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Abstract

The application of Ca isotopic analysis in biomedical studies has great potential to identify changes in Ca metabolism and bone
metabolism. Reliable measurement of Ca isotope-amount ratios is challenging considering limited Ca amounts and significant
procedural blank levels. In this study, Ca purification was performed using the DGA Resin, optimized for low procedural blanks
and separation of Ca from matrix elements and isobaric interferences (Na, Mg, K, Ti, Fe, Ba), while maintaining quasi-
quantitative recoveries which are sufficient since a **Ca—**Ca double-spike (DS) was applied. Ca isotopic analysis was per-
formed using multicollector thermal ionization mass spectrometry (MC TIMS). The obtained procedural Ca blank of <10 ng
enables processing of limited Ca amounts down to 670 ng. Data reduction of the measured Ca isotope-amount ratios was
performed using an in-house developed software solving the DS algorithm. Data quality was improved by extension of equil-
ibration time of the sample-DS mixture and implementation of a normalization strategy for raw isotopic data. The reported
8(*Ca*®Ca)nist srm 915a of NIST SRM 9152 processed as a sample was found to be 0.01 %o £ 0.08 %0 (2 SD, n = 15). Ca
isotope-amount ratios of the reference material NIST SRM 1400 (bone ash), NIST SRM 1486 (bone meal), GBW07601 (human
hair), and IAPSO (seawater) were in good agreement within uncertainty with literature data. Novel data on additional reference
materials for biological tissues (hair) is presented, which might indicate a potential fractionation of Ca incorporated into hair
tissue when compared to the blood pool.

Keywords &(**Ca/*’Ca) - 6(**Ca/**Ca) - Hair CRMs - DGA Resin - Double-spike - TIMS

Introduction

The application of Ca isotope-amount ratio analysis has prov-
en to have a great potential to monitor human Ca metabolism
and bone metabolism, and detect potential metabolism disor-
ders. The metabolism of Ca in the human body is schemati-
cally illustrated in Fig. 1: (i) Ca is absorbed in the digestive
tract from the diet, predominantly from dairy products, vege-
tables, and fruits [1-4], into the blood pool (including other
extracellular fluids) [5]. (ii) From the blood pool, Ca is
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removed for bone formation, a process which induces a sig-
nificant isotope fractionation favoring lighter Ca isotopes dur-
ing bone mineralization, as compared to the blood pool. Ca
loss from the bone, e.g., during bone remodeling, does not
fractionate Ca isotopes to a significant extent [4]. Therefore,
Ca with a lighter isotopic composition is reabsorbed back into
the blood pool. For a healthy human adult, the processes of
bone formation and bone resorption are in balance. (iii) In
general, Ca can be excreted via skin, hair, sweat, and bile,
but the main loss occurs via urinary and fecal excretion [4].
Previous animal [6—10] and human [1-3, 11-15] studies doc-
umented the fractionation of Ca isotope-amount ratios from
bone (lighter) to blood and to urine (heavier).

Imbalances or disturbances in the human Ca metabolism
and bone metabolism, e.g., increased bone resorption due to a
disease like senile osteoporosis [2], multiple myeloma [17],
kidney diseases, and diabetes [18] are detectable by shifts of
the Ca isotopic values in the blood pool and the excreted urine,
and potentially incorporated into hair, respectively. Bed rest
studies indicated that the Ca isotopic values of urine [1, 3, 11]
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Fig. 1 Hypothetical diagram of the Ca homeostasis in the human body.
Red dashed arrows indicate the Ca fluxes, for which an isotopic
fractionation is documented. Possible or not suspected Ca isotopic

and blood [14] have the potential to be applied as diagnostic
markers for net bone mineral balance. Each of these matrices
poses challenges: (i) Processing of Ca by the kidney induces a
significant Ca isotopic fractionation with urinary Ca becom-
ing enriched in heavy Ca isotopes compared to blood. The Ca
isotopic ratios vary depending on the amount of excreted uri-
nary Ca resulting from additional Ca isotopic fraction during
recycling in the kidney [1, 3, 8, 12]. (ii) Ca isotope-amount
ratios of the blood pool show a high variability, possibly due
to missing balancing by pooling [14]. Eisenhauer et al. found
that Ca isotopic values of blood are the preferred biomarker
for osteoporosis and that no further clinical parameters have to
be considered to improve the diagnosis of this disease [2]. The
application of Ca isotope-amount ratio data to aid in the de-
tection of imbalances in the Ca metabolism and bone metab-
olism is more efficient than radiological methods, is less in-
vasive, and does not expose the patient to hazards associated
with radioactivity [14].

The endogenous Ca mass fraction in hair can represent
intracellular Ca levels [19] and has been reported as an indi-
cator for deficiencies in Ca metabolism [20-22] and bone
metabolism [23]. A recent study showed that hair Ca mass
fraction can be associated with Ca intake and bone mineral
density [24]. Nonetheless, hair is considerably affected by
exogenous Ca contamination as a result of hair treatments
[20, 25]. Exogenous Ca is primary bound to the hair surface
(i.e., cuticle) [26], and endogenous Ca can be detected under
ambient extraction conditions [20]. In applying bone mineral
density studies on bone diseases, future studies might
investigate the potential of endogenous hair Ca as a
repository of time-resolved Ca isotope-amount ratios as
a complementary diagnostic tool.

The extent of natural abundance variations of stable Ca
isotopes within an organism is small, with a range of about
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fractionations are indicated with black dashed arrows and black solid
arrows, respectively. This diagram is a modification of the diagrams
from Morgan et al. [1], Lee et al. [16], and Tacail et al. [4]

2 %o to 4 %o in the 6(**Ca/*°Ca) ratio of the different tissues
[27]. Therefore, reliable measurements of Ca isotope-amount
ratios with low uncertainty are required if isotope abundance
data are to be applied to Ca metabolism and bone metabolism
studies. Since in general only limited tissue material can be
provided, low amounts of Ca need to be analyzed accordingly.
The natural variations of Ca isotopes are measured by either
multicollector thermal ionization mass spectrometry (MC
TIMS) or multicollector inductively coupled plasma mass
spectrometry (MC ICP-MYS).

The major analytical challenges of Ca isotopic analysis are
the instrumental isotopic fractionation (IIF), the simultaneous
detection of the numerous stable isotopes (40, 42, 43, 44, 46,
48) with their large mass dispersion of stable Ca isotopes, the
isobaric interferences, and the blank contribution — all
influencing the uncertainty of the measurement procedure.
In the case of Ca isotopes, two analytical approaches are com-
monly used for the correction of the IIF. When using MC
TIMS, the double-spike method [28, 29] (applying either the
pair 2Ca-*Ca or ¥Ca—"Ca) is the method of choice (see
Table 1). The large mass dispersion between the isotopes
40Ca and **Ca (~ 20 % difference from mass 40 to 48) makes
it impossible to measure all isotopes over this mass range
simultaneously on commercially available MC TIMS instru-
ments [30]. Hence, a peak-jump (i.e., dynamic) collection
mode is required, which introduces additional variable param-
eters such as systematic offsets caused by changes in collector
cup efficiency in the different configurations, ratio combina-
tions, and integration times in the different magnetic jump
lines [29]. The resulting compositions are commonly reported
as 6(**Ca/*’Ca) ratios. In the case of MC ICP-MS, the stan-
dard sample bracketing method [31] is the method of choice to
correct for IIF using, in the best case, an isotope-certified
reference material (CRM, e.g., NIST SRM 915a) as a
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reference standard (see Table 1). Then, only Ca isotopes be-
tween **Ca and *®Ca are measured simultaneously due to the
intense *°Ar* ion beam and therefore in general (5(44Ca/4 2Ca)
values are reported. Isobaric interferences (e.g., K, Ar, Ti)
exist for all Ca isotopes, which have to be considered for
reliable Ca isotopic analysis. Matrix-based non-spectral inter-
ferences (e.g., Na, Fe, P, Ba) have to be considered, as well
[32]. Electronic Supplementary Material Table 1 lists the in-
terferences that potentially occur for Ca isotopic analysis
using MC ICP-MS and MC TIMS measurements. Previous
studies have reported that Ca blank contributions of < 1.5 %
are negligible for Ca isotope-amount ratio analysis [6, 8, 32].

Existing measurement procedures for the determination of
Ca isotope-amount ratios in biological samples are summa-
rized in Table 1. In general, one can observe the following: (i)
The Ca amount processed during sample purification — after
acid digestion — has significantly decreased since the initial
TIMS studies in 1997 from about 300 pg to about 1.5 pg
today. Besides the improvement in performance of the (MC)
TIMS instruments, the decreasing blank levels (300 ng to
30 ng) also play a role in realizing higher quality data.
Measurements on the (MC) TIMS required a total Ca amount
between 300 ng and 8000 ng for Ca isotopic analysis. (ii) In
contrast, total Ca amounts between 25 pg and 100 pg have to
be processed in Ca purification — after acid digestion — even
in the latest MC ICP-MS studies. This is due to the fact that
MC ICP-MS detects only the minor isotopes of Ca with nat-
ural abundances of < 2 % [33], which requires high Ca
amounts (1 pg g ' — 10 ug g ") for the Ca isotopic analysis.
(iii) Overall, the repeatability expressed as 2 SD on the
5(**Ca/*°Ca) ratio improved from approx. 0.5 %o to approx.
0.1 %o over time, with improving instrument performance of
MC TIMS and MC ICP-MS. To date, the expected precision
for 6(**Ca/**Ca) ratio is 0.1 %o [34]. The ability to measure Ca
isotopes accurately is critical to leverage them as a clinical (or
pre-clinical) tool to assess changes in Ca metabolism and bone
metabolism.

In general, MC TIMS and MC ICP-MS are complementary
techniques for isotopic analysis offering different ionization
efficiencies and different overall transmission [35, 36]. The
two techniques are comparable in terms of time consumption
(incl. sample preparation) and precision [35, 37, 38]. The latter
requires a proper IIF correction strategy for reliable isotope
data. In the direct comparison, MC TIMS is less susceptible to
isotopic fractionation (up to a factor of 10 smaller) [35] and
does not require sensitivity matching within the IIF correction.
With regard to Ca isotopes, MC TIMS analysis suffers from
fewer (isobaric) interferences, which affect the measurement
less, and MC TIMS is ahead in terms of limited biological
tissue samples that need to be processed (see Table 1) [39].

Apart from studies designed to investigate the variability of
Ca isotope-amount ratios in (human) body fluids and other
tissues, routine applications involve numerous different

analyses from one and the same biological sample. In general,
minimal invasive techniques only provide limited sample
amounts. Accordingly, in a routine application of Ca isotopic
analysis, only small sample amounts will be available and thus
rapidly reaching the limits of the analytical method (compare
Tables 1 and 2). Hence, the aim of the present study was to
develop a measurement procedure using DS MC TIMS for
low-amount Ca isotopic analysis in limited biological tissues.

Experimental

Experimental work and Ca isotopic analysis using MC TIMS
were carried out at the University of Calgary, Canada. All
sample preparation procedures were accomplished in a class
1000 cleanroom in a clean bench to minimize blank levels and
risk of contamination. Additional multi-elemental analysis
using quadrupole ICP-MS was carried out at the
Montanuniversitdt Leoben, Austria.

Materials and chemicals

Ultrapure hydrochloric acid (Aristar Ultra, VWR
International, Mississauga, Ontario, Canada) and quartz dis-
tilled water (provided by Bob Loss at the John de Laeter
Center for Mass Spectrometry at Curtin University in
Western Australia) were used for preparation of the double-
spike (DS). Ultrapure water (Aristar Ultra, VWR
International) and double sub-boiled nitric acid were used
for sample preparation and Ca purification. Analytical
reagent-grade nitric acid (w = 65 %, Aristar Plus, VWR
International) was purified by double sub-boiling using a
sub-boiling distillation system (DST-1000 Savillex, Eden
Prairie, MN, US). Perfluoroalkoxy (PFA) screw cap vials
(Savillex) were pre-cleaned in a two-stage acid cleaning pro-
cedure using sub-boiled nitric acid (single and double, respec-
tively). Pipette tips (Eppendorf, Mississauga, Canada;
Corning Incorporated, Corning, NY, USA; Fisherbrand,
Fisher Scientific, USA) were pre-cleaned in a two-stage wash-
ing procedure using diluted nitric acid (w = 10 % and w =
1 %, respectively), prepared from single sub-boiled nitric acid
and high-quality water (PURELAB Plus, U.S.FILTER,
ELGA LabWater, High Wycombe, UK). One-milliliter empty
cartridges and frits (AC-100-R0O1, TrisKem International,
Bruz, France) were pre-cleaned and stored in diluted nitric
acid (w = 10 %). DGA Resin (part. No. DN-B25-S,
TrisKem International, mean particle size of 50-100 pum)
was soaked in diluted ethanol (w = 30 %).

A multi-element matrix solution to test the Ca/matrix sep-
aration was prepared from a multi-element stock solution (ICP
multi-element standard Merck VI, 10 mg L' Merck-
Millipore, Darmstadt, Germany) and single-element standard
of Ti, Na, and K (Merck-Millipore). Further, dilutions from

@ Springer
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Table 2 Overview of Ca content

fractions in biological tissues of Sample type Ca mass concentration Reference Sample amount required
interest in human studies or mass fraction for the presented measurement
procedure (670 ng of Ca)

Bone 26.73 - 10* pg g [49, 50] Approx. 2.3 ug

Blood 30-67 pg mL™! [51, 52] 10-22 L

Serum 64-106 pug mL™ [51, 52] 6-10 uL

Urine 27-452 pug mL™! [12,51] 1-25 pL

Hair (washed) 110-1650 pg g [23, 53] 0.4-6.1 mg

the multi-element stock solution and the single-element stan-
dard Ti were used for external calibration in ICP-MS measure-
ments. Indium (In, Merck-Millipore) with a mass fraction of
1 ng g ' was added as an internal normalization standard.

Double filaments for MC TIMS analysis were pre-
pared in-house using double-filament posts (Thermo
Fisher Scientific, Bremen, Germany) and Re ribbon
(99.99 % Re, H. Cross Co., Moonachie, NJ, USA).
Diluted phosphoric acid (w = 5 %), used as activator,
was prepared from ultrapure phosphoric acid (J.T.
Baker, Phillipsburg, NJ, USA) and ultrapure water
(VWR International).

NIST SRM 915a (calcium carbonate, NIST
Gaithersburg, USA) was dissolved and further diluted
quantitatively with diluted nitric acid (w = 3 %), pre-
pared from double sub-boiled nitric acid and ultrapure
water (VWR International), to a final mass fraction of
about 4 ug gfl. IAPSO (seawater, OSIL, Hampshire,
UK) was diluted quantitatively with nitric acid (w =
3 %) to a final mass fraction of about 10 pg g '. For
doping experiments, NIST SRM 987 (strontium carbon-
ate, NIST) was dissolved in diluted nitric acid (w =
3 %).

Certified reference materials NIST SRM 915a (calcium
carbonate, NIST), NIST SRM 1400 (bone ash, NIST), NIST
SRM 1486 (bone meal, NIST), USGS42 (human hair, USGS,
VA, USA), USGS43 (human hair, USGS), GBW07601 (hu-
man hair, NCRM, Langfang, China), GBW09101 (human
hair, NCRM), and IAPSO (seawater, OSIL) were analyzed
throughout this study.

Sample digestion

Between 10 mg and 100 mg of reference material (NIST SRM
1400, NIST SRM 1486, USGS42, USGS43, GBW07601, and
GBW09101) were weighed into a PFA screw cap vial and
mixed with 2 mL double sub-boiled nitric acid and 0.5 mL
ultrapure hydrogen peroxide (w = 30 %, Aristar Plus, VWR
International). The samples were digested for 2 h at 120 °C on
a hot plate. After digestion, the solution was diluted quantita-
tively with ultrapure water (VWR International) to a final Ca
mass fraction of 1 pug g .

The Ca mass fractions in the digests of the certified refer-
ence materials used in this study were quantified using the DS
algorism (see the “Data processing” section). Table 3 summa-
rizes the measured Ca mass fractions of the certified reference
materials compared to the certified Ca mass fractions. In gen-
eral, the acid digestion was complete with > 96 % Ca recovery
for NIST SRM 1400, NIST SRM 1486, and GBW(07601.
Only the processing of GBW09101 showed visual signs of
incomplete digestion (white residue). Nonetheless, the Ca re-
covery of GBW09101 was 88 % + 4 % (U, k=2). Further, Ca
mass fractions of 1066 pg g + 53 ug g ' (U, k = 2) and
1746 ug g ' + 87 ug g ' (U, k = 2) were stated for USGS42
and USGS43, respectively.

Double-spike preparation

The **Ca and **Ca primary spikes were prepared from Oak
Ridge National Laboratory (ORNL) calcium carbonate pow-
der individually enriched in 42Cq (Series LO, Batch 139693,

Table 3 Ca mass fractions of
bone and hair CRMs. Errors
correspond to U (k = 2)

CRM ID

Measured mass fraction (ug g ')

Certified mass
fraction (ug g ")

Recovery
(%) — digestion

@ Springer

NIST SRM 1400
NIST SRM 1486
GBW07601 (= GSH-1)
GBW09101

USGS42

USGS43

39.3 - 10*+£2.0 - 10* 38.18 - 10+0.13 - 10* 1035
26.3 - 10*+1.3 - 10* 26.58 - 10*+£0.24 - 10*  99+5
2777+139 2900300 9645
96148 109072 88+4
1066+53 - -
1746+87 - -
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Table 4  Isotopic abundance (%) of primary Ca spikes and “*Ca—**Ca DS. Errors correspond to U (k = 2)

Spike 40Ca (%] 2Ca [%] $Ca %] “Ca [%) 46Ca %] BCa [%)
“2Ca primary spike® 5.182+0.116 93.568+0.035 0.418+0.014 0.848+0.029 0.000+0.010 0.011+0.010
48Ca primary spike® 2.100+0.020 0.024+0.005 <0.01 0.072+0.005 <0.01 97.800+0.020
“Ca—*8Ca DS® 3.431 40.431 0.181 0.407 - 55.550
“Ca—*8Ca DS* 4.620 40.106 0.178 0.407 - 54.689

 Obtained from Oak Ridge National Laboratory (ORNL)
® Calculated theoretical composition
¢ Measured composition using MC TIMS

7.5 mg) and *®Ca (Series RT, Batch 219801, 5 mg). The
composition of the primary spikes are listed in Table 4. The
calcium carbonate powder spikes were each transferred quan-
titatively into separate PFA containers and were dissolved
quantitatively in 10 mL diluted nitric acid (w = 10 %), which
was prepared from ultrapure nitric acid (w = 65 %, Aristar
Ultra, VWR International) and quartz distilled water. All
masses were measured using a milligram balance (AT201,
Mettler-Toledo, Switzerland). Based on Rudge et al. [28],
the optimum composition for the **Ca—**Ca DS was deter-
mined to be 39.64 % of **Ca single spike and 60.36 % of **Ca
single spike, resulting in a (**Ca/**Ca) of 0.6567. Hence, the
42Ca—*8Ca DS mixture was prepared from 1.067 mL of the
42Ca single spike (= 800 ng) and 2.400 mL of the **Ca single
spike (= 1200 ng) in a separate PFA container, resulting in an
actual #(**Ca/**Ca) of about 0.6382. The composition of the
42Ca—"*®Ca DS is listed in Table 4. The **Ca—**Ca DS was
further diluted quantitatively with diluted nitric acid (w =
3 %) to a final mass fraction of about 1 ug g ' in a separate
PFA container, as the working solution.

The mass fraction of the DS was quantified using
three mixtures of NIST SRM 915a, with known mass
fraction, and DS (in a ratio of approx. 86:14). The Ca
isotope abundance ratios were evaluated using the DS
algorithm (see the “Data processing” section) applying
NIST SRM 915a (with a known mass fraction) as the
“spike” and DS as the “sample.” A more detailed ex-
planation about the use of DS can be found elsewhere
[28, 29, 54, 55].

Prior to Ca/matrix separation, sample aliquots of
approx. 1000 ng Ca were spiked with DS in a ratio of
approx. 86:14, as recommended by Rudge et al. [28].
The mixture of sample aliquot and DS was allowed to
rest for minimum 24 h in a PFA container to achieve
isotope equilibration between DS and sample prior Ca/
matrix separation. Extended equilibration times were de-
rived from previous studies on Zn isotopes [56, 57].
Future studies might consider heating to accelerate the
isotope equilibration between DS and sample.

Separation protocol

Approximately 150 pL soaked DGA Resin (TrisKem
International) was sandwiched between two frits in a 1-mL
empty cartridge. The cartridge was connected with a widened
Teflon gas line (4 mm O.D. Elemental Scientific, Omaha,
USA) to a flared tubing (I.D. 1.02 mm, SCP Science,
Quebec, Canada) and 10 cm of self-aspiration capillary
(0.5 mm i.d., ES-2041, Elemental Scientific). Reagents were
pumped through the cartridge at a flow rate between 150 pL
min~" and 500 uL min ' using a peristaltic pump (MCP,
ISOMATEC, Barrington, IL, USA).

Separation was performed according to the optimized pro-
cedure described in Table 5, samples were collected in PFA
containers (see the “Optimized Ca/matrix separation”
section).

To assess the influence of potential Sr** interferences on
Ca isotopic analysis using MC TIMS a doping test with var-
ious Ca/Sr ratios was carried out. Approximately 1000 ng of
NIST SRM 915a was prepared with DS (approx. 86:14),
doped with 0 ng, 10 ng, 100 ng, and 1000 ng of Sr, prepared
from NIST SRM 987.

ICP-MS measurement

Multi-elemental analyses of the stepwise elution of Ca/matrix
separation were performed using an ICP-MS (NexION
2000B, PerkinElmer, Ontario, Canada) coupled to an ESI
SC-2 DX FAST autosampler, at the Montanuniversitét
Leoben. All stepwise elution of Ca/matrix separation (V =
0.5-1 mL) were diluted to a final volume of 5 mL of diluted
nitric acid (w = 2 %).

ICP-MS measurements were accomplished performing a
calibration in the range of 0.1 ng g’ to 150 ng g~ for Na,
Mg, Al, Sr, and Ba; in the range of 1 ng g ' to 1500 ng g~ for
Fe and Ti; and in the range 10 ng g ' to 15,000 ng g for Ca,
respectively, prepared gravimetrically from Merck multi-
element standard VL.
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Table 5 Separation protocol of

the Ca/matrix separation using Separation step Solvent Volume (mL) Flow rate Time (s)
approx. 150 pL. DGA Resin (uL min™")
Precleaning 0.1 mol L™ HCI 2 500 240
Cleaning Ultrapure H,O 2 500 240
Conditioning 1.1 mol L™" HNO; 0.5 500 60
Sample load (approx. Ca 1000 ng) 1.1 mol L™" HNO; 0.5-1 150 400
Matrix wash 1.1 mol L'HNO; 3 500 360
Ca elution Ultrapure H,O 0.75 500 90

General instrumental settings for the multi-elemental mea-
surements are described elsewhere [58].

MC TIMS measurement

Sample filaments were prepared by dissolving 1000 ng
purified Ca in 2 pL of diluted phosphoric acid (w =
5 %), used as an activator, and then depositing the
sample on a previously outgassed Re filament in a
double-filament design. The Re filament was heated
with 1 A min™' current to dry the purified Ca sample.
Finally, the electrical current was slowly preheated to
maximum of 3 A until a weak red glow was visible,
followed by shutting down of the current. A separate
outgassed Re ionization filament was loaded in the sam-
ple carousel for a double-filament experiment. The fila-
ment assembly was loaded into the ion source of a
Triton MC TIMS (Thermo Fisher Scientific) at the
Stable Isotope Laboratory, University of Calgary,
Canada. The instrument was equipped with one fixed
axial and eight movable Faraday cup collectors (each
with 10'" Ohm resistors) and an axial SEM detector.
The instrument was operated in dynamic mode with
two measurement cycles (1: 42-48, 2: 39-44; sece
Table 6) for Ca isotopic analysis. The signal of the
42Ca spike was placed in the center cup of the second
line for the automated heating procedure: (i) Each ion-
ization filament was heated to 1450 °C before (ii) the
corresponding evaporation filament was heated to
1700 mA, which was maintained for 10 min; (iii) the
evaporation filament was further heated to at 1900 maA,
where an automated optimization of peak center and
focus was performed for both lines; (iv) the evaporation

filament kept heating until an signal intensity of
500 mV on **Ca was archived; and then (v) 100 ratios
were collected in 5 blocks of 20 ratios with an integra-
tion time of 4.2 s and an idle time of 3 s per line. A
detailed description of the automated heating protocol is
provided in the supplementary data (see Electronic
Supplementary Material Table 2).

Data processing

Data reduction of Ca isotopes was performed using an
in-house-programmed software (by Alex Tennant in
2016) in Python™. The software employs a root-
finding algorithm to solve the DS equations as de-
scribed in Mayer and Wieser [54] and Rudge et al.
[28]. The raw isotope-amount ratios (r(48Ca/44Ca),
r(**Ca/**Ca), r(*°Ca/**Ca)) of the pure DS, pure
NIST SRM 915a, and a mixture of both (approx.
86:14) have been entered as anchor values into the
DS software, as well as the atomic masses of the iso-
topes *°Ca, **Ca, **Ca, and **Ca according to TUPAC/
CIAAW tables [33]. The raw ratios were measured by
MC TIMS. Note that the raw ratios (r(**Ca/**Ca),
r(**Ca/**Ca), r(*°Ca/**Ca)) were normalized to the
first-block average of r(**Ca/**Ca) to compensate for
time-dependent IIF during the run on the MC TIMS.
No blank correction was performed. All Ca isotopic
data (8(**Ca/*°Ca), 6(**Ca/**Ca)) are reported relative
to the NIST SRM 915a as d-anchor.

Further, the amount of Ca in the sample was determined
using the DS software, based on the known proportion of DS
in the sample-DS mixture [54].

Table 6 Detector configuration

for Ca isotopic analysis using Line/mass H4 H2 H1 Ax L1 L2 L4
Triton MC TIMS
Position (mm) 87.040 50.301 24.860 - 24.606 50.485 87.250
1 BCa 47T Ca 3¢ 44Ca BCa 2Ca
2 ey By 20, 4l W0, 39K
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Results and discussion
Ca blank levels

Monitoring background levels of the omnipresent Ca is cru-
cial in Ca isotopic analysis since significant amounts in the
system bias the result of the Ca isotope-amount ratio measure-
ment. Initial MC TIMS measurements indicated a procedural
Ca blank in the range of 995 ng to 1739 ng, which are unac-
ceptably high. Investigation of the working environment iden-
tified two major sources to the high procedural Ca blank
levels: (i) Class 100 Cleanroom Nitrile Gloves (VWR
International, Radnor, USA) and (ii) Kimwipes® (Kimberly-
Clark Professional, Mississauga, Canada). Elimination of
these two materials from all preparatory steps decreased the
Ca procedural blank into the range of 20 ng to 59 ng. After
further investigation of consumables and chemicals, high-
quality water was replaced by ultrapure water and
DigiTubes® were replaced by PFA vessels. The Ca/matrix
separation was optimized for low DGA Resin and low acidity
of the nitric acid (see the “Optimized Ca/matrix separation”
section). The resulting procedural Ca blank of 6 ng + 4 ng
(SD = 1, n = 26) was measured. The background from fila-
ment material and activator was tested by measuring a Re
double filament loaded only with 4 uL of diluted phosphoric
acid (w = 5 %). The signal intensity on *°Ca was measured <
3 mV. Hence, the contribution of the background from fila-
ment material and activator to the blank level was considered
negligible.

The Ca blank level of < 10 ng achieved within this study
represents a reduction by a factor of three compared to recent
studies using MC TIMS and is comparable to the lowest Ca
blank levels reported in studies using MC ICP-MS(see
Table 1). The procedural Ca blanks of this study enabled a
reduction of Ca amounts to be processed to approx. 670 ng,
while providing still < 1.5 % blank contribution. This is a
reduction in the processed Ca amounts by a factor of two

HBa

* 100 mSr
5 80 Fe
g 60 :
@ | |
2 9 mAl
£ 20
& Mg

1 Na

2

Elution Volume / mL

Fig. 2 Elution profile for multi-element matrix (containing approx.
1000 ng Ca; approx. 100 ng Na, Ti, K, and Fe; and approx. 10 ng of
Mg, Al, Sr, and Ba). Relative uncertainty (U,) of 15 % (k = 2)

compared to recent studies using MC TIMS. Throughout the
present study, a Ca amount of approx. 1000 ng was processed,
since enough sample material was available.

Optimized Ca/matrix separation

The DGA Resin provided the lowest Ca blanks (see Table 1);
therefore, it had been selected for this study. Based on pub-
lished data describing the retention behavior of DGA Resin
for various elements [59, 60] and the separation protocol de-
scribed by Retzmann et al. [61], the Ca/matrix separation
using DGA Resin was optimized for minimal amounts of resin
(150 pL) and low acid concentrations for sample loading and
matrix wash (nitric acid ¢ = 1.1 mol L' instead of ¢ =

3 mol L™ or higher; see Table 5). Figure 2 shows the stepwise
elution of a multi-element matrix (containing approx. 1000 ng
Ca; approx. 100 ng Na, K, Ti, and Fe; and approx. 10 ng of
Mg, Al, Sr, and Ba). The results indicate that the (potentially)
interfering elements Mg, Al, K, and Ti as well as matrix ele-
ments like Na, Fe, and Ba are removed from Ca within 3 mL
of nitric acid (¢ = 1.1 mol L™ "). It should be noted that a small
portion of Ca (approx. 18 %) is also removed during the
washing steps (3 mL) with nitric acid (¢ = 1.1 mol LY.
Based on previous investigations of the DGA Resin, the final
Ca elution step has been shortened to 750 uL [61]. Overall, a
quasi-quantitative elution of Ca (V = 0.75 mL) was achieved
with a Ca recovery of 82 % + 8 % (SD = 1, n = 15). This
recovery is satisfactory considering the DS procedure that will
correct for any mass-dependent fractionation that might occur
on the resin as a result of less than 100 % recoveries.

With the chosen loading conditions (nitric acid; ¢ =
1.1 mol L") Sr is partly retained by the DGA Resin and co-
elutes to a minor extent in the final Ca fraction (approx. 10 %).
Consequently, potential interferences during the Ca isotopic
analysis by ¥Sr**, 8™, and ®Sr™ were investigated. No
significant influence of doubly charged Sr on the measured
5(**Ca/*°Ca) ratios was observed (see Fig. 3). This is in

# 5(*4Cal**Ca)nist srm 9152 1 M(Ca) m(Sr)

0.40 1000
2
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Fig. 3 6(44Ca/40Ca)NIST SRM 915a Values measured for NIST SRM 915a
(approx. 1000 ng) doped with alternating Sr amounts. Error bars
correspond to U (k = 2)
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Fig. 4 5(44Ca/40Ca)NIST SRM 915a Values measured for NIST SRM 915a
(approx. 1000 ng) spiked with varying DS amounts. Red outline indicates
the ratio closest to the recommended sample-DS ratio in the literature
[28]. Error bars correspond to U (k = 2)

agreement with what has been reported in the literature previ-
ously [62].

Double-spike composition and improvement of data
quality

The effect of changing the relative amount of Ca in the sample
to Ca from the DS (recommended approx. 86:14 [28]) was
investigated, since it might arise, e.g., for samples with un-
known Ca content. Therefore, approx. 1000 ng of NIST SRM
915a was spiked with DS resulting in the sample-DS ratios of
96:4, 87:13, and 76:24. A significant shift in the
5(**Ca/*°Ca)nist srm 915a value for sample-DS mixture ratio

of 96:4 (— 0.25 %o, see Fig. 4) was observed, which is in
agreement with the modeled error surface for a **Ca—**Ca
DS [28]. For the sample-DS mixture ratios 87:13 and 76:24,
no significant shifts were observed, which is in agreement
with the modeled error surface for a **Ca—*®Ca DS [28]. For
DS proportions between 10 % and 25 % in the sample-DS
mixture, < 5 % of the optimum error is expected [28].
Consequently, the experiments of this study were designed
to remain within a close range to the recommended ratio in
the literature [28].

Figure 5 shows the 5(*Ca/**Ca)nist srum 9152 values of
separated NIST SRM 915a — treated as sample —
measured over a period of 1 year. Over this time, an improve-
ment of the data quality and uncertainty was observed based
on the following steps: (i) Initially, the mixture of NIST SRM
915a and DS (approx. 86:14), which was used as input value
of the DS software, was prepared directly on the filament
using NIST SRM 915a and DS stock solutions. The sample-
DS mixture (approx. 86:14) to be separated was prepared from
stock solutions, dried down, and re-dissolved under sonication
in diluted nitric acid prior to separation. The observed
5(**Ca/**Ca)nist srm 915a values shifted towards lower
values. (ii) In the first step of improvement, an
ultrasonification step was added to the preparation procedure
of the mixture of NIST SRM 915a and DS (approx. 86:14),
which was used as input value of the DS software. This ad-
justment was performed to create comparable equilibration
conditions of sample and DS for the mixtures used in the DS
software and the sample to be separated. This resulted in a
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Fig.5 Improvement steps on the data quality shown on the example of 5(**Ca/*Ca)nist srv 915a values (black diamond) of separated NIST SRM 915a,

measured over a time period of 1 year. Error bars correspond to U (k = 2)
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slight shift of 5(44Ca/40Ca)NIST SRM 915a Values towards the d-
anchor value. (iii) In the second step of improvement, a nor-
malization of the measured data was implemented. The raw
data were normalized to the first-block average of
r(**Ca/**Ca) to compensate time-dependent IIF within a run
(see the “Data processing” section). This improved the repeat-
ability of 5(**Ca/**Ca)nisT sru 915 Values and shifted them
even closer to the 6-anchor value. (iv) In the third step of
improvement, samples with « and ( values (sample and mix-
ture undergo instrumental mass fractionation with the frac-
tionation factors o and f3, respectively [28, 54], which are
given by the DS software) outside the 2 SD range of average
« and (3 values were identified as outlier and removed from
the data set. (v) Finally, in the fourth step of improvement, the
equilibration time of NIST SRM 915a-DS mixtures as input
value of the DS software as well as sample-DS mixtures were
extended to minimum 24 h, to ensure chemical equilibration
of sample and DS. This further improved the repeatability of
8(**Ca/*°Ca)nist srm 9152 values, which resulted in an im-
proved measurement uncertainty (see the “Uncertainty bud-
get”). The average 5(**Cal*°Ca)nist srm 9154 value reported
from the fourth step of improvement is 0.01 %o + 0.08 %0 (2
SD, n = 15), which overlaps with the 6-anchor value. The

Table 7
Errors correspond to U (k = 2)

reported uncertainty is even below the expected precision of
0.1 %o for 6(**Ca/*°Ca) ratio [34] and the top level of what has
been achieved so far (see Table 1).

Uncertainty budget

The total combined uncertainty budget for the Ca isotopic
analysis was calculated using a simplified Kragten approach
[63] in order to elucidate the components that constitute the
most significant impacts on the overall uncertainty in the anal-
ysis of the Ca isotopic ratios of biological materials. For this
purpose, each input value of the DS software header and the
analyzed sample (here mimicked by NIST SRM 915a) was
altered individually by its standard deviation and then applied
in the DS algorithm. Herein, the atomic masses, the
r(**Ca/**Ca) and r(*°Ca/**Ca) of the DS and NIST SRM
915a in the header file of the DS software as well as of the
analyzed sample, the normalization strategy using
H**Ca/**Ca), and the magnet jump for H*°Ca/**Ca) were con-
sidered as contributors to the uncertainty. Note that correlated
input values of the DS algorithm such as the r(*8Ca/**Ca) and
1(*°Ca/**Ca) of the mixture and the samples were not consid-
ered in the uncertainty budget. A blank contribution of 1.5 %

Comparison of (M Ca/*Ca)nist sk o15a and 8(*Ca/**Ca)nist sk o15a Values of biological CRMs obtained in this study with literature data.

Sample type CRM 5(**Ca/*’Ca) %) Number® Reference J(**Ca/*’Ca) (%) Number® Reference
Bone tissue NIST SRM 1400 -1.12+£0.19 11 This study —0.55 + 0.09 11 This study
-0.54 + 0.04° [41]
-0.50 £ 0.07° 26 [32]
-0.47 £ 0.06 [42]
NIST SRM 1486 —0.96 £0.13 17 This study —0.47 + 0.06 17 This study
-1.01 +0.19° n/a [45] -0.47 £ 0.03° 4 [32]
-0.49 £ 0.03 [42]
Human hair USGS42 -0.13£0.21 7 This study —0.06 + 0.10 7 This study
USGS43 043 +0.21 5 This study  0.21 + 0.10 5 This study
GBW07601 (= GSH-1) 0.65+0.16 8 This study  0.32 + 0.08 8 This study
0.39 + 0.05 4 [32]
0.42 +0.08 5 [42]
GBW09101 0.09 £ 0.15 4 This study  0.04 + 0.07 4 This study
Human body fluids Seronorm Serum L-1 0.98 +0.15 4 [10]
Seronorm Whole Blood L-1  0.89 + 0.09 2 [10]
Seronorm Urine L-1 1.25 + 0.04 3 [10]
Seawater IAPSO 1.88 £0.10 6 This study  0.92 + 0.05 6 This study
1.86 + 0.07° n/a [64] 0.88 £ 0.11 n/a [31]
1.84 + 0.04° n/a [65] 0.90 + 0.10° n/a [66]
0.89 + 0.16° n/a [67]

#Number of replicate measurements per CRM
°2.8D
¢ Estimated based on 2 SE
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(= 15 ng) was considered. Herein, the Ca isotope-amount ratio
of blood (5(**Ca/*°Ca)nisT sru 915a ratio of Seronorm Whole
Blood L-1: 0.89 %0 [10]) was used as hypothetical Ca isotope-
amount ratio of the blank contributing to the natural Ca
isotope-amount ratio of the NIST SRM 915a — analyzed as
sample — to mimic maximum blank contribution to biologi-
cal samples. Further, the repeatability based on the multiple
mixtures prepared from DS and NIST SRM 915a
(6(**Ca/*°Ca)nisT srRM 9154 ratio: SD = 0.04,
6(44Ca/42Ca)NIST SRM 915a Tatio: SD = 0.02; n = 7) according
to the improved procedure (see the “Double-spike composi-
tion and improvement of data quality” section) was consid-
ered as a contributor to the uncertainty budget.

The combined measurement uncertainty on the
5(**Ca/*°Ca)nisT srm 9154 ratio for the NIST SRM 915a as
sample was determined as + 0.08 %o (U, k = 2). The main
contributors to the uncertainty were the repeatability (90.7 %)
and the blank contribution (9.2 %). The combined measure-
ment uncertainty on the 5(**Ca**Ca)nist srm o154 ratio for the
NIST SRM 915a as sample was determined as + 0.04 %o
(U, k = 2). The main contributor to the uncertainty were the
repeatability (91.5 %) and the blank contribution (8.4 %).

Following previous studies [6, 8, 32], a blank contribution
of < 15 ng (£ 1.5 %) could be considered negligible to the
uncertainty for a processed sample Ca amount of 1000 ng.
Accordingly, further uncertainty budgets of the biological
CRMs were estimated based on the repeatability.

Ca isotope-amount ratios of biological CRMs

Table 7 shows the 6(**Ca/*°Ca)nist srm 9152 and
S(**Ca/*Ca)nisT sk 915a values of six biological CRMs
(bone and hair tissue) and seawater, which were ana-
lyzed using the improved procedure. The relative varia-
tion of the §(**Ca/*°Ca)nist srm 9152 values in the

e bonetissue ehuman hair ehuman body fluids
2 1.50 o
8 1.00 5 s
=
z 0.50 +
5 0.00 ¢
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z z pre pri y 2w
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Fig. 6 Variation of S(HCa/*°Ca)nist srm o15a values of biological CRMs
(N: NIST SRM, U: USGS, G: GBW) obtained in this study and from
literature data (S: Seronorm L-1) body fluids [10]). Error bars correspond
toU(k =2)
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biological CRMs was 1.77 %o, (3.00 %o including
IAPSO (seawater)). The reported 5(**Ca/*°Ca)nist srm
0152 values for NIST SRM 1400 (bone ash) is
= 1.12 %o £ 0.19 %0 (U, k = 2), for NIST SRM
1486 (bone meal) is — 0.96 %o = 0.13 %o (U, k =
2), and for IAPSO (seawater) is 1.88 %o + 0.10 %o
(U, k = 2). The latter two are in good agreement with
previously published results [45, 64, 65] within uncer-
tainty (see Table 7). The reported S(**Ca/**Ca)nist srm
9152 value for USGS42 (Tibetan human hair) is
= 0.13 %0 + 0.21 %o (U, k = 2), for USGS43
(Indian human hair) it is 0.43 %0 = 0.21 %o (U, k =
2), for GBW07601 (Chinese human hair) is 0.65 %o =+
0.16 %o (U, k = 2), and for GBW09101 (human hair) it
is 0.09 % = 0.15 %o (U, k = 2). The reported
S(**Ca/**Ca)nist srm 9152 value for GBWO07601 is in
good agreement with previously published results [32,
42] within uncertainty (see Table 7). To the authors’
knowledge, the other three hair CRMs were measured
for the first time for their Ca isotope-amount ratios. In
general, the 6(**Ca/*Ca)nist srm o1sa values of the
CRM pairs USGS42 and USGS43 and GBW07601
and GBWO09101 do not overlap within uncertainty, re-
spectively. The values of USGS42 and GBWO09101as
well as of USGS43 and GBWO07601 do overlap within
uncertainty, respectively. The reported repeatability for
the CRMs is about two times as large as the repeatabil-
ity of the NIST SRM 915a (compare with the
“Uncertainty budget” section). This is primarily due to
the fact that the measured values before the fourth step
of the improvement (compare with the “Double-spike
composition and improvement of data quality” section)
were also included. Nonetheless, inhomogeneity cannot
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Fig. 7 The Ca mass fractions of human hair CRMs (N: NIST SRM, U:
USGS, G: GBW) are plotted against their 6(44Ca/40Ca)NIST SRM 915a
values. Reference values are provided as equivalent from published
6(44Ca/42Ca)NIST SRM 915a Iatios [32, 42] under consideration of mass-
dependent fractionation factor of 2.0483 [47, 48]. Error bars correspond
toUk = 2)
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be excluded since the hair CRM are pooled hair sam-
ples from several individuals.

Figure 6 shows the comparison of S(*Ca/*°Ca)nist srm
o15a values of the hair CRMs with the 6(**Ca/*°Ca)nist srm
9154 Values of CRMs for bone tissue and body fluids. Herein,
one can see in an indication that the process of Ca incorpora-
tion into hair tissue from the blood pool potentially induces an
isotope fractionation favoring lighter Ca isotopes. This indi-
cation must be treated with care, since no systematic study on
a single individual has been performed yet. Figure 7 shows the
plot of hair Ca mass fractions against the corresponding
5(**Ca/*°Ca)nisT srum 9154 Values. Herein, one can see a trend
of lower 6(**Ca/*°Ca)nist srv 9154 Values with decreasing Ca
mass fraction. The hair CRMs with higher Ca mass fractions
(> 1500 pg g ") more likely represent the exogenous Ca sig-
nature of the environmental water (which are part of the die-
tary Ca source — comparable to the blood pool). The hair
CRMs with lower Ca mass fractions (< 1100 pg g ') have
likely a larger proportion of endogenous Ca.

Future studies might systematically study the relation of the
Ca isotope-amount ratios in hair and body fluids from the
same individual and with respect to changes in Ca metabolism
and bone metabolism.

Conclusion

With respect to biological samples (e.g., bone, body fluids, hair)
available in limited quantities for routine analysis, existing mea-
surement procedures for Ca isotopic analysis in biological material
are reaching their limits, especially with regard to blank values and
the blank value contribution. A careful consideration of the work
environment, the consumables, and the applied Ca/matrix separa-
tion procedure enabled maintaining low Ca procedural blanks (<
10 ng) in the presented measurement procedure using DS MC
TIMS for Ca isotopic analysis. The reduction in procedural Ca
blank resulted in a reduction in the amount of Ca to be processed
to approx. 670 ng, which allows routine Ca isotopic analysis of >
2.3 ug bone material, > 10 uL blood, > 6 uL serum, or > 1 puL
urine. With the present measurement procedure, at a Ca mass
fraction of about 450 pg g ' in washed hair [22, 23, 63] and a
weight of about 2 mg per 1 cm of hair, it is possible to resolve Ca
isotope-amount ratios on a monthly scale from a single hair.

After optimization of the DS-sample preparation procedure
(equilibration) and data reduction (normalization), the report-
ed uncertainty of the presented DS MC TIMS measurement
procedure for 8(*Ca/*°Ca)nist srum 9154 18 + 0.08 %o (U, k =
2). The repeatability is the major contributor (> 90 %) to the
combined measurement uncertainty.

The reported 5(**Ca/**Ca)nist srm 915 values and
S(**Ca/*Ca)nisT srm 9152 Values for NIST SRM 1400 (bone
ash), NIST SRM 1486 (bone meal), GBW07601 (human
hair), and IAPSO (seawater) are in good agreement with

published data. Furthermore, S(**Ca*Ca)nist srm o154 values
for three hair CRMs are reported for the first time: — 0.13 %o
+ 0.21%0 (U, k = 2) for USGS42, 0.43 %o + 0.21 %o (U, k =
2) for USGS43, and 0.09 %o £+ 0.15 %o (U, k = 2) for
GBWO09101. Overall, this study presents a robust measure-
ment procedure using DS MC TIMS for reliable low-level
Ca isotopic analysis.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03650-8.
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