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ABSTRACT

Laser ablation multi-collector mass spectrometry (LA-MC-ICP-MS) has emerged as the
technique of choice for in sifu measurements of Sr isotopes in geological minerals. However,
the method poses analytical challenges and there is no widely adopted standardised approach
to collecting these data or correcting the numerous potential isobaric inferences. Here, we
outline practical analytical procedures and data reduction strategies to help establish a
consistent framework for collecting and correcting Sr isotope measurements in geological
materials by LA-MC-ICP-MS. We characterise a new set of plagioclase reference materials,
which are available for distribution to the community, and present a new data reduction scheme
for the lolite software package to correct isobaric interferences for different materials and

analytical conditions. Our tests show that a combination of Kr-baseline subtraction, Rb-peak-



35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

stripping using BRb derived from a bracketing glass standard, and a CaCa/CaAr correction for
plagioclase and CaCa/CaAr + REE?** correction for rock glasses, yields the most accurate and
precise ¥’Sr/%Sr measurements for these materials. Using the analytical and correction
procedures outlined herein, spot analyses using a beam diameter of 100 um or rastering with a
50—65 pm diameter beam can readily achieve <100 ppm 2SE internal precision for ¥ Sr/*Sr

measurements for materials with <1000 ppm Sr.

INTRODUCTION

Long-lived radiogenic isotope systems, such as ’Rb-¥’Sr, '7*Lu-17Hf, ¥7Sm-'“*Nd, and
2382351J-206.207Ph provide key insight into the interactions between magmatic reservoirs in
Earth’s crust and mantle. Although traditionally measured in bulk rock samples, these
isotopic tracers can now be routinely analysed in situ with suitable precision to allow detailed
records of open system magmatic processes and related volcanic behaviour and hydrothermal
activity to be reconstructed from individual crystals (e.g., Chadwick et al., 2007; Davidson et
al., 2007; Hepworth et al., 2020; Cho et al., 2022). The 8’Rb-¥’Sr system is particularly well-
suited to studying the spectrum of magmatic processes as radiogenic Sr (expressed as
87Sr/%Sr) can be measured in a variety of Ca-bearing, rock-forming minerals including
plagioclase, carbonates, and clinopyroxene, accessory phases such as apatite, and groundmass
material. This versatility offers a distinct advantage over in sifu measurements of other long-
lived radiogenic isotope tracers, which are commonly limited to rare earth element (REE)- or
Pb-rich accessory minerals that have a low modal abundance, are typically fine-grained, and
may only precipitate in certain bulk rock compositions or during a narrow interval in the

evolution of a magmatic system.

Prior to the early 2010’s, most in situ radiogenic Sr isotope measurements were made by
micro-milling followed by dissolution, chemical purification, and TIMS or solution-MC-ICP-
MS (Fig. 1). These methods can yield high-precision data (<<100 ppm 2SE for 8’Sr/*¢Sr) but
are time consuming and have a spatial resolution generally restricted to several hundred
micrometres (Charlier et al., 2006). Consequently, the past decade has seen a dramatic uptake
of laser ablation multi-collector inductively coupled plasma mass spectrometry (LA-MC-
ICP-MS) for in situ measurements of radiogenic Sr isotopes (Fig. 1). Although solution-based
analyses remain the technique of choice for high-precision Sr isotope measurements LA-MC-

ICP-MS is a rapid and cost-effective method that can achieve the high spatial resolution
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(=150 pm) and precision needed to investigate many geological processes (e.g., Edwards et
al., 2019 Hagen-Peter et al., 2019). However, there are numerous analytical challenges
related to elemental and molecular interferences (Woodhead et al., 2005, Ramos et al., 2004,
Vroon et al., 2008; Jochum et al., 2009; Kimura et al., 2013; Zhang et al., 2018) that have

hampered Sr isotope measurements by laser ablation.

The development of ICP-MS instruments incorporating collision-reaction cells enables online
chemical separation of the interferences inherent to in situ Sr isotope measurements (e.g.,
Zack and Hogmalm 2016; Bevan et al., 2021). “Triple-quadrupole” instruments (ICP-
MS/MS)—with a quadrupole mass analyser on either side of a collision cell —are now
relatively common but the optimal precision for ¥Sr/*Sr measurements using these
instruments is lower than that of LA-MC-ICP-MS. Bolea-Fernandez et al. (2016)
demonstrate repeatability of ~560— 1080 ppm (2 RSD) in ¥’Sr/%Sr for measurements of rock
glass reference materials with Rb/Sr of ~0.02—0.67 using 20 —85-micron-diameter laser
spots. More recently, Rosel and Zack (2021) report uncertainties of ~9000— 11000 ppm
(2RSE, internal) for #Sr/%Sr measurements from 50 —60-micron single spot ablations of the
reference glass BCR-2G with moderate Rb/Sr (~0.137). The online chemical separation of
87Sr and ¥Rb by ICP-MS/MS is critical for accurate 8’Sr/**Sr measurements in matrices with
high Rb/Sr, but MC-ICP-MS yields superior precision in ¥’Sr/**Sr for low- to moderate Rb/Sr
matrices (see below). More recently, Bevan et al. (2021) demonstrated the potential of using
a multi-collector mass spectrometer with a collision cell (MC-ICP-MS/MS) to accurately
measure St isotopes in situ and interference-free in high Rb/Sr matrices with a precision
comparable to the traditional LA-MC-ICP-MS approach outlined in this study. Although the
development of LA- MC-ICP-MS/MS for Sr isotope analysis shows future potential,
commercially available MC-ICP-MS/MS instruments are not yet widespread, and may never
overtake the prevalence of “traditional” MC-ICP-MS. Similarly, in sifu Sr isotope analysis by
secondary-ion mass spectrometry (Gillespie et al., 2021; Jeon and Whitehouse, 2021) is also
limited by the availability of these instruments. Consequently, LA-MC-ICP-MS using a
standard multi-collector mass spectrometer remains the most accessible method for high-

resolution in situ St isotope analysis.

In this contribution, we outline practical analytical and data reduction strategies for in situ Sr

isotope measurements of geological materials by LA-MC-ICP-MS. Although we concentrate
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on the application of in sifu Sr isotope analysis of minerals to study magmatic processes, the
strategies outlined here are also have broader geological applications (e.g., isotopic
fingerprinting of feldspar for provenance studies; Mulder et al., 2019), and may be applicable
to the biological and ecological sciences (e.g., Sr isotope analysis of bio-apatite; Brennan et
al., 2015), archaeology (glass; Van Ham-Meert et al., 2018), and aqueous geochemistry
(carbonates; Woodhead et al., 2005). Here we focus on plagioclase and groundmass as
examples of common geological materials that are amenable to in situ Sr isotope analysis and
pose distinct analytical challenges. The importance of potential inferences on Sr isotopes are
first reviewed and then systematically evaluated by analysing a set of newly characterised
plagioclase reference materials, which are available to the community, and previously
characterised rock glass reference materials. Because the magnitudes of interferences on Sr
isotope masses will inevitably differ among laboratories and between sample matrices, we
provide a “data reduction scheme” for the lolite software package (Paton et al., 2011) that can
perform various combinations of corrections as required for different materials and analytical
protocols. Finally, we show how our analytical procedures and data reduction strategies can be
used to investigate magmatic processes at high-spatial resolution through a case study on the
centennial 2010 explosive eruption at Merapi Volcano, Indonesia. We explore Sr-isotope
variations in volcanic groundmass and plagioclase crystals containing complex internal

textures and chemical zoning.

EXISTING PROTOCOLS TO CORRECT AND REPORT IN SITU SR ISOTOPE
MEASUREMENTS

Accurately measuring any isotopic system by LA-MC-ICP-MS relies on the correction of
fractionation of isotopes during ablation, ionisation, and transport (instrumental mass bias)
and the removal of elemental and molecular species with the same approximate mass/charge
ratio as the isotopic masses of interest (isobaric interferences). The efficacy of these
corrections can be assessed by analysing matrix-matched reference materials of known
isotopic composition or monitoring stable isotope ratios of the same element as the target
isotope. Figure 2 summarises current literature standards on the analysis and reporting of LA-
MC-ICP-MS Sr isotope studies of plagioclase published over the past three decades (n = 65).

It is apparent from Figure 2 that there is no single widely adopted protocol for measuring,
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correcting, or reporting Sr isotope data from plagioclase, which is the most common
magmatic mineral targeted for in situ Sr isotope analysis. The proportion of studies that
report Sr isotope data from matrix-matched secondary reference materials is notably low
(only 19% of studies). Instead, many studies have employed carbonate (~25 % of studies) or
rock glasses (24% of studies) as secondary reference materials to assess the accuracy of
instrumental mass bias and interference corrections. This likely reflects the availability of
carbonate reference materials in the form of modern shells or coral, which generally have the
homogenous Sr isotopic composition of modern seawater, and the wide distribution of rock
glass reference materials that are also employed for other laser ablation analyses. In contrast,

well-characterised plagioclase reference materials are scarce.

Few studies report stable isotope ratios #Sr/*Sr and 34Sr/%Sr (only 21% of studies), which
may be due to these ratios being significantly affected by isobaric interferences that otherwise
do not impact—or impact to a lesser degree—the radiogenic Sr isotope ratio (¥’Sr/**Sr, see
below). In summary, there is no consensus on the magnitude of the numerous different
isobaric interferences inherent to in situ Sr isotope measurements by LA-MC-ICP-MS (e.g.,
Woodhead et al., 2005; Ramos et al., 2004) and they are often assumed to be negligible
without being directly monitored or quantified (Fig. 2).

ANALYTICAL CHALLENGES OF IN SITU SR ISOTOPE MEASUREMENTS

In the absence of any isobaric interferences, accurate determination of ¥Sr/**Sr would require
the measurement of only three isotopes: ¥’Sr, %6Sr, and another non-radiogenic isotope
(typically %8Sr) to calculate instrumental mass bias. However, there are multiple isobaric
interferences on all Sr isotopes during LA-MC-ICP-MS analysis (Fig. 3) and correcting these
interferences is critical to the method. We will not detail all isobaric interferences that could
theoretically be encountered during in situ Sr isotope measurements, some of which have
already been systematically studied and reviewed elsewhere (e.g., Woodhead et al., 2005;
Ramos et al., 2004; Vroon et al., 2008; Kimura et al., 2013; Miiller and Anczkiewicz, 2016;
Tong et al., 2016). Instead, we focus on what are likely the most common and significant

isobaric interferences in geological materials and outline correction strategies.



166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198

Kr interferences: Krypton is a noble gas that is present in varying concentrations in the ICP
and carrier gases (Ar and He) used for LA-MC-ICP-MS analysis (Woodhead et al., 2005).
Small concentrations of Kr may also be present in sample materials (Kimura et al., 2013).
Isotopes of Kr interfere on %6Sr, which is used to calculate instrumental mass bias and the
radiogenic ¥’Sr/*®Sr ratio, and on #Sr, which is used in stable isotope ratios (**Sr/**Sr and
84S1/%8Sr). Figure 4A shows a simulation of the error in 8’Sr/*¢Sr if Kr is not subtracted from the
Sr signals. This is the single largest potential source of error in in sifu Sr isotope measurements

by LA-MC-ICP-MS.

Kr interferences can be corrected by subtracting the pre-ablation on-peak signal on masses 86
and 84 from the signal during ablation (baseline subtraction) or by “peak-stripping”. Baseline
subtraction is the most widely adopted approach to correcting Kr interferences and assumes
that the Kr contribution to the 86 and 84 signals does not change during analysis, although
Kimura et al. (2013) show that Kr signals can be affected by plasma loading during ablation.
Peak-stripping relies on a relatively small Kr signal on mass 82 or 83 to calculate *Kr and #Kr
using canonical Kr isotope ratios and assumes the raw signal on mass 82 or 83 is due to Kr

alone.

An alternative approach to correcting Kr interferences is outlined by Kimura ez al. (2013) who
observed a negative linear correlation between measured (baseline-subtracted, 3’Rb-peak
stripped, and mass-bias-corrected) ¥’Sr/*Sr and 34Sr/*¢Sr across several analytical sessions.
They used this correlation to empirically derive a correction factor based on the measured
87Sr/%Sr and #Sr/%Sr and successfully applied it to reproduce the 87Sr/*¢Sr of several plagioclase
samples confirmed by micro-milling and thermal ionisation mass spectrometry (TIMS). This
approach will only be robust if a correlation between measured 8’St/%6Sr and 34Sr/36Sr is

observed, requiring at least one homogeneous reference material.

Konter & Storm (2014) developed a routine for an online correction of Kr interferences on Sr
masses by solving linear or series-expanded exponential mass bias laws to determine the
magnitude of Kr interferences needed to explain the offsets between the measured and
reference 34Sr/%8Srand *Sr/*8Sr. This approach has the advantage of not relying on a relatively
small #3Kr signal for the correction, which propagates error into the final #Sr/®6Sr ratio. This

routine was developed specifically for MC-ICP-MS measurements of purified Sr solutions, in
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which interferences on 34Sr and %¢Sr from species other than Kr are likely very minor. It may
not be effective if there are additional interferences on %4Sr and *Sr other than Kr and is not
considered further in this study. Instead, our new data reduction scheme adopts the baseline
subtraction approach as it is easily employed in analytical routines and appears to be generally

effective for correcting ’Sr/36Sr.

Molecular interferences: All materials routinely targeted for LA-MC-ICP-MS Sr isotope
measurements are calcium-rich. Isotopologues of Ca dimers (CaCa) and calcium argides
(CaAr) interfere on all isotopes of Sr (Fig. 4B). Although intuitively these molecules may be
expected to be major interferences during the analysis of Ca-bearing minerals, only ~3% of
these Ca-bearing isotopologues have masses in the range of interest for Sr isotope
measurements (masses 82—88), which reduces their impact on Sr isotope ratios (Fig. 3B and
3C). Additional molecular interferences that have been considered during the analysis of
plagioclase include NaNi (with Ni likely derived from mass spectrometer cones) and
CaAlO/ArAlO, which interfere on all Sr isotope masses (Kimura et al. 2013). Figure 4B
shows a simulation of the error in ¥Sr/*Sr introduced by unsubtracted signals from
CaCa/CaAr, NaNi and CaAlO/ArAlO molecular interferences. The magnitudes of these
errors are relatively small (< 50 ppm) for the signals on mass 82 and 83 observed during the
analysis of plagioclase in this study. CaPO molecules may also present a significant
interference on mass 87 (and 88 to a lesser extent) in phosphorus-rich materials, such as
apatite (Horstwood et al. 2008; Wilmes et al., 2018; Griffin et al., 2021). A preliminary
correction procedure for CaPO is included in the new Iolite data reduction scheme and will

be further developed and described in detail elsewhere (Supplementary files 3 and 4).

Interferences from CaCa/CaAr, NaNi, and CaAlO/ArAlO can be corrected by peak-stripping
after baseline subtraction of Kr (with or without prior REE** peak-stripping; see below).
Interference-free CaCa or CaAr can be monitored on mass 82 or 83 and canonical CaCa/CaAr
1sotopologue ratios used to strip interferences from mass 83 (if mass 82 is used as the monitor)
and the four Sr masses. However, it is difficult to determine the relative contributions of CaCa
versus CaAr molecules to the interferences since the isotopic proportions of both molecules
are similar on masses 88 and 84. The CaCa and CaAr molecules also theoretically yield similar

M83/M8?2 precluding the use of this ratio to discern their contributions. Therefore, the accuracy
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of 8Sr/36Sr ratios following CaCa/CaAr peak-stripping should be relatively insensitive to the

actual proportion of CaCa to CaAr molecules (Fig. 4B, Woodhead et al., 2005).

After correcting CaCa/CaAr interferences, the residual signal on mass 83 can be used to peak
strip NaNi and CaAlO/ArAlO from masses 84—88. The ratio of the signal on masses 83 and 82
can potentially be used to determine the importance of NaNi and CaAlO/ArAlO corrections as
baseline-subtracted signals from *°(Ca/Ar)*Ca and “(Ca/Ar)**Ca alone should produce an
83/82 ratio of ~0.21. Because NaNi or CaAlO do not contribute to mass 82, significant

interferences from these molecules will lead to a higher 83/82 ratio.

Rb interference: Uncorrected 3’Rb signals are a potentially large source of error in 8’Sr/%Sr,
even for low-Rb materials like plagioclase (Fig. 4C). The #Rb interference can be corrected
using the signal of **Rb and the canonical ¥’Rb/*Rb ratio. However, because there are not two
interference-free Rb isotopes, instrumental mass bias of Rb cannot be internally calculated
during a measurement. The most common approach is to assume that the instrumental mass
bias factor for Rb (fRb) is equivalent to that of Sr (3Sr). However, several studies adopting
this approach report large errors in ’Sr/3¢Sr for materials with high Rb/Sr, which can potentially
be explained by unconstrained differences between Rb and Sr mass bias (Davidson et al., 2001;
Ramos et al., 2004; Jackson & Hart, 2006). Jackson and Hart (2006) outlined an approach for
estimating the in-run BRb by using bracketing standards with known #’Sr/*Sr and solving the

following equation for Rb:

878r/%St,r = [ ¥(Sr,Rb) — ¥Rb * (’Rb/*Rb,) * (mass®’ Rb/mass>Rb)PR* | *

(mass®’Sr/mass®oSr)PS * (1/%8r,,)

where:

878r/%Sr s is the Sr isotope ratio of the bracketing standard

87(Sr,Rb) is the signal on mass 87 with all other interferences subtracted
8Rb is the raw signal on mass 85

8’Rb/®Rb is a canonical natural Rb isotope ratio

88r.or is the interference-corrected %Sr signal
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Due to the very low Rb/Sr of the minerals commonly targeted for Sr isotope analysis (e.g.,
plagioclase, carbonate, apatite), glass reference materials with moderate Rb/Sr ratios, such as
BCR-2G (¥Rb/*Sr ~0.388, elemental Rb/Sr = 0.137), can be used as bracketing standards to
estimate BRb (Jackson & Hart, 2006). Figure 4D shows a simulation of the error in #’Sr/*Sr
resulting from differences between PRb and [3Sr illustrating potential errors up to 10° ppm even

for materials with moderate Rb/Sr.

Elemental Rb/Sr used for age-correction: Uncorrected elemental fractionation of Rb and Sr
during analysis will cause errors in age-corrected ¥Sr/%6Sr ratios, which rely on accurate
$7Rb/%Sr measurements of samples (Fig. 4C, inset). Like the fRb-f3Sr offset outlined above,
elemental fractionation can be corrected with sample-standard bracketing using a glass
reference material with moderate Rb/Sr. This approach, however, assumes that the magnitude
of Rb-Sr fractionation observed in the glass reference material is identical to that in the samples.
Nevertheless, errors arising from poorly constrained Rb/Sr fractionation are likely to be
negligible for the minerals commonly analysed for radiogenic Sr isotopes, as their typically
low Rb/Sr does not lead to a significant age-correction, even for relatively old samples (Fig.

4C, inset). This correction is more important for old samples with high Rb/Sr.

Doubly charged interferences: Doubly charged ions of elements with atomic masses of 160—
180 have effective mass/charge (m/z) ratios of 80-90 and can interfere on Sr isotope masses.
Isotopes of Er** and Yb** are the most important of the doubly charged interferences for Sr
isotope measurements as they appear directly on all Sr isotope masses: #Sr (1Er?*, 18Yb?*),
8Sr (172Yb?), ¥7Sr (1"*Yb?**), and #Sr (7°Yb?*), as well as on masses 83 ('*Er?**) and 85 ('"°Er?**,
170Yb*), which are used to peak-strip interferences from CaCa/CaAr and Rb, respectively.
Under typical analytical conditions (Supplementary File 1), the yield of doubly charged Er*
and Yb?* is low, with estimates ranging from 0.4% to 1.7% of total Er or Yb ions (e.g., Ramos
et al., 2004; Kimura et al., 2013; Miiller and Anczkiewicz, 2016). Together with Er and Yb,
other elements capable of producing doubly charged species such as '**Dy?* on mass 82 (used
for the CaCa/CaAr peak-stripping), "*Hf?*and '7Lu?** (appearing at mass 88), may be present
as minor substitutions in minerals or be sourced from inadvertently ablated REE-rich inclusions
such as zircon, xenotime, or apatite. The magnitude of error in ¥’Sr/*Sr due to interferences
from doubly charged ions of Er, Yb, and Lu are simulated in Figure 4E and can be significant

(> 1000 ppm) for materials with elevated REE contents. Figure 5SA shows the Er + Yb contents
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and chondrite-normalised REE patterns for geological materials commonly analysed for Sr
isotopes alongside typical ablation signals (Fig. 5B) and the error in 8’Sr/*¢Sr due to uncorrected
doubly charged interferences (Fig. 5C). Although not exhaustive, the analysis presented in
Figure 5 suggests that signals from doubly charged Er and/or Yb are resolvable for materials
with >5 ppm Er + Yb (e.g., BCR-2G) and translate to significant error in 8Sr/*Sr for materials
with Er + Yb contents on the order of 10 ppm, as demonstrated by the two apatite reference

materials.

The mass separation in the moderate mass/charge range of Sr isotopes enables monitoring of
Er’* and Yb?* on “half-masses” in typical Faraday cup arrays. The contributions of '“’Er** (m/z
= 83.5) can be measured on a detector situated between masses 83 and 84 and the contribution
from '3Yb* (m/z = 86.5) can be measured on a detector between 86 and 87. Because all
significant interfering Er** and Yb?** isotopes are non-radiogenic, they can be stripped using
canonical isotope ratios. Our new lolite data reduction scheme also uses the signal on mass

87.5 (1"Lu?*) to peak-strip '"Lu?* from #Sr.

NEW PLAGIOCLASE REFERENCE MATERIALS

Plagioclase is the most common magmatic rock-forming mineral targeted for in situ Sr
isotope analysis (Fig. 1). However, there are few widely available matrix-matched reference
materials, which continues to hinder interlaboratory comparisons of data quality (Fig. 2). Xu
et al. (2022) recently characterised a plagioclase reference material (BDL-suite plagioclase)
with high Sr concentration, low Rb/Sr, low HREE, and homogeneous #’Sr/*Sr. However, to
our knowledge, there are few other widely used plagioclase community reference materials.
We characterised a new set of plagioclase reference materials with a wide range of Sr
concentration, which are described below and are available for distribution to the community
(Table 1). The anorthite contents of the plagioclase reference materials were calculated from
semi-quantitative micro-X-ray fluorescence (micro-XRF) at Aarhus University, Denmark, or
scanning electron microscope energy-dispersive spectroscopy (SEM-EDS) at the Swedish
Museum of Natural History. Nominal Sr concentration ranges were determined by isotope-
dilution TIMS analyses at the Swedish Museum of Natural History and from LA-MC-ICP-
MS at Aarhus University by comparing 3Sr signals to a rock glass standard (BCR-2G) with
known Sr concentration. These Sr concentrations are considered approximate in the absence

of a matrix-matched standard and without normalization to an internal elemental standard.
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The range of Rb/Sr in each plagioclase reference material was determined by normalization
of LA-MC-ICP-MS signals to Rb/Sr = 0.137 for BCR-2G to account for Rb-Sr elemental
fractionation during the measurements. More details of the analytical protocols follow the

descriptions of the reference plagioclase.

AMNH-107160 Labradorite: AMNH-107160 is an optically clear labradorite crystal from
Casas Grandes, Chihuahua, Mexico. We acquired a ~5.5 g cut from a ~16 g crystal at the
American Museum of Natural History. It was originally described as bytownite, but micro-
XRF analyses on several fragments yielded ~54% An (molar percent anorthite), classifying as
labradorite. Strontium concentrations from ID-TIMS of two fragments were ~690 and 990
ppm. Strontium concentrations from LA-MC-ICP-MS measurements range from 551 to 877
ppm, with a median value of 673 ppm (Supplementary File 5). The 8’Rb/*Sr measured in 105
LA-MC-ICP-MS analyses is relatively uniform from 0.0009-0.0016, with a median value of
0.0010 and 2 SD of 0.00021 (Supplementary File 5). TIMS measurements were made on two
fragments at the Swedish Natural History Museum. Solution MC-ICP-MS measurements were
performed on nine fragments at Aarhus University. LA-MC-ICP-MS measurements were done

on at least fifteen different fragments at Aarhus University and The University of Queensland.

G29958 Anorthite: G29958 comprises well-developed white translucent anorthite crystals,
which occur in cavities within basalt from Mt Vesuvius, Italy. Individual crystals are mostly
5-6 mm. SEM-EDS analyses yielded ~90 % An. Strontium concentration from ID-TIMS of
one fragment was ~2800 ppm. Strontium concentrations from LA-MC-ICP-MS measurements
are highly variable, ranging from 1235 to 3229 ppm, with a median value of 1611 ppm. The
87Rb/%Sr from 64 analyses ranges from 0.00007 to 0.00024, with a median value of 0.00013
and 2 SD of 0.0001 (excluding one significantly higher value of 0.0012). TIMS measurement
was made on one crystal fragment at the Swedish Natural History Museum and solution MC-
ICP-MS measurements were made on seven fragments at Aarhus University. LA-MC-ICP-MS
measurements were done on at least 25 different fragments at Aarhus University and the

University of Queensland.

Hrappsey 14-2 Bytownite: Hrappsey 14-2 comprises pale green translucent bytownite crystals
from an anorthosite xenolith contained in basalt from Hrappsey Island, Iceland

(Kristmannsdottir, 1997). Individual crystals range from 1 to several mm in size. Micro-XRF
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analyses yielded ~77 % An. Strontium concentrations from LA-MC-ICP-MS measurements
vary from 222 to 270 ppm, with a median value of 243 ppm. The ¥Rb/*Sr from 46 analyses
ranges from 0.0008 to 0.0946, with a median value of 0.0023 and 2 SD of 0.0391. Solution
MC-ICP-MS measurements were done on 8 individual crystals at Aarhus University. LA-MC-
ICP-MS measurements were done on 11 individual crystals at Aarhus University and 3 crystals

at the University of Queensland

ANALYTICAL METHODS

Solution MC-ICP-MS and TIMS measurements

Strontium isotopes of several fragments (4-9) of each of the reference plagioclases were
determined following digestion and chemical purification of Sr by standard ion-
chromatography protocols at Aarhus University in three different batches. Purified Sr solutions
were measured by MC-ICP-MS (Nu Plasma II) coupled to a desolvating nebulizer. All results
are reported in Supplementary File 2. Samples were concentration-matched with solutions of
NBS 987 measured every 2-3 samples throughout the session. All measurements were
corrected for Kr and Rb interferences, mass-bias corrected using an exponential law and
8Sr/%Sr = 8.375209 and normalised to #’Sr/%Sr = 0.710248 for NBS 987 (Weiss et al., 2006).
A combination of at least two fractions of the rock glass reference material BHVO-2G, BCR-
2@G, and BIR1-G were included in each batch from sample digestion, Sr purification, and,
finally, measurement. Triplicate measurements of four fractions of BHVO-2G measured
throughout each session yielded an average ¥’Sr/*Sr = 0.703492 + 0.000039 (2 SD), in
agreement with the reference value of 8’Sr/*¢Sr = 0.703487 (Weiss et al., 2006). Triplicate
measurements of an aliquot of BIR1-G measured in one session yielded ¥’Sr/%Sr = 0.703097 +
0.000010 (2 SD), in agreement with a reference value of 8’Sr/*Sr = 0.703108 (Pin et al., 1994;
re-normalised to 8’Sr/36Sr = 0.710248 for NBS 987). Aliquots of BCR-2G measured in the
second and third sessions yielded 8’St/%6Sr = 0.705008 + 0.000017 and 8’St/36Sr = 0.705012 +
+ 0.000017, respectively, in agreement with a reference value of ¥Sr/%Sr = 0.705019 (Weiss
et al., 2006). An aliquot measured in the first session yielded a significantly higher #Sr/*Sr =
0.705358. The source of the inaccuracy is unknown, but we emphasize that BHVO-2G
measured in the same session, and all other standard aliquots throughout other sessions, were
reproduced accurately. TIMS measurements were carried out on two fragments of AMNH-
107160 and one fragment of G29958 at the Swedish Natural History Museum. Following

dissolution of the fragments, an 3Sr-enriched spike was added to one aliquot of the solution to
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determine Sr concentrations, while another aliquot was left unspiked. Following purification
of Sr by standard ion-chromatography protocols, samples were loaded onto Re filaments with
a Ta activator, and isotope measurements were carried out on a Thermo Scientific TRITON
TIMS. Measurements were mass-bias corrected using an exponential law and *Sr/*¢Sr =
8.375209 and normalised to ¥Sr/Sr = 0.710248 for NBS 987. The isotopic measurements of

the unspiked aliquots are reported in Supplementary File 2.

LA-MC-ICP-MS measurements and data reduction

Strontium isotopes in the reference plagioclase were measured by LA-MC-ICP-MS at Aarhus
University and The University of Queensland to evaluate homogeneity, data accuracy, and
reproducibility. The method employed at Aarhus University is outlined in Hagen-Peter et al.
(2019) and the instrumental set-up and analytical conditions are described in Supplementary
File 1. The method at The University of Queensland differs slightly from that at Aarhus
University and is described further below. The analytical set up at The University of
Queensland comprises an ASI RESOlution 193 nm excimer laser ablation system and a Lauren
Technic S155 double volume ablation cell coupled to a Nu Instruments Nu Plasma IT MC-1CP-
MS (Supplementary File 1). Prior to the analytical session, the mass spectrometer is tuned
during ablation of a modern mollusc shell containing ~ 3000 ppm Sr to refine the peak shape
of Sr isotope masses and achieve a signal of at least 4-5V on mass 88 to optimise sensitivity.
A second stage of tuning is performed during ablation of NIST610 and aimed to minimise
oxide formation by reducing Th/ThO* to <1%, and to supress the formation of doubly charged
REE ions (monitored on half-masses). Following tuning, ablation of the plagioclase reference
materials was performed using a 50 to 100 zm spot size, fluence of 4 Jem2, and 10 Hz repetition
rate. Each analysis involved 40 seconds of baseline measurement, 45 seconds of ablation, and
12 seconds washout between analyses. We also performed 200-xm-long raster analyses with a
scan speed of 2 ym/s, using the same laser conditions. The ablated aerosol was transported to
the torch in a mixture of He (300—310 ml/min), Ar (965 ml/min), and N, (1.2 ml/min) gas.
The mass spectrometer was operated at an RF power of 1300 W and ion beams with
mass/charge ratios of 82—88, including half masses at 82.5—87.5, measured in statistic mode

on Faraday cups over 0.1 second integration intervals.

All corrections were performed using our custom data reduction scheme developed for lolite 4

(Supplementary files 3 and 4). In brief, the new data reduction scheme includes baseline
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correction using a smoothed cubic spline, calculation of fRb and Rb-Sr fractionation factors
from repeat analyses of BCR-2G, correction for ¥’Rb interference, and correction for other
isobaric interferences as necessary (see details below). The accuracy of the LA-MC-ICP-MS
analyses of our new plagioclase reference materials was assessed by comparison to the solution
values and by analysing the low Rb/Sr reference glasses BIR1-G and BHVO-2G as secondary

standards.

RESULTS AND DISCUSSION

Sr isotope homogeneity of plagioclase reference materials

Solution MC-ICP-MS and TIMS Sr isotope results for the reference plagioclase are provided
in Supplementary File 2 and summarised in Table 1 and Figure 6. Solution analyses of 9
fragments (including triplicate measurements of 2 fragments) of AMNH-107160 yielded an
average ¥Sr/%Sr = 0.704371 + 0.000024 (2 SD), in agreement with a TIMS value of 0.704365
+0.000015 (average for 2 fragments where the uncertainty is based on repeated measurement
of NBS 987). Solution analyses of 7 fragments (including triplicate measurements of 3
fragments) of G29958 yielded an average Sr/%Sr=0.707551 + 0.000022 (2 SD), in agreement
with the TIMS value of 0.707547 + 0.000015 from one fragment. Solution analyses of 8
fragments (including quadruplicate measurements of each fragment) of Hrappsey 14-2 yielded
an average ¥’Sr/%Sr = 0.703168 + 0.000018 (2 SD). A compilation of 105 LA-MC-ICP-MS
measurements of AMNH-107160 from six different sessions at Aarhus University and the
Swedish Museum of Natural History yielded an average non-normalised 8’Sr/%6Sr of 0.704377
+0.000101 (2 SD; normalised to G29958; Supplementary File 5). A total of 65 measurements
of G29958 from the same sessions yielded an average 8’St/36Sr of 0.707549 + 0.000058 (2 SD;
normalised to AMNH-107160). A compilation of 46 measurements of Hrappsey 14-2 from one
of the sessions yielded an average 8’St/%6Sr of 0.703198 + 0.000126 (2 SD; normalised to
AMNH-107160). These values represent biases of < ~45 ppm from solution MC-ICP-MS
reference values and reproducibility of ~82-180 ppm (2 RSD) for plagioclase with a wide

range of Sr concentration (total measured Sr signals from ~2.3-33.0 V in these sessions).

Based on our LA-MC-ICP-MS results, AMNH-107160, G29958, and Hrappsey 14-2 are
homogeneous for Sr isotope ratios based on the low variability in the solution- and LA-MC-
ICP-MS analyses of multiple fragments and the good agreement with TIMS values. Due to the

greater number of fragments analyzed by solution MC-ICP-MS, and the absence of any
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apparent systematic biases from the TIMS values, we take the averages of the solution data as
the reference values for the plagioclase reference materials. We use AMNH-107160 as the
primary reference material for normalising ¥ Sr/*Sr measurements made by LA-MC-ICP-MS
because of the greater number of fragments of this crystal characterised by solution ICPMS.

However, using G29958 as the primary reference material yields comparably accurate results.

Assessment of isobaric interferences on Sr isotope measurements by LA-MC-ICP-MS

The key strength of in sifu Sr isotope analysis via LA-MC-ICP-MS is the wide range of
materials that are amenable to the technique. However, this diversity of analytes requires a
wide range of potential isobaric interferences to be considered (Fig. 3). These isobaric
interferences are the most important source of error for in situ Sr isotope measurements (Fig.
4). The peak-stripping method for correcting isobaric interferences relies on typically low-
intensity signals from non-Sr isotope masses or half-masses (Figs. 4 and 5), which can decrease
the precision of the final radiogenic Sr isotope ratios, or even introduce additional bias.
Therefore, evaluating which isobaric interference corrections are likely to be important for a
given material is needed to obtain accurate radiogenic Sr isotope measurements without

unnecessarily compromising precision.

Interferences from 8Kr and 8’Rb account for the largest biases in #’Sr/%¢Sr (Fig. 4A and 4C) and
will be inherent to LA-MC-ICP-MS Sr isotope measurements of most geological materials.
Although alternative approaches for correcting Kr interferences may be equally as effective
(e.g., Kimura et al., 2013; Konter & Storm, 2014), our lolite data reduction scheme adopts an
on-peak baseline subtraction for Kr correction as this approach is easy to employ in analytical
routines and appears to be widely effective, at least for correcting 8’Sr/3¢Sr measurements (but
see below for further discussion of #Kr interference on #Sr). Similarly, because #Rb is a
common and major interference on ¥’St/%6Sr, even in low Rb/Sr materials (Fig. 4C), ¥Rb
interference correction should be an integral part of Sr isotope data reduction procedures. The
importance of calculating the offset between BRb and BSr for the *’Rb interference correction
is summarised in Figure 7 for a series of glass reference materials with varying Rb/Sr. Figure
7A shows the residual error in ¥’Sr/*Sr assuming no offset between BRb and BSr whereas
Figure 7B shows the residual error after calculating a BRb-BSr offset by calibration to BCR-
2G. The results shown on Figure 7A suggest that 3’Sr/**Sr measurements are generally

inaccurate for all reference glasses if fRb=BSr with the magnitude of the residual error in
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$7Sr/%Sr increasing with increasing Rb/Sr of the analyte. In contrast, calculating a PRb-f3Sr
offset produces accurate 3’Sr/*¢Sr measurements for reference glasses with Rb/Sr up to ~0.3
(i.e., the T1-G reference glass). These results demonstrate that calculating a fRb-f3Sr offset
significantly improves the efficacy of 8’Rb interference corrections. Calculating this offset by
standard-sample bracketing with a reference material with moderate Rb/Sr, such as the widely
available BCR-2G reference glass, is easily accommodated into standard analytical routines.
However, even after determining a PRb-[3Sr offset, our results suggest that accurate ¥’Sr/**Sr
measurements via LA-MC-ICP-MS are limited to materials with low- to moderate Rb/Sr (<

0.30), in agreement with previous studies (Ramos et al., 2004; Vroon et al., 2008).

In addition to performing Kr and Rb interference corrections, the new lolite data reduction
scheme (Supplementary files 3 and 4) allows users to quickly and systematically evaluate
which combination of additional isobaric interference corrections are most appropriate for their
measurements. This approach is illustrated in Figure 8 A and 8B, which summarise the accuracy
and precision of ¥’Sr/%Sr measurements of plagioclase and mafic to intermediate rock glass
reference materials (as a proxy for basaltic to andesitic groundmass), respectively, subject to
various combinations of isobaric interference corrections. For example, the leftmost sets of
analyses in each panel of Figure 8 have only been corrected for Rb and Kr, whereas the
rightmost sets show the same set of analyses but also corrected for CaCa/CaAr + REE

interferences.

The #Sr/%Sr measurements for the three new plagioclase reference materials agree with their
reference values and none of the various combinations of molecular or doubly charged REE
interference corrections leads to significantly improved accuracy (Fig. 8A). The ¥ Sr/*Sr
measurements for G29958 and Hrappsey 14-2 are generally within error of the solution values,
with slight negative biases perhaps due to normalisation to AMNH-107160. Different
combinations of interference corrections also have little influence on the precision of analyses,
with the exception of the addition of the REE?* correction (i.e. Er*>* and Yb?*), which increases
the uncertainty in Sr/%Sr for AMNH-107160 and Hrappsey 14-2, likely due to the propagation

of error from small signals on half-masses, and is therefore not recommended.

The minimal influence of molecular species on 8’Sr/*Sr shown in Figure 8A is unsurprising

given the small magnitude of these interferences expected for plagioclase (Fig. 4B). To further
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evaluate the importance of CaCa/CaAr interferences as a function of plagioclase composition,
we compared the baseline subtracted signals of masses 82 and 83 to the anorthite content of
the three plagioclase reference materials, which span An54-An90 (Supplementary Figure 1).
These signals on masses 82 and 83 do not account for differences in ablation, transport, or
ionization efficiencies of the different materials, but it was not possible to normalise the signals
due to variable Sr contents in many of the plagioclase reference materials. This comparison
demonstrates a subtle positive correlation between increasing anorthite content and total signals
on masses 82 and 83, which we interpret to be the result of an increasing contribution of
CaCa/CaAr molecules to the signal (Supplementary Figure 1). Despite the concentration of
CaCa/CaAr molecules produced across the range of compositions encompassed by the
plagioclase reference materials not having a resolvable impact on ®Sr/%Sr, the general
increasing production of CaCa/CaAr molecules with increasing Ca concentration of the analyte
may need to be considered when analysing other Ca-rich materials, such as apatite. The
generation of NaNi and CaAlO/ArAlO molecules as a function of plagioclase composition was
also assessed by monitoring mass 82/83 signals, and no strong correlation with the anorthite
content was observed (Supplementary Figure 1). The low concentration of NaNi molecules
generated during ablation is unsurprising given that plagioclase crystals sufficiently enriched
in Sr for isotopic analysis are likely to be closer to the anorthite endmember of the albite-
anorthite solid solution. Similarly, the formation of CaAlO molecules appears to be effectively

suppressed by tuning the mass spectrometer to minimise the formation of oxides.

Figure 8B summarises the effect of different combinations of interference corrections on three
low Rb/Sr natural rock glass references materials (BIR-1G, KL2, and StHs6/80). Correcting
for CaCa/CaAr alone or in combination with CaAlO or NaNi does not significantly improve
the accuracy of ¥Sr/**Sr measurements for any of the rock glass reference materials tested.
However, the combined CaCa/CaAr + REE?** correction improves the accuracy of 8’St/36Sr for
BIR-1G (88% improvement in accuracy relative to no interference corrections), KL2 (24%
improvement), and StHs6/80 (94% improvement), bringing the mean (£ 2SD) of the
measurements for each reference material into agreement with recommended values. The
importance of the REE?** correction for glass and groundmass materials is further highlighted
in Figure 8C, which compares the Sr-normalised HREE contents (i.e., (Er+YDb)/Sr) of four low
Rb/Sr glass reference materials to the error in #’Sr/%Sr measurements prior to REE?** correction

and normalisation of ¥Sr/°Sr to a primary standard. The positive correlation between
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(Er+YD)/Sr and error in 8’St/3Sr measurements prior to REE?* peak-stripping evident in Figure
8C can likely be attributed to an increasing contribution of doubly charged "*Er and '7*Yb ions

to the signal on mass 87.

In summary, Figure 8 illustrates that isobaric interferences are a major source of error for all
Sr isotope measurements by LA-MC-ICP-MS and vary in type and magnitude for different
geological materials. We focused our systematic testing of interference corrections on
plagioclase and mafic to intermediate rock glass reference materials (as a proxy for basaltic to
andesitic groundmass) as they are among the most common magmatic materials targeted for
Sr isotope analysis. Table 2 summarises recommended interference corrections, bracketing
standards, and analytical conditions for plagioclase and groundmass. Although we have not
assessed in detail the magnitude of isobaric interferences for the spectrum of geological
materials amenable to Sr isotope analysis, we have developed the new lolite data reduction
scheme to be as flexible as possible so that users can optimise their data reduction strategy for
the target of interest. In addition to allowing users to quickly and systematically test which
combination of interference corrections are most suitable for their measurements (Fig. 8), the
data reduction scheme can be used to define the proportions of different isobaric interferences
(e.g., CaCa vs. CaAr, NaNi vs. CaAlO, or REE ratios) and modify their respective mass-bias
factors by scaling BSr.

Residual errors in stable Sr isotope ratios

The stable isotope ratios (3*Sr/*Sr and #Sr/%Sr) can be used to independently assess the
efficacy of interference corrections and instrument mass bias by comparing measured values
to the canonical 8Sr/2¢Sr and #Sr/%Sr values of 0.0565 and 0.00675, respectively. However,
we have observed large errors (10*—10° ppm, internal 2SE) in 3Sr/%Sr and #Sr/®Sr when
measuring St isotopes in a variety of different materials (plagioclase, glass, apatite, carbonate)
via LA-MC-ICP-MS. Similar discrepancies have also been documented in previous LA-MC-
ICP-MS studies, but their cause remains unclear. Ramos et al. (2004) observed downhole
fractionation of Sr isotopes during ablation of plagioclase using a 213 nm laser, resulting in a
progressive lowering of #Sr/*Sr with increasing pit depth, and hypothesised that additional,
unknown, interferences on mass 86 could account for the inaccurate 3Sr/3Sr values observed
in their study. We have not observed downhole fractionation of Sr isotopes using a 193 nm

laser (Supplementary Figure 2) and note that despite large errors in 3*Sr/%¢Sr, the corresponding
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87Sr/%Sr measurements are accurate, suggesting that interferences on mass 86 cannot be the

only cause of bias in stable Sr isotope ratios.

Kimura et al. (2013) observed correlations between #Sr/%Sr, 87Sr/*%Sr, and the signal on mass
82, which they attributed to a combination of suppression of Kr baselines by plasma loading
(resulting in negative shifts in #Sr/*Sr and positive shifts in #’Sr/*¢Sr) and enhancement of
baselines from addition of Kr from the sample (resulting in positive shifts in #Sr/*Sr and
negative shifts in ¥’Sr/%Sr). Uncorrected Kr interferences are an attractive explanation for the
observed bias in 3Sr/*Sr and 34Sr/*¥Sr measurements because even small contributions from
Kr translate to large errors in #Sr/*Sr and 34Sr/%Sr, yet have comparatively little impact on
87Sr/%Sr due to the isotopic abundance of 3Kr (~57.00%) relative to 3Kr (~17.30%) and #Sr
(~0.56%) relative to 36Sr (~9.86%) and *Sr (~82.58%). For example, a 0.1 mv signal on mass
82 due to unsubtracted Kr results in a ~17,000 ppm error for 34Sr/%Sr but only a -150 ppm error
in ¥Sr/%Sr (Fig. 9). Similarly, negative biases in stable Sr isotopes of similar magnitude to
those outlined in Figure 9 could also arise from baseline suppression of Kr during plasma

loading (Kimura et al., 2013).

Isotopologues of 3(CaAr) (isotopologue abundance = 2.152%) are another potentially
important source of interference on *Sr that could result in inaccurate stable Sr isotope
measurements. Our own LA-MC-ICP-MS measurements of stable Sr isotope ratios of
plagioclase and glass that are baseline subtracted (i.e., corrected for 3Kr) but not corrected for
CaCa/CaAr interferences have large positive errors in 34Sr/%6Sr and 34Sr/*¥Sr (Supplementary
Figure 3). Applying a CaCa/CaAr correction substantially reduces the magnitude of this error
but often results in significant overcorrection of both 34Sr/°Sr and 34Sr/%Sr. Such
overcorrections could be due to the unconstrained BCaCa/CaAr (assumed to be equivalent to
BSr in the new lolite data reduction scheme) or to Kr signal suppression during ablation. The
latter can also result in negative 3Sr/*¢Sr and #Sr/*8Sr biases. It is difficult to directly calculate
BCaCa/CaAr (from Kr-stripped mass 82 and 83 signals, for example) because the measured
signals on masses 82 and 83 are typically very low. Therefore, the new /lolite data reduction
scheme allows users to employ a bias factor (CaArBias) to account for possible differences
between BSr and BCaCa/CaAr. Similar to Kr inferences, the error in the radiogenic Sr isotope
ratio due to CaCa/CaAr interferences are predicted to be two to three orders of magnitude lower

than the error in 34Sr/%Sr (Fig. 9). The imprecise stable Sr isotope ratios measured by LA-MC-
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ICP-MS therefore do not offer an effective means of assessing the efficacy of interference and
mass bias corrections. Instead, we recommended evaluating corrections through accompanying

measurements of well-characterised, matrix-matched 87Sr/%¢Sr reference materials.

Influence of spot size and Sr content on measurement precision

The precision of Sr isotope measurements is related to the concentration of Sr in the sample,
the mass of material transferred to the mass spectrometer, and the sensitivity (ionisation and
transfer efficiency) of the mass spectrometer. This relationship is evaluated for Sr isotope
measurements of plagioclase in Figure 10A, which plots the uncertainty of interference-
corrected ¥Sr/%¢Sr against the apparent Sr concentration of the three new plagioclase reference
materials analysed at various spot sizes. Building on the relationship between Sr concentration
and precision illustrated in Figure 10A, figures 10B and 10C compare the Sr concentration
required for 100 ppm precision on ¥’St/*°Sr using a 100 um or 64 um spot to a compilation of

plagioclase Sr concentrations from the GEOROC database (http://georoc.mpch-

mainz.gwdg.de/georoc/). For a given analytical spot size, the concentration of Sr in plagioclase
and the precision of 8’Sr/®Sr are described by a power law relationship—as expected due to
error dominated by shot noise—with precision improving with increasing Sr concentration to
a limit of ~50 ppm (Figure 10A). Precision also improves with increasing spot size at constant
Sr concentration, with the greatest improvements observed for materials with lower Sr
concentrations (<500 ppm Sr). Rastering the laser beam across a sample provides additional
means of improving precision by increasing the volume of material analysed from a domain of
interest relative to static spot analyses. Figure 10A shows that rastering a beam with a diameter
of 50 um significantly improves the precision of 3’Sr/*¢Sr for materials with <1000 Sr ppm
relative to a 50 um static spot. In contrast, little improvement in precision is observed for a 100
pum raster relative to 100 um spot analysis, regardless of Sr content (Fig. 10A). Therefore,
rastering samples with a small beam diameter may be a useful approach for small or texturally
complex crystals (see case study below). Rastering also reduces the depth of ablated sample
relative to spot analyses, which may be desirable for samples that are subject to additional LA-

ICP-MS analyses (e.g., elemental mapping; Ubide et al., 2015).

Ideally, the Sr concentration of minerals would be characterised prior to Sr isotope analysis so
that an appropriate spot size can be selected with reference to the relationship outlined in Figure

10A. In cases where prior quantification of Sr concentration is not possible, the compilation of
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Sr concentrations for plagioclase summarised in Figure 10B or the relationship between
anorthite content and Sr concentration shown in Figure 10C may provide a useful reference for
anticipating the required analytical spot size. Based on the analysis outlined in Figure 10, we
suggest that a 100 um static spot should provide a suitable balance between spatial resolution
and precision for in situ Sr isotope measurements for minerals with low to moderate Sr contents
such as plagioclase with (<500—1000 ppm Sr). For these minerals, a 100 um static spot
analysis can achieve 100 ppm precision on ¥ Sr/*%Sr, which can resolve Sr isotope variations in
magmatic systems (e.g., Hagen-Peter et al., 2019). For geological materials with lower Sr
contents such as clinopyroxene (typical Sr content of < 100 ppm; Zhao et al. 2020) or basaltic
groundmass, and to resolve fine features in plagioclase crystals, rastering may be used to
achieve suitable precision while maintaining high spatial resolution, as illustrated in the case

study below.

Case Study: Plagioclase crystals and groundmass from Merapi Volcano

Plagioclase phenocrysts are ubiquitous in arc andesites, and their texture and composition
provide excellent records of magmatic histories preceding eruption (Davidson et al., 2007,
Cashman and Blundy, 2013). Complementing crystal archives, groundmass geochemistry
records the composition of the carrier melt (Magee et al., 2021), without the complicating
effects of crystal accumulation inherent to whole rock geochemical data (Ubide et al., 2022).
Here, we resolve the Sr isotope compositions in plagioclase and groundmass in a sample from
the pyroclastic deposits of the 2010 eruption at Merapi volcano, Indonesia (previously
described by Costa et al., 2013). The 2010 eruption was much larger and more explosive than
most dome-forming eruptions of the past century. The increase in explosivity in 2010 has been
linked to gas overpressure due to either 1) contamination with crustal carbonates, increasing
magmatic CO, contents (Borisova et al., 2013; 2016; Troll et al., 2012); or 2) rapid ascent of
relatively undegassed magma (Handley et al., 2018) before the eruption. As a robust tracer of
crustal assimilation and mixing of magmatic reservoirs, radiogenic Sr isotopes may provide

new insight into the mechanisms driving the onset of explosive volcanism.

The sample of the pyroclastic deposits of the 2010 eruption at Merapi provides an ideal case
study to examine the analytical and data reduction protocols outlined here (Fig. 11). Plagioclase

phenocrysts preserve complex internal textures and fine compositional zoning, which would
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be difficult to sample via micromilling. Furthermore, the microcrystalline groundmass (with
microlites of plagioclase, two pyroxenes, apatite and magnetite, and limited interstitial glass;
Costa et al., 2013) provides an opportunity to test the efficacy of molecular and elemental
interference corrections for a compositionally diverse medium, which can be compared to
whole rock TIMS Sr isotope data from the same eruption (Handley et al., 2018). In addition,
Chadwick et al. (2007) measured the Sr isotopic composition of groundmass and plagioclase
megacrysts from avalanche products of the 1998 eruption of Merapi via micromilling + TIMS,
allowing for a comparison of solution- and laser ablation-based techniques on nominally

similar geological materials.

LA-MC-ICP-MS Sr isotopes measurements were performed on a standard polished thin section
of Merapi 2010 andesite at The University of Queensland, using the analytical method and data
reduction approach outlined above and the micro-sampling strategy illustrated in Fig. 11. Two
representative plagioclase crystals were selected for detailed Sr isotope measurements, which
were performed using rasters with a 65 pm spot diameter placed in distinct textural-
compositional domains within each crystal. A further ten plagioclase crystals were selected for
statistic spot analysis using a 100 pm spot diameter, placed in texturally homogenous core
domains. The rock groundmass was analysed using rasters with a 100 um spot diameter, with
care taken to avoid ablating phenocrysts. Plagioclase crystals and groundmass were analysed
in separate analytical sessions. Each session lasted approximately 6 hours and adopted
standard-sample bracketing in which blocks of 10—15 analyses of unknowns were separated by
a standard bracket comprising two analyses of a primary reference material (AMNH-10760 for
plagioclase, BHVO-2G for groundmass), two analyses of BCR-2G for calculating BRb-Sr
offset, and two analyses of multiple secondary reference materials (G29958 and Hrappsey 14-
2 for plagioclase; BIR1-G, KL2-G, and StHs6/80-G for groundmass). Interference corrections

follow those outlined in Table 2 and analytical results are presented in Supplementary File 5.

The results of the LA-MC-ICP-MS Sr isotope measurements are summarised in their textural
and compositional context in Figure 11. The Ca map in Figure 11A was obtained at the
Australian Synchrotron X-ray fluorescence microscopy beamline (details described in Magee
et al., 2021), and highlights the abundance of small (~1 mm) plagioclase phenocrysts with
complex zoning patterns across the sample. Sr isotope measurement locations are shown in a

reflected light scan of the thin section in Figure 11B. The key textural and compositional



725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757

characteristics of representative plagioclase crystals are summarised in Figure 11C—F.
Plagioclase crystals from the 2010 eruption are characterised by three distinct textural-
compositional domains: (1) anhedral, low-anorthite (An) inner cores surrounded along sharp
contacts by (2) euhedral, high-An core domains, which are in turn surrounded by (3) oscillatory
zoned rims that record a rim-ward decrease in An (Fig. 11E and 11F and 111 and 11J). The
87Sr/8%Sr composition of these three textural-compositional domains are indistinguishable
within uncertainty from one another and from the surrounding groundmass (Fig. 11G and 11H).
The homogeneity of Sr isotopes in this sample is further reinforced by the 10 static spot
analyses (100 wm diameter) of plagioclase grains, which yielded #Sr/%6Sr values that also

overlap the 8’Sr/%Sr composition of the groundmass (Fig. 11K).

A comparison of the new LA-MC-ICP-MS Sr isotope measurements of plagioclase and
groundmass from the Merapi 2010 eruption, whole rock TIMS Sr isotope data from the same
eruption reported by Handley et al. (2018), and micromilled + TIMS Sr isotope measurements
of plagioclase and groundmass from the 1998 eruption of Merapi reported by Chadwick et al.
(2007) is summarised in Figure 11K. The plagioclase megacrysts from the 1998 eruption
studied by Chadwick et al. (2007) are considerably larger than those from the 2010 eruption
(>2 mm and <1.5 mm, respectively) but preserve textural and compositional characteristics
comparable to the three distinct domains observed in the 2010 plagioclase crystals (Fig. 11E
and 11F).

Despite their similar textural features and elemental concentrations, the plagioclase crystals
from the 1998 and 2010 eruptions of Merapi have differing Sr isotope systematics. Although
the new LA-MC-ICP-MS data reported from 2010 plagioclase crystals are less precise than
TIMS data from 1998 eruption, the up to 800 ppm variations in ¥Sr/*Sr (total variation is
beyond the range of the y-axis in Fig. 11K) between the different the textural-chemical domains
reported by Chadwick et al. (2007) are not observed in plagioclase crystals from the 2010
eruption. This is despite variations of this magnitude being well within the range resolvable by
the new LA-MC-ICP-MS measurements during the analytical session (~150 ppm 2SE). In
addition to the differing Sr isotope systematics of plagioclase crystals, the groundmass Sr
isotope composition of the two eruptions also differs with the Sr isotopic composition of the
1998 eruption (~0.705800—0.705950) being distinctly higher than that of the 2010 eruption
(~0.705675—0.705775). Our new groundmass data is in good agreement with the whole rock
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TIMS results of Handley et al. (2018), further demonstrating isotopic equilibrium between

crystals and the carrier melt.

The contrasting Sr isotope systematics with respect to textural and chemical domains suggests
that plagioclase crystals from the 1998 and 2010 eruptions of Merapi formed through different
processes. Two simplified petrogenetic models accounting for the differing Sr isotopic
systematics of the 1998 eruption (Chadwick et al., 2007) and the 2010 eruption (this study) are
summarised in Figure 11L and 11M. Chadwick et al. (2007) interpreted high-An and high-
87Sr/36Sr euhedral plagioclase cores to represent xenocrysts derived from assimilation of
wallrock carbonates. This interpretation is supported by the presence of calc-silicate xenoliths
with high #Sr/36Sr (0.707866) that are also found in deposits from the 1998 eruption. Chadwick
et al. (2007) interpreted the overgrowth of the high-An, high ¥Sr/®%Sr xenocrysts cores by
domains with lower An and ¥’Sr/%6Sr to reflect the continued growth of plagioclase from a
wallrock-contaminated melt, which may also fill in the cracks and pore space generating low
An and low ¥’Sr/%6Sr anhedral cores. Assimilation of wallrocks by ascending melts is supported
by the 3’Sr/%6Sr signature of the 1998 groundmass, which is more radiogenic than the 2010

groundmass (Fig. 11K).

In contrast, a petrogenetic model for the 2010 Merapi eruption must account for the same
textural and compositional features of plagioclase crystals but without significant changes in
the Sr isotopic composition of the host melt. The lack of resolvable intra- or inter-crystal Sr
isotopic variation in plagioclase crystals suggests that assimilation of wallrock carbonate was
not important during the 2010 eruption of Merapi. Instead, we propose high-An cores
crystallised from H,O-rich, basaltic magmas at depth, and low-An rims and infills crystallised
due to magma degassing and fractional crystallisation upon ascent above the H,O-saturation
level. High dissolved H,O contents in melts increase the An content of equilibrium plagioclase,
such that An-rich plagioclase phenocrysts are common in arc-related, typically hydrous basaltic
magmas (Wallace et al., 2015). In the 2010 phenocrysts, high-An cores have euhedral habits,
supporting a cogenetic origin with the host magma. The high-An cores testify to mafic,
undegassed magma recharging the plumbing system prior to eruption. This agrees with an
eruption trigger via rapid recharge of high volumes of mafic, undegassed magma from depth,
as suggested by petrological information (Costa et al., 2013) and U-series disequilibria

(Handley et al., 2018) on the 2010 eruptive products. Our results support the notion that
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injections of cogenetic, undegassed magma may lead to explosive eruptions without the need
of a CO; input via carbonate assimilation as inferred for the 1998 eruption by Chadwick et al.

(2007).

This case study highlights the effectiveness of the LA-MC-ICP-MS technique to resolving
87Sr/%Sr variations across crystal zones and populations in representative sample sets. The LA-
MC-ICP-MS analytical and data reduction protocols outlined in this study can produce accurate
and precise Sr isotopic data to unveil magmatic histories recorded in crystals of varied sizes
and from numerous thin sections or resin mounts. Although solution-based analyses remain the
benchmark for resolving small-scale isotopic heterogeneity, the key advantage of the LA-MC-
ICP-MS technique is the speed and high spatial resolution of analyses, which facilitate a greater
number of measurements and sampling of small-scale textural or compositional domains,
ultimately providing more representative isotopic datasets. The distinct petrogenetic models
inferred from integrating textural, compositional, and Sr isotope data from plagioclase crystals
from two separate eruptions of Merapi Volcano highlight the complexity of natural magmatic
systems, offering a more holistic view of the secular evolution of magma processes and

volcanic behaviour.

CONCLUSIONS AND RECOMMENDATIONS

The radiogenic Sr isotope system can be measured in many common rock-forming minerals,
accessory phases, and groundmasses, and hence can record a diverse range of magmatic,
volcanic, and hydrothermal processes. We outline a series of analytical procedures and data
reduction strategies to facilitate in-situ Sr isotope measurements by LA-MC-ICP-MS. Thanks
to the high spatial resolution of this technique, even small individual crystal zones or
groundmass domains can be targeted for Sr isotope analysis. The ease of sample preparation
and rapid analysis allow hundreds of measurements to be undertaken in a single day. Therefore,
the LA-MC-ICP-MS method outline here can routinely produce representative Sr/%Sr data

within individual samples and across samples, with uncertainties of better than 100 ppm.

To assist in addressing inconsistencies in the selection of standards and assessing interference

corrections, we developed practical analytical procedures and data reduction strategies by
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analysing a series of newly characterised plagioclase reference materials and widely available
rock glass reference materials. Based on our results, we offer the following recommendations

for collecting and reporting in situ Sr isotope data by LA-MC-ICP-MS (Table 2; Fig. 10):

(1) Although it has been common practice to use carbonate or rock glasses in place of
matrix-matched standards (Fig. 2), matrix-matched reference materials are now
available for most magmatic minerals commonly analysed for Sr isotopes including
plagioclase (this study), apatite (Yang et al., 2014; Apen et al., 2022), and
clinopyroxene (Zhao et al. 2020), and should be included as an integral component of
in situ St isotope analytical protocols.

(2) LA-MC-ICP-MS stable Sr isotope measurements (3*Sr/%6Sr and 3 Sr/%¥Sr) are imprecise
and may have large biases relative to canonical values due the typically very low signals
on mass 84 and possible isobaric interferences from 3Kr and #(CaAr). However, these
interferences generally do not have a significant impact on ¥ Sr/%Sr measurements.
Therefore, the efficacy of interference and mass bias corrections for Sr isotope
measurements by LA-MC-ICP-MS are best evaluated through standard-sample

bracketing with well-characterised ¥’Sr/*Sr reference materials.

(3) Analysis with a 100 zm spot generates a suitable signal to achieve a 2SE of ~100 ppm
in 87Sr/%Sr for materials with moderate Sr concentrations (<500 — 1000 ppm). Rastering
can improve the precision relative to spot analysis, with the greatest improvement at

smaller spot sizes (~50 um).

We developed a new data reduction scheme for /olite (Supplementary File 3) that can apply a
variety of common interference corrections inherent to in situ Sr isotope measurements:

(1) On-peak baseline subtraction provides a simple means of correcting for Kr interferences
from the ICP and carrier gas. The alternative approaches for Kr correction outlined by
Kimura et al. (2013) and Konter & Storm (2014) are viable alternatives, but may be
less practical than on-peak baseline subtraction.

(2) Standard-sample bracketing with a reference material with moderate Rb/Sr (e.g., BCR-
2G glass) provides a simple way to directly constrain PRb, which improves the efficacy
of ¥Rb interference corrections. We prefer this approach over the assumption that

BSr=PRb for all materials, and particularly for materials with moderate Rb/Sr such as



857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889

groundmass or clinopyroxene. Materials with Rb/Sr >0.30 may not produce accurate
results and are not recommended for in situ Sr-isotope analysis by LA-MC-ICP-MS.

(3) The generation of NaNi, CaAlO, or CaCa/CaAr molecules did not introduce significant
bias (i.e., correcting for them did not significantly affect the ¥’Sr/’*Sr) in our analyses
of plagioclase and rock glass reference materials. Nevertheless, the magnitude and type
of molecular interference (i.e. NaNi vs. CaAlO or CaCa vs. CaAr) can monitored on
signals on masses 82 and 83 and stripped from Sr isotope signals, as necessary.

(4) Doubly charged REE interferences can be a significant source of error for materials
with elevated Er + Yb concentrations, notably apatite. The REE?** correction may also
be important in analysing low-Sr materials requiring large spot sizes or rasters to
achieve suitable precision (Fig. 11), which increases the chance of inadvertently
ablating small REE-enriched phases. Contributions of REE?** from REE-rich phases can
be monitored on signals on the half masses 83.5, 86.5, and 87.5 on many typical
Faraday detector arrays. This correction is not recommended in plagioclase or other
materials with low REE contents as it decreases precision without improving in

accuracy.

Although these recommendations provide a general guideline for measuring radiogenic Sr
isotopes by LA-MC-ICP-MS, the most effective approach will likely differ between
laboratories, instruments, and even day-to-day as tuning conditions change. Our new reference
materials, analytical protocols, and data reduction strategies aim to facilitate a more
standardised approach to collecting, correcting, and reporting in situ Sr isotope measurements
by LA-MC-ICP-MS and encourage the continued development and application of the

technique to understanding Earth systems.
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FIGURE CAPTIONS

Figure 1

Comparison of the number of studies presenting in situ St isotope data from plagioclase
measured by laser ablation multi-collector mass spectrometry (LA-MC-ICP-MS; purple) or
micromilling and thermal ionisation mass spectrometry (TIMS) or solution-based MC-ICP-
MS (orange) published over the past three decades. Purple bars show the percentage of
studies each year that used LA-MC-ICP-MS. Data sourced from Clarivate Web of Science

database using the search term ‘Sr isotope plagioclase’.

Figure 2

Summary of the type of secondary standards, stable isotope ratios, and molecular interference
corrections reported for 65 studies presenting LA-MC-ICP-MS Sr isotope measurements of
plagioclase published of the past three decades. Data sourced from Clarivate Web of Science

database using the search terms ‘Sr isotope plagioclase’.

Figure 3

Isotopic abundance and composition of species relevant to Sr isotope analyses. (A) Isotopic
abundances of Sr isotopes and interfering species across the mass/charge ratio (m/z) range
82—88. There are multiple interferences on Sr isotopes and on other interfering elements,
which require multiple iterations of peak-stripping to remove. (B) Percent of total isotopes
(and isotopologues of Ca-bearing molecules) of Sr and interfering species on masses 82—88.
(C) Schematic diagram showing the maximum abundance of interfering species on Sr
isotopes during analysis of plagioclase. The left column shows the representative
concentration of relevant elements, and the right-hand column shows the concentration of
these elements across the mass range 82—-88 (derived from the isotopic abundances shown in
panel B). Note that the Ca concentration is not to scale and the concentration of Rb and REE
species are combined for clarity (e.g., plagioclase Er + Yb + Rb = 1.5 ppm). The diagram
highlights, for example, that although Ca is the most abundant species capable of producing
isobaric interferences during Sr isotope analysis of plagioclase, only ~3% of all CaCa/CaAr

molecules yield m/z ratios that produce isobaric interferences. In contrast, Rb concentration is



low in plagioclase but theoretically, 100% of measured Rb ions have m/z of 82—-88. The true
abundance of the molecular and doubly charged species measured will realistically be much

lower as not all atoms of the elements will form these species.

Figure 4

Simulations of various interferences, and other measurement errors, on Sr isotope ratios for a
hypothetical measurement of a sample with 37Sr/%6Sr = 0.710000 and 0.5 V signal for #Sr.
The grey shaded area on the x-axis of panels A, B, and C shows the typical on-peak
electronic-baseline-subtracted signal or ratio measured for plagioclase during this study. (A)
Error in ¥’Sr/®Sr resulting from unsubtracted Kr signals of similar magnitude to those
observed during on-peak baselines (above the electronic baseline). Calculations account for
direct interferences on the Sr isotope ratios and the effect on the Sr mass-bias factor. Inset
compares electronic and on-peak baseline signals on mass 83 during a typical plagioclase
analysis. (B) Error in ¥’Sr/%Sr versus signal on mass 82 (for CaCa/CaAr interferences) or 83
(for NaNi and CaAlO interferences). (C) Error in ¥’Sr/%¢Sr due to the interference of 3’Rb on
87Sr. Inset shows errors in age-corrected 87Sr/%¢Sr arising from elemental fractionation of Sr
and Rb during a laser-ablation measurement. Calculations assume 30% fractionation between
Rb-Sr (i.e., the measured Rb/Sr is 30% higher than “true” ratio), which was typical of that
observed in measurements of rock glass standards in this study. (D) Error in ¥Sr/*¢Sr due to
unaccounted differences in mass fractionation between Sr and Rb. Grey shaded area on x-axis
shows the percent difference between BSr and BRb constrained by analyses of BCR-2G
during this study. (E) Error in 8’Sr/%Sr due to interferences from doubly charged HREE (Er**,
Yb?, Lu?*). Errors are simulated for a material with a chondritic Er/Yb and Er/Lu and the
Madagascar apatite reference material (Er/Yb = ~1.4, Er/Lu = ~11; Yang et al., 2014). Grey
shaded area on x axis shows typical signals on mass 83.5 (a proxy for '*’Er?*) measured for

basaltic glass (<0.15 mV) and apatite (<0.5 mV).

Figure 5

Summary of the significance of doubly charged REE interferences for geological materials
commonly targeted for Sr isotope measurements. (A) Histogram of the Er+Yb content of
apatite, carbonate, clinopyroxene, and plagioclase. Data sourced from the GEOROC

database: http://georoc.mpch-mainz.gwdg.de/georoc/. Inset in the main panel shows typical




chondrite normalised REE patterns for different geological materials. Er and Yb are marked
with dashed vertical lines. Plot below shows detail of the x axis and highlights that
plagioclase, carbonate, and clinopyroxene typically have Er + Yb <10 ppm. Apatite
distribution is not plotted for clarity. Dashed vertical line shows Er + Yb contents of BCR-2G
glass reference material as a proxy for basaltic groundmass. (B) Typical signals measured on
mass 83.5 (a proxy for '*’Er?*) during ablation of apatite (Durango and Madagascar), basaltic
glass (BCR-2G), carbonate (a modern mollusc shell), and plagioclase (AMNH-10760). (C)
Deviation of ¥’Sr/*Sr for different materials relative to recommended values with and without
corrections for doubly charged REE. The individual bars represent deviation in ppm (+ 2SE,
internal) of the measured ratio relative to the recommended value of the ratio. The 37Sr/%¢Sr
measurements are corrected for Kr, Rb, and CaCa/CaAr interferences but are not normalised
to a primary standard. The REE?*-correction is required to obtain accurate results in materials
with high concentrations in Er+Yb (e.g., apatite). In contrast, the REE**-correction is not
recommended for materials with low Er+YDb contents (e.g., plagioclase measurements are

generally more accurate and precise without the REE** correction).

Figure 6

Solution MC-ICP-MS and TIMS data for the three new plagioclase reference materials.
Black-filled circles represent the first measurement of a given fragment, with duplicate and
triplicate measurements of the fragment shown as subsequent grey circles. Error bars are the
internal precision (2SE) of solution measurements and do not reflect external precision
(repeatability). The uncertainty bounds about the averages of the solution data are 2SD of the

set of measurements.

Figure 7

Comparison of the accuracy of ¥’Sr/%Sr measurements for glass reference materials with 8Rb
interference corrections calculated using (A) BRb=fSr, or (B) an externally calibrated offset
between BRb and Sr. The elemental Rb/Sr of the glass reference materials increases to the
right. All #’Sr/®Sr values are normalised to BHVO-2G and are corrected for Kr, Rb,
CaCa/CaAr, and REE?* interferences. A¥St/3%6Sr is the deviation in ppm of the measured
isotope ratio from the recommended value. Individual vertical bars show the A¥Sr/*Sr + 2SE
(propagated, ppm) for individual measurements with the mean deviation (= 2SD) shown as

the grey horizontal bars and labelled above each set of measurements. Calculating the BRb-



BSr offset produces accurate results for reference glasses with Rb/Sr <0.30 (equivalent to the
T1-G reference glass); above this value, the error in 8’St/%6Sr generally increases with
increasing Rb/Sr. Note that the residual bias in the 3’Sr/36Sr measurements of BCR-2G in
Figure 7B is likely due to normalisation of the interference-corrected ¥Sr/*Sr to BHVO-2G;

the non-normalized values are centered approximately around O bias (¥’Sr/*Sr of 6 + 39

ppm).

Figure 8

Impact of different combinations of molecular interference corrections on the accuracy and
precision of ¥’Sr/*Sr measurements for our reference plagioclase standards (A) and reference
glasses (B). Each panel shows a single set of analyses (i.e. the same integration intervals) of
three different reference materials subject to Kr baseline subtraction, Rb peak-stripping, and
calculating the offset between BSr and BRb using BCR-2G as a bracketing standard and
various combinations of molecular and doubly charged interference corrections. For example,
the leftmost sets of analyses in each panel have only been corrected for Rb and Kr, whereas
the rightmost sets show the same set of analyses but also corrected for CaCa/CaAr + REE
interferences. A¥Sr/®6Sr is the deviation of the measured #’Sr/*Sr from the recommended
value in ppm. Individual bars show the deviation and + 2SE (internal) for individual
measurements. The weighted mean and + 2SD are shown as coloured horizontal bars and
stated above each set of analyses. Thick grey horizontal bars encompass + 2SD of the
recommended value for each reference material. Panel (C) plots the error in 8’Sr/%Sr as a
function of the (Er+Yb)/Sr content of four low Rb/Sr reference glasses prior to correction for
REE?* interferences and normalisation to a primary standard. Note the positive correlation

between error in ¥’Sr/*Sr and increasing (Er+Yb)/Sr.

Figure 9

Comparison of simulated interferences on 3Sr/%Sr and ¥’Sr/*¢Sr for a hypothetical
measurement of a sample with 8’Sr/36Sr = 0.710000 and 0.5 V signal for 36Sr. Note the
differences in scale for 3Sr/%Sr and 3’Sr/*¢Sr measurements, which indicate that the positive
errors in ¥Sr/%Sr (top, parts per ten thousand) due to the various interferences are up to 2
orders of magnitude larger than the corresponding error in 8’St/36Sr (bottom, parts per

million).



Figure 10

Relationship between spot/raster size, Sr content, and measurement precision in plagioclase.
(A) Precision of #Sr/36Sr measurements (2SE, internal) of plagioclase with varying Sr
concentrations analysed with different spot sizes during this study. Note that the Sr
concentrations were measured by LA-MC-ICP-MS and calibrated to BCR-2G so may
underestimate the actual concentrations. Inset shows same data but plotted as a function of
the signal on 38Sr (V). All rasters were 200 ym in length and performed with a scan speed of
2 um/s, using a 50 ym or 100 ym diameter beam. Dashed horizontal line shows a 100 ppm
precision threshold. (B) Histogram of Sr contents of igneous plagioclase classified by host
rock composition (Felsic = SiO, > 60%, Intermediate = Si0, 50-60%, Mafic= SiO, <50%).
(C) kernel density estimate of plagioclase XAn (%) vs. Sr (ppm). Data in panels B and C are

from the GEOROC database (http://georoc.mpch-mainz.gwde.de/georoc/) and the two

dashed vertical lines in each panel show the approximate Sr content of plagioclase required to
achieve ~100 ppm 2 SE precision with spot sizes of 100 ym and 64 ym for static spot
analyses. Note that for a given Sr concentration, raster analysis may be used to resolve

plagioclase zones too small for spot analysis at the same spot size.

Figure 11

Application of the LA-MC-ICP-MS Sr isotope measurement protocols outlined in this study
to plagioclase and groundmass from Merapi Volcano, Indonesia. (A) X-ray fluorescence Ca
map of a thin section of andesite from the 2010 eruption. Groundmass is purple, zoned
plagioclase grains are orange-red, clinopyroxene grains are yellow-white. (B) Location of Sr
isotope measurement spots and rasters for plagioclase and groundmass overlain on greyscale
Ca map. Panels (C) and (D) show back scatter electron (BSE) images of two representative
plagioclase grains. Panels (E) and (F) show schematic maps of the two representative
plagioclase crystals and the location of LA-MC-ICP-MS rasters and microprobe spots. Panels
(G) and (H) summarise the core-to-rim Sr isotope compositions colour-coded by XAn of each
compositional domain as determined by electron microprobe analyses (panels I and J). Panel
(K) compares the new results from the 2010 Merapi eruption to the micro-milled + TIMS Sr
isotope measurements from the 1998 Merapi eruption (Chadwick et al., 2007). The white
vertical bars on the left show the measured 8’St/%6Sr + 2SE from 100 um spot analyses of
individual plagioclase crystals (locations in panel B), the grey horizontal fields show the

mean + 2SD ¥Sr/36Sr of groundmass (this study) and TIMS wholerock #Sr/%Sr data (Handley



et al., 2018), in excellent agreement with each other. The coloured symbols to the right show
the micromilled + TIMS results from Chadwick et al. (2007). Panels (L) and (M) show
petrogenetic models accounting for the Sr isotope systematics of compositionally zoned

plagioclase crystals from the 1998 and 2010 Merapi eruptions.
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In situ strontium isotope studies of plagioclase
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Fig. 10

Precision on Plagioclase
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SUPPLEMENTARY MATERIAL CAPTIONS

Supplementary File 1

Table summarising instrumental set up and analytical conditions

Supplementary File 2
Table of LA-MC-ICP-MS results

Supplementary File 3
Solution ICP-MS and TIMS results

Supplementary File 4
Iolite DRS

Supplementary File 5
Explanation of DRS

Supplementary Figure 1

Plot of baseline subtract signals on masses 83 and 82 and the 82/83 ratio for a set of analyses
of three different plagioclase reference materials with differing anorthite contents. There is a
subtle increase in signals on masses 82 and 83 with increasing anorthite content, consistent
with an increasing contribution from CaCa/CaAr interferences. In contrast, there is no
correlation between 82/83 and anorthite content, suggesting contribution from CaAlO or

NaNi is not dependent on the composition of plagioclase.

Supplementary Figure 2

Effect of downhole fractionation on #Sr/*Sr measurements. (A) Shows individual 45 second
analyses of three reference plagioclases. The individual points show measured ratios + 2SE
(internal) for 5 second intervals that track the measured ratio as a function increasing pit
depth during analysis. Coloured horizontal bars encompassing the weighted mean value and
2SE (internal) of the entire 45 second analysis. Dashed horizontal lines show the
recommended #Sr/36Sr ratio (0.0565). In theory, the 50 xm spot analyses should be the most

impacted by downhole fractionation effects (greatest pit depth-to-width ratio), whereas the



100 pm raster should be least impacted. However, we observe no significant downhole

fractionation effects on the #Sr/*Sr ratio for any of the tests.

Supplementary Figure 3

Impact of different combinations of molecular interference corrections on the accuracy and
precision of 3Sr/*Sr for plagioclase (left panels) and rock glass reference materials (right
panels). Each panel shows a single set of analyses (i.e. the same integration intervals) of three
different reference materials subject to various interference corrections. For example, the
leftmost sets of analyses in each panel have had no interference corrections applied, whereas
the rightmost sets show the same set of analyses but corrected for CaCa/CaAr + REE
interferences. A84Sr/%Sr is the deviation of the measured isotope ratio from the recommended
value. Individual bars show the deviation and + 2SE (internal) for individual measurements.
The weighted mean and + 2SD are shown as coloured horizontal bars and stated above each

set of analyses.
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Supplementary Figure 2

A. Individual analyses
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Supplementary Figure 3
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Supplementary File 3: lolite DRS

Please note that the DRS will continue to be updated and developed. The most recent
version of the DRS can be found at: https://github.com/iolite-LA-ICP-MS/iolite4-python-
examples/blob/master/drs/Sr _isotopes Universal.py

*Note the URL in the PDF version of this file may contain a space at the end of line one (after ‘python-¢).
Please remove this when copying into a web browser.


Jack Mulder
*Note the URL in the PDF version of this file may contain a space at the end of line one (after ‘python-‘). 
Please remove this when copying into a web browser. 


Explanation of Sr Isotopes Universal DRS

Please note that the DRS will continue to be developed and updated. The most recent version of the
DRS and these expanatory notes can be found at: https://github.com/iolite-LA-ICP-MS/iolite4-python-
examples/blob/master/drs/Sr_isotopes Universal.py

The “Sr Isotopes Universal” DRS provides a number of user-selectable options for reducing Sr
isotope data measured by LA-MC-ICP-MS. Since the first Sr isotope measurements by LA-MC-
ICP-MS (to our knowledge, Christensen et al., 1995), there have been a number of articles that have
outlined and evaluated various potential sources of bias (predominately the multitude of
interferences on all Sr isotope masses) in the measurements and proposed various corrections for
these sources of bias (e.g., Woodhead et al., 2004; Vroon et al., 2008; Kimura et al., 2014; Miiller &
Anczkiewicz, 2016). All of these employ “peak-stripping” of interferences (monitoring a nominally
interference-free isotope of the interfering element and using canonical isotopic abundances to
subtract its interferences on the Sr isotopes of interest) at some point in the correction scheme.
Many different atomic, molecular, and doubly charged interferences have been considered (most of
which are covered in Vroon et al., 2008, Kimura et al., 2014, and Miiller & Anczkiewicz, 2016),
and they are matrix-dependent. For example, doubly charged REE (“REE?*"”) may yield significant
interferences in apatite but be negligible in plagioclase and carbonates. The Sr Isotopes Universal
DRS allows users to choose different combinations of interferences to subtract from their data,
depending on the expected and/or observed interferences for their samples. There are also several
other corrections that can be performed. Users can choose to subtract different combinations of
REE?", CaAr-CaCa, NaNi-CaAlO inteferences; calculate an adjusted Rb mass-bias factor to
improved the accuracy of the ®’Rb interference correction; correct for Rb-Sr elemental
fractionation, which may affect age-correction; and/or correct for residual biases in 87Sr/*6Sr
following other corrections, which could be attributed to uncorrected ’(CaPO). This document
describes the options in the DRS and the results calculated based on the selected options.

Krypton and Rb interferences are always applied in the DRS. The former is corrected thorugh on-
peak baseline (which can be fit by one of Iolite’s many spline types) subtraction (see Kimura et al.,
2014 for an alternative approach) and the latter from monitoring 3°Rb and peak-stripping. Users can
additionally choose to subtract REE?*, CaAr-CaCa, NaNi-CaAlO inteferences. The corrections can
be selectively applied by selecting or deselecting check-boxes in the DRS settings. If all these (or
some combination of these) interferences are assumed to be present and chosen to be subtracted,
they are necessarily subtracted that order. For example, doubly charged Er (+ Dy) should be
subtracted from masses 83 and 82 (in addition to the Sr masses) before carrying out a CaAr-CaCa
correction using 83 or 82 as a monitor mass. Nominal mass-bias factors based on ¥Sr/*Sr are
applied to these interferences. For each step in the correction (e.g., after 72Yb?*, and 17°Yb?" and
176Lu?* have been subtracted from 86 and 88, respectively), an updated nominal ¥ Sr/*6Sr mass-bias
factor is calculated and applied to subsequent corrections. The CaAr-CaCa interferences can be
monitored on either mass 82 or 83 (there are isotopologues of these molecules with both these
masses). Notice that CaAr and CaCa are considered together. This is because both molecules have
isotopologues with mass 82 and 83. Therefore, the user must assume and enter a proportion of the
signal on mass 82-83 attributable to CaAr and CaCa in order to subtract these from the Sr masses
based on canonical isopologue proportions. In theory, the 83/82 signal ratio could be used to
calculate the proportion, but this ratio is likely very imprecise due to low signal intensities. The
same combined subtraction applies to NaNi and CaAlO, although these have significant
isotopologues only of mass 83 and not 82. Several other settings relevant to these optional
corrections are described in the setting-by-setting descriptions below.



Interferences of 8’Rb on 8’Sr are significant, even in matrices with low to moderate Rb/Sr (e.g.,
carbonates and plagioclase). Because Rb has only one nominally interference-free isotope (*°Rb), a
mass-bias factor cannot be directly determined for Rb. It is common practice to apply the Sr mass-
bias factor based on 38Sr/%6Sr (“BSr”) to Rb (and other interference corrections). However, this has
been demonstrated to fail at moderate to high Rb/Sr, with a pseudo-linear relationship between
87Sr/%Sr bias and Rb/Sr after 3’Rb subtraction (e.g., Jackson & Hart, 2006), which can be attributed
to differences in the magnitude of Sr and Rb mass bias. Previous studies (e.g., Jackson & Hart;
Zhang et al., 2018) have used glass standards with moderately high Rb/Sr or Rb-doped Sr isotope
solutions to calibrate BRb or an adjusted 3*Rb/*’Rb (which are equivalent in effect on the
correction). This DRS allows the user to calculate BRb using measurements of a reference material
with moderately high Rb/Sr and known #7Sr/%6Sr (BCR-2G used by default) and solving for BRb in
the equation below. Obviously, measurements of the reference glass must be included in the
sequence of analyses that are being reduced.

878r/0Srrer = [ %7(Sr,Rb) — ¥ Rb * (¥’ Rb/*’Rbyep) * (mass®’Rb/mass Rb)\(SRb)] *
(mass®” Sr/mass®®Sr)( fSr) * (1/°0Srcor)

where:

878r/25Srveris the Sr isotope ratio of the bracketing standard

87(Sr,Rb) is the signal on mass 87 with all other interferences subtracted
8Rb is the raw signal on mass 85

87Rb/Rb is a canonical natural Rb isotope ratio

86Srcor is the interference-corrected %0Sr signal

Significant elemental fractionation between Sr and Rb has been observed to occur in LA-MC-ICP-
MS measurements (Zhang et al., 2018). In samples that are old and/or have high Rb/Sr, accurately
determining the 3"Rb/%®Sr of the sample is critical to accurate age-correction (i.e., calculating the
87Sr/%6Sr at the time of isotopic equilibrium—e.g., crystallization—of the sample). Users can use
measurements of a reference material with known Rb/Sr (BCR-2G by default) to calculate an
elemental-fractionation-corrected 8’Rb/*Sr to use in online or offline age-correction. Note that
various mineral matrices will not necessarily yield the same Rb-Sr fractionation as the calibration
reference material, but the correction utilizes this assumption. Also note that—currently—no
downhole-correction for the Rb/Sr is performed by the DRS.

Finally, the DRS allows for the correction of residual bias in 3Sr/3¢Sr ratios following all other
interference corrections and direct normalization to a primary reference material. This may appear
to be “fudging” the data, but the approach may be practical in the case of interferences that cannot
be independently monitored and subtracted from the Sr masses. A relevant example is the
interference of ¥’(CaPO)—the major isotopologue of a molecule which may obviously be present in
apatite analyses and which does not have isotopologues that are practically measurable on other
detectors in the array. Therefore, there is no practical way to correct for this interference aside from
an empirical secondary correction following other peak-stripping corrections. The correction is
done by fitting a linear or exponential model to the data in 8’Sr/*Sr bias vs Sr signal space,
assuming that the magnitude of an interference from a stoichiometric component—like CaPO in
apatite—is inversely proportional to Sr signal (i.e., 1/Sr signal if the CaPO signal is constant).

As a final and obvious note, the user of the DRS must use some intuition in deciding which
corrections to apply to their data. Some of the interferences have only briefly been considered in the



literature (in-particular the NaNi-CaAlO interferences discussed in Kimura et al., 2014) and may
not be relevant to any common matrices. Applying unnecessary corrections may increase
measurement uncertainties (e.g., applying the REE?* corrections if there is baseline signal on the
half-masses) or introduce bias in the corrected 37Sr/%6Sr. The corrections that can be applied also
depend on the masses measured on the particular detector array. At minimum, the DRS requires 88,
87, 86, 85, and 84 for the basic mass-bias and Rb-interference corrections (perhaps we will
eventually remove 84 from this list). Other corrections rely on monitoring interferences on
particular masses. If the relevant masses are not measured, the user will get an error message (e.g.,
if CaAr-CaCa correction is selected but there are no data for the monitor mass 82 or 83).

As a final, final note, this DRS (as is the case with most Iolite DRS) is a work in progress. It is
likely that it will be changed (hopefully improved) in the future, perhaps with your input. We will
try to accompany all updates with notes.

DRS Settings

Index channel: This is present in most lolite DRS. I am not actually sure what it is used for. In this
DRS, it is set to m88 (the most abundant Sr isotope) by default.

Reference material: Primary standard for final normalization of ’Sr/3¢Sr after all interference and
mass-bias corrections have been done

Mask and related settings: Enables a signal-threshold criterion to be used for masking data in the
Time Series window. To my knowledge, the mask doesn’t exclude points from calculations for
selections, but I may be wrong about this. This is also common to most Iolite DRS.

REE subtraction ?: If checked, REE*" will be subtracted from masses 84, 85, 86, 87, and 88 (and
82 and 83 if those channels are present). The corrections rely on signals for the half-masses: 83.5,
86.5, 87.5, so these channels need to be present to carry out the calculations.

Dy/Er ratio (default is approximately chondritic): Doubly charged Er interferes on mass 83, and
doubly charged Er and Dy interfere on mass 82, the latter of which can be selectively used for
subsequent correction of CaAr-CaCa. Erbium?* is monitored on “half-mass™ 83.5 and can be
subtracted from masses 82 and 83, but Dy?" is not independently monitored on many faraday cup
configurations. Therefore, a defined Dy/Er ratio is used to subtract Dy?" from mass 82. The default
(1.5) was very loosely chosen the ordinary chondrite composition of Nakamura (1974). This should
be constrained for individual samples if the REE*" interferences are significant.

Scale REE Beta (1 = BetaSr): The nominal 3¥Sr/*Sr mass-bias factor (I say “nominal” because it
is calculated before all the interferences are subtracted) can be scaled if the user things the mass-
bias factor for the REE is different. In theory, the REE mass-bias could be directly determined by
monitoring !3Yb?" and '"'Yb?*, but this would likely be very imprecise for small signals on the half
mass. If signals are small, the difference in mass-bias is likely to have a negligible effect anyway.
The default (1) is that the REE mass-bias equals nominal Sr mass-bias.



CaAr-CaCa_subtraction?: If “yes”, CaAr and/or CaCa interferences will be subtracted from all
relevant channels. The corrections rely on signals for either 82 or 83 as a monitor mass, so one of
these channels need to be present to carry out the calculations.

Use 83(CaAr,CaCa) as monitor? (uses 82 as default otherwise): If checked, the signal on mass
83 will be used as the monitor mass for the CaAr-CaCa peak-stripping. Otherwise (default), 82 will
be used. If 83 is used, this assumes that the signal on mass 83 (the only potential monitor mass for
NaNi-CaAlO) is due entirely to CaAr-CaCa, so a subsequent NaNi-CaAlO correction cannot be
done.

Proportion CaAr (0 to 1): Because CaAr and CaCa are monitored on the same monitor mass (82
or 83), the signal on this mass may be due to a mixed contribution from each molecule. Therefore, a
proportion of the monitor signal from each molecule needs to be assumed to subtract the
interferences on the Sr masses using canonical abundances of the isotopologues of the different
molecules. A value of 1 (default) assumes that 100% of the signal is due to CaAr. A value of 0
assumes that 100% of the signal is due to CaCa. If a value outside the range of 0 to 1 is entered, you
will get an error message. Differences in assumed proportion of these molecules will have the
largest effect on the subtractions from masses 85, 86, and 87 because CaCa has significant
isotopologues on 85 and 87, whereas CaAr does not, and CaCa has a greater abundance of
isotopologues 86 than CaAr. Whether differences in assumed proportions have a significant effect
on most datasets is yet to be explored.

Scale CaAr-CaCa Beta (1 = BetaSr): The same as for the REE mass-bias scalar.

NaNi-CaAlO subtraction?: If “yes”, NaNi and/or CaAlO interferences will be subtracted from all
other signals.

Proportion NaNi (0 to 1): The same principle as for “Proportion CaAr”. A value of 1 (default)
assumes that 100% of the signal is due to NaNi. A value of 0 assumes that 100% of the signal is due
to CaAlO. If a value outside the range of 0 to 1 is entered, you will get an error message. There are
significantly different abundances of the isotopologues of these molecules on the Sr masses, but
whether differences in assumed proportions have a significant effect on most datasets is yet to be
explored.

Scale NaNi-CaAlO Beta (1 = BetaSr): The same as for the REE mass-bias scalar.

Rb Beta adjust?: Gives you the option to carry out the calculation of the Rb mass-bias factor based
on a standard (“Reference material Rb beta’). Do not check this if you haven’t measured a standard
with moderately high Rb/Sr (e.g., BCR-2G) for this calculation.

Reference material Rb beta: Reference material used for calculating an adjusted Rb mass-bias
factor using the equation outlined above. The calculation depends on the 3°Rb signal, among other
things, and so it’s important to have a reference material with relatively high Rb content. BCR-2G
is the default and seems to work well.

Scale Rb beta (if Rb Beta adjust unchecked; 1 = BetaSr): If no moderately high Rb/Sr reference
material is measured, a scaling factor can be applied to BSr to yield an adjusted BRb. However,
instead of directly calculating BRb directly, you need to iteratively try different BSr scalars to



minimize the bias in 8’Sr/*Sr for moderately high Rb/Sr reference materials. If “Rb Beta adjust?” is
checked, this scalar will not be used.

Rb-Sr fractionation?: Gives you the option to normalize the measured (interference- and mass-
bias-corrected) Rb/Sr to an external reference material. This may be important for age-correcting
samples that are old and have relatively high Rb/Sr. Keep in mind that minerals and rock glasses
may not yield the same Rb-Sr fractionation (i.e., because they are not matrix-matched), yet this
correction (if using a rock glass as a reference material) relies on the assumption that they are. We
assume that the correction will nonetheless improve the accuracy of the determined Rb/Sr,
assuming that the significant interelement fractionation between Rb and Sr in the measurement
(albeit tuning-condition-dependent; Zhang et al., 2018) is greater than that induced by matrix
effects. This has not been tested though, due to a paucity of mineral standards with uniform, known
Rb/Sr.

Reference material Rb/Sr fractionation: Reference material for correcting for Rb/Sr elemental
fractionation in the measurement.

Scale Rb/Sr (if no Rb/Sr standard): If you haven’t measured a standard with moderately high and
well-characterized Rb/Sr, the measured Rb/Sr can be scaled by entering a value other than 1 here.
However, if no reference materials with well-characterized Rb/Sr are measured, it will be
impossible to evaluate the accuracy of the correction.

Age (Ma): The age of your sample in Ma for calculating age-corrected ’Sr/%®Sr (37Sr/*Sr;). The
DRS uses the “final” ’Rb/*Sr (elemental-fractionation-corrected if selected) and the ®’Rb decay
constant of Villa et al. (2015). Currently, the DRS uses the present-day ®’Sr/*Sr after interference
(including Rb with or without an adjusted BRb) but before the optional CaPO correction. We will
soon fix this. Regardless, it is often more practical to do an age-correction offline on the Iolite
output (therefore applying the age correction to the average final 8’Sr/*Sr of the selections instead
of point-by-point in Iolite), especially if you are measuring multiple samples with different ages.

CaPO Fit Eqn: The form of the function (linear or exponential decay) used to fit the data in
87Sr/%Sr bias vs Sr signal space for correction of residual ’Sr/%Sr bias after all other interference
and mass-bias corrections. As the name implies, this may be relevant to apatite because ¥’CaPO
cannot not be independently peak-stripped. Because it is a stoichiometric component in apatite, one
might expect a relationship between 37Sr/6Sr bias and Sr signal (or 1/Sr signal; proportional to
CaPO/Sr signal).

RMs for CaPO correction: A dropdown that will populate with all reference materials from your
session that have reference 3’Sr/36Sr. The reference materials used to establish the relationship (the
model fit) between 87Sr/*Sr bias and Sr signal are chosen here. Keep in mind that if all reference
materials from a session are used for the correction, they are all in a sense self-normalized, and
there are not reference materials left to treat as quality-control or “secondary” standards. If applying
this additional correction, it is probably good to measure as many reference materials (apatite in this
case) as possible to define the fit as best as possible and to assure that it applies to a wide range of
apatite.

CaPO Correction fit: Graph that shows the ¥’Sr/*Sr bias vs Sr signal for individual selections of
the reference materials chosen above. Each dot of a particular color represents one selection of a
particular reference material selection group.



Propagate Errors?: This is the same as other lolite DRS. It calculates excess variance in selections
of a reference material and propagates additional uncertainty into the measurement uncertainties.
See the lolite manual for more information.

DRS Outputs (Intermediate and Output Channels)

mXX.X_cps: Baseline-subtracted signals for each input channel.
Sr84,...Sr88, Rb85: Signals for the Sr and Rb isotopes following the all interference corrections.

Sr87_86_Corr: Interference- and mass-bias-corrected ’Sr/%¢Sr calculated by applying BSr to Rb
but before final normalization of 37Sr/%6Sr to a primary reference material. This result is included so
the ¥’Sr’3®Sr calculated with and without the adjusted BRb can be compared.

BetaSr: The final Sr mass-bias factor, calculated from “Sr88” and “Sr86” following all interference
corrections. This is the mass-bias factor applied to the final #’Sr/%¢Sr.

BetaRb: The Rb mass-bias factor, either directly calculated from a reference material if “Rb Beta
adjust” is selected, scaled from BSr if a value other than 1 is entered for “Scale Rb Beta”, or equal
to BSr if “Rb Beta adjust” is not selected and the scalar is left at 1 (default).

Sr87_86_CorrRb: Interference- and mass-bias-corrected 3’Sr/%¢Sr calculated by applying BRb to
Rb but before final normalization of ’Sr/%6Sr to a primary reference material. This will be the same
as “87Sr_86_Corr” if “Rb Beta adjust” is not selected and the scalar is left at 1 (i.e., because fRb =
BSr in this case).

Ho_Sr _ppm: (Only if “REE subtraction” is selected). Calculates the Ho signal (monitored on half-
mass 82.5) relative to the total Sr signal in parts per million (totalHo/totalSr*10°). Holmium is
monoisotopic and is not used in any corrections, but can be used as a proxy for REE/Sr content of
samples. This could also potentially be used (along with Er Sr ppm and Yb_Sr ppm to calculate
REE slopes to constrain Dy/Er).

Er_Sr_ppm: (Only if “REE subtraction” is selected). Calculates the total Er signal (monitored on
half-mass 83.5 and calculated from canonical Er isotope abundances) relative to the total Sr signal
in parts per million (totalEr/totalSr*10°). This can be used as a proxy for REE/Sr content of
samples. This could also potentially be used (along with Ho Sr ppm and Yb_Sr ppm to calculate
REE slopes to constrain Dy/Er).

Yb_Sr_ppm: (Only if “REE subtraction” is selected). Calculates the total Er signal (monitored on
half-mass 86.5 and calculated from canonical Yb isotope abundances) relative to the total Sr signal
in parts per million (total Yb/totalSr*10°). This can be used as a proxy for REE/Sr content of
samples. This could also potentially be used (along with Ho Sr ppm and Er Sr ppm to calculate
REE slopes to constrain Dy/Er).



StdCorr_Sr87_86: Interference- and mass-bias-corrected 37Sr/3¢Sr calculated by applying BSr to
Rb and normalized to 3’Sr/*Sr of a primary reference material. This result is included so the
87Sr/86Sr calculated with and without the adjusted BRb can be compared.

Sr84 86 Corr: Interference- and mass-bias-corrected 3*Sr/%°Sr. This stable Sr isotope ratio is
sometimes used as an additional check to evaluate the effectiveness of the interference and mass-
bias corrections. It is not normalized to a primary reference material, as this partly defeats the
purpose of using it as an independent check.

Sr84 88 Corr: Interference- and mass-bias-corrected 3*Sr/*¥Sr. This stable Sr isotope ratio is
sometimes used as an additional check to evaluate the effectiveness of the interference and mass-
bias corrections. It is not normalized to a primary reference material, as this partly defeats the
purpose of using it as an independent check.

Rb87 Sr86 Final: Final 3’Rb/3¢Sr after interference, mass-bias, and elemental fractionation (if
selected) corrections.

StdCorrRb_Sr87 86: Interference- and mass-bias-corrected 87Sr/36Sr calculated by applying BRb
to Rb and normalized to ¥’Sr/%¢Sr of a primary reference material. This will be the same as
“StdCorr_Sr87 86” if “Rb Beta adjust” is not selected and the scalar is left at 1 (i.e., because BRb =
BSr in this case).

Sr87 86 AgeCorr: Age-corrected ¥’Sr/*Sr. The result is always calculated with

“Rb87_Sr86 Final”, “StdCorrRb_Sr87 86, the 8’Rb decay constant of Villa et al. (2015), and the
age of the sample in Ma entered by the user in the DRS settings. As of now, the calculation is
applied to “StdCorrRb_Sr87 86 (i.e., before the CaPO correction, if selected), but this may be
changed in the future.

CaPO_corrAmt: Model bias in 3’Sr/36Sr according to the linear or exponential fit to the 87Sr/*Sr
bias vs Sr signal (expressed as biased 8’St/36Sr over “true” ¥’Sr/%Sr). This is a function of total Sr
signal intensity and is the correction factor that is applied the 87Sr/*Sr of the unknown (sample or
secondary reference material) measurement.

CaPOCorr_Sr8786: Final ¥’Sr/%°Sr after the CaPO correction. The CaPO correction is applied to
StdCorrRb_Sr87 86 before age-correction.
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