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a b s t r a c t

In order to eliminate boron loss and potential isotopic fractionation during chemical pretreatment
of natural samples with complex matrices, a three-column ion-exchange separation/purification
procedure has been modified, which ensures more than 98% recovery of boron from each step for a
wide range of sample matrices, and is applicable for boron isotope analysis by both TIMS and MC-ICP-MS.
The PTIMS-Cs2BO2

þ-static double collection method was developed, ensuring simultaneous collection of
133Cs211B16O2

þ(m/z 309) and 133Cs210B16O2
þ (m/z 308) ions in adjacent H3–H4 Faraday cups with typical

zoom optics parameters (Focus Quad: 15 V, Dispersion Quad: �85 V). The external reproducibilities of
the measured 11B/10B ratios of the NIST 951 boron standard solutions of 1000 ng, 100 ng and 10 ng of
boron by PTIMS method are 70.06‰, 70.16‰ and 70.25‰, respectively, which indicates excellent
precision can be achieved for boron isotope measurement at nanogram level boron in natural samples.
An on-peak zero blank correction procedure was employed to correct the residual boron signals effect in
MC-ICP-MS, which gives consistent δ11B values with a mean of 39.6670.35‰ for seawater in the whole
range of boron content from 5 ppb to 200 ppb, ensuring accurate boron isotope analysis in few
ppb boron. With the improved protocol, consistent results between TIMS and MC-ICP-MS data were
obtained in typical geological materials within a wide span of δ11B values ranging from �25‰ to þ40‰.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Because of the large range in boron isotopic composition in
nature (δ11B, about 100‰) [1], applications of boron isotopic
variation have advanced rapidly in a wide range of research fields,
including high-temperature and low-temperature geochemical
processes, natural anthropogenic pollution sources, wastewater
recharge monitoring, paleo-oceanic pH reconstruction, and global
biogeochemical cycles [2–16]. For instance, the joint use of nitro-
gen and boron isotopes in groundwater constrained the origin of

nitrite ions and provided semi-quantification of their contribution
to pollution sources [17]. Boron isotopic fractionation in weath-
ering and hydrothermal processes provides new constraints on the
origin and evolution of the geothermal fluids that were involved in
the formation of altered minerals at the Ries crater (Germany) [18].
The contribution by Vogl and Rosner et al. provided analytically
validated methods to determine the boron isotopic composition in
plant tissues and water samples, extending the application of
boron isotopes to provenance studies of foods [19,20].

General summaries on the detection limits and the major
advantages/disadvantages of various techniques (positive thermal
ionization mass spectrometry (PTIMS), negative thermal ioniza-
tion mass spectrometry (NTIMS), secondary ion mass spectro-
metry (SIMS), and multicollector inductively coupled plasma mass
spectrometry (MC-ICP-MS) etc.) have been published by various
authors [16,21–23]. Among these techniques, PTIMS and MC-ICP-
MS are evaluated as the most precise and accurate techniques for
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boron isotope determination [24], and NTIMS gives the highest
sensitivity to analyze isotopic composition in few nano-grams of
boron [25–26]. Initially, M2BO2

þ ions (M represents alkali metals,
e.g. Na, K, Rb, Cs) were observed with PTIMS, and Na2BO2

þ and
Cs2BO2

þ were employed for boron isotopic composition measure-
ments since 1948 [27–29]. The Cs2BO2

þ PTIMS method was greatly
improved by Xiao et al. who found the intensity of Cs2BO2

þ emitted
from Cs2B4O7 can be increased by two orders of magnitude when
coating the filament with graphite slurry at low temperatures
(o700 1C) [30], resulting in an analytical reproducibility of 0.1‰
(2s) for samples with more than 1000 ng of B for the international
boron standard NIST 951. Later on, the sample loading procedure
for determining the 11B/10B ratio using sodium metaborate
(Na2BO2

þ) was optimized by Rao et al. [31]. To enhance the
capacity of high precision isotope measurement in nanogram
amounts of boron and eliminate the signal drift correction for
the decay of the ion beam, static multicollection techniques have
been developed by Nakano et al. [32] and Deyhle [33] on modified
mass spectrometers (Finnigan-MAT 261, Germany) where Cs2BO2

þ

ions at m/z 308 and 309 were collected by a specially fixed double
collector package after reducing the accelerating voltage from
10 kV to 8 kV. The mass spectrometer modification is necessary
in order to separate the two heavy molecular species, with which
the external reproducibility of 0.24‰ for 100 ng B of NIST 951 is
superior to the dynamic peak jumping method. The mass
spectrometer-induced isotopic fractionation during measurement
remains one of the major problems preventing widespread use of
the BO2

�-NTIMS method. In the interest of solving this problem, an
approach to normalize 11B16O18O/11B16O16O to a fixed 18O/16O has
been reported by Shen and You [34], but this method has not been
widely used because of the difficulty in measuring the small
45BO2/43BO2 ratios and the fact that the 18O/16O ratios may vary
considerably for different loading conditions [35]. Recently, an
internal normalization approach was found to obtain consistent
fractionation-corrected 11B/10B ratios based on oxygen isotopes
determined using ReO4

� ions measured on the same filament as
the sample, and a precision of 0.6‰ for NIST 951 was achieved
regardless of sample size, solution pH, and loading temperature
[35]. Ishikawa and Nagaishi showed that the new pretreatment
protocol on sample loading increased the ionization efficiency of
Cs2BO2

þ ions, achieving an external reproducibility better than
70.1‰ for 50–100 ng B and 70.2‰ for 10 ng B [36]. With regard
to the isobaric ion interference induced by organic matter on the
boron isotope determination by either BO2

�-NTIMS or Cs2BO2
þ-

PTIMS methods, an optimized procedure with a micro-sublimation
technique was established to extract boron from organic matter,
which ensures a precise determination of the boron isotopic
composition in river water samples containing a few ppb of boron
[14,37]. In recent years, MC-ICP-MS is becoming the dominant
method for precise boron isotopic analysis with an external
reproducibility of 70.25‰ [38–41]. Wang et al. corrected the
mass bias effect for boron isotopic analysis by MC-ICP-MS
using the pseudo internal normalization of lithium isotopic refer-
ence (LSVEC), which could achieve an accurate boron isotope
analysis for natural waters and marine biogenic carbonates by
means of the modified micro-sublimation purification method
associated with the high performance and throughput of MC-
ICP-MS [42].

Even though various procedures for boron isotope analysis
have been advanced significantly as discussed above, the need
for improved methods for boron extraction from complex matrices
has been emphasized by Gonfiantini et al. on the basis of the
intercomparison of boron isotope and concentration measurement
[43], especially for minerals, rocks and clays with high silica and
rich metal oxide components. With the boron separation proce-
dure using Amberlite IRA 743 boron-specific resin, acidic sample

solutions have to be adjusted to a pH of �7–8 by adding a proper
amount of base (e.g. NaOH) before being loaded into the ion-
exchange column because the resin mostly adsorbs boron from
neutral or weak basic solution. However, strong adsorption of
boron by hydroxide precipitates (such as amorphous Al(OH)3,
amorphous Fe(OH)3) has been observed [44], and the associated
boron isotopic fractionation has been studied in detail by Lemarc-
hand et al. [45]. Therefore, possible boron loss and potential
isotopic fractionation cannot be neglected when adjusting acidic
sample solutions that contain large amounts of Al, Fe and Mg ions
(e.g. geological samples like clay, tourmaline) by adding OH�

directly.
Therefore, more precise and accurate measurement of boron

isotopic ratios in natural samples with trace boron contents and
complex matrices remains a great challenge because of the
following reasons: (i) the purification of natural geological sam-
ples with complex matrices (especially for rocks and minerals) is
complicated with the potential loss of boron by volatilization
or by adsorption; (ii) the potential for mass spectrometer-
induced isotopic fractionation, and the potential for isobaric
interference. The main objective of this study is to achieve high
precision and high accuracy measurements of boron isotopic
compositions in natural geological samples, improving in the
separation/purification process of boron from complex matrices,
establishing of static double-collection PTIMS-Cs2BO2

þ method
without special requirements on instrumental hardware, and
evaluating of the dominant effects that cause deviation on
δ11B measurement by the two leading techniques of TIMS and
MC-ICP-MS.

2. Experimental section

2.1. Materials

Milli-Q water (Resistivity, 18.2 MΩ cm) was used throughout
the experiments. Concentrated HCl and HNO3 were purified twice
by sub-boiling distillation. Solutions of NIST 951 boric acid, K2CO3,
NaHCO3 (Sigma-Aldrich, SP), EDTA (Sinopharm Chemical Reagents
Limited Company, AR), and Cs2CO3 (Sinopharm Chemical Reagents
Limited Company, SP) have been prepared using Milli-Q water.

2.2. Dissolution of solid geological samples

To ensure the full extraction of boron from solid samples,
different chemical manipulation procedures are employed:
(1) Solid carbonate samples were soaked in 30% H2O2 to remove
any organic matter or residues on sample surfaces before being
ground to a powder of approximately 100 mesh. Then, 6.0 mol L�1

HCl was added to dissolve the sample, followed with a continuous
addition of 0.5 mol L�1 HCl (several milliliters) until the solution
becomes slightly acidic. The insoluble residue in solution was
removed by centrifugation, and a weak acidic and transparent
solution was obtained for the first ion exchange separation
column; (2) Fine tourmaline (a boron-rich alumosilicate mineral)
powder was prepared followed by boron extraction with alkali
fusion (tourmaline: K2CO3¼1:25(wt/wt)) at 950 1C and the sin-
tered materials were totally dissolved by adding 2.5 mol L�1 HCl
after being cooled down immediately at room temperature, and
the transparent solution that was obtained was ready for the ion-
exchange column. The boron blank from the alkali fusion step is
21 ng, and does not significantly contribute to the analytical
uncertainty of boron isotopes in tourmaline samples that contain
60 μg g�1 of boron on average.
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2.3. Boron separation/purification procedure

2.3.1. Setup of peristaltic pump coupled with mini exchange-column
The use of a peristaltic pump coupled with an ion exchange

micro-column for extraction of boron using a boron-specific resin,
Amberlite IRA 743, has been modified on the basis of the
procedure reported by Hemming and Hanson [25]. It consists of
a multi-channel peristaltic pump (205U Watson Marlow, 16
channels), an 0.12 mm diameter peristaltic pump tubing and
Teflon resin columns (250 μL in volume). The pump speed is
tunable from 0.5 to 50 rpm, allowing optimization of the flow
through the column for each step of the procedure. A schematic
diagram of the setup is shown in Scheme S1.

2.3.2. Preparation of ion exchange resin column
On the basis of the investigation from this study, a three-

column procedure was established for the boron separation–
purification, consisting of a 2.5 mL of mixed cation–anion resin
column, a �25 μL of boron-specific resin Amberlite IRA 743
column and a second 0.5 mL of mixed resin column. The mixed
resin consists of a strongly acidic 200–400 mesh cation resin
(Dowex 50W�8, H-Form, USA) and a weak alkaline 60–100 mesh
anion resin (Ion Exchanger II, HCO3

�-Form, Germany). Initially,
�5 mL of cation and anion resins were conditioned with 10 mL of
1.0 M HCl and 10 mL of saturated NaHCO3 solutions to convert
them into the Hþ and HCO3

� forms individually, and subsequently
equal volumes were mixed (v/v¼1:1). Due to the difference in
size, Ion Exchanger II and Dowex 50W�8 can be separated from
each other by sieving through 100 meshes for a next regeneration.
The boron-specific resin Amberlite IRA 743 was conditioned
through 0.1 M HCl, milli-Q water and 0.3 M NH3 �H2O and washed
to neutral pH prior to use. The detailed procedure for boron
separation/purification by three-column ion exchange will be
discussed in Section 3.1.2. The total procedural blanks from the
ion-exchange procedure is in the range of 0.5070.04 ng (2 RSD)
as determined by ID-MS, which can be neglected compared to the
sample size used in these experiments.

2.4. Instruments

2.4.1. Boron isotope analysis
A Triton TI (Thermo Fisher Scientific, Finnigan, Germany)

thermal ionization mass spectrometer (TIMS) was used for
boron isotope analyses by collecting 133Cs211B16O2

þ (m/z 309)
and 133Cs210B16O2

þ (m/z 308) ions. Single tantalum filaments
(0.75 cm�0.076 cm�0.0025 cm) from NIST were degassed under
vacuum for 1 h at a current of 3.0 A and then allowed to oxidize at
ambient atmosphere (protected from contamination in closed
boxes) for at least 24 h prior to use. Graphite (John-Matthew
Company, 99.9999% pure) slurry was prepared by mixing the
graphite with 80% ethanol/20% water (v/v). A drop of graphite
slurry with a volume of ca. 1.0 μL was first loaded onto the
filament. After vaporizing the slurry drop at room temperature
for 30 seconds, the sample solution is added on top of the
graphite. Both samples and the NIST SRM 951 standard solutions
with the molar ratio of B/Cs 2:1 were loaded as described above.
A static double-collector method for boron isotope measurements
was established [46], where the mass 308 and 309 peaks were
collected by the adjacent H3 and H4 cups, and then the para-
meters in the zoom optics were adjusted to allow perfect align-
ment of the two peaks, while maintaining excellent peak shape
with flat tops (discussed in detail in Section 3.2 below). 11B/10B
ratios were obtained from measured 309/308 ratios with a
correction for oxygen isotopes (17O): 11B/10B¼R309/308�0.00079
[47,48]. Boron isotopic composition is reported as δ11B in per mil

(‰) deviation from the standard (NIST SRM 951) as follows:
δ11B ‰¼1000[(11B/10Bsample/11B/10Bstandard)�1]. Stable runs
(nZ3, 100 cycles in each run) were obtained with loading the
standard NIST SRM 951 and natural samples containing �0.5 mg of
boron on the filament when the filament current is at �1.2 A (less
than �650 1C). The average (n¼10) internal analytical precision
and the external precision of the measured 11B/10B ratios of NIST
951 are 70.05‰ and 0.09‰, respectively.

A Neptune Plus (Thermo Fisher Finnigan, Germany) MC-ICP-MS
with an ESI PFA 50 mL/min nebulizer in a quartz spray chamber were
used for parallel measurement of boron isotopic composition in
various natural samples by following the procedure described by
Foster et al. [37]. The ions of 11Bþ and 10Bþ are detected using
Faraday cups H3 and L3. The mass bias is corrected by a sample-
standard bracketing procedure (SSB)[49,50]. (11B/10B)true¼
(11B/10B)measured� (M11/M10)β, and β is a correction factor where
β¼ ln[(11B/10B)standard NIST 951/(11B/10B)measured NIST 951]/ln(M11/M10).
The β value from repeated measurement of NIST 951 is constant
for a single analytical session and the (11B/10B)standard NIST

951¼4.0436270.00137, certified value by NIST [51]. The boron
content in both sample solution and NIST 951 solution was kept
close to 200 ng m L�1 to obtain �1.2 V of 11Bþ signal with the
conventional H-skimmer cones and 5.0 V of signal with X-skimmer
cones. The memory effect was reduced to around �3–9 mV with
continuous washing with 3% HNO3 and 1% HNO3 and boron-free
Milli-Q water in sequence for �25 min. All reproducibilities
described in this work are quoted from replicated measurements
(nZ3, 2 S.D., 95% confidence limits). The average internal analytical
precision (n¼100) and the external precision of the measured
11B/10B ratios of 200 ng mL�1 NIST 951 are 70.02‰ and 0.11‰,
respectively.

2.4.2. Elemental content analysis
The concentrations of Ca, Mg, Fe, Al ions were measured by

inductively coupled plasma atomic emission spectroscopy (ICP-
AES, JY38S) with the instrumental parameters (Wavelength: 165–
800 nm, RF power: 900 W, Frequency: 40.68 MHz, Resolution:
0.005 nm) and an analytical reproducibility (2RSD) of r2%.
The boron concentration was analyzed by the quadrupole ICP-
MS (aurora M90, Bruker) with an analytical reproducibility of
73% in our laboratory.

3. Results and discussion

3.1. Improvement in separation/purification procedures for natural
samples with various matrices

3.1.1. Effects of major cations on boron extraction by Amberlite IRA
743 ion exchange

As described in Section 1, significant hydroxide precipitates
(such as amorphous Al(OH)3, Fe(OH)3 etc) would have been
produced when adjusting solution pH into neutral for geological
samples with rich metal oxide components (e.g. minerals, rocks
and clays). Previous study employed a first step of AG 50�8 resin
to remove cations before rising the pH of the solution to 8 for
introduction on the Amberlite resin by Paris et al. [38]. In order to
avoid the boron loss and the possible isotopic fractionation when
adjusting the acidic sample solution into neutral, four options
were tested to neutralize acidic dissolved tourmaline solutions
containing large amount of Al3þ , Fe3þ and Mg2þ ions. The first
three options are not practicable as compared in Table 1. It is
worth of noting that, with adding EDTA the determined 11B/10B
ratios of NIST 951 and natural samples (e.g. seawater, tourmaline)
by the PTIMS-Cs2BO2

þ-graphite method are significantly lower
than the true values (Table 2), and the negative-shift extent of
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determined 309/308 ratios depends on the amount of EDTA left in
the final eluted solution. The isobaric ion interference induced
from the groups of –C¼O–NH2 and COOH� in EDTA has been
discussed in detail in previous works [52,53]. In this work, the
mixed resin consisting of the strongly acidic cation resin (Dowex
50W�8, USA) and the weak alkaline anion resin (Ion Exchanger II,
Germany) was selected to remove major cations and neutralize
Hþ ions in parent solutions. With this procedure, a neutral eluted
solution is obtained and no colloidal precipitate appears in the
next boron extraction column by Amberlite IRA 743 boron-
specific resin.

3.1.2. Optimum condition for boron separation using peristaltic
pump coupled with ion-exchange columns

To establish the optimum procedure for boron extraction by
using the peristaltic pump coupled with ion-exchange columns,
the operating parameters have been optimized in this study,
including washing volume, elution volume, pump speed etc.
(Table 3). In view of the complex matrices in tourmaline samples
that contain large amount of Fe, Mg and Al cations, the elution
curves of major cations during the washing step by water have
been monitored to achieve full separation of boron from the
matrices (Fig. 1). The concentration of major cations decreases
with increased washing volume and gradually reaches to blank
levels, indicating that sufficient washing ensures the full cleanup
of major cations without boron loss. Therefore, a washing volume
of �8 mL was established for this step.

Four natural samples were selected to evaluate the boron
recovery from the Amberlite IRA 743 ion-exchange procedure.
After adding 200 μL of sample solutions containing �1 μg boron,
200 μL of each eluted solution was collected in individual vials and
the boron content was determined. As shown in Fig. 2, 1 mL of the
total elution ensures the full extraction of boron with a mean
recovery of 100.6%.

The isobaric ion interference induced by NO3
� or organic matter

on the boron isotope determination by either BO2
�-NTIMS or

Cs2BO2
þ–PTIMS has been observed and widely investigated

[25,54–61]. Therefore, HNO3 medium must be strictly avoided in
the chemical procedure for TIMS measurements. According to the
general procedure, boron adsorbed in Amberlite IRA 743 boron-
specific resin can be eluted either by dilute HCl for TIMS measure-
ment or by dilute HNO3 for MC-ICP-MS measurement as presented

in Scheme S2(a). To satisfy the different solution medium require-
ments for boron isotope analysis by both these methods simulta-
neously and avoid possible contamination of HNO3 on resin and
columns, a third ion exchange column was added to convert the
acidic eluted solution into neutral. The final elution is divided into
two parts, with one portion prepared for TIMS measurement after
CsOH addition, while another portion of solution is prepared for MC-
ICP-MS measurement by adding high-purity HNO3 (Scheme S2(b)).
The recovery experiment indicates that ion exchange using the mixed
resin column is able to convert the acidic medium into neutral with
97.98% recovery of boron.

As described above, a three-step ion exchange procedure for
boron separation/purification from various natural geological
samples has been established, and this protocol can be adjusted
according to the sample type as shown in Scheme 1, in which only
the second and the third column could be employed for samples
with simple matrices (e.g. ground water, biocarbonates etc.) and
the first one would be added to deal with complex samples (e.g.
clay, minerals and rocks, etc). The third column is optional, only
using for comparison study between MC-ICP-MS and TIMS.

3.2. Establishment of static double-collection method for high
precision boron isotope analysis by TIMS

3.2.1. Selection of parallel faraday cups and setting of parameters in
zoom optics

Deyhle measured the 309 and 308 masses using a double
Faraday cup collector with fixed spacing after reducing the accel-
erating voltage from 10 to 8 kV in a modified Finnigan-MAT 262
(Finnigan, Bremen, Germany) mass spectrometer [33]. Considering
that the very small relative mass difference (i.e. Δm/m¼1/309)
between 133Cs211B16O2

þ ion (m/z 309) and 133Cs210B16O2
þ (m/z 308)

ions requires the use of adjacent cups at their closest possible
position, three Faraday cup groups were selected to achieve
the static collection, including Axial-L1, Axial-H1, and H3–H4.
As shown in Figs. S1, S2, the adjacent peaks do not fully overlap
without adjusting two parameters in the zoom optics. However,
with adjusting parameters in the zoom optics available on the
Triton TI mass spectrometer, two peaks change accordingly but full
overlap could still not be achieved in the whole range of Focus
Quad and Dispersion Quad parameters for the cup groups C-L1 and
C-H1. It was observed that the two peaks of 308 and 309 are
mostly superposed when the H3–H4 cups with the largest

Table 1
Comparison on possible options to convert acidic sample solution into neutral prior to Amberlite IRA 743 boron-specific resin ion exchange.

Options Description Advantages Disadvantages

A Adjusting pH by adding NaOH Simple, rapid adjustment, and suitable
to samples with simple matrices

Obvious boron loss caused by specific adsorption by large amount of
amorphous hydroxide precipitate formed

B Neutralizing Hþ ions through weak basic
resin ion exchange

No precipitate formed Amberlite IRA 743 boron-specific resin column is easily blocked by
amorphous hydroxide precipitate formed during ion-exchange process

C Screening major cations by adding EDTA
and adjusting pH by adding NaOH

No precipitate formed and avoid
possible boron loss

Serious isobaric ion interference on determination of boron isotopic
composition by TIMS

D Removing major cations and neutralizing
Hþ ions through the mixed resin

Most cations are removed and no
precipitate formed

Table 2
Isobaric ion interference induced by EDTA on the determination of boron isotopic composition by TIMS.

Sample type Single run 11B/10B ratios (2SE)

With EDTA Without EDTA

NIST SRM 951 3.97172 (0.00280) 3.92�3.97�4.04 4.05160 (0.00006)
Seawater (South China Sea) 4.17919 (0.00077) 4.21052 (0.00006)
Tourmaline 3.93774 (0.00091) 3.97524 (0.00008)
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deflection radius was selected. Numerous trials in setting various
zoom optics parameters have been performed, and finally the
optimum peak overlap was achieved at a specific condition (Fig. 3).
Under this condition, both ions collected by the two parallel
Faraday Cups have well-defined flat peaks without tailing peaks
and prepeaks as shown by the green curves in Fig. 3, where the
mass number of the central cup ranges from 287 to 289, depend-
ing on the peak scan graph in each analysis session. It indicates
that both selection of parallel cups with larger deflection radii and
setting optimal parameters in zoom optics are the two essential
steps in the establishment of the static double collection method.
Therefore, the static method established in this work has the

superior advantages of simultaneous collection without special
requirement on instrumental hardware.

3.2.2. Comparison of measurement of boron isotopic composition by
static double collection and dynamic single collection methods

A comparable study on the PTIMS-Cs2BO2
þ-static double-

collection method and the dynamic single jumping collection
method has been undertaken as shown in Table 4. Clearly, the
analysis efficiency is greatly improved by the PTIMS-Cs2BO2

þ-Static
method, with which the data acquisition of 100 cycles only takes
�7 min compared to �60 min for the PTIMS-Cs2BO2

þ-Dynamic
method. There is no correction needed for signal variations
occurring during data acquisition, which ensures high internal
precision for individual runs even for small amounts of boron in
samples with obviously decaying signals.

The internal precision of individual run and the external repro-
ducibility from duplicate measurement with the static double-
collection method and the dynamic single-collection method
(n44) have been compared [46]. Briefly, a stable signal of Cs2BO2

þ

ions will last for several hours for a loading of 1000 ng boron, and the
external reproducibility of PTIMS-Cs2BO2

þ-Dynamic parallels that of
the PTIMS-Cs2BO2

þ-Static method without any obvious discrepancy.
The mean values for the static method (4.0509270.00023, n¼6, 2s)
and dynamic method (4.0504370.00020, n¼6, 2s) are similar to
the value of 4.0503770.00023 given by Xiao et al. [30]. The internal
precision of each single run by the static method is better than the
dynamic method because the analysis errors caused by random
signal variations were eliminated with the static method. When
reducing the loaded amount of boron, both the intensity and the
stable emission time of Cs2BO2

þ ion decrease accordingly, and the
11B/10B values determined from a single run (100 cycles) varied
greatly for the dynamic single collection mode and worse internal/
external precision was produced as a result. By contrast, the static

Table 3
Boron separation/purification procedure by the three-step ion exchange column.

First column-2.5 mL of mixed resin consisting of 50% Dowex 50W�8 cation resin and 50% ion exchange II anion resin (v/v)
Step Procedure Reagent Dosage (μL) Collect/Discard Notes

1 Load column Mixed resin 1500 Discard
2 Clean Water 4000 Discard
3 Load sample Sample solution 200 Collect
4 Elute boron Water 5000 Collect Neutral solution

Second column-25 μL of Amberlite IRA 743 boron specific resin
Step Procedure Reagent Dosage (μL) Pump speed Collect/Discard

1 Load column IRA-743 B-specific resin 20 20 Discard
2 Clean Water 4000 20 Discard
3 Clean 0.1 M HCl 400 10 Discard
4 Clean Mill-Q water 2000 10 Discard
5 Equilibrate 0.3 M NH3H2O 400 10 Discard
6 Rinse Mill-Q water 2000 10 Discard
7 Load Sample at pH�8 0.5 Discard
8 Elute cations Mill-Q water 8000 10 Discard
9 Elute boron 0.1 M HCl 2000 2 Collect
10 Evaporate at 60 1C

Third column-0.5 mL of mixed resin consisiting of 50% Dowex 50W�8 cation resin and 50% Ion Exchange II anion resin (v/v)
Step Procedure Reagent Dosage (μL) Collect/Discard Notes

1 Load column Mixed resin 500 Discard
2 Clean Water 8000 Discard
3 Load sample Sample solution 200 Collect
4 Elute boron Water 8000 Collect
5 Divide Divide the solution into two aliquots for TIMS and MC-ICP-MS measurement respectively
6 (a) Adding CsOH B:Cs¼1:2 and heat at 60 1C TIMS analysis

(b) Adding HNO3 3% HNO3 medium MC-ICP-MS analysis
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Fig. 1. Removal of typical cations by the washing step in Amberlite IRA 743 boron-
specific resin column. Boron content from each elution (Solid circles with wine
color) refers to Right-Y axis (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).
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double-collection method overcomes the problems mentioned
above, and the external reproducibility (2RSD) of measured 11B/10B
ratios of NIST 951 are as high as 70.06‰, 70.16‰ and 70.25‰ for
1000 ng, 100 ng and 10 ng boron, respectively (as shown in Fig. 4).

The 11B/10B ratios for NIST 951 with various sample sizes from this
study and previous contributions are compared in Fig. 5. When the
loading amount of boron is higher than 100 ng, the 11B/10B ratios are
consistent with the mean value of 4.0517270.00099 among differ-
ent laboratories, and the external reproducibilities are parallel
regardless of different data acquisition modes and sample loading
conditions. More significant differences in measured 11B/10B ratios
and external reproducibilities are observed with reduced boron
loadings in the range from 10 to 100 ng, which could be due to the
discrepancy in emission capacity of the graphite promoter used in
different laboratories, according to our previous investigation [52].
For NIST 951 sample containing 10 ng of boron, the external
reproducibility of 70.25‰ obtained from this work is equivalent
to that of 70.2‰ given by Ishikawa and Nagaishi [36]. The 11B/10B
ratio of 4.0297270.00101 (2SD) in this work is lower than that of
4.0525970.00090 (2SD) obtained with a special filament preheating
procedure [36]. Considering the diversity in the sample loading
procedure, possible influence of boron–mannitol complexes or the

environmental blank on the determined 11B/10B ratios will be
investigated in future work. Therefore, the continuous improvements
in the PTIMS method of boron isotope measurements with higher
internal/external precision for the minute size of samples usually
available would greatly benefit the high precision measurement of
boron isotopic compositions in natural samples with low boron
contents (e.g. rainwater, foraminifer).

Fig. 2. Elution curves of �1 μg boron from natural samples and NIST 951 with 20 μL column of Amberlite IRA 743 resin using the setup of peristaltic pump coupled with
exchange-column. Shaded areas indicate the cumulative recovery of boron.

Scheme 1. Schematic illustration for the potential adjustment of the three-step
ion-exchange protocol according to the sample type.

Fig. 3. Mass scan graphs of 133Cs211B16O2
þ (m/z 309) and 133Cs210B16O2

þ (m/z 308) as
collected by H4 (solid line) and H3 cups (dash line) under different conditions in
zoom optics.
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3.3. A comparison study of boron isotope analysis by TIMS and MC-
ICP-MS

3.3.1. Memory effect on the boron isotope analysis by MC-ICP-MS
The wash-out problem of boron by ICP-MS (or MC-ICP-MS) has

been well demonstrated [40,60]. In order to quantify potential
inaccuracies from residual boron signals, the boron isotope ratios
in NIST 951 and in one internal-laboratory standard seawater
sample were determined when decreasing the boron concentra-
tion from 200 ppb to 5 ppb under the same measurement condi-
tions in one analysis session. As shown in Fig. 6(a), the measured
11B/10B values in both NIST 951 and the seawater sample decreased

with a reduction of the boron content. After the first correction for
mass-induced fractionation with the SSB procedure, most 11B/10B
values of seawater were lower than their true value, especially for
samples with lower boron content (Fig. 6(b)), indicating a sig-
nificant contribution from the residual boron blank. After follow-
ing the on-peak zero blank correction (i.e. ð11B=10BÞsample ¼
ðð11Bmeasured�11BblankÞ=ð10Bmeasured�10BblankÞ), consistent 11B/10B
ratios of seawater with a mean δ11B value of 39.6670.35‰ were
obtained in the whole range of boron content from 5 ppb to
200 ppb.

Therefore, cautious attention must be paid to the correction on
the residual boron blank for natural samples with trace boron
contents, because the relative contribution of the residual blank
becomes increasingly larger for small boron concentrations, such
as foraminifer, fossils etc.

Table 4
Comparison between PTIMS-Cs2BO2

þ-static double-collection method and dynamic single-collection method for determination of boron isotopic composition.

Main Parameter PTIMS-Cs2BO2
þ-Static PTIMS-Cs2BO2

þ-Dynamic

Faraday collector parameters Selection of Faraday cups Cup H3 and Cup H4 Cup C (Central Cup)
Positions of the target cups H3-F (308): 89.236

H4-F (309): 99.000
Mass number of cup C �289.9 309.0
Data acquisition method Static double collection Dynamic jumping single collection
Zoom optics parameters Focus Quad/V 15 0

Dispersion Quad/V �85 0
100 Cycles data acquisition time/min 7 60
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3.3.2. Isobaric ion interference on the determination of boron
isotopic composition by TIMS

The isobaric ion interference from very small amounts of
organic compounds present in the final eluted solution on the
measurement of boron isotopic composition by P-TIMS has been
discussed in our previous work [53]. Because of the very low R309/

308 ratio (i.e. 0.01517) from the interference ions (Cs2CNOþ) due to
the isotopic abundance of N, C and O in nature,61 the drift in
measured 11B/10B values by P-TIMS for small samples could be
significant. When measuring natural samples with low boron
content, it cannot wait for the total evaporation of the interfering
species because the signal is vanishing to zero rapidly in a short
time. The MC-ICP-MS technique provides reliable results with high
accuracy/precision for such kinds of natural samples.

3.3.3. Matrix effects on the determination of boron isotopic
composition by MC-ICP-MS

For PTIMS-Cs2BO2
þ method, stable emission of Cs2BO2

þ cannot be
maintained if major impurities still exist in the final loading solution.
The intensity and stability of Cs2BO2

þ ions could be employed as a
good sign to judge the reliability of 11B/10B ratios determined. By
comparison, the internal precision of individual runs on 11B/10B ratios
determined byMC-ICP-MS always has a standard deviation of �0.06%,
no matter whether the sample solution passes a purification proce-
dure or not. In this work, the 11B/10B ratios of two typical samples (i.e.
tourmaline, seawater) with/without a pretreatment procedure have
been compared. As shown in Fig. 7(a) and (b), the internal precision of
single runs for samples with pretreatment parallels to that without
pretreatment, but the external precision from duplicative measure-
ment (n¼6–7) for samples with pretreatment is generally better than
without pretreatment. After following the pretreatment procedure,
the mean δ11B value of 39.6070.19‰ in seawater (South China Sea),
is identical to the value of the average value (39.6170.04‰) for global
open-ocean seawater recently reported [62,63]. However, the mean
δ11B value of 30.6970.73‰ obtained without pretreatment proce-
dure is �9‰ lower than the true values and there still is �2‰
negative deviation when �10% EDTA (v/v) was added into the final
eluted solution. A similar observation was made for a tourmaline
sample, where the determined δ11B value without a pretreatment
procedure is �10‰ lower than that with a pretreatment procedure.
The replicate measurements on samples without pretreatment seem
to show a drift with time, which could indicate high amount of matrix
makes the mass bias more unstable and susceptible. A similar negative
shift in the δ11B values with a seawater matrix was observed, and the
underlying principles for the instrumental mass bias from higher
matrix loads were discussed in more detail by Vogl et al. [19]. These
consistent results prove that solution matrices induce negative devia-
tions of δ11B values dramatically. Therefore, complete separation of
boron from matrices is a key step in order to achieve accurate and
precise measurement of boron isotopes.

3.3.4. Intercomparison of boron isotopic compositions in natural
samples by TIMS and MC-ICP-MS after pretreatment

In order to check the reproducibility and comparability of
boron isotope determination by both TIMS and MC-ICP-MS,
different typical geological materials with a wide span of δ11B
from �25‰ to þ40‰, have been prepared and tested for this
purpose, including NIST 951, a seawater sample from South China
Sea, IAEA-B1, IAEA-B2, IAEA-B3, and other natural samples from
various sources (Table S1). After being subjected to the modified
ion-exchange procedure discussed above, the final eluted solutions
were divided into two portions for TIMS and MC-ICP-MS measure-
ment, respectively. In general the 11B/10B ratios obtained by the
PTIMS-static method are in a good agreement with the corrected
11B/10B values from MC-ICP-MS as shown in Fig. 8, and the

consistent results from the comparison demonstrate that no
isotopic fractionation occurs during the extraction procedure and
the minor discrepancy in δ11B values was probably due to
analytical uncertainties. An certification campaign on the 11B/10B
ratios of IRMM-011 and NIST SRM 951 was performed using TIMS
technique by Vogl et al. [64], in which the difference of the
K-factor (i.e. the correction factor of mass fractionation) for
IRMM-011 and NIST SRM 951 is the sum of the difference of the
observed isotope ratio and the certified isotope ratio. Besides, the
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potential difference among different units of NIST SRM 951 was
cross-checked and the measurement revealed no heterogeneity
was observed with less than 0.08‰ of difference and the analysis
difference is fully covered by the stated uncertainties within the
certificate [64]. Therefore, it could be concluded that consistent
and accurate determination of boron isotopic composition by TIMS
and MC-ICP-MS can be achieved when the dominant effects (e.g.
residual matrix effect, isobaric ion interference) are well controlled
as reached by Louvat et al. [16].

4. Conclusions

Improvements on separation/purification procedures for natural
samples with various matrices, the establishment of a static double-
collection method for boron isotopic analysis by PTIMS and com-
parison on measurement of boron isotopic composition by TIMS
and MC-ICP-MS have been investigated in detail in this study.

(1) In order to separate/purify boron from natural geological
samples with complex matrices (e.g. tourmalines, sediments),
a three-column ion-exchange procedure has been developed
in this work, which ensures more than 98% recovery of boron
from each step and satisfies the different requirement on the
solution medium for boron isotope analysis by both TIMS and
MC-ICP-MS without any contamination by nitrate acid in the
boron-specific resin column. It is adjustable according to
sample type and analysis techniques.

(2) A PTIMS-Cs2BO2
þ-static double-collection method has been

developed in a Triton TI mass spectrometer, which can simulta-
neously collect the polyatomic ions 133Cs211B16O2

þ(m/z 309) and
133Cs210B16O2

þ (m/z 308) in adjacent H3–H4 Faraday cups with
typical zoom optics parameters (Focus Quad: 15 V, Dispersion
Quad: �85 V) without special requirement on instrumental
hardware. This method has the following superior advantages:
(i) greatly improves the analysis efficiency; (ii) ensures a high
internal precision for individual runs even for small amounts of
boron in samples with obviously decaying signals; (iii) achieves
an external reproducibility of 70.25‰ for NIST 951 containing
only 10 ng of boron, allowing high precision measurements of
boron isotopes in natural samples with low boron contents at
nanogram level (e.g. rainwater, foraminifer).

(3) A comparable investigation of boron isotope analysis on natural
geological samples that were subjected to the same separation/
purification procedure has been performed. For boron isotope
measurement by MC-ICP-MS, potential inaccuracies from resi-
dual boron signals can be corrected by the on-peak zero blank
correction procedure, which ensures accurate measurements of
boron isotopic ratios at boron content of a few ppb levels. The
isobaric ion interference caused by trace organic matter or nitrate
and the potential residual matrix effect can induce remarkable
negative deviations in 11B/10B ratios (or δ11B values) for TIMS and
MC-ICP-MS methods respectively. A consistent comparison
between TIMS and MC-ICP-MS was obtained in different typical
geological materials with a wide span of δ11B values ranging
from �25‰ to þ40‰. The results further confirm that no boron
isotopic fractionation occurred in the modified procedure and a
good agreement could be achieved when the dominant effects
that cause deviations in measurements of δ11B values by the two
leading techniques were well controlled.

Acknowledgements

We are grateful for Prof. T.G.M. van de Ven in Department of
Chemistry, McGill University for exhaustive grammatical editing.

This study is supported by the National 973 project (2012CB416706),
the National Natural Science Foundation of China (Nos. 41073002
and 40973002) and the Fundamental Research Funds for the Central
Universities (No. 020614330005).

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.talanta.2014.02.009.

References

[1] T.B. Coplen, J.A. Hopple, J.K. Böhlke, H.S. Peiser, S.E. Rieder, H.R. Krouse,
K. Rosman, T. Ding, R.D. Vocke, K.M. Révész, A. Lamberty, P. Taylor, P. De Bièvre,
Water-Resources Investigations Report 01-4222, U.S. Department of Interior-U.
S. Geological Survey, , 2002.

[2] N.G. Hemming, T.P. Guilderson, R.G. Fairbanks, Global Biogeochem. 12 (1998)
581–586.

[3] S.Y. Jiang, M.R. Palmer, C. Yeats, Chem. Geol. 188 (2002) 229–247.
[4] W. Kloppmann, A. Vengosh, C. Guerrot, Environ. Sci. Technol. 42 (2008)

8759–8765.
[5] Y. Liu, W.G. Liu, Z.C. Peng, Y.K. Xiao, G.J. Wei, Geochim. Cosmochim. Acta 73

(2009) 1264–1272.
[6] E. Petelet-Giraud, G. Klaver, P. Negrel, J. Hydrol. 369 (2009) 336–349.
[7] S. Tonarini, M. Dantonio, Lithos 107 (2009) 135–151.
[8] G. Wei, M.T. McCulloch, G. Mortimer, W. Deng, L. Xie, Geochim. Cosmochim.

Acta 73 (2009) 2332–2346.
[9] J.M. Yu, G.L. Foster, H. Elderfield, W.S. Broecker, E. Clark, Earth Plan. Sci. Lett.

293 (2010) 114–120.
[10] J. Trotter, P. Montagna, M. McCulloch, S. Silenzi, S. Reynaud, G. Mortimer,

S. Martin, C. Ferrier-Pagès, J.-P. Gattuso, R. Rodolfo-Metalpa, Earth Plan. Sci.
Lett. 303 (2011) 163–173.

[11] M.R. Palmer, P.N. Pearson, Science 300 (2003) 480–482.
[12] M.R. Palmer, P.N. Pearson, S.J. Cobb, Science 282 (1998) 1468–1471.
[13] J. Gaillardet, C.J. Allegre, Earth Planet. Sci. Lett. 136 (1995) 665–676.
[14] D. Lemarchand, J. Gaillardet, E. Lewin, C.J. Allegre, Chem. Geol. 190 (2002)

123–140.
[15] B. Chetelat, J. Gaillardet, Environ. Sci. Technol. 39 (2005) 2486–2493.
[16] P. Louvat, J. Bouchez, G. Paris, Geo-Stand. Geoanal. Res. 35 (2010) 75–88.
[17] D. Widory, E. Petelet-Giraud, P. Ne Grel, B. Ladouche, Environ. Sci. Technol. 39

(2005) 539–548.
[18] N. Muttik, K. Kirsimäe, H.E. Newsom, L.B. Williams, Earth Plan. Sci. Lett. 310

(2011) 244–251.
[19] J. Vogl, M. Rosner, W. Pritzkow, J. Anal. At. Spectrom. 26 (2011) 861–869.
[20] M. Rosner, W. Pritzkow, J. Vogl, Anal. Chem. 83 (2011) 2562–2568.
[21] J.K. Aggarwal, M.R. Palmer, Analyst 120 (1995) 1301–1307.
[22] C.F. You, Handbook of Stable Isotope Analytical Techniques, Elsevier, Amsterdam,

2003.
[23] M. Rehkämper, M. Schönbächler, C.H. Stirling, Geostand. Newslett.: J. Geo-

stand. Geoanal. 25 (2001) 23–40.
[24] R. Gonfiantini, S. Tonarini, Geostand. Newslett.: J. Geo-stand. Geoanal. 27

(2003) 41–57.
[25] N.G. Hemming, G.N. Hanson, Chem. Geol. 114 (1994) 147–156.
[26] J.J. Shen, C.F. You, Anal. Chem. 75 (2003) 1972–1977.
[27] H.G. Thode, J. MacNamara, F.P. Lossing, C.B. Collins, J. Am. Chem. Soc. 70 (1948)

3008–3011.
[28] K.L. Ramakumar, A.R. Parab, P.S. Khodade, A.I. Almaula, S.A. Chl-tambar,

H.C. Jain, J. Radioanal. Nucl. Chem. 94 (1985) 53–62.
[29] A.J. Spivack, J.M. Edmond, Anal. Chem. 58 (1986) 31–35.
[30] Y.K. Xiao, E.S. Beary, J.D. Fassett, Int. J. Mass Spectrom. Ion Proc. 85 (1988)

203–213.
[31] R.M. Rao, A.R. Parab, K. Sasibhushan, S.K. Aggarwal, Int. J. Mass Spectrom. 285

(2009) 120–125.
[32] T. Nakano, E. Nakamura, Int. J. Mass Spectrom. Ion Process. 176 (1998) 13–21.
[33] A. Deyhle, Int. J. Mass Spectrom. 206 (2001) 79–89.
[34] J. Shen, C.F. You, Anal. Chem. 75 (2003) 1972–1977.
[35] S.K. Aggarwal, B.S. Wang, C.F. You, C.H. Chung, Anal. Chem. 81 (2009)

7420–7427.
[36] T. Ishikawa, K. Nagaishi, J. Anal. At. Spectrom. 26 (2011) 359–365.
[37] J. Gaillardet, D. Lemarchand, C. Gopel, G. Manhes, Geostand. Newsl. 25 (1)

(2001) 67.
[38] G. Paris, A. Bartolini, Y. Donnadieu, V. Beaumont, J. Gaillardet, Chem. Geol 275

(2010) 111.
[39] J.K. Aggarwal, D. Sheppard, K. Mezger, E. Pernicka, Chem. Geol. 199 (2003)

331–342.
[40] G.L. Foster, Earth Plan. Sci. Lett. 271 (2008) 254–266.
[41] E. Douville, M. Paterne, G. Cabioch, P. Louvat, J. Gaillardet, A. Juillet-Leclerc,

L. Ayliffe, Biogeosci. Discuss. 7 (2010) 1959–1993.
[42] B.S. Wang, C.F. You, K.F. Huang, S.F. Wu, S.K. Aggarwal, C.H. Chung, P.Y. Lin,

Talanta 82 (2010) 1378–1384.
[43] R. Gonfiantini, et al., Geostand. Newslett. 27 (2001) 41–57.

H.-Z. Wei et al. / Talanta 123 (2014) 151–160 159



[44] C. Su, D.L. Suarez, Environ. Sci. Technol. 29 (1995) 302–311.
[45] E. Lemarchand, J. Schott, J. Gaillardet, Earth Plan. Sci. Lett. 260 (2007) 277–296.
[46] S.Y. Jiang, H.Z. Wei, China Invention Patent, 201010509775.3, 2010; USA

Invention Patent, US8558166B2, 2013 (International Application Number:
PCT/CN11/70700, 2011).

[47] A.J. Spivack, J.M. Edmond, Geochim. Cosmochim. Acta 51 (1987) 1033–1043.
[48] M. Tiepolo, C. Bouman, R. Vannucci, J. Schwieters, Appl. Geochem. 5 (2006)

788–801.
[49] J.K. Aggarwal, D. Sheppard, K. Mezger, E. Pernicka, Chem. Geol. 3-4 (2003)

331–342.
[50] M.R. Palmer, Geology 3 (1991) 215–218.
[51] E.J. Catanzaro, C.E. Champion, E.L. Garner, G.K. Malinenko, M. Sappenfield,

K.M. Shields, U.S. Natl. Bur. Stand., Spec. Publ 260-17 (1970) 70.
[52] H.Z. Wei, S.Y. Jiang, Y.K. Xiao, J. Phys. Chem. A 114 (2010) 2427–2437.
[53] H.P Wu, S.Y. Jiang, H.Z. Wei, X. Yan, Int. J. Mass Spectrom. 328 (2012) 67–77.
[54] N.G. Hemming, G.N. Hanson, Chem. Geol. 114 (1994) 147–156.
[55] A. Vengosh, A.R. Chivas, M.T. Mcculloch, Chem. Geol. 4 (1989) 333–343.
[56] J. Gaillardet, D.C. Lemarchand, G. Manhès, Geostand. Geoanal. Res. 1 (2001)

67–77.

[57] A.G. Grottoli, L.J. Rodrigues, K.A. Matthews, J.E. Palardy, O.T. Gibb, Chem. Geol.
221 (2005) 225–242.

[58] M. Boiseau, A. Juillet-Leclerc, Chem. Geol. 143 (1997) 171–180.
[59] H.Z. Wei, Y.K. Xiao, A.D. Sun, C.G. Zhang, S.Z. Li, Int. J. Mass Spectrom. 2 (2004)

187–195.
[60] A.S. Al-Ammar, R.M. Barnes., J. Anal. At. Spectrom. 16 (2001) 327–332.
[61] Y.K. Xiao, L. Wang, Int. J. Mass Spectrom. Ion Process. 178 (1998) 213–220.
[62] G.L. Foster, V. Pogge, P.A. E. Strandmann, J.W.B. Rae, Geochem. Geophys.

Geosyst. 11 (2010) Q08015.
[63] E.F. Rose, M. Chaussidon, C. France-Lanord, Geochim. Cosmochim. Acta 64

(2000) 397–408.
[64] J. Vogl, D. Becker, M. Kornig, M. Rosner, BAM Federal Institute for Materials

Research and Testing Division I.1 “Inorganic Chemical Analysis; Reference
Materials” D-12200 Berli; Certification Report for the reference Materials
ERM-AE102a, AE104a, AE120, AE121 & AE122. 〈http://www.erm-crm.org/
ERM_products/search/reports/ae102a-104a-120-121-122.pdf:3.11.〉.

H.-Z. Wei et al. / Talanta 123 (2014) 151–160160




