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Reference materials (RMs) with well-characterised composition are necessary for reliable quantification and quality control
of isotopic analyses of geological samples. For in situ Rb-Sr analysis of silicate minerals via laser ablation inductively
coupled plasma tandem mass spectrometry (LA-ICP-MS/MS) with a collision/reaction cell, there is a general lack of
mineral-specific and matrix-matched RMs, which limits wider application of this new laser-based dating technique to
certain minerals. In this work, pressed nano-powder pellets (NP) of four RMs, GL-O (glauconite), Mica-Mg (phlogopite),
Mica-Fe (biotite) and FK-N (K-feldspar), were analysed and tested for in situ Rb-Sr dating, complemented by isotope
dilution (ID) MC-ICP-MS Rb-Sr analyses of GL-O and Mica-Mg. In addition, we attempted to develop alternative flux-free
and fused ‘mineral glasses’ from the above RMs for in situ Rb-Sr dating applications. Overall, the results of this study
showed that among the above RMs only two NP (Mica-Mg-NP and GL-O-NP) were suitable and robust for in situ dating
applications. These two nano-powder reference materials, Mica-Mg-NP and GL-O-NP, were thus used as primary RMs to
normalise and determine Rb-Sr ages for three natural minerals: MDC phlogopite and GL-O glauconite grains, and also
Mica-Fe-NP (biotite). Our in situ analyses of the above RMs yielded Rb-Sr ages that are in good agreement (within 8%) of
published ages, which suggests that both Mica-Mg-NP and GL-O-NP are suitable RMs for in situ Rb-Sr dating of
phlogopite, glauconite and biotite. However, using secondary RMs is recommended to monitor the quality of the obtained
ages.

Keywords: in situ Rb-Sr dating, LA-ICP-MS/MS, reference materials, nano-powders.

Received 29 Dec 21 – Accepted 26 Sep 22

In situ Rb-Sr dating of silicate minerals and rocks using
laser ablation-inductively coupled plasma tandem mass
spectrometry with a collision/reaction cell (LA-ICP-MS/MS) is
becoming an increasingly popular geochronological

technique to constrain the timing of mineral formation,
cooling/resetting ages as well as the duration of geological
events (Hogmalm et al. 2017, Tillberg et al. 2017, 2020, Li
et al. 2020, Olierook et al. 2020, Redaa et al. 2021, Redaa
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et al. 2022). This novel and rapid dating technique allows for
interference-free measurement of isobaric 87Rb and 87Sr
isotopes in K- and Rb-rich minerals such as glauconite, illite,
micas and K-feldspar. In situ Rb-Sr dating is facilitated by a
collision/reaction cell between two quadrupole mass filters
(MS/MS system) with either N2O or SF6 reaction gases,
which allows chemical separation of Sr from Rb, as the latter
does not react with either of these gases (Hogmalm
et al. 2017, Bevan et al. 2021). Rubidium can be measured
by monitoring 85Rb counts per second (cps) as the proxy for
87Rb where 87Rb = 85Rb 9 0.38562 (Rosman and
Taylor 1999), while the reactive Sr isotopes can be measured
interference-free as ‘mass-shifted’ Sr species (e.g., 87Sr16O+ or
87Sr19F+ at masses 103 or 106 amu, respectively). Another
advantage of the in situ Rb-Sr dating method is that these
measurements can be done rapidly and relatively precisely
(depending on whether single or multi-collector LA-ICP-MS/
MS instruments are employed) with minimal sample prepa-
ration, as the mineral of interest can be analysed directly from
rock chips as polished-mounts or polished-thick-sections
(ideally [50 lm thick), without the need for time-
consuming mineral and chemical separation that is conven-
tionally required to remove the isobaric interference between
87Rb and 87Sr (see Pin and Bassin 1992). In addition,
contamination by other phases in the mineral of interest (from
inclusions or overgrowths) can be avoided at the micro-scale
as the typical LA spot size for Rb-Sr dating is on the order of
50–80 lm (Zack and Hogmalm 2016, Hogmalm
et al. 2017, Redaa et al. 2021). However, the robustness
and repeatability of in situ Rb-Sr dating of silicate minerals is
currently restricted by several factors including elemental
fractionation effects (Gilbert et al. 2014, Lin et al. 2016,
Zhang et al. 2016) and mineral specific ablation properties
of reference materials (RMs) and samples of interest (i.e.,
matrix effects) (Sylvester 2008, Agatemor and Beau-
chemin 2011, Redaa et al. 2021).

The above factors can be eliminated or minimised by
the application of suitably matrix-matched RMs combined
with calibration and data correction routines summarised in
Miliszkiewicz et al. (2015) and references therein. However,
the general lack of well-characterised and matrix-matched
RMs for in situ Rb-Sr measurement remains one of the main
challenges for this dating technique as only a limited
number of suitable RMs are available to calibrate in situ
87Rb/86Sr and 87Sr/86Sr data. Specifically, most recent
in situ Rb-Sr dating studies have relied on a combination of
the following RMs, including: the glasses NIST SRM 610,
BCR-2G and BHVO-2G, and a single available nano-
powder (NP) phlogopite RM (Mica-Mg-NP) (Table 1) (Zack
and Hogmalm 2016, Hogmalm et al. 2017, S�eng€un
et al. 2019, Armistead et al. 2020, Gorojovsky and

Alard 2020, Li et al. 2020, Olierook et al. 2020, Tillberg
et al. 2020, Laureijs et al. 2021, Redaa et al. 2021). In
addition, some MPI-DING glasses were used as RMs for
in situ dating, including ATHO-G (rhyolite), T1-G (quartz-
diorite) and StHs6/80-G (andesite) (Laureijs et al. 2021),
and their 87Sr/86Sr recommended values are listed in
Table 1.

The 87Rb/86Sr ratios of the above materials have been
constrained and derived either from (i) Rb and Sr mass
fractions in the total sample mass, and/or (ii) calculated
indirectly from measured 87Sr/86Sr (via LA-ICP-MS/MS,
TIMS, MC-ICP-MS) and published ‘age’ data (i.e., available
crystallisation age and an assumed initial Sr isotope
composition following the approach of Hogmalm
et al. (2017)). In addition, the 87Rb/86Sr ratio of Mica-Mg
was directly measured using an ID MC-ICP-MS method
(Jegal et al. 2022). To date a range of accepted 87Rb/86Sr
and 87Sr/86Sr ratios and ages for the above RMs have been
reported in the literature (see data in Table 1), and these
ratios can be used as working values to calibrate Rb-Sr data
obtained via LA-ICP-MS/MS. However, using the above
RMs, such as NIST SRM 610 as illustrated by Redaa
et al. (2021), for in situ Rb-Sr dating of natural minerals could
bias the accuracy of in situ Rb-Sr ages by up to 7% (tested
on natural phlogopite crystals). This is mostly due to
differences in the chemical and physical (i.e., ablation)
properties of RMs and mineral(s) of interest.

The current approach for in situ Rb-Sr dating, designed
to overcome these matrix effects, relies primarily on the
analysis of additional RMs (i.e., well-characterised natural
minerals) with previously determined ages which can be
used to monitor the overall quality and repeatability of in situ
Rb-Sr data (Armistead et al. 2020, Li et al. 2020, Olierook
et al. 2020, Bevan et al. 2021, Laureijs et al. 2021, Redaa
et al. 2021). Such monitoring of data quality, along with the
application of secondary calibration when needed, allows
in situ Rb-Sr ages to be determined with an accuracy and
precision ranging between 1.5% to 3% (Armistead
et al. 2020, Li et al. 2020, Olierook et al. 2020, Bevan
et al. 2021, Redaa et al. 2021, Subarkah et al. 2021). These
values are however above typical uncertainties achievable
with solution based single-collector instruments, which calls
for the development and testing of new mineral-specific
reference materials to further improve the accuracy and
robustness of in situ Rb-Sr dating of silicate minerals. Such
new mineral-specific RMs need to be isotopically homoge-
neous at the micro-scale, and can be either crystalline
minerals or produced in the form of (i) pressed powder
pellets with binders (O’Connor et al. 2007, Tabersky
et al. 2014), (ii) pressed NP pellets without binders

2 4 © 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
the International Association of Geoanalysts.
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(Garbe-Sch€onberg and M€uller 2014), or (iii) fused mineral
glasses with a flux (Eggins 2003, Yu et al. 2003, Awaji
et al. 2006) or (iv) flux-free glasses (Fedorowich et al. 1993,
He et al. 2016).

In this study, four mineral RMs including phlogopite
(Mica-Mg-NP), glauconite (GL-O-NP), biotite (Mica-Fe-NP),
and K-feldspar (FK-N-NP) – available via Centre de
Recherches P�etrographiques et G�eochimiques (CRPG) –

were prepared as pressed NPs, and analysed by LA-ICP-
MS/MS for 87Rb/86Sr and 87Sr/86Sr isotopic compositions.
The original powders Mica-Mg and GL-O were also
analysed by isotope dilution (ID) MC-ICP-MS. Furthermore,
we also attempted to develop and produce a set of flux-free
mineral glasses. These NPs and fused glasses were assessed
for their elemental and isotopic composition and homo-
geneity, and their suitability for in situ Rb-Sr dating of K-rich
silicate minerals via LA-ICP-MS/MS.

Samples and analysed materials

GL-O glauconite

GL-O consists of glauconite grains, an Fe- and K-rich
mica group mineral, (K,Na)(Fe3+,Al,Mg)2(Si,Al)4O10(OH)2,
sampled from the Mantelliceras mantellii ammonite zone

near the beach of Cauville from the basal Cenomanian
section at Pays de Caux, Normandy, France (Govin-
daraju 1994). This RM is distributed by the CRPG as either
grains or powders. The GL-O grains were assumed to be
mineralogically homogeneous, but a recent study by
Boulesteix et al. (2020), as well as Jegal et al. (2022) and
our own investigations, show that some of the GL-O
glauconite grains are inhomogeneous with complex tex-
tures, containing minor apatite and calcite inclusions and/or
rims. GL-O was investigated in detail as a RM for K-Ar and
Rb-Sr dating by Odin et al. (1982), and the mean K-Ar age
of the ’bulk’ sample is reported at 95 � 1 Ma (see also
Smith et al. 1998, Fiet et al. 2006, Derkowski et al. 2009),
the latter also confirmed by a new in situ K-Ar technique that
yielded 94 � 1 Ma (Sol�e 2021). However, GL-O powders
and grains investigated in Odin et al. (1982) yielded Rb-Sr
ages that are highly variable with a mean of 91.7 � 7.1
Ma (2s, n = 20) recalculated from Odin et al. (1982)
using the revised 87Rb decay constant of 1.3972 �
0.0045 9 10-11 (Villa et al. 2015) and the expected Sr
isotope composition of seawater at 95–100 Ma
(0.70740 � 0.0001) (see Veizer et al. 1999, McArthur
et al. 2012 and references therein). Such differences in Rb-Sr
ages of GL-O were attributed to the analytical procedures
used and/or possible heterogeneity of the GL-O samples
(Odin et al. 1982, Jegal et al. 2022). Based on later studies
and K-Ar dating, GL-O was used to determine the age of the

Table 1.
Reported 87Rb/86Sr and 87Sr/86Sr ratios of reference materials used in previous studies focusing on in situ
Rb-Sr dating via LA-ICP-MS/MS (see References)

Reference
material

Type 87Rb/86Sr � 2s 87Sr/86Sr � 2s References

NIST SRM 610 Glass 2.33 � 0.0049 0.709699 � 0.000018* (Hogmalm et al. 2017)
2.3894 � 0.8 0.709699 � 0.000018* (Bevan et al. 2021)
2.390 � 0.005 0.709699 � 0.000018* (Olierook et al. 2020)

BCR-2G Glass 0.3901 0.705003 (Elburg et al. 2005, Hogmalm et al. 2017)
USGS BHVO-2G Glass 0.06557 � 0.00066 0.703469 � 0.000007 (Elburg et al. 2005, Gorojovsky and

Alard 2020)
ATHO-G Glass - 0.703224 (Jochum et al. 2006, Laureijs et al. 2021)
T1-G Glass - 0.710093 � 0.000004 (Jochum et al. 2006, Laureijs et al. 2021)
StHs6/80-G Glass - 0.703497 � 0.000008 (Jochum et al. 2006, Laureijs et al. 2021)
Mica-Mg-NP Pressed nano-powder

pellet of phlogopite
154.6 � 1.93 1.8525 � 0.0024 (Hogmalm et al. 2017)

156.9 � 2.3 1.8692 � 0.0022 (Olierook et al. 2020)
155.6 � 7.3 1.8622 � 0.0067 (Jegal et al. 2022)
155.27 � 2.0** 1.857 � 0.013 This study (LA-ICP-MS/MS)
151.4 � 0.54 1.8406 � 0.0002 This study (MC-ICP/MS)

GL-O-NP Pressed nano-powder
pellet of glauconite

- 0.7535 � 0.0010 (Govindaraju 1995)
36.2 � 4.0 0.75305 � 0.00089 (Jegal et al. 2022)
35.46 � 0.88** 0.7547 � 0.0031 This study (LA-ICP-MS/MS)
36.57 � 0.26 0.753561 � 0.00032 This study (MC-ICP/MS)

* This value is originally reported in Woodhead and Hergt (2001).
** calculated 87Rb/86Sr ratios based on assumed ages of 519.4 � 6.5 Ma and 95.4 Ma for Mica-Mg and GL-O respectively.

2 5© 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
the International Association of Geoanalysts.

 1751908x, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ggr.12467 by U

niversity of A
delaide A

lum
ni, W

iley O
nline L

ibrary on [01/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Albian–Cenomanian boundary at 95 Ma (Fiet et al. 2006).
However, Selby (2009) argued that this age (95 Ma) is
younger than the depositional age of the Mantelliceras
mantellii ammonite zone, where GL-O was sourced, which
was constrained via U-Pb dating at 99.6 � 0.9 Ma.
Therefore, the glauconite probably formed or ’matured’
within a period of 4–5 Ma after the deposition of the
sediment, or alternatively it was formed at 99–100 Ma but
the K-Ar (and by inference also Rb-Sr) system did not close
until about 95 Ma. Accordingly, the mean GL-O age can be
calculated at 95.4 � 2.3 Ma (1SE) based on the above Rb-
Sr, K-Ar and U-Pb depositional ages. The reported 87Sr/86Sr
values of the ‘bulk’ GL-O material are 0.7535 � 0.0010
(Govindaraju 1995), and 0.75305 � 0.00089 (Jegal
et al. 2022), and 36.2 � 4.0 for 87Rb/86Sr (Jegal
et al. 2022) (see Table 1).

Mica-Mg phlogopite

Phlogopite (K(Fe,Mg)3(AlSi3O10)(OH)2) is the Mg mem-
ber of the annite-phlogopite series. The Mica-Mg phlogopite
was sampled and separated from a pegmatitic unit from the
Ampandrandava quarry in the Bekily region, Madagascar
(Govindaraju 1979, Govindaraju 1994), and it is distributed
by the CRPG. This RM contains high Rb (1300 � 40 lg g-1)
and low Sr (27 � 3 lg g-1) contents (Govindaraju 1979,
Govindaraju 1994). The age of Mica-Mg has been
constrained from various samples from the Bekily area by
different geochronological methods including Rb-Sr, K-Ar
and U-Pb dating. The mean crystallisation age of the Mica-
Mg phlogopite is estimated at 519.4 � 6.5 Ma with an
initial 87Sr/86Sr of 0.72607 � 0.0007 constrained from a
diopside (low-Rb mineral) that occurs in the same location as
Mica-Mg phlogopite (see Hogmalm et al. 2017 and
references therein). The recommended 87Rb/87Sr and
87Sr/86Sr ratios of Mica-Mg reported in the literature are
variable, i.e., Hogmalm et al. (2017) reported 87Rb/87Sr and
87Sr/86Sr ratios for Mica-Mg of 154.6 � 1.93 and
1.8525 � 0.0024, respectively; whereas Olierook
et al. (2020) reported ratios of 156.9 � 2.3 and
1.8692 � 0.0022, respectively (Table 1). These 87Sr/86Sr
values were measured by LA-ICP-MS/MS and 87Rb/87Sr
was calculated by assuming the age of Mica-Mg is
519.4 � 6.5 Ma with an initial 87Sr/86Sr of
0.72607 � 0.0007 as described in Hogmalm
et al. (2017). A recent study reported 87Rb/87Sr and
87Sr/86Sr ratios of 155.6 � 7.3 and 1.8622 � 0.0067,
respectively with a calculated age of 521 � 24 Ma,
constrained by ID-TIMS and MC-ICP-MS (Jegal
et al. 2022). In addition, novel in situ K-Ar dating of Mica-
Mg yielded an age of 525 � 10 Ma (Sol�e 2021). The

variations in the reported absolute ratios suggest some
heterogeneity between batches and/or between pressed
NP pellets, however, the age is likely to be homogeneous.
Therefore, it is recommended that for each Mica-Mg-NP
pellet used for LA-ICP-MS/MS the 87Rb/87Sr should be
characterised via measuring the 87Sr/86Sr and assuming an
age and initial Sr ratio as described above (Hogmalm
et al. 2017, Olierook et al. 2020).

MDC phlogopite

MDC phlogopite was acquired from the same area as
Mica-Mg near Bekily, Madagascar (see Redaa et al. 2021)
and has an expected age of 519.4 � 6.5 Ma (Hogmalm
et al. 2017). Thick flakes of this sample were vertically
mounted in epoxy resin and polished. MDC was analysed in
this work as an unknown sample.

Mica-Fe biotite

Mica-Fe is a biotite (K (Fe,Mg)3(AlSi3O10)(OH)2) mica
which was sampled from Massif de Saint-Sylvestre, France
(Govindaraju 1979), and it is distributed by the CRPG.
Mica-Fe has high Rb (2200 � 2 lg g-1) but low Sr (5 � 1
lg g-1) contents (Govindaraju 1979, Govindaraju 1994).
Its reported K-Ar and Ar-Ar ages are 316 � 9 Ma
(Zimmermann et al. 1985) and 307.6 � 0.4 Ma (Grove
and Harrison 1996), respectively. Govindaraju (1979) also
proposed Rb-Sr and K-Ar ages of 316 � 10 Ma and
310 � 10 Ma, respectively, and more recently Jegal
et al. (2022), reported a Rb-Sr age of 287 � 55 Ma.
The initial 87Sr/86Sr ratio for Mica-Fe has not yet been
measured directly, but it can be inferred from the Rb-Sr
system of the coeval Saint-Sylvestre granite, which has a
reported initial 87Sr/86Sr ratio of 0.709797 � 0.016
(Turpin et al. 1990).

FK-N K-feldspar

FK-N is a K-rich alkali feldspar (i.e., microcline KAlSi3O8),
which was sourced from the Madras area in India, and it is
distributed by the CRPG. This RM contains 860 � 56 lg g-1

of Rb and 39 � 9 lg g-1 of Sr (Govindaraju 1984). The Rb-
Sr age of FK-N was reported at 512 � 30 Ma, with
87Rb/87Sr and 87Sr/86Sr ratios of 69.9 � 4.1 and
1.2114 � .0021, respectively (Jegal et al. 2022).

An alternative K-feldspar RM that could be used for
in situ Rb-Sr dating via LA-ICP-MS/MS is NBS SRM 607. This

2 6 © 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
the International Association of Geoanalysts.
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RM has been shown to have heterogenous 87Rb/86Sr and
87Sr/86Sr ratios that, however, seem to plot on the same
isochron (see Nebel and Mezger (2006)). Note that NBS
SRM 607 was not analysed in this study due to the lack of
NP material from this RM, but further work on in situ Rb-Sr
dating of SRM 607 as well as preparation of NP is
underway and will be the focus of future work.

Methods

Sample preparation

The RMs GL-O, Mica-Mg, Mica-Fe and FK-N were
prepared in this study as (i) pressed NP pellets and as (ii)
flux-free glasses (postscript G1 or G2). The latter was
prepared via fusion using a high-energy laser beam (see
below). An additional sample of GL-O grains was also
prepared as a polished-mount with glauconite grains
embedded in epoxy resin. The Mica-Mg-NP and GL-O-
NP were prepared at the Institute of Geosciences, Kiel
University, Germany, whereas Mica-Fe-NP and FK-N-NP
were supplied by J. Hogmalm and T. Zack (see Hogmalm
et al. 2017). All NP pellets were manufactured following the
method and protocols described by Garbe-Sch€onberg and
M€uller (2014).

The flux-free mineral glasses produced in this study were
melted and fused by laser heating at the RSES Argon Facility
in The Australian National University (ANU), using a Photon
Machine 100 W Fusions 10.6 CO2 laser system. Following
the recent work of He et al. (2016), who aimed to produce
flux-free glasses of silicate rocks in a furnace, this study tried
to produce the glasses using an alternative and rather
experimental laser-based approach for melting and fusion
of silicates under ultra-high vacuum. In this study, two � 10
mg portions of each material/mineral powder were loaded
into miniature alumina crucibles, and then all crucibles were
placed in the laser chamber under ultra-high vacuum. Mica-
Mg, Mica-Fe and FK-N were loaded as powders whereas
GL-O was loaded as mineral grains. Each portion was
heated by moving the focussed laser beam over the surface
of the samples located inside the crucible for 10–15 min.
The actual temperature of the laser beam was unknown
during the experiment, however, the melting of the samples
was monitored by a camera installed inside the chamber.
The laser energy was gradually increased until the targeted
sample appeared to be molten. The laser beam was then
turned-off to quench the melt and to produce a mineral
glass. The maximum laser energy used for each sample is
listed in Table 3.

Impact of laser-based melting/fusion on pro-
duced mineral glasses

The above RMs interacted differently with the laser beam
during fusion due to their distinct physical properties and
variable melting points. When the Mica-Mg and Mica-Fe
powders were exposed to the laser beam, they produced
melts with low viscosity that randomly spread at the bottom
of the crucible (Figure 1). Portions of the melt migrated away
from the area of the laser beam and incorporated un-melted
powder, which translated to incomplete melting and inho-
mogeneities within the fused glasses. The produced glasses
(Mica-Mg-G1 and G2, Mica-Fe-G1 and G2) were irregular
in shape (Figure 1), with remnants of the mineral powders
accumulated and preserved beneath the fused surface of
the glasses. This is not surprising considering a relatively high
melting point for micas that is typically in excess of 1100 °C
(Gardien et al. 1995).

In contrast, the powdered sample of FK-N melted faster
than Mica-Mg and Mica-Fe without any evidence of
remnant mineral powder within the fused glass. FK-N
powder produced a melt that accumulated at the bottom
of the crucible. The FK-N produced glasses (FK-N-G1 and
G2) were semi-spheroidal with a flat surface, and had a
typical diameter of 1 mm (Figure 1).

GL-O glauconite grains required a slightly longer time
(by about 2–3 min) to melt compared with other RMs
presented as mineral powders. The GL-O melt accumulated
at the centre of the crucible and then formed a semi-
spheroidal glass with a flat surface and a typical diameter of
about 1 mm (Figure 1). All produced mineral glasses
contained random hollows and vesicles visible on the
surface of fused glasses, which significantly limited the area
that could be targeted for LA-ICP-MS/MS analysis. All fused
mineral glasses were mounted in epoxy resin and polished
before microscopic inspection and LA-ICP-MS/MS analysis
(see below).

SEM/EDS Instrumentation

The fused mineral glasses were mapped for their major
element compositions and homogeneity using a FEI Quanta
450 high-resolution field emission Scanning Electron Micro-
scope (SEM), equipped with an energy dispersive X-ray
spectrometer (EDS) detector at Adelaide Microscopy, Univer-
sity of Adelaide. In addition, higher-resolution imaging and
mineral mapping was conducted on the GL-O grains at
Macquarie University, using a FEI Teneo LoVac field emission
SEM, equipped with EDS detectors (dual Bruker XFlash,

2 7© 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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Series 6). The SEM/EDS setup at Macquarie University,
coupled with Nanomin software for EDS spectra deconvo-
lution and mineral identification (Rafiei et al. 2020), was
used to investigate the micro-scale mineralogical hetero-
geneities and impurities within the GL-O grains.

LA-ICP-MS/MS Instrumentation

The mass fractions (lg g-1) of Rb and Sr and some major
elements (Si, K, Al, Fe and Mg) in the samples were measured
simultaneously with 87Rb/86Sr and 87Sr/86Sr isotopic ratios
using an Agilent 8900 ICP-MS/MS (with a collision/reaction
cell) coupled with a RESOlution ArF excimer (193 nm) laser
ablation system at Adelaide Microscopy, University of Ade-
laide. The first measurement session (Session 1) used a 74 lm
laser spot and included Mica-Mg-NP, GL-O-NP, GL-O grains
and MDC phlogopite. Measurement sessions 2 and 3 used a
67 lm laser spot and included the Mica-Mg-NP, GL-O-NP,
Mica-Fe-NP, FK-N-NP as well as GL-O grains and MDC.
Finally, GL-O-G1 and G2, Mica-Mg-G1, Mica-Fe-G1 and
G2, and FK-N-G1 and G2 were analysed in Session 4,
along with Mica-Mg-NP, Mica-Fe-NP and FK-N-NP, using a
74 lm laser spot. For each session, the LA-ICP-MS/MS was
tuned using NIST SRM 612 glass, and the tuning parameters
and instrument settings are listed in Table 2. All samples were
ablated in a He atmosphere, mixed with Ar as the carrier gas,
and an additional 3.5 ml min-1 of N2 were added to
enhance the signal sensitivity (Hu et al. 2008). N2O gas was

used as the reaction gas (0.35 ml min-1) to resolve the
isobaric interference between 87Rb and 87Sr using the
collision/reaction cell. N2O was used in preference to O2

or SF6 (Zack and Hogmalm 2016, Hogmalm et al. 2017) as
Sr reacts with higher efficiency, resulting in higher signal
intensities of measured SrOx (Redaa et al. 2021). Mica-Mg-
NP and NIST SRM 610 were used as primary RMs to
normalise 87Rb/86Sr and 87Sr/86Sr ratios using a sample-
calibrator-sample bracketing method (see Redaa
et al. 2021). NIST SRM 610 was used to calibrate Rb and
Sr mass fractions, with Al as the internal standard element. The
87Rb/86Sr and 87Sr/86Sr ratios were processed using the
Iolite v4 software (Paton et al. 2011), coupled with a
customised data reduction scheme for the Rb-Sr isotopic
analysis available from https://forum.iolite.xyz/d/148-new-rb-
sr-drs (Redaa et al. 2021). Rb-Sr data processing is described
in detail in previous publications (Hogmalm et al. 2017,
Laureijs et al. 2021, Redaa et al. 2021). Rb-Sr isochrons and
ages were calculated using the IsoplotR software (Ver-
meesch 2018).

Rb-Sr isotope dilution by MC-ICP-MS

The Rb-Sr isotopic compositions for powders of phlogopite
Mica-Mg and glauconite GL-O were determined by isotope
dilution multi-collector inductively coupled plasma-mass spec-
trometry (MC-ICP-MS) at the University of Melbourne, using
methods adapted from Maas et al. 2015 (see also Dalton

Figure 1. Images of fused glasses (top view) from GL-O, Mica-Mg, Mica-Fe (dark material) and FK-N (glassy

material) contained in miniature alumina crucibles inside a laser chamber after experimental melting using a

Photon Machine 100 W Fusion CO2 laser system at the Ar-Ar laboratory in the Australian National University (ANU).

2 8 © 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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et al. 2020, Fiorentini et al. 2020). Aliquots (10–20 mg of
Mica-MG, � 20 mg for GL-O) of the RMs were mixed with
85Rb-84Sr spike solution and digested at low pressure (3:1 HF:
HNO3, 100 °C, 48 h, pure HNO3 and finally 6 mol l-1 HCl).
Strontium and Rb were extracted and purified from the
sample solutions using EICHROMTM Sr resin (0.15 ml bed
100–150 lm, two passes for Sr) and AG-W50-X8 (4 ml bed,
200–400 mesh), respectively. Procedural blanks (\ 0.05 ng
Rb, Sr) produced negligible blank corrections.

All analyses were carried out on a NU Plasma MC-ICP-
MS. Strontium isotope data were acquired on total Sr signals of

8–10 V corrected for Sr memory and Kr-Rb isobaric interfer-
ences using a combination of a 30-s ’on-peak zero’ baseline
measurement before the sample was aspirated and within-run
interference monitoring at masses 83 and 85; 87Sr data
acquired with [0.3 mV of residual 85Rb were corrected for
87Rb interference using the measured 85Rb/87Rb (i.e., spiked).
Sr mass bias was corrected by internal normalization to
88Sr/86Sr = 8.37521 using the exponential law in an online
iterative spike unmixing routine. Measurement repeatability
precision (2SE) for means of thirty 10-s integrations was
typically�0.000020 (somewhat higher for radiogenic Sr such
as Mica-Mg) and intermediate measurement precision ("ex-
ternal precision") was near �0.000040 (2s). Data for
87Sr/86Sr are reported relative to a ratio of 0.71023 for NIST
SRM 987; measured values for NIST SRM 987 were in the
range 0.71018–0.71025, with smaller ranges in individual
sessions. Rubidium isotope dilution analyses were done using
Zr-doping (Waight et al. 2002); this produced corrected
85Rb/87Rb ratios for unspiked Rb in the range 2.590–2.593
and yielded 87Rb/86Sr with intermediate measurement pre-
cision of �0.5% (2s).

Data quality for these isotope dilution results was
examined using two reference materials, NIST SRM 607 K-
feldspar and USGS basalt BCR-2. Two analyses of NIST
SRM 607, with nominal 87Rb/86Sr = 24.26 and
87Sr/86Sr = 1.20048 (calculated from the certified Rb/Sr
and 87Sr/86Sr after adjusting the certified to NIST SRM
987 = 0.71023), yield Rb-Sr model ages of 1442 and
1452 Ma, consistent with an age of 1447 � 7 Ma
obtained for the adjusted certified composition (initial
87Sr/86Sr = 0.705, Rb decay constant of Villa et al. 2015;
see also Nebel and Mezger 2006). Rb-Sr data for six splits
of two digestions of the BCR-2 basalt yield mean 87Rb/86Sr
and 87Sr/86Sr of 0.3991 � 0.0006 and 0.704986 �
0.000019 (2s), respectively, consistent with reference data
(e.g., http://georem.mpch-mainz.gwdg.de). Finally, Rb-Sr
data for hornblende/augite and biotite from Mt Dromedary
monzonite (NSW, SE Australia) yielded an isochron age of
99.27 � 0.26 Ma (MSWD 1.3, 87Sr/86Sri 0.70450 � 5,
errors 95% CL). This age is consistent with CA-ID-TIMS zircon
U-Pb age and 40Ar/39Ar biotite ages of ca. 99 Ma (see
Phillips et al. 2017).

Results and discussion

Chemical and elemental homogeneity

The composition and spatial homogeneity of the fused
glasses was firstly investigated using micro-scale elemental

Table 2.
Laser ablation and ICP-MS/MS operating param-
eters

Laser parameters Value

He carrier gas 380 ml min-1

Ar carrier gas 880 ml min-1

N2 addition 3.5 ml min-1

Spot size 74 or 67 lm
Repetition rate 5 Hz
Fluence 3.5 J cm-2

Sample chamber S155 large format
ICP-MS/MS
Plasma parameters
RF power 1350 W
Sample depth 5 mm
Lens parameters
Extract 1 -2 V
Extract 2 -140 V
Omega bias -80 V
Omega lens 7 V
Q1 entrance 1.5 V
Q1 exit -2 V
Cell focus -2 V
Cell entrance -90 V
Cell exit -120 V
Deflect - 11 V
Plate bias -80 V
Q1 parameters
Q1 bias -2 V
Q1 prefilter bias -10 V
Q1 postfilter bias -7 V
Cell parameters
N2O flow rate 0.35 ml min-1

OctP bias -23 V
Axial acceleration 2 V
OctP RF 180 V
Energy discrimination -8 V
Q2 parameters
Q2 bias -31 V

Mg24 - [ 40 (2) amu (ms)
Measured masses, Al27 - [ 27 (2) amu (ms)
mass shifts and Si29 - [ 45 (2) amu (ms)
dwell times (in brackets) K39 - [ 39(2) amu (ms)

Fe56 - [ 72 (5) amu (ms)
Rb85 - [ 85 (5) amu (ms)
Sr86 - [ 102 (5) amu (ms)
Sr87 - [ 103 (5) amu (ms)

2 9© 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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maps generated by SEM/EDS. The elemental maps show
the presence of K, Al, Si, Fe and Mg as major elements within
the glasses as shown in online supporting information
Figures S1–S5. In addition, GL-O glass contains traces of Ca
and P (Figures S4–S5) that agrees with the presence of
minor apatite phases/inclusions detected via Nanomin
maps of the GL-O grains (see Figure S6). In addition, calcite
and plagioclase have been identified in GL-O grains
(Boulesteix et al. 2020).

The Rb and Sr mass fractions of the NP pellets and
glasses were determined by LA-ICP-MS/MS, and the
measurement results are listed in online supporting informa-
tion Table S1, and summarised in Figures 2 and 3, and
Table 3. The Rb mass fractions of all NP pellets agree with
their published values within uncertainty. However, Sr in
Mica-Mg, Mica-Fe and FK-N NPs is lower than the reference
values (see Figure 3 and Table 3).

The glasses showed variation in their Rb and Sr mass
fractions (lg g-1) compared with the reported values for
their equivalent powders. The measured Rb mass fractions
for the glasses derived from powdered samples (Mica-Mg-
G1, Mica-Fe-G1 and -G2, FK-N-G1 and -G2) are, on
average, lower than the mass fractions measured in the
corresponding NP pellets and have large uncertainties. The
% RSD ranged between 3% and 28% (2s). The system-
atically lower Rb mass fractions in the glasses indicate that
Rb was most likely lost during the melting process.
Comparing the Rb mass fractions in Mica-Mg-G1 (product)
and Mica-Mg-NP (source material) indicates a Rb loss of
about 41%. The other glasses produced from Mica-Fe, GL-
O and FK-N showed Rb loss between 1% and 15%. This
variation in Rb losses between the glasses is probably due
to the differences in the physical (i.e., grains vs. powder,
melting point etc) and chemical properties (e.g., composi-
tion, amount of mineral water, etc) of the RMs, in addition
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Figure 2. Boxplot diagrams showing measured Rb mass fractions in glasses and NPs from GL-O, Mica-Mg, Mica-Fe

and FK-N RMs. The dashed line represents the Rb mass fraction (from published studies) with the shaded area

illustrating the uncertainty (see data and references listed in Table 3).
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to the variation in the melting conditions related to the
laser energy applied. For example, Rb loss is particularly
obvious from Mica-Fe-G1 and FK-N-G2, which were
melted at relatively higher laser outputs (3.1 W mm-2)
and, hence, temperatures. The temperature reached was
not measured directly but it can be inferred that the
melting points of the minerals tested were significantly
higher than the boiling point of Rb (� 688 °C), but lower
than the boiling point of more refractory Sr (1382 °C,
Gray 2009).

The Sr mass fractions in Mica-Mg-G1, Mica-Fe-G1 and -
G2, and FK-N-G1 and -G2 agree within uncertainty of the
published mass fractions for these minerals (see Figure 3).
This general agreement indicates that Sr did not volatilise
significantly during the melting process, which suggests that
the fusion temperature did not exceed the boiling point of Sr.
However, the mineral glasses were more heterogeneous for
Sr compared with the NP pellets, which could be due to

incomplete mixing of mineral heterogeneities during fusion.
This can be also explained by the additional homogenisa-
tion of the NP during milling prior to pressing into pellets,
compared with the source mineral powders, which were
used to produce the glasses.

The mean Rb mass fraction of the GL-O grains was
higher than in GL-O-NP by about 15–25% (see Figure 2). In
contrast, Sr mass fractions were lower in the GL-O grains
compared with the NP by 60–77% (see Figure 3). We
speculate that this marked difference in Sr mass fractions is
due to the presence of mineral inclusions (particularly apatite
and calcite), which were avoided during LA-ICP-MS/MS
analysis. Here, analysis primarily targeted centres of the
grains, while avoiding mineral inclusions which are more
abundant in rims or outer areas of glauconite grains. A
corresponding difference was also observed for Ca mass
fractions between GL-O grains and GL-O-NP, with Ca being
60% lower in the grains, which supports the incorporation of
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Figure 3. Boxplot diagrams with Sr mass fractions from GL-O, Mica-Mg, Mica-Fe and FK-N glasses and NPs. The

dashed line represents the published Sr mass fraction with shaded area illustrating the uncertainty (see data and

references listed in Table 3).
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Sr-rich, Ca-bearing inclusions such as calcite or apatite (see
data in Table S1).

The observed spread in Rb mass fractions in GL-O grains
likely represents natural variation between individual glau-
conite grains (see also data in Odin et al. 1982), coupled
with the effects of mixing (i) Rb-rich ‘pure’ glauconite zones
with (ii) Rb-poor impurities (calcite, apatite). The complex
mineralogy of single GL-O grains highlights the advantage
and importance of the in situ Rb-Sr dating approach via LA-
ICP-MS/MS as this technique can avoid possible contam-
ination of younger diagenetic mineral phases or older
detrital phases and micro-inclusions (Scheiblhofer
et al. 2022).

The mean Sr mass fractions of the GL-O-G1 and -G2
glasses are within uncertainty of the bulk powdered GL-O
reference values but they are also heterogeneous ([ 24%
RSD and � 200% RSD for Rb and Sr, respectively, 2s, see
Table 3 and Figure 3). As mentioned above, the hetero-
geneity of the GL-O glasses are also probably due to the
presence of minor apatite and calcite impurities, which have
been homogenised in the GL-O powder compared with the
fused glass produced from heterogeneous mineral grains.

The elemental homogeneity of the glasses and NPs was
assessed at the micro-scale for major elements as well as Sr
and Rb, using LA-ICP MS/MS and following the approach
described in Gilbert et al. (2013). This approach compares

Table 3.
Rubidium and Sr mass fractions of glasses and NPs analysed by LA-ICP-MS/MS. The second column shows
the maximum laser output used to melt the glasses

Sample Maximum
laser
Energy

Session Rb
(lg g-1)

2s %
RSD

Expected
Rb

Sr
(lg g-1)

2s %
RSD

Expected
Sr

n

(W mm-2)

FK-N-NP Session 1 917.75 45.19 4.92 860 � 50* 30.52 2.25 7.37 39 � 4* 10
FK-N-NP Session 2 886.38 51.32 5.79 32.34 1.59 4.9 20
FK-N-NP Session 3 882.7 48.02 5.44 32.06 2.03 6.34 29
FK-N-NP Session 4 888.96 30.94 3.48 32.2 1.28 3.98 21

mean 889.64 48.87 5.49 31.97 2.07 6.47 80
FK-N-G1 1.85 Session 4 849.32 33.01 3.89 32.59 3.91 12 21
FK-N-G2 3.1 Session 4 824.63 61.94 7.51 32.39 7.99 24.66 20
GL-O-NP Session 1 247.83 5.86 2.36 238 � 5# 18.13 0.72 4 19.3 � 0.5# 46
GL-O-NP Session 2 237.71 2.85 1.2 18.1 0.53 2.94 34
GL-O-NP Session 3 233.51 5.11 2.19 17.92 0.82 4.55 30

mean 240.8 13.09 5.44 18.07 0.71 3.95 110
GL-O MC-ICP-MS 237.11 16.50** 6.96** 18.84 1.31** 6.96** 16
GL-O grains Session 1 305.04 83.08 27.24 4.86 1.71 35.11
GL-O grains Session 2 288.29 41.47 14.39 5.25 2.3 43.85
GL-O grains Session 3 296.48 73.89 24.92 4.37 1.64 37.56
GL-O grains Session 4 277.74 55.86 20.11 5.75 2.38 41.33
GL-O-G1 2.5 Session 4 243.18 60.11 24.72 14.43 29.9 207.27 20
GL-O-G2 4.3 Session 4 224.5 62.92 28.03 24.13 46.93 194.5 18
Mica-Fe-NP Session 1 2579.1 253.42 9.83 2200 � 80& 3.54 0.38 10.86 5 � 1& 10
Mica-Fe-NP Session 2 2393.39 76.08 3.18 3.67 0.46 12.53 20
Mica-Fe-NP Session 3 2423.57 54.69 2.26 3.63 0.58 15.87 30
Mica-Fe-NP Session 4 2638.09 163.87 6.21 3.64 0.35 9.73 20

mean 2489.1 238.67 9.59 3.63 0.47 13.06 80
Mica-Fe-G1 3.1 Session 4 2101.86 252.88 12.03 3.31 0.89 26.78 14
Mica-Fe-G2 2.5 Session 4 2422.47 368.67 15.22 3.54 0.83 23.44 9
Mica-Mg-NP Session 1 1461.59 65.43 4.48 1300 � 40& 22.46 0.42 1.85 27 � 3& 37
Mica-Mg-NP Session 2 1351.53 33.24 2.46 22.77 0.46 2.03 51
Mica-Mg-NP Session 3 1387.11 63.7 4.59 22.76 0.5 2.19 57
Mica-Mg-NP Session 4 1404.56 46.79 3.33 23.23 1.44 6.19 39

mean 1395.92 91.94 6.59 22.8 0.92 4.02 184
Mica-Mg MC-ICP-MS 1222 5 0.41 25.93 0.03 0.12 4
Mica-Mg-G1 3.1 Session 4 826.46 237 28.68 24.56 2.86 11.65 10

* Govindaraju and Roelandts (1988).
& Govindaraju (1995).
# Govindaraju (1995), Odin (1976).
** This relatively high uncertainty indicates natural heterogeneity between the aliquots, compared with the analytical uncertainty of 0.5%.
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the uncertainty of the element signal u(S) with the uncertainty
of measurement repeatability (% RSD) within a measurement
session (Figure 4). These uncertainties are theoretically equal
if the investigated sample is homogeneous, but when the %
RSD is significantly greater than u(S) then the element
distribution is considered heterogeneous (Gilbert
et al. 2013). The LA-ICP-MS/MS data show that the glasses
are heterogeneous for most major elements, Rb and Sr, and
especially Ca, P and Sr in GL-O glasses (Figure 4). On the
other hand, Mica-Mg-NP, GL-O-NP and FK-N-NP were
more homogeneous with % RSD of 4% or less (Figure 4).
Conversely, Mica-Fe-NP is the least homogeneous of the NP
materials with high internal variations for Sr (5–8% RSD), and
Rb and K in some sessions. Finally, FK-N-NP tended to
produce the noisiest signals with high u(S) in some sessions.
Calcium and P have higher u(S) than other elements in

GL-O-NP but were homogeneously distributed in this NP (on
the 1:1 line, Figure 4b). Although Ca and P are primarily
hosted in the minor apatite and calcite phases in the
sample, they are distributed evenly within the GL-O-NP.

Assessment of 87Rb/86Sr and 87Sr/86Sr isotope
homogeneity via LA-ICP MS/MS

To investigate the homogeneity of 87Rb/86Sr and
87Sr/86Sr ratios and to assess the potential of each material
to be used as RMs, the ratios were normalised to NIST SRM
610 (see Redaa et al. 2021). Although the 87Rb/86Sr ratios
are not corrected for matrix effects, and the absolute ratios
are biased, this approach allows for an assessment of
homogeneity for all materials including Mica-Mg-NP. The
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Figure 4. Cross-plots of relative standard deviation (% RSD) of multiple analyses (LA-ICP-MS/MS) versus the

uncertainty of the signal u(S), which can be used to assess the homogeneity of RMs at the micro-scale (following the

approach of Gilbert et al . 2013). The black line shows 1:1 trend between these two variables (% RSD and u(S)); if a

studied material was completely homogeneous then all data would plot ideally along this line.

3 3© 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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measurement results are listed in Table S2, summarised in
Table 4 and plotted on ‘Nicolaysen diagrams’ (Figure 5).

GL-O glauconite: The normalised 87Rb/86Sr and
87Sr/86Sr ratios for GL-O are plotted with an initial Sr
isotope ratio (87Sr/86Sri) of 0.70740 (Figure 5a). The latter
represents the expected Sr isotope composition of seawater
at 95–100 Ma (Veizer et al. 1999 and references therein,
McArthur et al. 2012) when the glauconite is expected to
have formed in marine settings from palaeo-seawater or
coeval seawater-derived fluids.

The GL-O-NP is more homogeneous than Mica-Fe-NP,
Mica-Mg-NP or FK-N-NP, with a mean 87Rb/86Sr of
37.4 � 0.26 (2s) and 87Sr/86Sr of 0.7547 � 0.0031 (2s);

and reproducibility between the three sessions of 6.4% and
0.40% (% RSD, 2s), respectively. The measured 87Sr/86Sr of
GL-O-NP (0.7547 � 0.0031) is within uncertainty of the
reported ratio of 0.7535 � 0.001 (Govindaraju 1995,
Odin 1976).

In comparison, both the fused glasses and the natural
GL-O grains were highly variable with respect to their
87Rb/86Sr and 87Sr/86Sr ratios (Figure 5a), with the majority
of GL-O data (from NP, glasses and grains) plotting along a
single isochron (Figure 5a). As discussed above the GL-O
grains are complex and composed of glauconite and other
minor, Rb-poor and Sr-rich mineral phases (i.e., apatite,
calcite and plagioclase). Therefore, the isochron for the GL-O
materials in part reflects (i) natural Rb variation between

Table 4.
Mean 87Rb/86Sr and 87Sr/86Sr ratios analysed by LA-ICP-MS/MS and normalised to NIST SRM 610, and
solution MC-ICP-MS

Sample Session 87Rb/86Sr 2s % RSD 87Sr/86Sr 2s % RSD n

FK-N-NP Session 1 84.9 4.75 5.6 1.213 0.014 1.12 10
FK-N-NP Session 2 77.57 4.3 5.54 1.216 0.023 1.9 20
FK-N-NP Session 3 78.27 4.87 6.22 1.217 0.024 1.98 29
FK-N-NP Session 4 77.97 2.87 3.68 1.212 0.017 1.4 21

mean 79.68 6.85 8.59 1.215 0.005 0.38 4
FK-N-G1 Session 4 73.8 9.82 13.31 1.22 0.05 4 21
FK-N-G2 Session 4 73.08 17.14 23.46 1.23 0.07 5 20
GL-O-NP Session 1 38.69 1.78 4.6 0.755 0.0141 1.86 46
GL-O-NP Session 2 37.21 1.28 3.4 0.7561 0.0153 2.03 34
GL-O-NP Session 3 36.25 1.69 4.7 0.753 0.0172 2.29 30

mean 37.4 2.41 6.44 0.7547 0.0031 0.4 3
GL-O MC-ICP-MS 36.57 0.26 0.71 0.753561 0.00032 0.04 16
GL-O grains Session 1 183.9 73 39.7 0.933 0.088 9.4 18
GL-O grains Session 2 162 52.1 32.2 0.919 0.082 8.9 14
GL-O grains Session 3 200 54.4 27.2 0.97 0.082 8.5 18
GL-O grains Session 4 140.4 40.2 28.7 0.884 0.055 6.2 68
GL-O-G1 Session 4 74.27 76.53 103 0.805 0.103 12.79 20
GL-O-G2 Session 4 65.25 98.98 152 0.792 0.128 16.19 18
Mica-Fe-NP Session 1 2067 148 7.17 7.8 0.64 8.22 10
Mica-Fe-NP Session 2 1906 264 13.85 8.07 0.99 12.24 20
Mica-Fe-NP Session 3 1956 342 17.47 8.14 1.22 15.05 30
Mica-Fe-NP Session 4 2072 196 9.46 7.97 0.7 8.8 20

mean 2000.2 161.8 8.1 8 0.29 3.62 4
Mica-Fe-G1 Session 4 1837 354 19.28 8.57 0.88 10.24 14
Mica-Fe-G2 Session 4 2001 691 34.56 8.49 0.64 7.6 9
Mica-Mg-NP Session 1 183.8 7.9 4.3 1.8509 0.0173 0.93 37
Mica-Mg-NP Session 2 168.1 4.1 2.42 1.8608 0.0339 1.82 51
Mica-Mg-NP Session 3 172.7 7.7 4.49 1.8647 0.0365 1.96 60
Mica-Mg-NP Session 4 171.2 12.5 7.29 1.8522 0.0258 1.39 39

mean 173.9 13.5 7.71 1.857 0.013 0.7 4
Mica-Mg MC-ICP/MS 151.4 0.54 0.36 1.8406 0.0002 0.01 4
Mica-Mg-G1 Session 4 96 33 34.49 1.84 0.11 5.7 10
BCR-2G Session 1 0.445 0.021 4.8 0.7048 0.0024 0.34 26

Session 2 0.421 0.013 3.1 0.7055 0.004 0.57 26
Session 3 0.407 0.008 2.1 0.7048 0.0053 0.75 34
Session 4 0.419 0.15 3.6 0.70508 0.0048 0.69 26
Mean 0.4227 0.031 7.28 0.70505 0.00065 0.09 4

Note that 87Rb/86Sr ratios acquired by LA-ICP-MS/MS are biased and not comparable due to the matrix effect, but were listed here to illustrate their variations
between and within sessions.

3 4 © 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
the International Association of Geoanalysts.
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grains (Nebel and Mezger 2006, Odin et al. 1982) and
also (ii) a ‘mixing line’ between the glauconite and other Sr-
rich phases. The Sr mass fractions and 87Sr/86Sr ratios of GL-
O materials were plotted on a cross-plot (Figure 6; Langmuir
et al. 1978) to investigate possible mixing phenomena
between glauconite and other phases. The GL-O glasses
(GL-O-G1 and G2) plot along a two-component mixing
curve (Figure 6), with a systematic decrease in 87Sr/86Sr
ratios with increasing Sr mass fractions (lg g-1). In contrast,
GL-O-NP did not show obvious variability, which is not
surprising considering the higher homogeneity of the NP
material compared with the glasses (see previous section).

In Figure 6b, the 87Sr/86Sr ratios were plotted against 1/
Sr mass fraction for GL-O fused glasses with a linear trend
fitted by IsoplotR (Vermeesch 2018) and using the least-
squares algorithm of York et al. (2004). The projected
87Sr/86Sr y-intercepts of the regression lines are
0.70478 � 0.011 (2SE) for GL-O G1 glass, and
0.70613 � 0.0063 (2SE) for GL-O G2 (Figure 6b), which
are within uncertainty the expected 87Sr/86Sri of 0.70740
(McArthur et al. 2012). The fact that all data from GL-O-G1
and G2 glasses, GL-O grains and GL-O-NP plot together
along a common isochron (Figure 5a) suggest that all
phases are coeval and formed via common early diagenetic

Figure 5. Rb-Sr isochron plots (Nicolaysen diagrams), constructed using IsoplotR (Vermeesch 2018), showing

measured variations in 87Rb/86Sr and 87Sr/86Sr ratios in the fused mineral glasses (G1, G2 data) and nano-powder

pelles (NP). Data were acquired via LA-ICP-MS/MS and normalised to NIST SRM 610 for the following minerals: (a)

GL-O (Glauconite), (b) Mica-Mg (Phlogopite), (c) Mica-Fe (Biotite) and (d) FK-N (Potash Feldspar). These results are

complemented by a high-precision isotope dilution (ID) Rb-Sr data from Mica-Mg and GL-O mineral powders (see

blue squares) acquired by a solution-based MC-ICP-MS approach. However, 87Rb/86Sr data of the NPs is biased due

to the matrix effect and not directly comparable.

3 5© 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
the International Association of Geoanalysts.
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process(es) in a marine setting. Hence, we argue that the Rb-
Sr isotope system of GL-O glauconite grains, including minor
apatite and calcite inclusions, has not been reset since the
early diagenetic (authigenic) formation of the glauconite-
apatite mineral assemblages. Considering its homogeneity,
we propose that the produced GL-O-NP is a suitable RM for
in situ Rb-Sr dating of glauconite, illite and/or micas. Further
improvements could be made to produce an even more
‘pure’ and homogeneous glauconite NP by treating the
source GL-O powder with weak acid that can dissolve the
minor calcite and apatite impurities, prior to milling (Smalley
et al. 1989).

Mica-Mg phlogopite: The mean 87Rb/86Sr ratios
normalised to NIST SRM 610 are variable between sessions
(ranging from 168 to 184, see Table 4 and Figure 7) with
Session 4 being the most variable (7% RSD), and the other
sessions being more homogeneous and comparable to GL-
O-NP (2.4–4.5% RSD, 2s) (see Table 4 and Figure 7). The
87Sr/86Sr ratios of Mica-Mg-NP were more consistent
between the sessions (% RSD = 0.7, 2s, n = 4), but the
mean of 1.857 � 0.013 (2s, n = 4) is lower than the
87Sr/86Sr reported in Olierook et al. (2020) by 0.65%, and
higher than the value reported in Hogmalm et al. (2017) by
0.24% (see Table 1). This variation either reflects isotopic

differences between batches of Mica-Mg, or inter-laboratory
variability. Mica-Mg-G1 is highly variable and has system-
atically lower 87Rb/86Sr ratios by up to 40% compared with
Mica-Mg-NP (Figure 5a), which most likely reflects a
progressive loss of Rb during the formation of the fused
mineral glass. Although the mean 87Sr/86Sr value of Mica-
Mg-G1 (1.842 � 0.11, 2s, n = 10) overlapped the
expected ratios of Mica-Mg-NP (1.84 and 1.87, see
Table 1), it is associated with a relatively high uncertainty
(5% RSD, 2s), which is due to the heterogeneity of Mica-Mg-
G1 in regards to 87Sr/86Sr. Therefore, the Mica-Mg-G1
glass is unsuitable as a RM for in situ Rb-Sr dating. However,
Mica-Mg-NP is a suitably homogeneous RM for in situ Rb-Sr
dating of phlogopite and related mica group minerals
(Hogmalm et al. 2017, Olierook et al. 2020, Redaa
et al. 2021).

Mica-Fe biotite: The 87Rb/86Sr ratios of Mica-Fe-G1
and G2 are generally lower than of Mica-Fe-NP (Figure 5b)
and have larger uncertainties of 19% RSD and 35% RSD
(2s) for G1 and G2 glasses, respectively (Table 4). The
decrease in 87Rb/86Sr ratios in the glasses, compared with
Mica-Fe-NP (Figure 5c), confirms the loss of Rb from
volatilisation during the melting process. The mean 87Sr/86Sr
ratios of Mica-Fe-G1 and G2 are the same within

Figure 6. (a) Cross-plot of 87Sr/86Sr ratios vs. Sr mass fractions from GL-O glasses, GL-O grains and GL-O-NP nano-

powder acquired via LA-ICP-MS/MS (circles), plotted along with a two-component theoretical mixing line (red

curve). (b) Cross plot of 87Sr/86Sr vs. 1/Sr data showing statistically significant linear correlation. The LA-ICP-MS/MS

data are complemented by a high-precision isotope dilution (ID) Rb-Sr data from GL-O mineral powders (see blue

square) acquired by solution-based MC-ICP-MS.

3 6 © 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
the International Association of Geoanalysts.
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uncertainty (4% RSD, 2s), and are also in good agreement
with the mean 87Sr/86Sr of Mica-Fe-NP analysed in the
same session (Session 4) (see Figure 5c). The heterogeneous
nature of the Mica-Fe glasses means they are not suitable as
RMs for LA-ICP-MS/MS analysis. Mica-Fe-NP is also hetero-
geneous for both 87Rb/86Sr and 87Sr/86Sr ratios with

reproducibility between the sessions estimated at 8% RSD
and 3.6% RSD (2s, n = 4), respectively (see Table 4, and
Figures 5 and 7). Due to this heterogeneity, Mica-Fe-NP is
unsuitable as a primary RM for in situ Rb-Sr dating. However,
all data plot along an isochron, so that Mica-Fe-NP could
be used as a secondary RM (assuming its age is 287 � 55
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powder pellets (FK-N-NP, GL-O-NP, Mica-Fe-NP, Mica-Mg-NP) were normalised to NIST SRM 610; thus, 87Rb/86Sr
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Ma (Jegal et al. 2022)) to monitor overall data quality and
possible matrix effects, especially for biotite samples. Due to
the large uncertainty associated with the reported age for
Mica-Fe in Jegal et al. (2022), further characterisation for this
sample is required to improve the uncertainty.

FK-N K-feldspar: Measured 87Rb/86Sr and 87Sr/86Sr
ratios of FK-N (K-feldspar; FK-N-G1 and G2 glasses and
NP) were normalised to NIST SRM 610, and the results are
reported in Table S2 and summarised in Table 4. The
87Rb/86Sr ratios in the FK-N-G1 and G2 fused glasses
broadly overlap but are lower on average than the ratios in
the FK-N-NP (Figure 5d). Again, this indicates volatilisation
and loss of Rb from the feldspar during melting. Conversely,
87Sr/86Sr ratios in the FK-N-G1 and -G2 are within
uncertainty of FK-N-NP (Figure 5c). FK-N-NP is also hetero-
geneous for 87Rb/86Sr at micro-scale level with variation
between sessions constrained at 8.59% (2s), but this
variation is much smaller for 87Sr/86Sr (0.4%, 2s), see
Table 4 and Figure 7). Based on these results, the FK-N RM
is currently not suitable for the in situ Rb/Sr dating due to
87Rb/86Sr heterogeneity and the poorly constrained age
and geological context.

Suitability of nano-powders (NP) for in situ Rb-Sr
dating: Overall, our results show the Mica-Mg-NP and GL-
O-NP to be homogeneous with respect to 87Rb/86Sr and
87Sr/86Sr, indicating they could be suitable RMs for in situ
Rb-Sr dating. However, the recommended 87Rb/87Sr and
87Sr/86Sr ratios of Mica-Mg reported in the literature are
variable (see below, and data in Table 1). The recom-
mended 87Rb/86Sr ratio for GL-O-NP has not been
previously reported, and the published data (ID-TIMS) from
GL-O powders and grains are also variable (see Odin
et al. 1982, Jegal et al. 2022). Recent studies (e.g.,
Hogmalm et al. 2017) calculated the expected 87Rb/86Sr
ratios of a given RM using (i) measured 87Sr/86Sr ratios
normalised to NIST SRM 610, (ii) the expected age of the
RM and (iii) its assumed initial 87Sr/86Sr ratio based on a
cogenetic low Rb/Sr mineral, using the 87Rb decay constant
of 1.3972 � 0.0045 9 10-11 (Villa et al. 2015). In this
work, the 87Rb/86Sr ratios of Mica-Mg-NP and GL-O-NP
were calculated using the above approach, and the mean
87Sr/86Sr ratios determined in multiple measurement ses-
sions (listed in Table 4). BCR-2G glass was analysed as a
secondary RM for 87Sr/86Sr. The mean 87Sr/86Sr ratio for
BCR-2G, determined over four measurement sessions, is
0.70505 � 0.00065 (2s, n = 4), which agrees within
uncertainty with the published 87Sr/86Sr reference value of
0.705003 � 0.000008 (Elburg et al. 2005). Following the
above approach, the 87Rb/86Sr of Mica-Mg-NP was
calculated at 155.27 � 2.0 (2s, propagated as described

in Redaa et al. (2021)), based on the mean 87Sr/86Sr of
1.857 � 0.013 (2s, n = 4), an expected age of 519.4 �
6.5 Ma, and an initial Sr ratio of 0.72607 � 0.0007 (taken
from Hogmalm et al. 2017). For GL-O-NP, the calculated
87Rb/86Sr ratio is 33.97 � 0.35(2s), using a mean
87Sr/86Sr of 0.7547 � 0.003 (2s, n = 3), a depositional
age of 99.6 � 0.9 Ma (Selby 2009), and the expected
initial 87Sr/86Sr ratio of GL-O glauconite of
0.70740 � 0.00010 (McArthur et al. 2012, Rousset
et al. 2004), which reflects the Sr isotope composition of
Albian-Cenomanian palaeo-seawater. Furthermore, the
87Rb/86Sr ratio of GL-O was calculated at 35.46 � 0.42
(2s) using the above values, but with the mean GL-O
glauconite formation age of 95.4 Ma.

Additional constraints on 87Rb/86Sr and 87Sr/86Sr
of Mica-Mg and GL-O determined via MC-ICP-MS

Mica-Mg and GL-O RMs (i.e., original powders pro-
vided by CRPG) were also analysed by isotope-dilution (ID)
MC-ICP-MS to further constrain their Rb and Sr mass
fractions and 87Rb/86Sr and 87Sr/86Sr isotope ratios. FK-
N-NP and Mica-Fe-NP were found to be heterogenous with
respect to Rb and Sr isotopic compositions, and hence were
not characterised further. The measurement results are
summarised in Tables 3 and 4, and listed in Table S3. The
mean 87Sr/86Sr ratio acquired by ID-MC-ICP-MS for Mica-
Mg is 1.8406 � 0.0002 (2s, n = 4), and the mean ID
87Rb/86Sr ratio of Mica-Mg is 151.40 � 0.54 (2s, n = 4).
The Rb-Sr ID-MC-ICP-MS data of Mica-Mg powder yielded
a model age of 525 � 1 Ma (Figure 8) using the initial Sr
ratio of 0.72607 � 0.0007 (Hogmalm et al. 2017). The
calculated mean age of 519.4 � 6.5 Ma for the Bekily
area is slightly younger, but within uncertainty of the ID-MC-
ICP-MS age or in situ K-Ar age (Hogmalm et al. 2017,
Olierook et al. 2020, Sol�e 2021), and also within the range
reported recently by Jegal et al. (2022) (see also Table 1). In
addition, the mean 87Sr/86Sr ratio acquired by ID-MC-ICP-
MS for Mica-Mg is 1.8406 � 0.0002 (2s, n = 4) which
agrees, within an uncertainty of 0.7%, with the mean
87Sr/86Sr of Mica-Mg-NP (1.857 � 0.013, 2s, n = 4)
obtained in this study by LA-ICP-MS/MS. In contrast, the
mean 87Rb/86Sr ratio of Mica-Mg is 151.40 � 0.54 (2s,
n = 4), which is lower than the calculated 87Rb/86Sr (i.e.,
155.23 � 2.0, see the above section) by 2.5%, and lower
than the previously reported 87Rb/86Sr for Mica-Mg-NP in
Hogmalm et al. (2017) and Olierook et al. (2020) by 2.1%
and 3.5%, respectively (See Table 1). This variation between
the 87Rb/86Sr ratios of the Mica-Mg-NP (obtained via LA-
ICP-MS/MS) and the 87Rb/86Sr of the original Mica-Mg
mineral powder (obtained via ID-MC-ICP-MS), in addition to

3 8 © 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
the International Association of Geoanalysts.
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the variation in 87Rb/86Sr and 87Sr/86Sr reported in the
literature (Jegal et al. 2022, Olierook et al. 2020, Hogmalm
et al. 2017), indicate the necessity of future studies to better
characterise multiple batches of Mica-Mg powders and
produced NPs, using combinations of ID-MC-ICP-MS or ID-
TIMS as well as in situ Rb-Sr dating approaches.

The measured solution-based (ID-MC-ICP-MS)
87Rb/86Sr and 87Sr/86Sr ratios of the GL-O powder are
36.57 � 0.26 (2s, n = 16) and 0.753561 � 0.00032 (2s,
n = 16), respectively. The latter is in excellent agreement with
the recommended 87Sr/86Sr ratio for GL-O (0.7535 �
0.0010) based on the work of Govindaraju (1995) and also
previous studies of GL-O (Odin et al. 1982), and slightly
lower, but within uncertainty of 0.4%, with the mean
87Sr/86Sr of GL-O-NP acquired by the LA-ICP-MS/MS
(0.75747 � 0.0031) (see Figure 7b). The ID-based GL-O
model Rb-Sr age is 90.4 � 0.4 Ma (see Figure 8), which is
in good agreement, within uncertainty, with the Rb-Sr age of
GL-O (91.7 � 7.1 Ma, recalculated based on data of Odin
et al. (1982)). However, the above Rb-Sr age of GL-O is
younger than the reported K-Ar age for GL-O of 95 � 1 Ma
(Odin et al. 1982, Smith et al. 1998, Fiet et al. 2006,
Derkowski et al. 2009), and also younger than the expected
stratigraphic age for GL-O of 99.6 � 0.9 Ma (Selby 2009).
These younger Rb-Sr and K-Ar ‘bulk’ ages could be related
to the above-mentioned mineral impurities (apatite, calcite)
within GL-O grains and thus powders, which might impact
the ‘bulk’ glauconite age produced via ID MC-ICP-MS and
K-Ar dating (Derkowski et al. 2009, Fiet et al. 2006, Odin
et al. 1982, Smith et al. 1998), as both ages are

systematically younger than the expected stratigraphic age
for GL-O glauconite.

Assessment of nano-powder pellets as suitable
reference materials

Mica-Mg-NP: Mica-Mg-NP was used as a primary
RM to determine the age of GL-O grains and MDC
phlogopite flakes, as well as Mica-Fe-NP. Test portions were
analysed over two or three sessions using LA-ICP MS/MS,
and the measurement results are presented in Table S4. Two
sets of 87Rb/86Sr and 87Sr/86Sr values of Mica-Mg-NP were
tested to normalise Rb-Sr data of the above samples; the first
set was calculated from the assumed age of 519.4
(Hogmalm et al. 2017) and the second set was measured
directly from Mica-Mg by MC-ICP-MS and labelled here as
the age of Mica-Mg is 525 Ma (see Table 5). Overall, the
obtained ages are within uncertainty with the expected ages
for GL-O grains, MDC and Mica-Fe-NP (see the summary in
Figure 9, and Table S6 and isochron plots (Figures S7–S12)).

The mean age of GL-O grains measured by LA-ICP-MS/
MS using 87Rb/86Sr and 87Sr/86Sr values of Mica-Mg
measured by MC-ICP-MS, was 99 � 3 Ma (n = 3, 2s).
When the data was calibrated using 87Rb/86Sr and
87Sr/86Sr values that assume the age of Mica-Mg-NP is
519.4 Ma, GL-O grains yielded a mean age of 101 � 2
(n = 3, 2s). These ages were calculated by anchoring the
isochron to an initial 87Sr/86Sr of 0.70740 � 0.0001 that
represents the expected Sr isotope composition of coeval

Figure 8. Rb-Sr model age of Mica-Mg (left) and GL-O (right) calculated using Rb-Sr data measured by ID MC-ICP-

MS.

3 9© 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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Table 5.
87Rb/86Sr and 87Sr/86Sr reference values for Mica-Mg-NP and GL-O-NP tested in this study for Rb-Sr
calibration of unknown samples

Reference material 87Rb/86Sr 2s 87Sr/86Sr 2s Note

Mica-Mg-NP, age = 525 Ma (ID data) 151.4 0.5 1.8406 2E-04 Both 87Rb/86Sr and 87Sr/86Sr values were measured via
ID-MC-ICP-MS

Mica-Mg-NP, age = 519.4 Ma* 155.27 2 1.857 0.013 87Sr/86Sr was measured by LA-ICP-MS/MS (normalised to
NIST SRM 610) and 87Rb/86Sr value was calculated
assuming the age of Mica-Mg-NP at 519.4 � 6.5 Ma.

GL-O-NP, age = 90.4 Ma (ID data) 36.57 0.3 0.7536 3E-04 Both 87Rb/86Sr and 87Sr/86Sr values were measured via
ID-MC-ICP-MS

GL-O-NP, age = 95.4 Ma* 35.46 0.4 0.7547 0.003 87Sr/86Sr was measured by LA-ICP-MS/MS (normalised to
NIST SRM 610) and 87Rb/86Sr value was calculated
assuming the age of GL-O-NP at 95.4 � 2.3 Ma.

GL-O-NP, age = 99.6 Ma 33.97 0.4 0.7547 0.003 87Sr/86Sr was measured by LA-ICP-MS/MS (normalised to
NIST SRM 610) and 87Rb/86Sr value was calculated
assuming the age of GL-O-NP at 99.6 � 0.9Ma.

* Preferred values

Mica-Mg-NP, age = 519.4 Ma Mica-Mg-NP, age = 525 Ma
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Figure 9. A summary plot showing calculated Rb-Sr ages of MDC phlogopite, GL-O glauconite grains and Mica-Fe-

NP biotite (see Table S6 in online supporting information), derived from in situ-derived Rb-Sr isochrons based on

measured 87Rb/86Sr and 87Sr/86Sr data calibrated using Mica-Mg-NP with two sets of 87Rb/86Sr and 87Sr/86Sr

values; one calculated via LA-ICP-MS and the age of 519.4 Ma (labelled as Mica-Mg-NP, 519.4 Ma) and the other

set of 87Rb/86Sr and 87Sr/86Sr constrained by ID MC-ICP-MS (labelled as Mica-Mg-NP, age = 525 Ma). Labels in the

right side rectangles refer to the sample/mineral name. The black horizontal line and grey box represent the

expected/published age with the associated uncertainty (2s) for GL-O grains (95.4 � 7.8 Ma, the mean of Ka-Ar

and Rb-Sr ages and the depositional age (Odin et al . 1982, Derkowski et al . 2009, Selby 2009)), MDC (519.4 � 6.5

Ma, Redaa et al . (2021)) and Mica-Fe-NP (316 � 9 Ma, Zimmermann et al . (1985)).

4 0 © 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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seawater (McArthur et al. 2012; see Figures S8 and S11).
The above ages (99 � 3 Ma and 101 � 2 Ma) are
overlapping, and they also overlap with the depositional
age of GL-O grains (99.6 � 0.9 Ma, Selby (2009)). How-
ever, these ages are older than the Rb-Sr and K-Ar ages of
’bulk’ GL-O constrained at 91.7 � 7.1 Ma (recalculated
from Odin et al. (1982)) and 94 � 1 Ma (Sol�e 2021),
respectively. This could be related to matrix effects between
GL-O grains and Mica-Mg-NP (i.e., differences in chemical
and ablation properties), as this effect could impact the
accuracy of the in situ Rb-Sr age by up to 8% (Redaa
et al. 2021). Here, the obtained ages of GL-O are within 5%
of the expected mean age of GL-O (95.4 � 2.3 Ma).
Therefore, it is necessary to further constrain the age of ‘pure’
glauconite grains of GL-O by ID methods via either MC-ICP-
MS or TIMS to accurately constrain the age of pristine GL-O
glauconite, and to confirm whether the above age is the
actual depositional age, or if it was biased due to the matrix
effects. Currently, GL-O grains can be used as a secondary
RM for in situ Rb-Sr dating of glauconite when Mica-Mg-NP
is used as a primary RM, with a reference age of
95.4 � 2.3 Ma that represents the mean GL-O age as
discussed above.

The in situ Rb-Sr ages for MDC were calculated by
anchoring the isochrons to an initial 87Sr/86Sr ratio of
0.72607 � 0.0007 (Hogmalm et al. 2017, see isochron
plots in Figures S7 and S10). MDC yielded ages of
534 � 5 Ma, 520 � 6 Ma, and 538 � 5 Ma for sessions
1, 2 and 3, respectively (with Rb-Sr data of MDC normalised
to Mica-Mg-NP with an assumed age of 519.4 Ma; see
Figure 9). Using 87Rb/86Sr and 87Sr/86Sr values measured
via MC-ICP-MS for Mica-Mg produced younger ages by
�0.5%. Although the calculated ages in session 1 and 3
are older than the expected age of 519.4 � 6.5 Ma
(Hogmalm et al. 2017), they are within the laboratory’s
(long-term) intermediate measurement precision of �3%.
The possible reasons for the biases in the above Rb-Sr ages
of MDC are mainly related to matrix effects, coupled with
possible internal heterogeneity in Mica-Mg-NP (see detailed
discussion in Redaa et al. (2021).

Mica-Fe-NP ages were calculated by anchoring the Rb-
Sr isochrons to 0.709797 � 0.016, which was constrained
by Turpin et al. (1990) (see Figures S9 and S12). When the
sample was calibrated to Mica-Mg-NP (with assumed age
of 519.4 Ma) the calculated ages were 299 � 4 Ma and
301 � 4 Ma, for session 2 and 3, respectively (see Figure 9).
Calibrating the data using ID Rb-Sr values for Mica-Mg
(Table 5) produced ages of 303 � 4 Ma and 305 � 4
Ma for sessions 2 and 3, respectively. These ages overlap
the previously reported in situ Rb-Sr age for Mica-Fe as

303.3 � 1.9 Ma (R€osel and Zack 2022). However, these
in situ Rb-Sr ages are slightly younger than the previously
reported Rb-Sr age for Mica-Fe (316 � 10 Ma) (Govin-
daraju 1979). This bias suggests matrix effects between
Mica-Mg-NP and Mica-Fe-NP.

In summary, Mica-Mg-NP can be used as a RM to
calibrate in situ Rb-Sr data of phlogopite, glauconite and
biotite by LA-ICP-MS/MS using the recommended reference
age of 519.4 Ma. However, further characterisation of
secondary RMs for these minerals are needed to better
constrain the possible impacts of the matrix effects.

GL-O-NP: GL-O-NP was also used as a primary RM to
normalise 87Rb/86Sr and 87Sr/86Sr data and to calculate
the Rb-Sr age of GL-O grains, MDC and Mica-Fe-NP (see
Figures S13–S21). These materials were analysed over two
or three sessions, and the measurement results are presented
in Table S5, and summarised in Figure 10. Three different
sets of 87Rb/86Sr and 87Sr/86Sr data were obtained from
the plausible reference ages for GL-O-NP (see Table 5). The
first set was obtained via the ID-MC-ICP-MS data and
labelled here with an age of 90.4 Ma, whereas the other
two sets were constrained by the LA-ICP-MS/MS data,
assuming different ages for GL-O (95.4 Ma = K-Ar age; and
99 Ma = expected depositional age) as described in the
above section. The calculated ages for GL-O grains and
MDC showed negligible variation (\ 0.5%) between the
sessions (see Figure 10). However, Mica-Fe-NP was more
variable (3.5% RSD), which suggests the presence of matrix
effects between GL-O-NP and Mica-Fe-NP.

When MDC was calibrated against GL-O-NP (with the
assumed age of 99.6 Ma, Table 5), the calculated age was
within 1.5% of the expected age of 519.4 � 6.5 Ma for all
three measurement sessions, i.e., 528 � 5 Ma, 527 � 6
Ma, and 524 � 5 Ma, respectively (Figure 10). In contrast,
MDC ages become younger than the expected age by
� 3% and � 6% when the data was normalised to GL-
O-NP with the assumed ages of 95.4 Ma, and to ID-MC-
ICP-MS Rb-Sr values of GL-O, respectively (Figure 10).

The in situ Rb-Sr ages of GL-O grains showed also
systematic variation when the 87Rb/86Sr and 87Sr/86Sr data
of the sample were calibrated using the different reference
values of GL-O-NP (Table 5). Noticeably, GL-O grains
yielded older ages when the Rb-Sr data was normalised to
GL-O-NP assuming its age at 99.6 Ma (see Table 5), and
the ages being younger by 5% and 8.3% when the data
was normalised to GL-O-NP with the assumed age of 95.4
Ma, and to ID-MC-ICP-MS Rb-Sr values of GL-O, respectively
(Figure 10).

4 1© 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of
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When the 87Rb/86Sr and 87Sr/86Sr data of Mica-Fe-NP
was calibrated to GL-O-NP (with an assumed age of 99.6
Ma), the sample yielded an age in session 2 of 302 � 4
Ma, which overlaps with the previously reported K-Ar age.
However, the produced in situ Rb-Sr age for Mica-Fe-NP
from session 3 (290 � 3 Ma) is younger than the expected
age by about 6%. Moreover, using the other previously
discussed 87Rb/86Sr and 87Sr/86Sr values of GL-O-NP (i.e.,
constrained via ID MC-ICP-MS or assuming an age of 95.4
Ma) for calibration, Mica-Fe-NP data yielded ages that are
younger than the expected age by more than 10% (see
Figure 10 and Table S6).

The above results indicate that GL-O-NP could be a
suitable RM for in situ Rb-Sr dating by LA-ICP-MS/MS,
considering its homogeneity. We recommend using
87Rb/86Sr and 87Sr/86Sr reference values for GL-O-NP
calculated assuming the mean reported age of 95.4 Ma
(see Table 5) Further, we recommend that 87Rb/86Sr and
87Sr/86Sr ratios of each GL-O-NP pellet need to be
constrained independently by measuring its 87Sr/86Sr, then
calculating the 87Rb/86Sr using the age of 95.4 Ma, and the
initial Sr ratio of 0.70740 � 0.00010 (Rousset et al. 2004,
McArthur et al. 2012) following the approach described in
Hogmalm et al. (2017).

GL-O-NP, age = 90.4 Ma GL-O-NP, age = 95.4 Ma GL-O-NP, age = 99.6 Ma
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Figure 10. A summary plot showing calculated Rb-Sr ages of MDC phlogopite and Mica-Fe-NP biotite (see Table S6

in online supporting information), derived from in situ-derived Rb-Sr isochrons based on measured 87Rb/86Sr and
87Sr/86Sr data calibrated using GL-O-NP with different sets of calibration 87Rb/86Sr and 87Sr/86Sr values. “GL-O-

NP, age = 95 Ma” and “GL-O-NP, age = 99.6 Ma” refer to that the 87Rb/86Sr data of the samples (MDC and Mica-Fe-

NP) were calibrated to GL-O-NP with assumed ages at 95 Ma and 99.6 Ma, respectively, whereas 87Sr/86Sr of GL-

O-NP was measured by LA-ICP-MS and normalised to NIST SRM 610. “GL-O-NP, age = 90.4 Ma” indicates that the

ages were obtained by calibrating 87Rb/86Sr and 87Sr/86Sr of the samples (MDC and Mica-Fe-NP) using 87Rb/86Sr

and 87Sr/86Sr of GL-O acquired by the MC-ICP-MS. The black horizontal line and grey box represents, the expected/

published age with the associated uncertainty (2s) (see also references in Table 1).
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Conclusions

Nano-powder pellets of four silicate mineral reference
materials (GL-O glauconite, Mica-Mg phlogopite, Mica-Fe
biotite and FK-N feldspar) were tested for in situ Rb-Sr dating
by LA-ICP-MS/MS, and new Rb-Sr ages are presented for
GL-O and Mica-Mg powders measured by ID-MC-ICP-MS.

Mica-Mg-NP and GL-O-NP are homogeneous with
respect to Rb and Sr mass fractions and isotope composi-
tions at the micro-scale level, and these NP materials can be
used as reliable RMs for in situ Rb-Sr dating for phlogopite,
glauconite, and biotite. We recommend using 519.4 � 6.5
Ma and 95.4 � 2.3 Ma as the reference ages for Mica-
Mg-NP and GL-O-NP respectively. It is recommended for
laboratories to constrain the Rb-Sr isotopic composition of
Mica-Mg-NP and GL-O-NP by measuring 87Sr/86Sr over
multiple sessions normalised to NIST SRM 610 glass, then
calculate the working 87Rb/86Sr value using the above ages
following the approach described in Hogmalm et al. (2017).
Future work, including additional high-precision Rb-Sr dating
of different NP batches by ID-TIMS or MC-ICP-MS is needed
to further constrain Rb-Sr isotopic compositions of these RMs,
allowing for further expansion and improvement of the use
of mineral-specific NP-based RMs for in situ Rb-Sr dating
applications via LA-ICP-MS/MS and/or multi-collector LA-
MC-ICP-MS/MS techniques.
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Supporting information

The following supporting information may be found in
the online version of this article:

Figure S1. SEM images and elemental maps of Mica-
Mg-G1.

Figure S2. SEM images and elemental maps of Mica-Fe
glasses (G1 and G2).

Figure S3. SEM images and elemental maps of FK-N
glasses (G1 and G2).

Figure S4. SEM images and elemental maps of GL-O-
G1 glass.

Figure S5. SEM images and elemental maps of GL-O-
G2 glass.

Figure S6. SEM and Nanomin images show the
glauconite grains of GL-O RM with inclusions of apatite
and plagioclase.

Figure S7. Isochron diagrams and calculated in situ Rb-
Sr ages of MDC (natural phlogopite). Data were acquired
by LA-ICP-MS/MS and normalised using Mica-Mg-NP (with
assumed age of 519.6 Ma) over three measurement
sessions.

Figure S8. Isochron diagrams and calculated in situ Rb-
Sr ages of GL-O (natural glauconite grains). Data were
acquired by LA-ICP-MS/MS and normalised using Mica-
Mg-NP (with assumed age of 519.6 Ma) over three
measurement sessions.

Figure S9. Isochron diagrams and calculated in situ Rb-
Sr ages of Mica-Fe-NP (biotite). Data were acquired by LA-
ICP-MS/MS and normalised using Mica-Mg-NP (with
assumed age of 519.6 Ma) over two measurement sessions.

Figure S10. Isochron diagrams and calculated in situ Rb-
Sr ages of MDC (natural phlogopite). Data were acquired
by LA-ICP-MS/MS and normalised using Mica-Mg-NP (with
Rb-Sr values acquired via MC-ICP-MS) over three measure-
ment sessions.

Figure S11. Isochron diagrams and calculated in situ Rb-
Sr ages of GL-O (natural glauconite grains). Data were
acquired by LA-ICP-MS/MS and normalised using Mica-
Mg-NP (with Rb-Sr values acquired via MC-ICP-MS) over
three measurement sessions.

Figure S12. Isochron diagrams and calculated in situ Rb-
Sr ages of Mica-Fe-NP (biotite). Data were acquired by LA-
ICP-MS/MS and normalised using Mica-Mg-NP (with Rb-Sr
values acquired via MC-ICP-MS) over two measurement
sessions.

Figure S13. Isochron diagrams and calculated in situ Rb-
Sr ages of GL-O grains (natural glauconite). Data were
acquired by LA-ICP-MS/MS and normalised using GL-O-NP
(with assumed age of 99.6 Ma) over three measurement
sessions.

Figure S14. Isochron diagrams and calculated in situ Rb-
Sr ages of MDC (natural phlogopite). Data were acquired
by LA-ICP-MS/MS and normalised using GL-O-NP (with
assumed age of 99.6 Ma) over three measurement sessions.

Figure S15. Isochron diagrams and calculated in situ Rb-
Sr ages of Mica-Fe-NP (biotite). Data were acquired by LA-
ICP-MS/MS and normalised using GL-O-NP (with assumed
age of 99.6 Ma) over two measurement sessions.

Figure S16. Isochron diagrams and calculated in situ Rb-
Sr ages of GL-O grains (natural glauconite). Data were
acquired by LA-ICP-MS/MS and normalised using GL-O-NP
(with assumed age of 95.4 Ma) over three measurement
sessions.

Figure S17. Isochron diagrams and calculated in situ Rb-
Sr ages of MDC (natural phlogopite). Data were acquired
by LA-ICP-MS/MS and normalised using GL-O-NP (with
assumed age of 95 Ma) over three measurement sessions.
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Figure S18. Isochron diagrams and calculated in situ Rb-
Sr ages of Mica-Fe-NP (biotite). Data were acquired by LA-
ICP-MS/MS and normalised using GL-O-NP (with assumed
age of 95 Ma) over two measurement sessions.

Figure S19. Isochron diagrams and calculated in situ Rb-
Sr ages of GL-O grains (natural glauconite). Data were
acquired by LA-ICP-MS/MS and normalised using GL-O-NP
(with assumed age of 90.4 Ma) over three measurement
sessions.

Figure S20. Isochron diagrams and calculated in situ Rb-
Sr ages of MDC (natural phlogopite). Data were acquired
by LA-ICP-MS/MS and normalised using GL-O-NP (with
values acquired via MC-ICP-MS) over three measurement
sessions.

Figure S21. Isochron diagrams and calculated in situ Rb-
Sr ages of Mica-Fe-NP (biotite). Data were acquired by LA-
ICP-MS/MS and normalised using GL-O-NP (with Rb-Sr
values acquired via MC-ICP-MS) over two measurement
sessions.

Appendix S1.

Table S1. Measurement results for Rb and Sr mass
fractions in pressed nano-powder pellets and glasses
determined by LA-ICP-MS/MS.

Table S2. 87Rb/86Sr and 87Sr/86Sr ratio measurement
results for each reference material.

Table S3. Rubidium and Sr mass fraction, and 87Rb/86Sr
and 87Sr/86Sr isotope ratio measurement results for refer-
ence materials Mica-Mg and GL-O RMs by isotope dilution
MC-ICP-MS.

Table S4. Measurement results for Mica-Mg-NP by LA-
ICP MS/MS. Test portions were analysed over two or three
measurement sessions.

Table S5. Measurement results for test portions of GL-O-
NP analysed over two or three sessions.

Table S6. Details of reference materials (samples, age,
standard deviation, measurement session and accuracy).

This material is available from: http://onlinelibrary.wiley.
com/doi/10.1111/ggr.12467/abstract (This link will take
you to the article abstract).
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