling et al. (2005) +5.89 � 0.06 Pi et al. (2014)
JB-3 18.5 � 0.7 Kurosawa et al. (2006) +5.85 � 0.41 Rosner and Meixner (2004)
JB-3 20.7 � 0.2 Lu et al. (2007) +6.50 � – Tanaka and Nakamura (2005)
JB-3 20.7 � 0.1 Kitagawa et al. (2008) +6.60 � – Tanaka and Nakamura (2005)
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Material B mass fraction
data � 1s

Source δ11BSRM 951
data � 1s

Source

µg g -1 ‰

JB-3 20.7 � 0.6 Yamaoka et al. (2012) +5.60 � 0.10 Wei et al. (2013)
JB-3 19.4 � 0.5 Li et al. (2016) +5.83 � 0.33 Li et al. (2016)
JB-3 16.4 � 1.4 Zamboni et al. (2016) +6.72 � 0.07 Ishikawa et al. (2001)
JB-3 18.6 � 1.8 Leeman et al. (2017) +6.69 � 0.12 Yamaoka et al. (2015)
JB-3 18.0 � 0.8 Leeman et al. (2017) +6.72 � 0.07 Yamaoka et al. (2012)
JB-3 19.9 � 0.2 Pi et al. (2014) +6.78 � – Li et al. (2019b)
Mean JB-3 19.4 � 1.8 (n = 18) +6.32 � 0.46 (n = 10)
BCR-2 4.40 � – Jochum et al. (2016) – –
BCR-2 4.10 � 0.60 Mori et al. (2007) – –
BCR-2 4.61 � 0.01 Menard et al. (2013) – –
BCR-2 7.70 � 1.80 * Adam et al. (2014) -5.90 � 0.20 Wei et al. (2013)
BCR-2 4.00 � 0.16 Peters et al. (2017) -5.93 � 0.27 Liu et al. (2018)
Mean BCR-2 4.96 � 1.55 (n = 5) -5.92 � 0.02 (n = 2)
BHVO-2 2.95 � 0.83 Jochum et al. (2016) – –
BHVO-2 3.06 � 0.06 Michel et al. (2015) – –
BHVO-2 3.12 � – Mohan et al. (2008) – –
BHVO-2 2.80 � 0.30 Mori et al. (2007) -0.70 � 0.11 Wei et al. (2013)
BHVO-2 2.81 � 0.05 Menard et al. (2013) -1.61 � 0.31 Liu et al. (2018)
Mean BHVO-2 2.95 � 0.14 (n = 5) -1.16 � 0.64 (n = 2)
JA-2 20.9 � 2.1 Leeman et al. (2017) – –
JA-2 20.7 � – Imai et al. (1995) – –
JA-2 22.7 � 0.3 Lu et al. (2007) – –
JA-2 19.4 � 1.0 Kurosawa et al. (2006) – –
JA-2 20.5 � 0.6 D’Orazio (1999) – –
JA-2 20.0 � – Mohan et al. (2008) – –
JA-2 21.4 � – Gméling et al. (2005) – –
JA-2 21.1 � – Gméling et al. (2005) – –
JA-2 19.9 � 0.6 Leeman et al. (2017) – –
JA-2 21.1 � 6.1 Jochum et al. (2016) – –
Mean JA-2 20.8 � 0.9 (n = 10) -9.30 � 0.45 Wei et al. (2013)
AGV-1 7.80 � – Govindaraju (1994) – –
AGV-1 7.80 � – Smith (1995) – –
AGV-1 8.07 � 0.12 Lu et al. (2007) – –
AGV-1 8.07 � 0.56 Hu and Gao (2008) – –
AGV-1 8.10 � – Jochum et al. (2016) – –
Mean AGV-1 7.97 � 0.15 (n = 5) – –
JR-2 135 � – Govindaraju (1994) – –
JR-2 158 � 7 Kasemann et al. (2001) – –
JR-2 159 � 6 Rosner et al. (2004) +2.93 � 0.12 Rosner and Meixner (2004)
JR-2 145 � – Imai et al. (1995) +2.91 � 0.48 Kasemann et al. (2001)
JR-2 174 * Kasemann et al. (2001) +2.51 � 1.30 Kasemann et al. (2001)
JR-2 128 � 9 Kurosawa et al. (2006) +2.57 � 0.53 Kasemann et al. (2001)
JR-2 168 � – Gméling et al. (2005) +2.70 � 0.28 Wei et al. (2013)
JR-2 168 � – Gméling et al. (2005) +3.01 � 0.51 Li et al. (2019b)
Mean JR-2 154 � 17 (n = 8) +2.77 � 0.21 (n = 6)
B6 205 � 5 Gonfiantini et al. (2003) – –
B6 209 � 2 Gonfiantini et al. (2003) – –
B6 197 � 4 Gonfiantini et al. (2003) – –
B6 197 � 1 Gonfiantini et al. (2003) -3.20 � 0.70 Gurenko et al. (2005)
B6 194 � 10 Gonfiantini et al. (2003) -3.30 � 1.80 Gonfiantini et al. (2003)
B6 204 � 6 Gonfiantini et al. (2003) -1.61 � 0.44 Tonarini et al. (2003)
B6 244 � 5 * Gonfiantini et al. (2003) -1.68 � 0.66 Tonarini et al. (2003)
B6 220 � 1 Gonfiantini et al. (2003) -1.60 � 0.30 Wei et al. (2013)
B6 204 � 9 Gonfiantini et al. (2003) -2.59 � 0.25 Devulder et al. (2015)
B6 206 � 8 Tonarini et al. (2003) -2.89 � 0.80 Devulder et al. (2013)
B6 207 � 10 Tonarini et al. (2003) -3.29 � 0.56 Hou et al. (2010)
B6 191 � 4 Michel et al. (2015) -2.76 � 0.24 Li et al. (2019b)
Mean B6 207 � 14 (n = 12) -2.55 � 0.73 (n = 9)
JG-1 6.00 � – Govindaraju (1994) – –

Appendix A (Continued).
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Material B mass fraction
data � 1s

Source δ11BSRM 951
data � 1s

Source

µg g -1 ‰

JG-1 6.87 � – Imai et al. (1995) – –
JG-1 6.03 � 0.18 Michel et al. (2015) – –
Mean JG-1 6.30 � 0.49 (n = 3) – –
JG-2 1.78 � – Imai et al. (1995) – –
JG-2 1.72 � – D’Orazio (1999) – –
JG-2 6.80 � 0.90 * Harvey et al. (1996) – –
JG-2 2.08 � 0.03 Romer et al. (2014) – –
Mean JG-2 3.10 � 2.48 (n = 4) -12.23 � 0.40 Romer et al. (2014)
SDC-1 12.8 � – Govindaraju (1994) – –
SDC-1 13.0 � – Smith et al. (1995) – –
Mean SDC-1 12.9 � 0.1 (n = 2) -5.50 � 0.35 Wei et al. (2013)
B8 97.1 � 1.2 Gonfiantini et al. (2003) – –
B8 95.7 � 1.5 Gonfiantini et al. (2003) – –
B8 102 � 1 Gonfiantini et al. (2003) -4.75 � 0.29 Romer et al. (2014)
B8 99.8 � 1.7 Gonfiantini et al. (2003) -5.47 � 0.32 Pi et al. (2014)
B8 110 � 3 Gonfiantini et al. (2003) -5.30 � – Berryman et al. (2017)
B8 106 � 1 Gonfiantini et al. (2003) -5.60 � 0.70 Gurenko et al. (2005)
B8 102 � 5 Gonfiantini et al. (2003) -5.40 � 1.20 Gonfiantini et al. (2003)
B8 99.7 � 1.5 Tonarini et al. (2003) -4.75 � 0.25 Tonarini et al. (2003)
B8 80.6 � 2.9 Tonarini et al. (2003) -4.60 � 0.25 Tonarini et al. (2003)
B8 98.8 � 1.7 Pi et al. (2014) -4.90 � 0.28 Pennisi et al. 2009
B8 94.0 � – Berryman et al. (2017) -4.80 � 0.22 Wei et al. (2013)
Mean B8 98.7 � 7.5 (n = 11) -5.06 � 0.38 (n = 9)
UB-N 140 � 17 Govindaraju (1995) – –
UB-N 135 � 1 Peters et al. (2017) – –
UB-N 157 � – D’Orazio (1999) – –
UB-N 140 � – Govindaraju (1994) – –
Mean UB-N 143 � 10 (n = 4) +13.10 � 0.21 Wei et al. (2013)
PCC-1 1.40 � – Gladney et al. (1991) – –
PCC-1 1.40 � 0.10 Gladney et al. (1991) – –
PCC-1 1.40 � 0.20 Gladney et al. (1991) – –
PCC-1 2.00 � – Gladney et al. (1991) – –
PCC-1 2.20 � 0.40 Gladney et al. (1991) – –
PCC-1 4.69 � 0.33 Gladney et al. (1991) – –
PCC-1 6.00 � – Gladney et al. (1991) – –
PCC-1 12.8 � – Gladney et al. (1991) – –
Mean PCC-1 3.99 � 3.95 (n = 8) – –

More than one representative value was chosen in some literature references because these values were obtained by
different analytical methods.

δ11BSRM 951 ¼ 11B=10B
� �

sample
= 11B=10B
� �

SRM 951
�1

Appendix A (Continued).
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