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Full recovery from column separation and matrix effects are the two factors that need to be considered for
the high-precision analysis of stable Ca isotopes, but generally they are difficult to balance. In many cases,
to get a pure Ca fraction, the interference of the matrix elements is reduced at the cost of discarding
a fraction of Ca overlapping with other elements (e.g. Sr and K). However, quantitative evaluation using
this approach is challenging but greatly needed. Our study investigates the influence of low Ca recovery
on 3*#%°Ca using thermal ionization mass spectrometry (TIMS) with the double spike technique. 3*
40Ca of IAPSO seawater, ML3B-G and BHVO-2 in different Ca subcuts (e.g. 0-20, 20-40, 40-60, 60—
80 and 80-100%), display limited variation after iterative correction by “?Ca—**Ca double spike with the
exponential law. Notably, 3*4/4°Ca of each Ca subcut with ~20% recovery is consistent with that of the
Ca cut with full recovery, within a margin of error. Our results indicate that “>Ca—*Ca double spike
technique can simultaneously correct Ca isotopic fractionation, occurring during column separation, and
TIMS determination, because both follow the exponential fractionation law well. Therefore, a "peak cut”
procedure of column separation for Ca isotope measurement using the double spike technique on TIMS
is proposed. Briefly, we can mix the double spike with the sample solution well before column
separation, then collect the peak of the Ca cut and abandon both sides of the Ca eluate that may
overlap with other elements. This procedure would eliminate matrix effects efficiently, especially for
samples with low CaO contents which typically must be passed through the column twice (e.g.

Received 6th January 2018
Accepted 12th February 2018

DOI: 10.1039/c8ja00004b

Published on 14 February 2018. Downloaded by Library of Chinese Academy of Sciences on 7/29/2019 8:17:27 AM.

rsc.li/jaas peridotite and dunite).

1 Introduction

As one of the most abundant elements in the Earth, Ca plays an
important role in geological and biological processes.™” It has
six “stable” isotopes of “°Ca (96.941%), **Ca (0.647%), **Ca
(0.135%), **Ca (2.086%), *°Ca (0.004%) and *®Ca (0.187%).%?
Because of the large relative mass difference (Am/m = 20%)
between the heaviest and lightest isotopes, large Ca isotopic
fractionation (~6%,) has been observed in nature.’ Thus, Ca
isotopes have been widely applied as an effective geochemical
tracer in many different processes, such as determining the
origin of rocky plants,*® tracing recycled marine carbonates,**°
observing mantle heterogeneity"™* and investigating oceanic
calcium cycling.>*®

High-precision isotope measurements for Ca are difficult
because of (1) the large difference in the natural abundance of
Ca isotopes, with *°Ca dominating the system, (2) significant Ca
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isotopic fractionation during analysis, and (3) isobaric inter-
ference from elemental and molecular isobars during mass
determination (e.g. “°K*, **Ti*, ®3sr**, >*Mg'®0" and *’Al*°0").
The counting statistics of the low intensity ion beam for the
minor nuclides could influence the measurement uncertainty
during the analyses. To obtain precise measurements, high
intensity ion beams are required for the low abundance of Ca
isotopes. In the current generation of instruments, the
maximum measurable signal in the amplifiers of the mass
spectrometer is 55 V. The counting of the minor nuclides is
limited by the size of the “°Ca beam.? Recently, it has become
possible to change the amplifier resistance, which can increase
the counting statistics and provide a high intensity of the minor
nuclides.?

Because of the large relative mass difference, large Ca
isotopic fractionation would occur during chemical purification
and mass determination. This hindered the improvement of
high-precision measurements of Ca isotopes for the first few
years,”* until 1978, when Russell et al.** firstly observed mass-
dependent Ca isotopic fractionation in nature with a 3***°Ca
resolution of 0.5%, using TIMS with the **Ca-**Ca double spike
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technique. Instrumental mass fractionation was corrected by
a mass-dependent law.?® Afterwards, *’Ca-**Ca and **Ca-**Ca
double spikes were also applied to Ca isotope analysis.”*>* In
addition, a non-trivial number of studies have used multi-
collector inductively coupled plasma mass spectrometry (MC-
ICP-MS) for Ca isotope determination.>*?® Generally, the
standard-sample bracketing (SSB) method was applied to
correct instrumental fractionation.””

To eliminate isobaric interference on the Ca isotope
system, samples are purified through ion-exchange column
separation before analysis. In particular, rock samples or
minerals with low CaO contents (e.g. peridotite, orthopyroxene
and olivine) usually are subjected to column separation
twice.'»'>?** Based on the fact that significant Ca isotopic
fractionation occurs during this process,***' full recovery
during column separation is greatly needed, otherwise an
incorrect value would result from the poor recovery.*
However, matrix effects could be induced when full recovery is
achieved, as other elements that might overlap with the Ca cut
during column separation are also collected and cause
isobaric interference.**® Thus, full recovery and low matrix
effects, which are considered to be the two important factors
affecting the true value, are difficult to be obtained simulta-
neously. Both of them need to be considered, especially for
MC-ICP-MS measurements with the SSB method, which can
only correct instrumental fractionation.**"** This is why
Wieser et al.?® only left <1% of the Ca tail that overlapped the
onset of the Sr peak during Ca purification.

However, the Ca recovery is not considered to be a significant
issue for TIMS determination with the double spike technique.
For example, Amini et al.*® generously cut the Ca peak tails on
both sides of the chromatograms and collected a fairly pure Ca
eluate in particular for the ultramafic samples that are high in
Mg, so that the Ca yield was diminished to about 80%. Cenki-
Tok et al.*® truncated the Ca cut with a recovery yield of about
70% to eliminate isobaric interferences caused by the presence
of K, Mg and Sr. Mondal and Chakrabarti** achieved a Ca yield
of between 80 and 90% after performing ion-exchange chro-
matography twice for better purification. Even so, until now,
whether Ca isotopic fractionation during column separation
caused by poor recovery can be corrected by the double spike
technique has been poorly understood.

In this study, we measure Ca isotopic compositions of each
~20% Ca subcut of three reference materials on TIMS to check
whether poor recovery has an effect on 8**4°Ca after correction
by the double spike technique. 5***°Ca in all of the Ca subcuts
displays limited variation and is consistent with that of the Ca
cut with full recovery, within a margin of error. Our results
suggest that even though the Ca recovery is decreased to ~20%,
the Ca isotopic fractionation that occurred during column
separation would be corrected along with instrumental mass
fractionation with the double spike technique. Therefore, we
propose a “Ca peak cut” procedure of column separation using
the double spike technique on TIMS, which would separate Ca
from the other matrix efficiently for matrix-complicated
samples.
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2 Experimental methods

Three reference materials were selected for the experiments,
including IAPSO seawater, ML3B-G glass (from MPI-DING) and
BHVO-2 (from USGS). NIST SRM 915a was also analyzed as
a reference material. Analysis of the Ca isotopes, including
column separation and mass determination, was carried out at
the State Key Laboratory of Isotope Geochemistry (SKLaBIG),
Guangzhou Institute of Geochemistry (GIG), Chinese Academy
of Sciences (CAS). The detailed analytical procedures provided
below are similar to those in previous publications.***

2.1 Sample preparation

The ML3B-G glass was firstly ground into a 200 mesh power in
an agate mortar. About 30 mg of the sample powers of ML3B-G
and BHVO-2 were then dissolved using a 3:1 mixture of
concentrated HF and HNO; in 7 ml Savillex beakers on a hot-
plate at 120 °C for 7 days. The sample solutions were evaporated
to dryness at 100 °C then dried down several times with 6 M HCI
to ensure complete digestion. The samples were finally dis-
solved in 1.6 M HCI for column separation.

About 3 ml IAPSO seawater was dried down in a 7 ml Savillex
beaker at 100 °C. To convert the cations into chloride form, this
sample was evaporated to dryness several times with concen-
trated HCI. Finally, the IAPSO seawater was dissolved in 1.6 M
HCI for column separation.

About 5 mg NIST SRM 915a was directly dissolved in 10% v/v
HNO;. An aliquot containing 50 pg Ca was mixed with
an appropriate amount of **Ca-**Ca double spike solution
(containing 8 pg Ca) to obtain the sample/spike ratio of
**Cagampte : **Cagpike = 7. Detailed information for the
*2Ca-"*Ca double spike solution was reported by Liu et al.>* The
samples were then dried down and re-dissolved in 10 pl of 10%
v/v HNO; for TIMS determination without column separation.

2.2 Column separation

Calcium was purified using 1 ml Bio-Rad AG MP-50 (100-200
mesh) resin packed in a PTFE micro-column. To separate the
purified Ca cut into five parts with a recovery yield of about 20%,
a Ca elution curve must be calibrated. As the chemical proce-
dure for separating Ca established at our laboratory does not
change with the lithology,***” we only took a sample of BHVO-2
for calibration. An aliquot of BHVO-2 containing 58 pg Ca was
loaded onto the pre-conditioned column and eluted with 1.6 M
HCI. The eluate was continuously collected for every 1 ml of
1.6 M HCl. The Ca elution curve was then calibrated by
analyzing each of the 1 ml elutions with ICP-AES (Fig. 1).

An aliquot of the sample solution (IAPSO seawater, ML3B-G
and BHVO-2) containing 50 ng Ca was mixed with an appro-
priate amount of **Ca-**Ca double spike solution (containing 8
pg Ca). The mixture solutions were dried down and treated with
concentrated HCI several times. They were then re-dissolved in
0.05 ml of 1.6 M HCI and loaded onto the pre-conditioned
columns for column separation. Based on the calibrated Ca
elution curve, five equal fractions of purified Ca were obtained
(Fig. 1). Briefly, 17 ml of 1.6 M HCI was used to elute most of the

This journal is © The Royal Society of Chemistry 2018
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Fig.1 The Ca elution curve of BHVO-2 passed through 1 ml Bio-Rad
AG MP-50 (100-200 mesh) resin packed in a PTFE micro-column.
Based on the relative concentration of Ca in each 1 ml eluate, the Ca
cut was divided into five subcuts with Ca recovery yields of about 20%
(defined as (1), (2), (3), (4) and (5), respectively).

matrix, including Al, K, Na, K and Fe. Five equal Ca subcuts
(defined as (1), (2), (3), (4) and (5)) were then obtained by eluting
8 ml, 2 ml, 2 ml, 3 ml and 12 ml of 1.6 M HCl sequentially. These
Ca subcuts were then dried down and treated with concentrated
HNO; several times. Finally, they were re-dissolved in 10% v/v
HNO; for TIMS determination.

For comparison, another aliquot of IAPSO seawater, ML3B-G
and BHVO-2 mixed with the **Ca-**Ca double spike was also
loaded onto the columns for column separation. The purified
Ca cuts were collected as a whole this time, so that the recovery
yield was about 100% (full recovery). These purified Ca cuts
were then treated following the procedure described above for
TIMS determination. During column separation, at least one
blank was processed with the samples to monitor the blank of
each batch purification.

2.3 TIMS measurements

Calcium isotopes were measured on a ThermoTriton™ TIMS.
About 5 pg of purified Ca dissolved in 1 ul of 10% v/v HNO; was
directly loaded onto the out-gassed 99.995% Ta filament and
dried at a filament current of 0.8 A. A droplet of 1 ul 10% v/v
H3;PO, was loaded on the sample spot as an activator. After
the activator was dried down, it was then heated at 1.5 A and 2.2
A for 1 minute, respectively. The filament was taken to dull red
at ~2.8 A and retained for 10 seconds. Finally, the current was
slowly reduced to zero.

The instrument was operated in positive mode, and two
analytical sequences of cup configuration were adopted as re-
ported in previous publications.*** Mass 41 was measured to
monitor the isobaric interference of *°K on *°Ca using *°K/*'K =
1.7384 x 10 >.*%*' The **Ca-**Ca double spike technique was
used to correct instrumental fractionation through an iterative
algorithm with an exponential law similar to Heuser et al.>* and
Holmden.?® All Ca isotopic data are reported as 3***°Ca relative
to NIST SRM 915a, which is defined as &%*°Ca =
[(**Cca/**Ca)sampie/(**Ca/*°Ca)srm 9152 — 1] x 1000. Because of

This journal is © The Royal Society of Chemistry 2018
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the limited Ca amount, each Ca subcut with ~20% Ca recovery
was measured only once and the internal precision is reported
as the analytical uncertainty. Other Ca cuts with full recovery
were measured =4 times and the two standard deviations (2SD)
are reported as the analytical uncertainty. The long-term whole
procedural Ca blanks ranged from 20 to 70 ng, which were
generally negligible compared to 50 pg Ca loaded onto the
column. The long-term external reproducibility of the §***°Ca
value of NIST SRM 915a is 0.01 £ 0.11%, (2SD, n = 233).

3 Results

The 5***°Ca values of each Ca subcut with ~20% recovery and
the Ca cut with full recovery for IAPSO seawater, ML3B-G and
BHVO-2 are listed in Table 1. 3***°Ca of the first 20% Ca subcut
of BHVO-2 was not obtained, as the filament was broken during
TIMS determination (Table 1). The 3***°Ca values of the Ca cut
with full recovery for IAPSO seawater, ML3B-G and BHVO-2 are
1.83 + 0.11%, (28D, n = 12), 0.79 =+ 0.10%, (2SD, n = 8) and 0.82
+ 0.11%, (2SD, n = 12), respectively, which are in excellent
accordance with the results reported in previous publica-
tions.%?*?3343941 For the samples of IAPSO seawater, ML3B-G
and BHVO-2, the 3**¥°Ca values of all five Ca subcuts with
~20% recovery exhibit limited variation after correction by the
*Ca-**Ca double spike with the exponential law. Importantly,
3*4/1°Ca of each Ca subcut is in agreement with 3***°Ca of the
Ca cut with full recovery, within a margin of error (Fig. 2).

4 Discussion

4.1 The limited effect of poor recovery on 5***°Ca using the
double spike technique

As for many different isotopic systems including Mg, Fe, Sr and
Nd, significant isotopic fractionation usually occurs during
column separation.***® Similarly, significant Ca isotopic frac-
tionation (~49,,) was also observed during this process.* Light
Ca isotopes were held more strongly by the Bio-Rad AG MP-50
(100-200 mesh) resin and tend to be enriched in the tail frac-
tion of the Ca cut elution,** which behaved similar to that of the
Dowex 50W-X8 (200-400 mesh) resin.*® Therefore, if this Ca
isotopic fractionation during column separation cannot be
corrected appropriately, it will have a serious effect on the
accuracy of 3***°Ca, especially for MC-ICP-MS measurements
with the SSB method. Zhu et al.** calculated the uncertainties
caused by poor recovery during column separation, showing
that a 3% loss from the end of the elution could lead to a 0.05%,
deviation from the reference value, while a 2% loss from the
beginning could cause a 0.079,, deviation.**

Although light Ca isotopes prefer to be enriched in a later
elution of the Ca cut than the heavy ones during column
separation, 3***°Ca of all five Ca subcuts with only about 20%
recovery were not decreased with elution after correction by the
“2Ca-**Ca double spike technique in this study (Fig. 2).
Importantly, they displayed quite limited variation and are all in
accordance with 3*¥*°Ca of the Ca cut with full recovery (Fig. 2)
and previous studies, within a margin of error.®>*-*343%-*1 These
results suggest that the large Ca isotopic fractionation (~49,)
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Table1 3**/4°Ca of each Ca subcut with ~20% recovery and the Ca cut with full recovery for IAPSO seawater, ML3B-G, BHVO-2 and NIST SRM

915a
3*4/%°Ca of each Ca subcut with ~20% recovery”
(1) 0-20% (2) 21-40% (3) 41-60% (4) 61-80% (5) 81-100% 3*41°Ca of Ca cut with full recovery”
Seawater 1.77 £ 0.06 1.87 £ 0.06 1.86 + 0.06 1.88 + 0.07 1.81 + 0.06 1.83 £+ 0.11
ML3B-G 0.86 £ 0.07 0.78 £ 0.07 0.79 £ 0.08 0.85 £ 0.08 0.84 £ 0.08 0.79 £ 0.10
BHVO-2 — 0.84 + 0.07 0.84 + 0.08 0.83 £ 0.07 0.81 + 0.07 0.82 + 0.11
NIST SRM 915a — — — — — 0.01 £ 0.11

% The analytical uncertainty of the results is expressed as the internal precision, as each Ca subcut was only measured once. ” The analytical

uncertainty of the results is expressed as the external precision of two standard deviations (2SD). Each sample was measured =4 times.

c 544/

°Ca of the first 20% Ca subcut of BHVO-2 was not obtained, because the filament was broken during TIMS measurement.
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Fig. 2 8*49Ca of each Ca subcut of IAPSO seawater, ML3B-G and
BHVO-2 after correction by the *>Ca—*3Ca double spike technique
with the exponential law. The solid black line and grey bar in each
panel represent 3*#/4°Ca with full recovery. 3*¥4°Ca of the first Ca
subcut of BHVO-2 was not obtained, because the filament was broken
during TIMS determination.

that occurred during column separation®* can be effectively
corrected by the **Ca-**Ca double spike using the exponential
law. Poor recovery has a limited effect on 8**/*°Ca when the Ca

550 | J Anal At Spectrom., 2018, 33, 547-554

isotopes are determined using TIMS with the double spike
technique.

4.2 Why does poor recovery have a limited effect on 5**/*°Ca
using the double spike technique?

The similar behavior of the Ca isotopes during column sepa-
ration and TIMS determination can reasonably explain why Ca
recovery is not a big issue for TIMS determination when the
double spike technique is used. As for isotopic fractionation
during column separation, Zhu et al.** investigated the behavior
of Ca isotopes on a Bio-Rad AG MP-50 (100-200 mesh) resin
column by measuring 3***°Ca of IAPSO seawater in different Ca
subcuts.®® The slope of the measured In(**Ca/**Ca)
In(*°Ca/**Ca) graph of all five Ca subcuts is 2.0483 (Fig. 3 in Zhu
et al.*), which suggests that Ca isotopic fractionation occurring
during column separation fits the exponential law well.**
Generally, the instrumental fractionation of Ca isotopes
during TIMS determination also follows the exponential law.>**
However, in some cases, mixing reservoir effects on the filament
could make the instrumental fractionation complex, such as by
causing the raw data to deviate from the exponential law.*"***
In our study, as shown in panels (1-a) to (5-a) in Fig. 3, the slope
of the measured In(**Ca/**Ca)y — In(*°Ca/**Ca)y, graph for each
set of Ca subcut raw data for IAPSO seawater is close to 2.0483,
which is similar to that of the exponential law (for more detailed
information, see Zhu et al.*'). Moreover, the measured isotope
ratios (In(*°Ca/**Ca)y;) nearly show a linear correlation with
time (panels (1-b) to (5-b) in Fig. 3). These observations indicate
that the mixing reservoir effects during TIMS determination
were insignificant, so that the instrumental fractionation did
not deviate from the exponential law.*"** Otherwise, the slope of
the measured In(**Ca/**Ca)y, — In(*°Ca/**Ca)y, graph would
deviate from the exponential law of 2.0483 and the measured
isotope ratios would not show a linear correlation with time.?"**
Furthermore, for each Ca subcut, the degree of isotopic
fractionation during analysis (defined as FD (%,), see the
caption of Fig. 3 for the equation) is lower than the largest
fractionation degree allowed within 0.1%, precision of 5***°Ca
(termed FDyax; for more detailed information, see Zhu et al.*")
(Fig. 4). In particular, different from the column separation with
full recovery, this isotopic fractionation we observed for each Ca
subcut with 20% recovery includes not only the instrumental
fractionation, but also the isotopic fractionation that occurred

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 In(**Ca/**Ca)pm vs. In(*°Ca/**Ca)y and In(*2Ca/**Ca)pm vs. scan numbers for TIMS runs of the five Ca subcuts of IAPSO seawater. Raw data
(circles) and the calibrated average values after correction by the double spike technique (stars) are used to check the behavior and the degree of
isotopic fractionation during analysis. The degree of isotopic fractionation during analysis can be calculated using the equation FD =
[(*2Ca/**Ca)u/(*?*Cal**Ca)c — 1] x 1000, where (*?*Ca/**Ca)c refers to the calibrated average values. The range bars in the panels (1-a) to (5-a)
represent a fractionation degree of 59, from the calibrated average value.
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Fig. 4 The degrees of isotopic fractionation (FD (%,) during the
analysis of each subcut for IAPSO seawater, ML3B-G and BHVO-2 are
lower than the largest fractionation degree allowed within 0.1%,
precision of 5*44°Ca (defined as FDmay).** The black curve represents
the negative correlation between Aa and FDpax (FDmax = 0.1911 x
Aa—1%12) where Aa in the formula represents the difference between
the actual instrumental fractionation and the exponential law.3*

during column separation. The instrumental fractionation
degrees during TIMS determination are therefore definitely
lower than FDy,,, which further excludes the large uncer-
tainties that may be caused by mixing reservoir effects.>
Therefore, the double spike technique using the exponential
law can exactly correct both the Ca isotopic fractionation that
occurred during column separation and TIMS determination
simultaneously, as proposed by previous studies.>*>%*%3°

4.3 “Calcium peak cut” of column separation

In previous studies, to obtain a pure Ca cut, sample solutions
with low CaO contents (e.g. orthopyroxene, olivine, peridotite
and dunite) were usually passed through the column twice.'"*?
This method is time-consuming and costly. Our study suggests
that the Ca recovery would be generously decreased to 20%
when the matrix effects are complicated, and accurate Ca
isotope data can still be obtained after correction using the
double spike technique with the exponential law. Thus, a new
“peak cut” procedure of column separation is proposed here for
samples with low CaO contents, which means that we can pass
through the column once and only collect the middle of the Ca
eluate, abandoning both sides of the Ca eluate that overlap with
other possible elements (e.g. K and Sr) to eliminate matrix
effects (Fig. 5). It is noteworthy that the double spike must be
added and mixed well with the samples before column sepa-
ration, so that the Ca isotopic fractionation occurring during
this process can be exactly corrected, along with instrumental
mass bias correction, by the double spike technique.

The “Ca peak cut” procedure can be applied to other isotope
systems as well, but two conditions should be satisfied: (1) the
double spike needs to be properly mixed with the sample before
column separation, and (2) the isotopic fractionation that
occurs during column separation and TIMS determination
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Fig. 5 The "peak cut” procedure of column separation for Ca isotope
measurement using the double spike technique and TIMS.

must follow the same fractionation law. Otherwise, the isotopic
fractionation that occurs during these two processes cannot be
corrected properly by the double spike with the same fraction-
ation law simultaneously. Large errors would be produced by
correction with an improper fractionation law.?>** In addition,
the behavior of instrumental fractionation for TIMS is generally
influenced by mixing reservoir effects during heterogeneous
evaporation from a filament, which would deviate the apparent
instrumental fractionation from the exponential law.**** Simi-
larly, for a isotope system, there is a possibility that the isotopic
fractionation occurring during column separation and mass
determination does not follow the same fractionation law. To
make sure the “peak cut” procedure is suitable for other isotope
systems, it is essential to firstly investigate the detailed behavior
of the isotopes during column separation and mass
determination.

5 Conclusion

We measured 3*¥*°Ca of five purified Ca subcuts (e.g. 0-20, 20~
40, 40-60, 60-80 and 80-100%) with recovery yields of about
20% for reference materials of IAPSO seawater, ML3B-G and
BHVO-2 using TIMS. After correction using the *’Ca-*’Ca
double spike technique with the exponential law, 3*#4°Ca of all
Ca subcuts exhibit limited variation and are in great agreement
with 3**°Ca of the Ca cut with full recovery, within a margin of
error. Our results demonstrate that both the Ca isotopic frac-
tionation that occurred during column separation and TIMS
determination can be corrected by the **Ca-**Ca double spike
technique with the exponential law. Therefore, our practices
provide a “peak cut” procedure of column separation using the
double spike technique, which can only collect the peak of a Ca
cut after mixing the double spike with the sample solution. This
procedure would significantly reduce matrix effects, especially
for samples with low CaO contents. It is worth noting that
during TIMS determination, mixing reservoir effects on the
filament should be monitored to make sure that the apparent
instrumental fractionation does not deviate from the

This journal is © The Royal Society of Chemistry 2018
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exponential law significantly. This “peak cut” procedure of
column separation could be applied to other isotope systems if
isotopic fractionation occurring during column separation and
mass determination follow the same fractionation law.
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