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Demonstration of a commercially-available, fully-automated, offline chromatography method capable of
simultaneously purifying both Ca and Sr for stable and radiogenic isotope analysis.

Fully-Automated Purication of Sr and Ca from Complex Matrices
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Abstract

We present a commercially-available, fully-automated, offline chromatography method capable
of simultaneously purifying both Ca and Sr for stable and radiogenic isotope analysis. The method
features effective purification and mutual separation of Ca and Sr from multiple complex matrixes using
a single, highly-reusable chromatographic column. Low carryover combined with high yield for multiple
extractions indicate the column can be reused for at least 200 samples. Accurate and precise stable and
radiogenic data are presented for the USGS standard BCR-2 basalt, NIST-1400 bone ash, IAPSO seawater,
and an in-house llama bone standard (CUE-0001). The Sr-Ca method was designed to accommodate a
wide variety of sample types, including carbonates, bones, and teeth; silicate rocks and sediments; fresh
and marine waters; and biological samples such as blood and urine. The system is highly adaptable and
capable of unattended processing up to 60 samples per run at a rate of 32 samples per day on a single
chromatographic column.

Introduction

High throughput methods for sample purification are required to effectively exploit new
opportunities in the study of radiogenic and non-traditional stable isotopes. Many isotope studies in
geochemistry, anthropology, biomedicine and forensics would benefit from larger data sets, but these
are often impractical with manual drip chromatography techniques, which can be time-consuming and

demand the attention of skilled laboratory staff. Automated methods have been successfully adopted in
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other fields of isotope studies, including continuous-flow gas-source isotope ratio mass
spectrometryand noble gas mass spectrometry.”? Development and adoption of similar approaches for
radiogenic and non-traditional stable isotopes has been slower, hindered by the requirement for very
low sample carryover and the materials challenge of working with concentrated strong acids.

Applications for Ca and Sr isotopic analysis, including paleoceanography, isotope stratigraphy
and sedimentology, isotope forensics, and anthropology are driving a demand for large Ca and Sr
isotope datasets.>** Moreover, emerging applications for stable isotope fractionation of metals, such as
Ca, are poised to dramatically alter the field.***® Large-scale clinic trials for medical applications of Ca
isotopes will require increased sample throughput, rapid turnaround time, and reduced analytical
costs—all of which point toward the need for automation. There have been multiple efforts to automate
the chromatographic purification of Ca and Sr, including both online and offline methods.”®* Although
individually successful, these methods have not enjoyed widespread adoption. We believe this is
because the proposed approaches often required substantial modification of commercially available
hardware, only functioned for a subset of potential sample types, and/or were perceived as analytically
inferior to established manual techniques.

The main barriers to automation of Ca and Sr chromatography are the requirements for low
blanks and negligible sample carryover, particularly due to the large natural isotope range for radiogenic
Sr isotopes. Furthermore, Ca and Sr should be mutually separated both from each other as well as
sample matrix for analysis on higher throughput MC-ICP-MS instruments. Eichrom SrSpec™ resin is
commonly used both to purify Sr and to remove traces of Sr from Ca samples before isotopic analysis.”*
! However, SrSpec™ is difficult to repeatedly reuse without extensive cleaning due to a tendency to
retain ~0.01-1% of Sr as sample carryover.”” *

Here we present a novel fully-automated, offline Ca and Sr separation method which attempts

to circumvent the aforementioned difficulties. The method exploits a commercially-available hardware
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platform and a novel, highly-reusable Sr-Ca column. The analytical performance of this method is
evaluated for a range of representative sample matrixes.
Experimental
Reagents and Materials

All reagents used in the sample digestion and separation chemistry are prepared from high
purity hydrochloric acid, nitric acid, hydrogen peroxide, and hydrofluoric acid. HCl and HNO; were
prepared by sub-boiling distillation at ASU. H,0, and HF were Fluka TraceSelect Ultra grade (Sigma-
Aldrich, St. Louis, Missouri, USA). Solutions were prepared by dilution with 18.2 MQ-cm deionized water
(Table 1).
All materials used for sample handling are made of fluoropolymer, polypropylene or polyethylene, and
were acid washed for >24 hours each in 20 vol. % HNO; and 20 vol. % HCl prior to use.
Samples

Chemical purification of Ca and Sr was tested on a variety of sample types including seawater
(IAPSQ), basalt (BCR-2), bone ash (NIST-1400), and an in-house llama bone standard (CUE-0001).
Samples were chosen to span a range of matrix types, Ca/Sr ratios (110, 320, 3350, and 560 mol:mol,
respectively) and to provide an intentionally wide range of stable Ca, stable Sr, and radiogenic ®’Sr/%°Sr
ratios for the purposes of testing sample carryover.
Digestion and Sample Dissolution

15 mL of seawater and 100 mg each of bone ash and bone standards were digested on a hot
plate using 5mL of concentrated HNO; in Savillex™ PFA vials. Vials were sealed and heated overnight on
a hot plate at 110°C, then evaporated to dryness. Any residual organic residue was digested by heating
for several hours at 110°C in 0.5mL concentrated HNO; + 0.2 mL 30% H,0,. The BCR-2 basalt standard
(100mg) was dissolved using 5 mL of HNO; and 1 mL of concentrated HF in a sealed Savillex™ PFA vial.

The sample was ultrasonicated for 30 minutes and then heated at 110°C overnight on a hotplate.

3
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Following this, 90% of the solution was evaporated and 5 mL of concentrated HCI was added. This
solution was heated for several hours to dissolve any residual fluorides. All samples were dried down
and dissolved in 2 M HNOj; in preparation for column chemistry.

Ca and Sr Separation

The automated purification of Ca and Sr for isotopic analysis is performed using the
prepFAST MC (ESI, Omaha, NE, USA) and the supplied 1 mL Sr-Ca column (Part Number CF-MC-SrCa-
1000). The prepFAST MC is a fully-automated, low pressure (<100 psi), fluoropolymer chromatography
system that performs several basic functions to isolate elements of interest. It consists of an
autosampler, two 6-port 2-position valves, one 10-port multi position valve, a S400V syringe pump with
a fill-dispense valve, and a 13 mL sample loop.

The system’s integrated software is programmed to perform various functions required for
matrix removal and sample purification including column pre-cleaning, column conditioning, sample
loading, and matrix and analyte elution and collection. The software allows the user to define the
location, volume, flow rate, and destination for each sample and reagent. The software also includes an
option to automatically generate sample elution curves by dispensing small reagent increments into
user-pre-defined tubes (column calibration mode) or collect cuts in their entirety for normal sample
processing.

A description of the column elution protocol used in this study is provided in Table 1. Elution
with 2M HNO; + 1 wt. % H,0, removes most major and trace matrix elements. Sr is eluted in 6 M HNO3
and Ca with 12 M HNOs. In the final step, 10 mL of 1 M HF is used to remove all remaining elements on
the resin (REEs, HF, Cd, and U) leaving the resin clean for the next sample. The entire automated
protocol requires 45 minutes per sample, allowing 32 samples to be processed per 24 hours.

Elemental Concentrations



©CoO~NOUTA,WNPE

Journal of Analytical Atomic Spectrometry Page 6 of 21

Blanks and yields were measured on a ICAP-Q quadrapole inductively-coupled plasma mass
spectrometer (Thermo Scientific, Bremen, Germany) at Arizona State University. Samples were analyzed
in 0.32 M HNOs and quantified using a multielement internal standard in combination with external
calibration curves. Doubly-charged Sr (3'sr**, ¥sr**, #sr™*) represents a significant interference on **Ca’,
ca*, and **Ca*, which was corrected by measuring ¥Sr** at mass 43.5 AMU in high-resolution mode and
assuming an 87Sr/SGSr ratio of 0.71.

Ca and Sr Isotopic Measurements.

Ca and Sr isotopic compositions were measured at Arizona State University using a Neptune
multi-collector inductively-coupled plasma mass spectrometer (MC-ICP-MS, Thermo Scientific, Bremen,
Germany) equipped with a Jet sample cone, an H-skimmer cone, and an Apex-Q desolvating nebulizer
(ESI, Omaha, NE, USA).

Ca isotope measurements were performed using sample-standard bracketing in medium

resolution following previous published methods.******

Optimized instrument operating parameters
were sample gas = 0.9 L min™", auxilary gas = 0.9 Lmin™, cool gas = 14.50 L min™, N, = 2-5 mL min’. Ca
samples were introduced at a concentration of 3 ppm and flow rate of 200 pL min™, yielding a
sensitivity of ~3.3V *Ca*/ ppm Ca. Samples were introduced in a matrix of 0.16 M HNO; which
eliminates nebulizer clogging associated with the formation of CaNO; precipitates when using a higher

concentration HNO; matrix. Faraday cups were positioned to collect “*Ca*, “*Ca*, *Ca*, **sc’, “'Ti*

, and
*Ca*. The Ca and Ti positions were offset relative to **Sc*, aligning the peak center of **Sc* on the center
cup with the uninterfered low-mass shoulder of the Ca and Ti isotopes.*® In medium resolution, the
typical width of the uninterfered low-mass shoulder was 0.004 AMU and the optimal peak position was
determined by systematically measuring the standard deviation of the Ca isotopic ratios at 0.001 AMU

intervals across the peak shoulder. Each measurement consisted of 25 8.4s cycles. Samples were

measured relative to an in-house ICP Ca solution (ICP1; NIST 10,000 ppm ICP Ca standard, lot #X-10-39A)
5
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and converted to the SRM915a scale by subtracting §*/**Ca = -0.25+0.01%o (2se, N = 188).* Data
quality and precision was assessed by measuring each sample 3 times as well as intercomparison of the
§“%2ca, 6*3Ca, §*/*2Ca on a per AMU basis. Final data are reported on as 6*/*Casamors, With a typical
20 precision of 0.06%e..

Radiogenic (*’Sr/®Sr) and stable (588/865r) Sr data were obtained simultaneously in low-

2829.34 7r was added to all samples

resolution using sample-standard bracketing with Zr-element doping.
and standards at a concentration of 15 ppb. Sr samples were introduced at 25 ppb and a flow rate of
200 pL mintin a matrix of 0.32M HNO; yielding a sensitivity of ~0.7 V ¥sr* / ppb Sr. Faraday cups were
positioned to collect ¥Kr*, Kr*, #sr*, ®°Rb*, 2°sr*, ¥sr*, #8sr*, °zr*, and *'zr*. Each measurement
consisted of 20 8.4s cycles, and samples were run in blank-standard-sample-standard-blank blocks, with
SRM 987 Sr as the bracketing standard. Kr, a trace impurity in high-purity Ar gas, was measured at *Kr*
with a typical intensity of ~280 uV. A first-order correction was performed by subtracting on-peak blank
intensities measured every fourth analysis in “blank-std-smpl-std-blank” brackets. This reduced the
magnitude of the blank-subtracted ®Kr to +30 uV . Correction for the residual Kr was made assuming an
BKr/®Kr ratio of 0.201750, an *Kr/®%Kr ratio of 0.664533, and an exponential mass bias correction based
on an %°Sr/%Sr ratio of 0.1194. A Rb correction was applied similarly, assuming an **Rb/*’Rb ratio of
2.58896. The typical magnitude of the Kr and Rb correction following subtraction of the on-peak blanks
was ~15 ppm on the ¥’Sr/%Sr ratio. Following interference correction, radiogenic Sr was corrected for
instrument mass bias by normalizing to ®Sr/®Sr = 0.1194. Stable Sr values were corrected in two stages
by first normalizing all samples and standards to a constant **Zr/*°zr ratio followed by sample-standard

bracketing. Each sample was measured 3 times, with a typical 2o precision of 0.00001 for ¥’Sr/**Sr and

0.04%o for 6%%/%6sr,

Results and Discussion
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Ca and Sr Elution
High precision isotopic analyses of Ca and Sr by MC-ICP-MS can be affected by a number of
isobaric and matrix interferences summarized in Table 2. The most important direct isobaric

84,86,88¢ ++ 42,43,44 +
d S Ca’,

interferences for Ca include *Ti* on *Ca*, doubly-charge ron respectively, and gas-

derived interferences such as **Ns*, *2C*°0,", and **N,*°0*.** 3" * The most important isobaric

84,86 84,86
d

interferences for Srinclude ®’Rb* on ¥sr*, gas-derive Kr* on ***°Sr*, and sample-derived Zr which
interferes with the Zr-doping procedure commonly used to correct instrument mass bias for stable Sr
isotope measurements.*® Both Ca and Sr stable isotope measurements are also subject to matrix
interferences resulting from variations in instrument mass bias due to variable sample ionic strength.*
As a result, major matrix elements such as Na, Mg, K, and Fe must be separated from Ca and Sr prior to
analysis.

The Sr-Ca column allows direct separation of Ca and Sr from complex sample matrices using a
single column. Figure 1 shows elutions curves for each standard used in this study. These curves were
generated automatically, using the column calibration feature of the prepFAST-MC. The first step
efficiently removes most matrix elements including Na, Mg, Al, K, Ti, Fe, Rb, Zr, and Ba in 2M HNO;. This
is followed by elution of Sr and Ca in 6M and 12M HNOj;, respectively. Previous studies have shown that
doubly-charged Sr is a potentially significant interference on MC-ICP-MS measurements of Ca isotopes
and requires a Ca/Sr ratio >10,000 to avoid significant analytical artifacts.*® This method allows for
consistent separation of Sr from Ca with a Ca/Sr ratio greater than 100,000 (Table 3). The remaining
retained elements, including rare earths, Cd, Zr, and U are discarded from the column in the final wash
column step using 1 M HF. The purity of the BCR-2 Sr and Ca elution cuts are tabulated as Ca and

Sr/elemental ratios before and after separation (Table 3).

Column Yield and Lifespan
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The capability to reuse the column for multiple samples is crucial in determining the length of
automated runs. Percent yields for Ca and Sr are plotted for 60 consecutive samples processed over 48
hrs (Figure 2). High constant yields of greater than 93 + 2% for both Ca and Sr indicate no degradation in
binding efficiency for up to 60 extractions. Continued sample processing beyond this experiment did not
exhaust the column and our experience suggests that up to 200 samples can be extracted on a single
column.

Column Capacity

Previous work has shown low chromatographic yields can result in isotopic fractionation of Ca
and Sr during purification.*® *** Although the method described here results in nearly quantitative
recovery of Ca and Sr, Ca and Sr yields can be negatively impacted if the sample size exceeds the
capacity of the resin to bind analyte ions. To determine the column capacity, yields and stable Ca and Sr
isotopes were measured as function of sample mass (Figure 3). The samples consisted of 0.026-2.6 mg
of NIST 1400 Bone Ash (10-1000ug Ca).

Because Ca is the only major element which binds to the Sr-Ca column during separation, Ca and
Sr yields are primarily controlled by the mass of Ca loaded onto the column. Samples up to 300 ug Ca
show greater than 95% yield for Sr and Ca. Loading more than 300 pg of Ca on the 1 mL column results
in breakthrough and parallel decreases in Ca and Sr yields to approximately 75% at 1000 pg of Ca. Based
on these results, a typical sample size of 100 ug Ca is suggested (Figure 3a).

An interesting feature of the Sr-Ca column is that isotopic fractionation on the column appears
to be minimal for both Ca and Sr (Fig. 3b). Even with yields as low as 75%, the measured stable isotopic
composition of Ca and Srin NIST 1400 was indistinguishable from samples with nearly 100% yield at
current measurement precision (Fig 3b).

Blanks and Sample Carryover
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Overall method blanks were determined by processing 2 M HNO; blank samples randomly
interspersed with samples during a typical run sequence. Measured blanks were similar to conventional

27,3132 correlation of

Ca and Sr manual drip methods, 100 ng Ca and 30-150 pg Sr, respectively.
measured Sr blanks with the total Sr in the previous sample suggests that carryover was limited to a
factor of < 4x107. This level of carryover is similar to reagent blanks and results in negligible isotopic
shift even for relatively large variations in radiogenic ®’Sr/°Sr ratios. For example, for similarly-sized
samples, the calculated carryover of a radiogenic sample with #'Sr/*Sr = 0.74 on a sample with ¥’Sr/®®sr
=0.70, would represent only a 2.4ppm error.
Method Validation Samples

In order to test overall method performance, four samples were chosen to represent a range of
sample matrix types with variable Sr/Ca ratios. The samples include three CRMs (USGS BCR-2 basalt,
NIST 1400 bone ash, OSIL IAPSO seawater) and one in-house llama bone standard (CUE-0001). These
samples were intentionally chosen to span a range of isotopic compositions, particularly for #Sr/®sr,
demanding low sample carryover for accurate and precise results. Each sample was analyzed 4-5 times
in a randomly ordered sequence, such that any carryover effects of one sample on the next should be
evident as increased scatter in the sample precision.

The results of this test suggest that a variety of matrix types can be processed sequentially with
high yields and low carryover, allowing accurate and precise Ca and Sr isotopic measurements (Table 4,
Figure 4). Calcium and strontium yields were greater than 95% for all samples, demonstrating near-
quantitative recovery for all matrix types (Figure 4). Radiogenic ®’Sr/®°Sr for replicate sample aliquots are
consistent within the long-term reproducibility of the bracketing SRM 987 standard (2sd = 0.000017)
demonstrating negligible sample carryover. The accuracy and precision of both Ca and Sr isotopes are
similar to published literature values indicating that the automated method produces high-quality data

comparable to existing manual methods.
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6 We present a commercially-available, fully-automated, offline chromatography method capable
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8 of purifying both Ca and Sr for stable and radiogenic isotope analysis. This method allows >200 samples

9

12 to be processed sequentially on the same separation column at a rate of ~32 samples/day.

12 .. . . . .

13 In addition to increasing sample throughput and reducing personnel costs, automating sample

14

15 preparation of Ca and Sr for MC-ICP-MS analyses will facilitate acquisition of large, high-resolution data
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g sets and help to expand the use of these isotopic systems in new fields such as biomedical applications

19 . .

20 of non-traditional stable isotopes.
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22 This method is part of a family of new fully-automated chromatographic methods being
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24 developed to address many different isotopic systems including B, Ca, Fe, Cu, Zn, Sr, Cd, Pb, and U using
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g? the prepFAST MC. These methods are designed to be rugged and transferrable, and to allow the
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29 preparation of large, diverse sample sets via a highly repeatable process with minimal effort.
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Table 1. Chromatographic steps for the automated separation of Ca and Sr (1mL ESI Sr-Ca Column).

Journal of Analytical Atomic Spectrometry

Step Purpose Volume Reagent
Condition 2M HNO; + 1%
! Column 10mL wt. H,0,
2 Load Sample 1mL 2M HNO;
Elute Sample 2M HNO; + 1%
3 Matrix 10mL wt. H,0,
4 Elute Sr 10 mL 6M HNO;
5 Elute Ca 10 mL 12M HNO;
6 Elute REEs, Hf, 10 mL M HE

Cd, U

13
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Table 2. Major isobaric and matrix interferences for Ca and Sr isotopes measurements by MC-ICP-MS.

42 ._+ 43 . _+ 44 . _+ 48 ._+

Ca Ca Ca Ca

C 12C160 +
2
14N3+ 14N2160+
10 K MRt
11 Ti it
12 Sr 84S r++ 86S r++ 88S r_++

84, + 86 + 87+ 88¢a +

14 Sr Sr Sr Sr

15 Ca 40Ar44Ca+ 40Ar46Ca+ 43Ca44ca+ 40Ar4sca+

Rb . ¥Rb*
17 Kr 84y + 86yt

©CoO~NOUTA,WNPE

19 BCR-2 CUE-0001 IAPSO NIST 1400
Matrix Al, Fe, Mg Ca, P Na, Mg, K Ca, P
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Table 3. Efficiency of chromatographic separation for BCR-2 (1.9 mg BCR-2, 100 pg Ca).

Sr Before After Improvement
Ratios Separation  Separation Factor

Sr/Ca 0.007 0.121 16.4

Sr/Rb 7.17 >2237* >312

Sr/Zr 1.97 1051 535

Ca

Ratios

Ca/K 3.26 1735 533

Ca/Ti 3.63 >18742* >5170

Ca/Sr 136 129612 955

*Interference below limit of detection following purification.
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Table 4. Comparison of measured Ca and Sr isotope data with previously published results.

Measured Reported Ref.

5**2Cagys, (%o t 20)

10 IAPSO 0.92+0.06 0.93+0.07 3%
11 BCR-2 0.41+0.07 0.47 +0.07 a3

12 NIST 1400 -0.54 + 0.05

13 CUE-0001  0.83 +0.05

15 5%%/58S 149, (%o + 20)

16 IAPSO 0.36+0.03 0.36+0.04 34,44
17 BCR-2 0.22+0.07 0.22+0.02 29
18 NIST 1400 -0.32 +0.03

19 CUE-0001 -0.39+0.04 -0.41+0.05 *

21 87Sr/%°Sr (%o * 20 in the last digits)

22 IAPSO 0.709187+9 0.709182+4 *°
23 BCR-2 0.705038+9 0.705015+5 %
NIST-1400 0.713129 +19 0.713150 + 160 *°
CUE-0001 0.704455+9

©CoO~NOUTA,WNPE
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Figure 1. Elution profiles for BCR-2 basalt (A), IAPSO seawater (B), CUE-0001 llama bone (C), and NIST-

1400 bone ash (D). Elution curves were generated automatically using the prepFAST-MC column

calibration mode. Sample sizes for each standard were ~100 pg Ca, corresponding to 1.9 mg BCR-2, 240

uL IAPSO, 0.26 mg NIST-1400, and 0.50 mg of CUE-0001. Sr and Ca are separated from all major matrix

components and potential interferences.
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Figure 2. Recovery of Ca and Sr collected during a typical sample run consisting of 60 limestone,
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Figure 3. (A) Recovery of Ca and Sr from NIST 1400 Bone Ash (Ca/Sr ratio of 1550) plotted as a function

of sample mass (ug Ca). The recommend sample size (~100 ug Ca) is represented by the vertical dashed

line. (B) Stable Ca (8§*/**Ca) and Sr (6%¥®°Sr) isotope composition of NIST 1400 bone ash versus recovery

of Ca and Sr, respectively. The data demonstrate no measurable stable isotopic fractionation of Ca and

Sr on the column even when the column is intentionally saturated with Ca producing yields as low as

75%.
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42 Figure 4. Reproducibility of Ca and Sr isotope data for a sequence of randomly ordered analyses
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