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The in situ measurement of Sr isotopes in carbonates by MC-ICP-MS is limited by the availability of suitable
microanalytical reference materials (RMs), which match the samples of interest. Whereas several well-characterised
carbonate reference materials for Sr mass fractions > 1000 µg g-1 are available, there is a lack of well-characterised
carbonate microanalytical RMs with lower Sr mass fractions. Here, we present a new synthetic carbonate nanopowder RM
with a Sr mass fraction of ca. 500 µg g-1 suitable for microanalytical Sr isotope research (‘NanoSr’). NanoSr was analysed
by both solution-based and in situ techniques. Element mass fractions were determined using EPMA (Ca mass fraction), as
well as laser ablation and solution ICP-MS in different laboratories. The 87Sr/86Sr ratio was determined by well-
established bulk methods for Sr isotope measurements and is 0.70756 ± 0.00003 (2s). The Sr isotope microhomogeneity
of the material was determined by LA-MC-ICP-MS, which resulted in 87Sr/86Sr ratios of 0.70753 ± 0.00007 (2s) and
0.70757 ± 0.00006 (2s), respectively, in agreement with the solution data within uncertainties. Thus, this new reference
material is well suited to monitor and correct microanalytical Sr isotope measurements of low-Sr, low-REE carbonate
samples. NanoSr is available from the corresponding author.
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The analysis of geological samples with state-of-the-art
analytical techniques relies on the quality and availability of
well-characterised reference materials (RMs). These RMs are a
prerequisite for calibration, method validation, quality control
and the establishment of metrological traceability (Jochum
and Enzweiler 2014). In comparison with solution-based
analytical techniques, in situ analyses, such as LA-(MC-)ICP-MS
or SIMS, of unknown samples are limited by the availability of
suitable RMs with microhomogeneity in the range of the
respective test portion masses (µg–ng range). Furthermore, for
laser ablation analysis, a similar matrix composition and mass
fraction of the element of interest of the RM and the unknown
sample are preferable (Jochum and Enzweiler 2014), in
particular if femtosecond laser ablation systems are not
available (Poitrasson et al. 2003, Vanhaecke et al. 2010).

Strontium isotopes are widely used by the geochemical
community and applied in several different research fields, such
as petrology, archaeology, palaeontology, palaeoclimatology,
stratigraphy, forensics and food traceability (Kelly et al. 2005,
Zhou et al. 2009, McArthur et al. 2012, Kimura et al. 2013,
Durante et al. 2015, Lin et al. 2015, Bolea-Fernandez et al.
2016,Willmes et al. 2016, Lugli et al. 2017, 2018,Weber et al.
2018b).However, for theapplicationof radiogenic Sr isotopes to
carbonate samples, the availability of suitable microanalytical
reference materials (MRMs) for in situ analyses is limited. Typical
carbonate RMswithwell-specified 87Sr/86Sr ratios, suchas JCt-1,
JCp-1 (both Geological Survey of Japan), FEBS-1 (National
Research Council of Canada, NRCC) and MACS-3 (U.S.
Geological Survey, USGS), have a high-Sr mass fraction
> 1000 µg g-1 (Ohno and Hirata 2007, Yang et al. 2011,
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Jochum et al. 2011b, Weber et al. 2018a) and are therefore
mainly suited for in situ analyses of carbonate samples with
similar mass fractions (e.g., corals, molluscs and otoliths). USGS
MACS-1 is a low-Sr carbonate RM with known Sr isotope
signature, but thehighmass fractionof REEs (especiallyDy, Er and
Yb) limits its useasan in situRMdue to isobaric interferencesof the
doubly charged REEs (Weber et al. 2018a). Furthermore, not all
available RMs show microanalytical homogeneity and poten-
tially need further processing, that is, bymilling protocols (Garbe-
Sch€onberg and M€uller 2014). In contrast to glass RMs with a
broad availability and a large range of different compositions
(Jochum et al.2011a, b, Evans andM€uller 2018), the number of
available carbonate RMs below 1000 µg g-1 suitable for
microanalytical Sr isotope analysis is limited. Especially for MC-
ICP-MS systemswith a narrow limitation of potential intensities on
Faraday cups, RMs with similar mass fractions are necessary to
use the same laser parameters for samples and RMs. This shows
the need of carbonate microanalytical RMswith a relatively low-
Sr mass fraction for in situ Sr isotope analysis of low-Sr, low-REE
carbonates, such as speleothems. For this type of carbonates, the
application of LA-MC-ICP-MS is currently restricted either to high-
Sr samples (Weber et al. 2017, Wortham et al. 2017) or to
solution-based analysis, which requires chemical separation
prior to analysis (Banner et al. 1996, Goede et al. 1998, Zhou
et al. 2009, Hori et al. 2013, Oster et al. 2014, Weber et al.
2018b).

Recent progress in the synthetic production of custom-
made materials and further processing of established RMs
enables the geochemical community to design very specific
materials of different compositions and by different tech-
niques (Tabersky et al. 2014, Garbe-Sch€onberg and M€uller
2014, Bao et al. 2017, Wu et al. 2018, Jochum et al. 2019).
One possibility is the flame spray technique, which allows
production of materials with a nanoscale grain size and a
customised composition and matrix for different applications.
As has been shown for glass matrices (Tabersky et al. 2014),
Avantama� (St€afa, Switzerland) is capable of producing a
synthetic material with a carbonate matrix and a specified
mass fraction of the elements of interest. Therefore, Avan-
tama� was able to produce a customised carbonate
nanomaterial upon our request. The aim of this study was
to characterise a material with a calcium carbonate matrix
and a homogeneous mass fraction of Sr in the range of
500 µg g-1 (‘NanoSr’), which can be used as matrix-
matched reference material for LA-MC-ICP-MS studies of a
variety of carbonate samples.

Material

Production of the carbonate nanopowder (‘NanoSr’) was
performed in a similar way to that described by Tabersky et al.

(2014). Details of the production are intellectual property of
Avantama� and can therefore not be provided. The synthesis
of the nanoparticles was performed by the flame spray
technique using an organic precursor with the elements of
interest incorporated (Athanassiou et al. 2010), resulting in a
total amount of 15 g synthetic carbonate material with a
specific mass fraction of Sr. Prior to all in situ measurements of
the carbonate nanopowder, a hydraulic press (Perkin ElmerTM,
Waltham, MA, USA) was used to obtain a carbonate
nanopowder pellet (~ 100 mg per pellet) with a diameter
of 13 mm and a thickness of approximately 2 mm (Figure 1a)
without using any additional binding material. The nanopow-
der was pressed for 15 min with a load of 5000 kg. The final
nanopowder pellets were mechanically stable and glued to
microscope slides for the in situ analyses. In total, nine different
nanopowder pellets were produced and analysed.

Analytical techniques

To characterise the carbonate nanopowder, several
analytical techniques were used. Electron probe microanalysis
(EPMA) was used to determine the mass fraction of Ca. Trace
element mass fractions were determined by ICP-MS and LA-
ICP-MS in four different laboratories. The microhomogeneity of
the carbonate nanopowder was tested using LA-ICP-MS at
several different positions of the pressed nanopowder pellets,
both in the inner and in the outer parts. Since the nanopowder
was specifically designed for Sr isotope analyses, we
determined the 87Sr/86Sr ratio by different techniques (TIMS
and (LA-)MC-ICP-MS) in three different laboratories.

Element mass fractions

Element mass fractions were determined with three
different types of instruments, by both solution-based (ICP-
MS) and in situ techniques (EPMA and LA-ICP-MS) in five
different laboratories.

Electron probe: For EPMA, a sample of the pressed
nanopowder pellet was embedded in epoxy resin, polished,
cleaned and covered with a ~ 20 nm layer of carbon by
sputtering. Analysis was carried out at the Institute of
Geosciences, Mainz, Germany, using a Jeol JXA 8200
microprobe in wavelength-dispersive spectrometry (WDS)
mode. A beam current of 12 nA and an acceleration
potential of 15 kV were used, with the electron beam
defocused to 20 µm. Peak counting time was 20 s for Ca in
double-channel mode. Raw data were corrected using the
routine of Armstrong (1995), and a well-characterised
carbonate reference material was used for calibration. In
total, twenty-four measurements at different positions of the
pressed nanopowder pellet were performed.
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Solution ICP-MS: Six aliquots of 5–10 mg of the
carbonate nanopowder were dissolved in 3 mol l-1 HNO3.
Prior to the ICP-MS measurement, final acid concentration
was adjusted to 0.8 mol l-1. Elemental determinations of the
digested nanopowder were performed using a quadrupole
ICP-MS (Thermo Fisher Scientific, XSeriesII, Thermo Scientific,
Bremen, Germany) housed at the Centro Interdipartimentale
Grandi Strumenti (CIGS) of the University of Modena and
Reggio Emilia. The samples were introduced into the mass
spectrometer using a CETAC ASX 520 autosampler. The
following signals were acquired during the session: 24Mg,
85Rb, 88Sr, 138Ba, 163Dy, 166Er and 172Yb. A 115In solution
was aspirated and used as internal reference. A calibration
was performed in the range 1–1000 ng g-1 using the IV-ICP-
MS-71Amulti-element standard solution (Inorganic Ventures),
whereas the less abundant elements (e.g., Er, Dy, Er and Yb)
were calibrated up to 200 ng g-1.

LA-ICP-MS: Measurements by LA-ICP-MS were per-
formed in three different laboratories. For all measurements,
we employed 43Ca as internal reference and used 85Rb
and 88Sr for the calculation of trace element mass fractions.
Initial data acquisition (approximately 3 s) of each mea-
surement was discarded to prevent surface contamination
potentially influencing our results.

Measurements at the Max Planck Institute for Chemistry
(MPIC),Mainz,Germany, were performed using aNewWave

UP213 Nd:YAG laser ablation system, coupled to a Thermo
Finnigan Element 2 SF-ICP-MS. Spot analyses were performed
at a repetition rate of 10 Hz, using a spot size of 80 µm with
an energy output of 60%, resulting in a fluence of ~ 7.5 J cm-

2. Ablation time was set to 70 s. Line scan analyses were
performed using a line length of 300 µm, a circular spot size
of 55 µm, a repetition rate of 10 Hz, a transition speed of
5 µm s-1 and an energy output of 60%, resulting in a fluence
of ~ 5 J cm-2. Background signals for spot and line scan
analyses were measured for 14 s, followed by the ablation
and a washout time of 20 s. The following signals were
monitored during the sessions: 25Mg, 43Ca, 85Rb, 88Sr, 137Ba,
163Dy, 167Er and 173Yb. For calibration purposes, NIST SRM
612 was analysed at the beginning, between each set of
samples (n = 36) and at the end of the routine (n = 9). We
used NIST SRM 610, USGS GSD-1G, GSE-1G and MACS-3
(each n = 9) as quality control materials (QCMs) to monitor
accuracy and reproducibility (Table S1).

The trace element distribution within the nanopowder
pellet was mapped by LA-ICP-MS at MPIC using MapIT!
(Sforna and Lugli 2017). The LA-ICP-MS set-up was identical
as described above, using NIST SRM 612 for calibration
purposes and applying a total number of 66 line scans with
a length of 13000 µm each, covering one half of the
pressed nanopowder pellet (pellet 9). The spot size was set
to 100 µm, using a transition rate of 30 µm s-1 and a
repetition rate of 10 Hz with an energy output of 70%,

5 mm

(a) (b) (c)

(d) (e)

Figure 1. (a) Top view of a pressed nanopowder pellet with a diameter of 13 mm and a thickness of ca . 2 mm. (b)

Backscattered electron (BSE) image of the edge of the compacted nanopowder pellet. (c) Top view of the compacted

nanopowder pellet as secondary electron image (SEI). (d) Top view of the compacted nanopowder pellet showing

darker and brighter areas in the BSE image. (e) BSE image of the compacted nanopowder pellet with a magnification

of 1300, showing the compaction of the nanopowder and the small pore spaces below the µm range. [Colour figure

can be viewed at wileyonlinelibrary.com]
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resulting in a fluence of 12.5 J cm-2. The following signals
were monitored during the sessions: 25Mg, 43Ca, 85Rb, 88Sr
and 137Ba. For the imaging via MapIT!, no pre-ablation was
performed.

Measurements by LA-ICP-MS at the Institute of Geo-
sciences, were performed using an ArF Excimer 193 nm
laser system (ESI NWR193) equipped with a TwoVol2

ablation cell, coupled to an Agilent 7500ce ICP-MS. A spot
size of 80 µm, a repetition rate of 10 Hz and a fluence of
3.5 J cm-2 were used. Fifteen seconds laser warm-up time
was followed by 60 s of dwell time and 20 s of washout
time. NIST SRM 612 was used for calibration purposes and
measured at the beginning, between the set of samples
(n = 36) and at the end of the routine (n = 9). For quality
control, we used NIST SRM 610, USGS GSD-1G, GSE-1G,

MACS-3 and BCR-2G (Table S2). The following signals were
monitored during the sessions: 25Mg, 43Ca, 85Rb, 88Sr,
137Ba, 163Dy, 167Er and 173Yb. For all laser ablation
measurements performed at MPIC and at the Institute of
Geosciences, mass fractions for the RMs were obtained from
GeoReM (Jochum et al. 2005), and data reduction was
performed offline, following the calculations given in Mischel
et al. (2017).

LA-ICP-MS analyses at the CIGS were performed using a
213 nm laser ablation system (New Wave UP) and a
quadrupole ICP-MS (Thermo Scientific XSeriesII). The pressed
nanopowder pellet (pellet 7) was analysed employing a
spot size of 80 lm, a pulse repetition rate of 10 Hz and a
fluence of ~ 5 J cm-2. The surface of the nanopowder pellet
was pre-ablated before each spot analysis. The following

Table 1.
Operational parameters for the different (LA-MC-)ICP-MS systems used during this study

ICP
parameter

Value Laser
parameter a

Value ICP
parameter

Value Laser
parameter a

Value

Sr isotopes MC-ICP-MS Neptune New Wave UP 213 MC-ICP-MS NU Plasma New Wave UP 213

Cool gas flow rate 15 l min-1 Ablation Spot size 100 µm Cool gas flow
rate

13 l min-1 Ablation Spot size 100 µm

Auxiliary gas flow 0.8 l min-1 Repetition
rate

10 Hz Auxiliary gas
flow

0.93 l min-1 Repetition
rate

10 Hz

Sample gas flow 0.9–1 l min-1 Fluence 6 J cm-2 Sample gas
flow

0.75 l min-1 Fluence 20–
25 J cm-2

Plasma power 1200 W Sampling
scheme

Line Plasma power 1300 W Sampling
scheme

Line

Resolution Low Translation
rate

5 µm s-1 Resolution Low Translation
rate

5 µm s-1

He flow rate a 0.6 l min-1 He flow rate a 0.75 l min-1

Trace
elements

ICP-MS Element 2 New Wave UP 213 ICP-MS Agilent 7500ce ESI NWR193

Cool gas flow rate 16 l min-1 Ablation Spot size 55/80/
100 µm

Cool gas flow
rate

15 l min-1 Ablation Spot size 80 µm

Auxiliary gas flow 1 l min-1 Repetition
rate

10 Hz Auxiliary gas
flow

0.9 l min-1 Repetition
rate

10 Hz

Sample gas flow 0.6 l min-1 Fluence 5–12.5
J cm-2

Sample gas
flow

0.8 l min-1 Fluence 3.5 J cm-2

Plasma power 1150 W Sampling
scheme

Spot/Line Plasma power 1200 W Sampling
scheme

Spot

Resolution Low Dwell time 70 s Resolution 0.65–0.75 b Dwell time 60 s
He flow rate a 0.75 l min-1 Translation

speed
5/30
µm s-1

He flow rate a 0.8 l min-1

ICP-MS XSeriesII New Wave UP 213

Cool gas flow rate 13 l min-1 Ablation Spot size 100 µm
Auxiliary gas flow 1.08 l min-1 Repetition

rate
10 Hz

Sample gas flow 0.75 l min-1 Fluence 5 J cm-2

Plasma power 1400 W Sampling
scheme

Spot

Resolution Low Dwell time 60 s
He flow rate a 0.6 l min-1

a Only for laser ablation measurements. b (amu), peak width at 10% of its height.

7 2 © 2019 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd
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signals were measured during the session: 43Ca, 85Rb, 88Sr,
163Dy and 172Yb. NIST SRM 612 and GSJ JCt-1 were used
as calibration materials. Data reduction was performed
offline, following the calculations given in Mischel et al.
(2017). Operating parameters for all LA-ICP-MS measure-
ments are presented in Table 1.

Strontium isotopes

Radiogenic Sr isotope ratios were determined in five
different laboratories, using both solution-based (TIMS and
MC-ICP-MS) and in situ techniques (LA-MC-ICP-MS).

TIMS: Strontium separation was performed using
Eichrom Sr-SpecTM ion exchange resin columns at CIGS as
described for MC-ICP-MS in the next section. The Sr isotope
composition of the carbonate nanopowder was determined
by thermal ionisation mass spectrometry (TIMS) at the MPIC,
Mainz, using a Thermo Scientific Triton. For that purpose,
about 100 ng Sr was transferred onto a W filament,
surrounded by a TaF activator. Measurements were per-
formed in static multi-collection mode, simultaneously collect-
ing m/z ratios representing 84Sr, 85Rb, 86Sr, 87Sr and 88Sr for
ten blocks of twenty cycles each (integration time of 16.8 s per
cycle). All isotope ratios were corrected for internal mass
fractionation using the stable 88Sr/86Sr ratio of 8.375209
(Berglund and Wieser 2011). The isobaric interference of
87Rb on 87Sr was corrected recording the 85Rb peak and by
using a 87Rb/85Rb of 0.386010. The intermediate measure-
ment precision of the 87Sr/86Sr value for NIST SRM 987 was
0.710256 ± 0.000012 (2s, n = 25), in agreement with
reported values in literature (McArthur et al. 2001).

MC-ICP-MS: Multi-collector ICP-MS measurements
were performed at the CIGS and the MPIC. All samples
were processed at the Laboratory of Isotope Geochemistry of
the Department of Chemical and Geological Sciences
(University of Modena and Reggio Emilia, Modena, Italy),
following the protocol of Lugli et al. (2017) and Weber et al.
(2018a). Around 5–10 mg of nanopowder was digested
with 3 ml of 3 mol l-1 HNO3 (suprapur) and loaded into
300 ll columns filled with Eichrom Sr-SpecTM resin (100–
150 lm bead size). Matrix ions were removed by stepwise
addition of 3 mol l-1 HNO3. Strontium was then eluted with
Milli-Q� water and collected in clean beakers. The final
solutions were adjusted to 0.8 mol l-1 HNO3. The entire
procedure was conducted in a cleanroom equipped with a
class 10 laminar flow hood.

To determine the 87Sr/86Sr ratio, a Neptune MC-ICP-MS
was used at CIGS following Lugli et al. (2017). The following
signals were collected simultaneously on seven Faraday

cups equipped with 1011 Ω resistors: 82Kr, 83Kr, 84Sr, 85Rb,
86Sr, 87Sr and 88Sr. Strontium solutions were diluted to
~ 250 ng g-1 and introduced into the mass spectrometer
system through a quartz spray chamber using a 100 ll min-1

nebuliser. A static multi-collection mode with a single block of
100 cycles (integration time 8.4 s per cycle) was used to
analyse the samples, as well as NIST SRM 987 and blanks. A
bracketing sequencewas employed to correct for instrumental
drifts. Krypton as a potential contamination in the Ar gas was
monitored and corrected using a 86Kr/83Kr ratio of 1.505657
(Berglund and Wieser 2011). To correct for the presence of
isobaric Rb on m/z 87, a 87Rb/85Rb ratio of 0.3856656
(Berglund and Wieser 2011) was used. Mass bias normal-
isationwas performedapplying the exponential law, using the
accepted 88Sr/86Sr ratio of 8.375209 (Steiger and J€ager
1977). We are aware of the observed natural variations in
d88Sr (Fietzke and Eisenhauer 2006, Krabbenh€oft et al.
2009); however, by convention, radiogenic Sr isotope mea-
surements are usually corrected assuming the stable 88Sr/86Sr
ratio (Fietzke et al. 2008), which we follow within this study. In
addition, variability in 87Sr/86Sr is far greater than the whole
range reported for stable Sr isotopes ratios in literature.
Rubidium mass bias was assumed to be the same as for Sr.
Daily repeated measurements of NIST SRM 987 yielded a
mean 87Sr/86Sr ratio of 0.71024 ± 0.00001 (2s; n = 20).
Strontium isotope ratios of the samples were corrected to the
NIST SRM 987 87Sr/86Sr ratio of 0.710248 (McArthur et al.
2001).

Sr isotope ratios at the MPIC were determined using a
Nu Plasma MC-ICP-MS coupled to a CETAC Aridus II
desolvating nebuliser system, following the methods
described by Lugli et al. (2017). Samples were diluted to
~ 100 ng g-1, and the following signals were monitored
using Faraday cups equipped with 1011 Ω resistors during
analysis: 82Kr, 83Kr, 84Sr, 85Rb, 86Sr, 87Sr and 88Sr. Analysis
was performed in a calibrator-bracketing sequence, using a
static multi-collection mode with 100 cycles and an integra-
tion time of 5 s. Krypton and Rb correction was performed as
described for the measurements at CIGS. Repeated mea-
surements of NIST SRM 987 yielded a mean 87Sr/86Sr ratio
of 0.71030 ± 0.00003 (2s; n = 10). Resulting 87Sr/86Sr
ratios were corrected to the NIST SRM 987 87Sr/86Sr ratio of
0.710248 (McArthur et al. 2001).

LA-MC-ICP-MS: Microanalytical homogeneity for Sr
isotopes was investigated using LA-MC-ICP-MS at the MPIC
and the CIGS. Operational parameters for both (LA-)MC-
ICP-MS systems are provided in Table 1. Analyses at the
MPIC were performed following the protocol of Weber et al.
(2017) using a Nu Plasma MC-ICP-MS coupled to a New
Wave UP213 Nd:YAG laser ablation system. Peak shape

7 3© 2019 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd
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and coincidence for the Sr isotopes of interest (84Sr, 86Sr,
87Sr, 88Sr) were tuned using the Sr reference solution NIST
SRM 987, while the mass spectrometer was coupled to a
CETAC Aridus II desolvating nebuliser system, prior to
connecting the laser ablation system. For the laser ablation
measurements, line scans of 750 µm length with a spot size
of 100 µm, a translation speed of 5 µm s-1 and an energy
output of 80% were applied, resulting in a fluence of 20–
25 J cm-2. Pre-ablation was performed prior to each
analysis. Krypton was corrected by subtracting the on-peak
baseline during the laser warm-up time (45 s). Interferences
of REEs were corrected by monitoring 171Yb and 167Er.
Molecular interferences were found to be negligible by
monitoring m/z 82 and 83 (signals usually below 0.2 mV,
see Vroon et al. (2008), Woodhead et al. (2005)). Mass bias
correction was performed using the exponential law (Ingle
et al. 2003) and an 88Sr/86Sr ratio of 8.375209 (Steiger
and J€ager 1977). Mass/charge 85 was used to monitor the
occurrence of 85Rb and to correct m/z 87 by calculating the
fraction of 87Rb using the constant 87Rb/85Rb ratio of
0.3857 (Berglund and Wieser 2011).

Analyses at the CIGS were performed using a Neptune
MC-ICP-MS coupled to a New Wave UP213 Nd:YAG laser
ablation system, following the method described by Lugli
et al. (2017). Nine Faraday detectors equipped with
1011 Ω resistors were employed to acquire peaks of 82Kr,
83Kr, 84Sr, 85Rb, 86Sr, 87Sr and 88Sr as well as the doubly
charged 171Yb2+ and 173Yb2+. For the LA measurements, we
employed a linear raster of 100 9 500 lm, a fluence of
~ 6 J cm-2, a repetition rate of 10 Hz and a scan speed of
5 lm s-1. Prior to each analysis, the sample was pre-ablated
to avoid surface contaminations. A He flow of ca. 0.6 l min-1

was used to carry the ablated material into the mass
spectrometer. Krypton was corrected by subtracting the on-
peak baseline during the laser warm-up (~ 60 s). Rare-earth
element and Ca dimers/argides were monitored, but not
corrected because their interference with the analyses is
negligible. Mass bias and Rb were corrected as previously
reported for the measurements performed at the MPIC.
During the measurement session, we also measured a
modern marine bivalve shell as an in-house reference
material, which yielded an 87Sr/86Sr ratio of
0.70916 ± 0.00002 (2SE, n = 1), in agreement with the
modern seawater value (McArthur et al. 2012).

Results

Calcium mass fractions

EPMA yielded a CaO value of 52.6 ± 1.5% m/m
(n = 24, 2s, pellet 8), equivalent to a Ca mass fraction of

376000 ± 11000 µg g-1 (n = 24, 2s, pellet 8, Table S13).
These measurements were performed at different positions of
the pressed nanopowder pellet, in both the brighter and
darker areas (Figure 1d) and did not yield significantly different
results. The overall uncertainty of the Ca mass fraction obtained
by EPMA was about 3% and therefore in a similar range as
expected for the (LA-)ICP-MS analyses. Therefore, we used the
resulting Ca mass fraction of 376000 ± 11000 µg g-1

(n = 24, 2s) as the internal reference for the calibration of
the trace element determinations.

Mass fractions of Sr and potential interfering
elements

Solution-based ICP-MS yielded a mean Sr mass fraction
of 495 ± 51 µg g-1 (n = 6, 2s) for NanoSr. Analyses of
potential interfering materials resulted in mean mass
fractions < 0.2 µg g-1 (Figure 2). Rubidium, as a major
potential isobaric interference for in situ Sr isotope analyses,
yielded a mean mass fraction of 0.075 ± 0.036 µg g-1

(n = 6, 2s). This results in a maximum Rb/Sr ratio of 0.0002,
much lower than the suggested Rb/Sr threshold of 0.02 for
successful LA-(MC-)ICP-MS measurements of Sr isotopes
(Irrgeher et al. 2016). Further potential interfering elements
yielded very low mass fractions (Dy = 0.16 ± 0.04 µg g-1;
Er = 0.02 ± 0.04 µg g-1; Yb = 0.05 ± 0.04 µg g-1, all
uncertainties (2s) are for n = 6) and are thus considered
to be negligible for in situ Sr isotope measurements, as has
been shown for reference materials with a higher mass
fraction of these elements (Weber et al. 2018a).

Mass fractions of Sr and Rb were determined by LA-ICP-
MS in three different laboratories as described above. The
results are shown in Figure 3. Analyses from the Institute of
Geosciences (Figure 3a), yielded a mean mass fraction of
483.7 ± 11.5 µg g-1 for Sr and of 0.05 ± 0.02 µg g-1 for
Rb (n = 72, 2s, pellets 1–6, for both Sr and Rb). Results from
CIGS (Figure 3b) show mean mass fractions of
501.7 ± 8.3 µg g-1 for Sr and 0.05 ± 0.02 µg g-1 for
Rb (both n = 5, 2s, pellet 7) and are in good agreement
with the results from the Institute of Geosciences. Analyses at
MPIC were performed by spot (Figure 3c) and line scan
analyses (Figure 3d). Spot analyses yielded a mean mass
fraction of 505.4 ± 11.5 µg g-1 for Sr and
0.071 ± 0.005 µg g-1 for Rb (both n = 72, 2s, pellets
1–6), while line scan analyses resulted in a mean mass
fraction of 479.1 ± 26.2 µg g-1 for Sr and
0.062 ± 0.009 µg g-1 for Rb (both n = 18, 2s). An
overview of the mass fractions of the elements of interest
determined by the different analytical techniques is pro-
vided in Table 2. Barium (< 0.20 ± 0.03 µg g-1) mass
fraction is provided to indicate the purity of the carbonate

7 4 © 2019 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd
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Figure 2. Solution-based ICP-MS results for the mass fractions of Sr (black square, top graph) and Yb (red square), Er

(purple triangle), Dy (blue diamond) and Rb (orange circle, bottom graph) for digestion of six samples. The

horizontal black line represents the mean mass fraction of Sr (495 ± 51 µg g-1, n = 6) with the respective 2s

uncertainties expressed as dashed lines. All uncertainties in the bottom panel are 2s . [Colour figure can be viewed at

wileyonlinelibrary.com]
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Figure 3. LA-ICP-MS results obtained in different laboratories. In total, seven different nanopowder pellets were

analysed. (a) Strontium and Rb mass fractions obtained at the Institute of Geosciences, Mainz (n = 72, pellets 1–6). (b)

Strontium and Rb mass fractions obtained at the CIGS, Modena (n = 5, pellet 7). (c) Strontium and Rb mass fractions

obtained at MPIC, Mainz, by spot (n = 72, pellets 1–6) and (d) line scan analyses (n = 18, pellet 1). The horizontal black

line represents the mean mass fractions for Sr and Rb with the respective 2s uncertainties expressed as dashed lines. All

uncertainties of single measurements are 1s .
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material. All laser ablation analyses performed in this study
are in agreement with the results obtained by solution ICP-
MS within uncertainty.

Further determinations of major element mass fractions
by EPMA did not show large contributions (see Table S14).
Results of BaO, MgO, K2O and MnO were below the
detection limit, while FeO and Na2O yielded mean values
of 0.015 ± 0.016 and 0.020 ± 0.032% m/m (n = 9, 2s),
respectively.

Trace element imaging

The results from the imaging using MapIT! are presented
in Figure 4. The mass fraction of Sr is between 450 and
500 µg g-1, does not show any significant variability and is
thus homogeneously distributedacross the pressed nanopow-
der pellet (pellet 9). Individual pixels however resulted in
substantially higher values, which might be related to a
heterogeneous distribution but is considered more likely to be
caused by instrumental artefacts. Rubidium as a major
potential interference for in situ analyses of Sr isotopes only
has a very lowmass fraction (< 0.2 µg g-1), although yielding
higher values than obtained by the other methods (Table 2
and Figure 3). However, the Rb mass fraction is still sufficiently
low to not affect the Sr isotope measurements significantly
(Irrgeher et al. 2016). Magnesium and Ba are usually minor
components of carbonate materials and were therefore
monitored for the NanoSr pellet. Barium does not show
substantial variability and is generally below 0.2 µg g-1.
Magnesium, in contrast, exhibits areas of higher mass fraction,
especially at the edge of the nanopowder pellet, which were
caused by spikes in the data and are therefore considered to
be an artefact. No pre-ablation was performed prior to the
mapping, so either Mg contained in the glue, molecular ions
(e.g., C2 withm/z = 24) from organic components in the glue,
or Mg contamination during the production/postproduction
processes. In general, theMgmass fraction is low (< 5 µg g-1)
and is unlikely to affect Sr isotope analysis, even if Mg is not
entirely homogeneous within the nanopowder pellet. All
imaged element mass fractions are in reasonable agreement
with the conventional element mass fractions obtained by (LA-)
ICP-MS, although showing some general noise in the element
distribution, which is usually common for mapping techniques
(Sforna and Lugli 2017).

Solution Sr isotope measurements

The 87Sr/86Sr ratio determined by TIMS yielded a mean
ratio of 0.707563 ± 0.000009 (2s, n = 6), which is in
agreement with both MC-ICP-MS analyses (Table 3). The
84Sr/86Sr ratio obtained by TIMS yielded a mean ratio of

0.056493 ± 0.000003 (2s, n = 6). Strontium isotope deter-
minations at CIGS yielded a mean 87Sr/86Sr ratio of
0.70755 ± 0.00001 (2s, n = 19) and a mean 84Sr/86Sr
ratio of 0.05648 ± 0.00001 (2s, n = 19, Figure 5a). A
pressed nanopowder pellet was dissolved to monitor poten-
tial contamination during the nanopowder pellet production.
The results for this nanopowder pellet agree with the other
samples, both for 87Sr/86Sr (0.70755 ± 0.00001, 2SE) and
for 84Sr/86Sr (0.056488 ± 0.000002, 2SE, Figure 5a white
square). Strontium isotope ratios determined at the MPIC
agree within uncertainty with the data obtained at CIGS. The
mean 87Sr/86Sr ratio is 0.70756 ± 0.00004 (2s, n = 21),
and the mean 84Sr/86Sr ratio is 0.05648 ± 0.00010 (2s,
n = 21, Figure 5b). Again, the analysis of the previously
pressed sample did not significantly deviate from the other
measurements for 87Sr/86Sr (0.70758 ± 0.00002, 2SE) and
84Sr/86Sr (0.056535 ± 0.000010, 2SE, Figure 5b white
square). Analyses performed with the Neptune MC-ICP-MS
show a better reproducibility than those obtained with the Nu
MC-ICP-MS at MPIC for both 87Sr/86Sr and 84Sr/86Sr. This is
most likely related to the higher sensitivity of the Neptune
system and does not represent inhomogeneity of the NanoSr
powder. In summary, all solution-based techniques yielded
the same results for the 87Sr/86Sr ratio of the NanoSr with a
mean ratio of 0.70756 ± 0.00003 (2s, n = 46).

Laser ablation Sr isotope measurements

Laser ablation Sr isotope measurements were performed
at two different laboratories to validate the microhomo-
geneity of the carbonate nanopowder in terms of Sr isotope
signature. The 87Sr/86Sr ratios as well as the 84Sr/86Sr ratios
showed a greater variability in comparison with the solution
data. However, the 87Sr/86Sr ratio agrees within uncertainty
with the solution data with a mean ratio of
0.70753 ± 0.00007 (2s, n = 58, Figure 6a, pellets 1–6)
for the analyses at the MPIC, and a mean ratio
0.70757 ± 0.00006 (2s, n = 10, Figure 6b, pellet 7) for
the analyses at the CIGS. The mean 84Sr/86Sr at MPIC was
0.05617 ± 0.00024 (2s, n = 58, Figure 6a, pellets 1–6).
The 84Sr/86Sr ratios obtained at CIGS were significantly
higher and agree with the natural ratio with a mean ratio of
0.05656 ± 0.00012 (2s, n = 10, Figure 6b, pellet 7).
Again, the analyses performed with the Neptune system
show a better reproducibility than those performed with the
Nu MC-ICP-MS system. To allow traceability of the obtained
data set, three international microanalytical carbonate RMs
(JCt-1, JCp-1 and MACS-3) were analysed at MPIC using
the same instrumentation and methodology. All 87Sr/86Sr
ratios of the analysed RMs are within the expected literature
values (see Weber et al. (2018a) and references therein),
yielding Sr isotope ratios of 87Sr/86Sr = 0.70918 ± 0.00008

7 6 © 2019 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd
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and 84Sr/86Sr = 0.05635 ± 0.00006 for JCt-1 (2s, n = 10),
87Sr/86Sr = 0.70917 ± 0.00007 and 84Sr/86Sr = 0.05603
± 0.00006 for JCp-1 (2s, n = 10) and 87Sr/86Sr =
0.70757 ± 0.00004 and 84Sr/86Sr = 0.05637 ± 0.00007
for MACS-3 (2s, n = 10).

Discussion

For any microanalytical RMs (MRMs), homogeneity is a
fundamental requirement. This should be true for element
and isotope composition in case the MRM is used for in situ
isotope studies, independent on the typical test portion mass
used for analysis (Kane et al. 2003). We therefore used
techniques with different test portion masses, that is, solution-
based vs. laser ablation, to test homogeneity on the ng–µg
range and check whether potential inhomogeneity in this
range can influence the resulting 87Sr/86Sr ratios obtained
by LA-MC-ICP-MS.

Element mass fraction

TheCamass fractionwas determined by EPMA in both the
darker and brighter areas of the compacted nanopowder
pellet (Figure 1d) and yielded a mean value of
376000 ± 11000 µg g-1 (n = 24, 2s, pellet 8) and did
not show significant differences. As shown in Figure 1e, the
pore space of the pressed nanopowder pellet is < 1 µm,
indicating a well-compacted material, which is a prerequisite
for microhomogeneity. In addition, the Ca mass fraction is in
good agreement with Ca mass fractions commonly used for
LA-ICP-MS trace element determinations in carbonates, where
Ca is used as an internal reference (e.g., Jochum et al. 2005,
2012, Mischel et al. 2017, Weber et al. 2018b), although it is
slightly lower than expected from the stoichiometric value
CaO for calcium carbonate of 56.03%m/m. For the use as a

Sr isotope referencematerial, the precise knowledge of the Ca
mass fraction is not relevant for calibration purposes. Besides
Ca, only very small major element contributions have been
observed for NanoSr, indicating a pure calcium carbonate
matrix, similar to the intended samples for Sr isotope analysis,
such as speleothems.

Solution analysis of the synthetic carbonate nanopowder
revealed amean Sr mass fraction of 495 ± 51 µg g-1 (2s). In
situ analyses at different laboratories revealed Sr mass fraction
of the nanopowder pellet ranging from 479 ± 26 to
505 ± 20 µg g-1. However, all laser ablation results lie
within the uncertainty range of each other and the solution
measurements. Furthermore, the variability during 1 day of
measurement andwithin one laboratory did not exceed the2s
uncertainty of the bulk analysis. The imaging of the nanopow-
der pellet also showed minor Sr variability in the 2s range of
the conventional LA-ICP-MS analysis, implying that the mate-
rial is suitable for microanalysis. The small differences between
the different laboratories could be caused by the different
ablation conditions, calibration strategies and instruments
used for this study, as has been recently shown for several
common glass and carbonate RMs (Evans andM€uller 2018).

The mean Sr mass fraction of the new synthetic
carbonate reference material is 495 ± 51 µg g-1, which
was the overall aim prior to production. Since the material is
mainly intended for in situ Sr isotope studies, a variability of
the element mass fraction in the range observed in this study
is not expected to affect the intended use. Potential
interfering elements, such as Rb and the REEs, were found
not to be incorporated in the nanopowder at significant
levels. The Rb mass fraction was found to be < 0.2 µg g-1

and the mathematical correction does thus not impose a
substantial limitation for the application for in situ Sr isotope

Table 2.
Mass fractions of Mg, Rb, Sr, Ba, Dy, Er and Yb, as well as respective test portion mass for the different
analytical techniques

Mg (µg g -1) Rb (µg g-1) Sr (µg g-1) Ba (µg g-1) Dy (µg g-1) Er (µg g-1) Yb (µg g-1) Test portion
mass (µg)

LA-ICP-MS1Spot
analysis

2.7 ± 0.4 0.05 ± 0.02 483.7 ± 11.5 b.d.l. 0.13 ± 0.03 b.d.l. b.d.l. 0.8–1.0

LA-ICP-MS2Spot
analysis

NA 0.05 ± 0.02 501.7 ± 8.3 0.17 ± 0.06 0.20 ± 0.02 NA 0.05 ± 0.02 1.5–2.0

ICP-MS2Bulk NA 0.08 ± 0.02 494.9 ± 51.4 0.21 ± 0.05 0.16 ± 0.02 0.02 ± 0.02 0.05 ± 0.02 5000–10000
LA-ICP-MS3Spot
analysis

3.1 ± 0.2 0.07 ± 0.01 505.4 ± 11.5 0.18 ± 0.04 0.18 ± 0.01 0.004 ± 0.002 0.04 ± 0.01 1.5–2.0

LA-ICP-MS3Line
scan

3.0 ± 0.5 0.06 ± 0.01 479.1 ± 26.2 0.17 ± 0.04 0.20 ± 0.03 0.004 ± 0.010 0.05 ± 0.02 0.4–0.5

Typical RSF (relative sensitivity factor) values for carbonate reference materials used during data acquisition usually agree within 10% uncertainty with the
GeoReM values (Jochum et al. 2005) for all presented elements (Tables S1 and S2).
Individual results for (LA-)ICP-MS measurements are provided in Tables S3–S7.
1 = Institute of Geosciences, Mainz; 2 = CIGS, Modena; 3 = MPIC, Mainz; NA = not available, b.d.l. = below detection limit.
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studies. Imaging of the Rb distribution in the nanopowder
pellet did not reveal areas of significantly higher mass
fraction. REE mass fractions were determined by solution ICP-
MS and are too low (< 0.2 µg g-1) to influence the resulting
87Sr/86Sr ratios during LA-MC-ICP-MS. Therefore, doubly
charged REEs, which would potentially hamper the quality of
the results, are not expected to affect Sr isotope ratio
measurements. Our data show that no significant contam-
ination with any other relevant element occurred during
material production or during the preparation of the
nanopowder pellet.

Strontium isotope composition

The primary aim for producing the new NanoSr as MRM
was to create a material for matrix-matched calibration of
in situ Sr isotope analyses of carbonate samples with low-Sr
abundance. Therefore, it is highly important to precisely

characterise the Sr isotope signature of this material. In this
study, the material was analysed in five different laboratories
using TIMS, two different MC-ICP-MS and two different LA-
MC-ICP-MS systems. All Sr isotope measurements yield
identical results within uncertainty. We further analysed a
sample, which was previously pressed as a nanopowder
pellet and then dissolved for the solution analysis to
investigate the potential contamination during pellet pro-
duction. The results of these measurements agree with the
overall mean Sr isotope ratio. Therefore, we define a Sr
isotope ratio of 0.70756 ± 0.00003 (2s, n = 46) for
NanoSr (Table 3).

Furthermore, the solution analyses yielded, within uncer-
tainty, the same mean ratio as the LA-ICP-MS method,
although the large test portion masses of the solution-based
analyses are not considering potential inhomogeneities in
the µg range, which is usually the test portion mass for in situ

Table 3.
87Sr/86Sr and 84Sr/86Sr ratios for the different analytical techniques with the respective test portion masses
of the measurements

87Sr/86Sr 84Sr/86Sr Test portion
mass a (µg)

No. of analyses

TIMS1 0.70756 ± 0.00001 0.056493 ± 0.000003 2500–5000 6
MC-ICP-MS1 0.70756 ± 0.00004 0.05648 ± 0.00010 2500–5000 21
MC-ICP-MS2 0.70755 ± 0.00001 0.05648 ± 0.00001 2500–5000 19
LA-MC-ICP-MS1 0.70753 ± 0.00007 0.05617 ± 0.00024 2–3 58
LA-MC-ICP-MS2 0.70757 ± 0.00006 0.05656 ± 0.00012 2–3 10
NanoSr, 2s 0.70756 ± 0.00003 46
NanoSr, 95% CL 0.707558 ± 0.000009 46

The resulting 87Sr/86Sr ratio for NanoSr is the mean of all solution-based measurements. All uncertainties are given as 2s. The mean 87Sr/86Sr ratio based on a
95% confidence level (CL) is also provided. Indivdual results for Sr isotopes are provided in Tables S8–S12.
1 = MPIC, Mainz, 2 = CIGS, Modena; NA = not available.
a The test portion mass for the solution-based analyses takes the total amount of sample material into account, which was dissolved and homogenised for each
aliquot. The actual Sr amount used for the measurements is usually much smaller, that is, 100 ng for TIMS and 50–500 ng for MC-ICP-MS, depending on the
analysis time and used mass fraction for analysis.
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Figure 4. Element distribution for Sr (top left), Rb (bottom left), Mg (top right) and Ba (bottom right) of the pressed

nanopowder pellet (pellet 9) obtained with the MapIT! software (Sforna and Lugli 2017). The upper half of the

nanopowder pellet was analysed. The length of the x-axis is 13 mm (diameter of the pellet) and the y-distance

6.6 mm for each image obtained. [Colour figure can be viewed at wileyonlinelibrary.com]
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analyses. Therefore, the analysis by LA-MC-ICP-MS is
necessary to assess homogeneity at a scale of 10 s of µm.
Individual measurements from the LA-MC-ICP-MS measure-
ments at MPIC yielded results for the 87Sr/86Sr isotope ratios
with small deviations in comparison with the mean solution

ratio. Cross-checking with deviations in the 84Sr/86Sr ratio, as
suggested by M€uller and Anczkiewicz (2016), did not show
an obvious correlation between a bias in 87Sr/86Sr and an
elevated or reduced 84Sr/86Sr ratio, although the 84Sr/86Sr
ratios of the LA-MC-ICP-MS analyses performed at MPIC are

87
Sr

/86
Sr

0.70755 ± 0.00001 (2s)

Analysis Number

2( 40000.0 ± 65707.0)a( s)(b)

84
Sr

/86
Sr

Analysis Number

0.05648 ± 0.00001 (2s) 0.05648 ± 0.00010 (2s)

Figure 5. (a) MC-ICP-MS Neptune data from CIGS (n = 19). (b) MC-ICP-MS Nu Plasma data from MPIC (n = 21). Black

squares represent the 87Sr/86Sr and 84Sr/86Sr ratios, respectively, of the individual measurements. Horizontal black

lines show the mean ratios with the corresponding 2s uncertainties as dashed lines. White squares represent results

from the pressed nanopowder pellet, which was dissolved for solution analysis.

87
Sr

/86
Sr

0.70753 ± 0.00007 (2s)

Analysis Number

2( 60000.0 ± 75707.0)a( s)

84
Sr

/86
Sr

Analysis Number

0.05617 ± 0.00024 (2s) 0.05656 ± 0.00012 (2s)

(b)

Figure 6. Laser ablation MC-ICP-MS data obtained at the MPIC, Mainz (a) (pellets 1–6), and the CIGS (b) (pellet 7).

The 87Sr/86Sr as well as the 84Sr/86Sr ratio of the individual measurements (black squares) is shown as well as the

mean ratio (horizontal black line) and the respective 2s uncertainties (dashed lines).
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lower than expected from the naturally invariant ratio. The
trend in 84Sr/86Sr during both LA-MC-ICP-MS measurements
(Figure 6) shows furthermore no relation to the formation of
Ca argides/dimers, since monitoring of m/z 83 and 82 did
not show a significant increase between the gas-blank
period and during the ablation. In addition, the measure-
ments were randomly distributed on different nanopowder
pellets (pellets 1–6 for MPIC and pellet 7 for CIGS). Due to
the solely use of 1011 Ω resistors, a more precise monitoring
of the small signals observed at m/z 83 and m/z 82 was
not possible to potentially detect small changes in Ca
argide/dimer formation rate. However, we cannot entirely
exclude further interference affecting the 84Sr/86Sr ratio. In
general, the trend in 84Sr/86Sr does not imply that the
87Sr/86Sr results are inaccurate. Several studies showed that
highly precise and accurate 87Sr/86Sr results can be paired
with poor quality 84Sr/86Sr ratios (e.g., Horstwood et al.
2008, Copeland et al. 2010, Weber et al. 2018a). In these
studies, the 84Sr/86Sr deviates even further from the
accepted value than for our measurements. Both LA-MC-
ICP-MS set-ups, however, yielded individual and mean
87Sr/86Sr ratios in agreement with the solution data
(87Sr/86Sr = 0.70756 ± 0.00003, 2s). In addition, the laser
ablation trace element analyses were performed with even
smaller test portion masses than the Sr isotope measure-
ments. No significant deviation within one pellet was
observed with this technique, further indicating that the
NanoSr can be considered homogeneous for microanalyt-
ical in situ Sr isotope determinations on a scale of 10 s of
µm. This implies that the flame spray technique is suitable to
produce a custom-made microanalytical carbonate RM,
which fulfils the requirements for microanalytical Sr isotope
analysis.

Availability of NanoSr

In total, 15 g of the synthetic carbonate nanopowder
NanoSr was produced. A single pressed pellet equals
about 100 mg of carbonate nanopowder. Due to the
intended use as widely available low-Sr carbonate refer-
ence material for the in situ measurement of Sr isotopes,
aliquots of NanoSr are available on request from the
corresponding author.

Conclusions

This study characterised a custom-made reference
material with a specified mass fraction of Sr and a
carbonate matrix. Due to the lack of a suitable low-Sr
microanalytical carbonate reference material for in situ LA-
MC-ICP-MS analysis of Sr isotopes, a synthetic carbonate
nanomaterial with a relatively low-Sr mass fraction was

produced using the flame spray method. The material can
be easily pressed to stable nanopowder pellets and yielded
clean ablation tracks. The trace element mass fraction was
determined after digestion and using laser ablation ICP-MS
and yielded a mass fraction of Sr of approximately
500 µg g-1. Potentially interfering elements, such as Rb
and REEs, did not affect Sr isotope analysis due to their low
mass fraction. Determination of the Sr isotope ratios using LA-
MC-ICP-MS in two laboratories with three different and
independent solution-based techniques yielded results in
agreement within uncertainty and a mean 87Sr/86Sr ratio of
0.70756 ± 0.00003 (2s). Therefore, the NanoSr can be
used as a matrix-matched reference material for carbonate
samples to monitor the accuracy and precision of microan-
alytical analyses of Sr isotopes. Furthermore, this proof-of-
concept study confirms the possibility for researchers to
produce their own microanalytical custom-made reference
materials using the flame spray technique, not only for glass
matrices but also for carbonates.
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