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Abstract

High-precision and high-accuracy measurement of the natural mass-independent vari-
ations of 34Sr/*®Sr using thermal ionization mass spectrometry (TIMS) is crucial for under-
standing the planetary volatile depletion history and the heterogeneous isotopic reservoirs in
the early Solar System. The recently reported p®*Sr values [defined as
10%%(®4S1/%Stsample/>*S1/2®Srstandara — 1)] for terrestrial rock samples, however, show a signifi-
cant discrepancy between static and multidynamic TIMS measurement results, indicating that
the data from one or both measurement methods are biased by analytical artefacts. Coupled
with this issue, the accurate p®*Sr values of terrestrial samples are also under debate. Here we
present high-precision 3*Sr/*Sr and ¥7Sr/*Sr data for a series of natural samples and the
standard NIST SRM 987 measured using a new 3-line multidynamic TIMS method, with the
aims to: (1) systematically evaluate and correct the fractionation drift effect in multidynamic
Sr isotope measurements, (2) investigate the origin of the discrepancy between the u®*Sr val-
ues derived from static and multidynamic measurements, and (3) determine the accurate ter-
restrial u3*Sr value. Our data show that the rapid drift of isotopic fractionation during meas-
urement can significantly bias the multidynamic 3*Sr/*Sr ratio, but has only minor influence
on ¥St/%6Sr. The previously observed static vs. multidynamic pu3*Sr discrepancy has been re-
produced in our study, and can be explained by the positive biases of multidynamic u3*Sr
caused by the high fractionation rates of terrestrial samples compared to the standard. After
correcting the fractionation drift effect using a linear interpolation method, the average multi-
dynamic p**Sr value of the terrestrial samples is in complete agreement with the multistatic
result. We confirm that the standard NIST SRM 987 possesses an apparent 5*Sr enrichment
relative to the natural samples from the Earth, and conclude that the terrestrial samples have
an average p**Sr value of —31 = 8 ppm (2 standard error). The fractionation drift-corrected

multidynamic p¥’Sr and pu34Sr results of SRM 987 show a pronounced correlation that is like-
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ly to be a combined effect of ion counting random error, uncorrected (or overcorrected) frac-
tionation drift effect, and mixing of Sr ions evaporated from variably fractionated sample res-
ervoirs on the filament. The two independent multidynamic ®’Sr/*¢Sr ratios returned by our
method exhibit a stable, small but resolvable offset, which most likely reflects systematic er-
rors generated by an insufficient amplifier idle time setting. Our measurement method has
also been applied to three standard materials that have been used in the early Solar System
87S1/%6Sr chronology studies from the 1970s till present to examine the reliability of the nor-
malization method used for inter-laboratory comparison and to assure accurate cross-

calibration of these standards.

Keywords
Strontium isotope, thermal ionization mass spectrometry, multidynamic measurement, iso-

tope fractionation

1. Introduction

For many elements with important geochemistry and cosmochemistry applications
(e.g., Ca, Cr, Sr, Ba, Nd, W, Os, Pb), thermal ionization mass spectrometry (TIMS) is the
most favourable technique to determine isotopic ratios at part-per-million (ppm) precision
level (Carlson, 2014; Wieser and Schwieters, 2005; Makishima, 2016). The most widely used
isotope analysis method of TIMS is the static multi-collection method, in which the magnetic
field setting of the analyser is set to a fixed value, while the ion beams with different
mass/charge ratios separated by the analyser are simultaneously collected and measured by an
array of multiple detectors (Faraday cups connected to electrometer amplifiers). In static mul-
ti-collection measurements, the detection efficiency can slightly differ between the multiple

Faraday cups due to the generation and escape of secondary charged particles when the ion
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beam hits the cup (Makishima and Nakamura, 1991), and these differences can introduce sys-
tematic errors into measured isotopic ratios. If the efficiencies of the Faraday cups remain
constant, these systematic biases can be corrected by sample—standard comparison (Gargon et
al., 2018; Carlson, 2014; Yokoyama et al., 2015; Albarede et al., 2004). However, many stud-
ies have reported drifts of Faraday cup efficiencies (also known as Faraday cup deterioration)
in time scales from weeks to years during the isotopic analyses of Sr, Ba, Nd, Pb, and W
(Thirlwall, 1991; Makishima and Nakamura, 1991; Thirlwall and Anczkiewicz, 2004; Fukai
et al., 2017; Gargon et al., 2018; Yobregat et al., 2017; Archer et al., 2017; Fukami et al.,
2017; Miyazaki et al., 2016; Carlson, 2014; Roth et al., 2013; Yokoyama et al., 2015). As
Faraday cups deteriorate, the repetitively measured isotopic ratios of standards show system-
atic drifts or cyclic fluctuations, making precise and accurate standardization of the analyses
of unknown samples difficult or impossible.

The problem caused by Faraday cup deterioration can be solved by applying a dynam-
ic multi-collection (or “multidynamic”) measurement method (Lenz and Wendt, 1976). With
the cup positions fixed but the magnetic field settings (called “lines”) dynamically switched
within a measurement cycle, the isotopic ratio of interest and the isotopic ratio used to moni-
tor mass fractionation can be sequentially measured using the same combination of Faraday
cups, and hence most cup efficiency components can be mathematically cancelled during the
fractionation correction procedure. The application of multidynamic methods can effectively
improve long-term measurement precision compared to the static method (Gargon et al., 2018;
Thirlwall, 1991; Fukai et al., 2017), although the required measurement time is sometimes
longer (Ludwig, 1997). The multidynamic method has, however, several inherent problems
of its own. In the instruments that are equipped with zoom optics to enable nearly perfect
alignment of peaks in each line by changing the dispersion of the analyser, the measured iso-

topic ratios can be affected by the dependence of ion transmission on zoom settings
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(Trinquier et al., 2008; Amelin and Huyskens, 2013). In the mass spectrometers without
zoom optics, the peaks are inevitably misaligned in all lines of the multidynamic sequence
except one, and the measured ratios are therefore influenced by the imperfections of peak top
flatness (Thirlwall, 1991; Albarede et al., 2004). Biases caused by these problems are diffi-
cult to correct mathematically, but they could be addressed in the future improvements of the
design of the ion optical systems.

Another intrinsic drawback of the multidynamic method is that the instrumental frac-
tionation during measurement cannot be accurately corrected at real time. Given that the iso-
topic ratio of interest and the fractionation monitor ratio are measured in two different lines
that are separated in time by a gap consisting of integration times and idle times, the fraction-
ation-corrected isotopic ratios can be biased if the fractionation significantly changes during
this time gap. The biases caused by this effect have long been supposed to be negligible, but
the recent work by Roth et al. (2014) suggests that large fractionation drifts associated with
high fractionation rates and prolonged time gaps can be a significant source of deteriorating
accuracy and precision in multidynamic "**Nd/"**Nd measurements. Unlike the problems de-
scribed earlier, this effect can be managed by optimising data processing. This fractionation
drift effect has been well recognized and corrected in the recent Nd isotope studies (e.g.,
Garcon et al., 2018; Horan et al., 2018), but how it affects the multidynamic analyses of other
isotopic systems, such as Sr (3*St/*6Sr and ¥’Sr/*®Sr), has not been investigated to the best of
our knowledge.

Natural mass-independent variations of the ¥*St/*6Sr ratio have been found in many
extra-terrestrial materials, such as pre-solar silicon carbides (e.g., Podosek et al., 2004), Ca—
Al-rich inclusions (e.g., Papanastassiou and Wasserburg, 1978; Moynier et al., 2012), and
carbonaceous chondrites (e.g., Yokoyama et al., 2015). These variations are identified as iso-

topic anomalies relative to the bulk silicate Earth composition, and are thought to reflect the
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heterogeneous mixing of stellar dust of different nucleosynthetic origin at the early formation
stages of the Solar System. The planet-scale **Sr/%6Sr heterogeneity may hold critical infor-
mation regarding the planetary volatile depletion history (e.g., Hans et al., 2013), the genetic
relation between the Solar System’s earliest solids and later-formed materials (e.g., Burkhardt
et al., 2019), as well as the injection and admixing of nucleosynthetic components from dif-
ferent stellar sources (e.g., Brennecka et al., 2013). Recent high-precision Sr isotope analyses
using TIMS have achieved long-term 3*Sr/*Sr precision better than 30 ppm using either a
static or a multidynamic measurement method (Andreasen and Sharma, 2007; Moynier et al.,
2012; Paton et al., 2013; Hans et al., 2013; Brennecka et al., 2013; Yokoyama et al., 2015;
Yobregat et al., 2017; Shollenberger et al., 2018; Myojo et al., 2018; Henshall et al., 2018;
Burkhardt et al., 2019; Fukai and Yokoyama, 2019b; Charlier et al., 2019). However, the
$4S1/%6Sr measurement results of terrestrial rock samples reported in these studies, expressed
as p¥Sr = 10°<[(®*Sr/2%Sr)sample/(**S1/2°St)standard — 1], show significant disagreements. Studies
using static measurement methods provided consistent, negative u3*Sr values from —30 to —20
ppm for terrestrial samples (Moynier et al., 2012; Paton et al., 2013; Yokoyama et al., 2015;
Yobregat et al., 2017; Henshall et al., 2018; Fukai and Yokoyama, 2019b), while the multi-
dynamic measurements yielded higher terrestrial p®*Sr values that are unresolved from zero
(Hans et al., 2013; Yobregat et al., 2017; Henshall et al., 2018). The measured pu3*Sr values of
the same samples (e.g., BHVO-2 and BCR-2 basalts, Henshall et al., 2018) should not differ
between the two measurement methods if they both produce accurate results. Therefore, the
apparent discrepancy between the static and multidynamic methods reflects an analytical ar-
tefact. The magnitude of this discrepancy (20-30 ppm) is similar to the nucleosynthetic u®*Sr
anomalies found in many carbonaceous meteorites (Andreasen and Sharma, 2007; Moynier et
al., 2012; Qin et al., 2011; Paton et al., 2013; Yokoyama et al., 2015; Fukai and Yokoyama,

2019b; Amelin et al., 2019; Burkhardt et al., 2019; Charlier et al., 2017), so it can potentially
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distort our understanding about the early Solar System isotopic reservoirs. Currently, two
critical analytical problems need to be solved in the 34Sr/*®Sr systematics in cosmochemistry
and geochemistry: (1) what caused the u*Sr discrepancy between the static and multidynam-
ic measurement methods? (2) what is the accurate u3*Sr value of terrestrial samples?

In this study, we address these unresolved issues by analysing the Sr standard NIST
SRM 987 and a series of natural samples using a 3-line multidynamic TIMS Sr isotope meas-
urement method. This method allows us to obtain high-precision 3*Sr/**Sr and 87Sr/*®Sr ratios
in static and multidynamic modes simultaneously, and to evaluate their performance and
compare their accuracy and precision. We evaluate the fractionation drift effect in multi-
dynamic Sr isotope analyses, and apply a method to correct the biases caused by this effect.
Using the fractionation drift-corrected multidynamic 3*Sr/*Sr results of the standard and ter-
restrial samples, we investigate the cause of the static-multidynamic u3*Sr discrepancy, and
attempt to determine the accurate p®*Sr value in terrestrial samples. We also discuss a variety
of other effects that potentially influence the measurement accuracy and precision and gener-

ate correlations in fractionation-corrected Sr isotopic ratios.

2. Materials and methods
2.1 Standard and samples

A solution of the National Institute of Standards and Technology Standard Reference
Material 987 (SRM 987 hereafter) was analysed as the standard in this study. Several natural
samples were also analysed for Sr isotopes, including three United States Geological Survey
(USGS) reference materials BHVO-2 (Hawaiian basalt), BCR-2 (Columbia River basalt),
and BIR-1 (Icelandic basalt), a seawater sample, and a pyroxene fraction from the Angra dos

Reis (ADOR) angrite meteorite.
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The BHVO-2, BCR-2, and BIR-1 rocks were supplied as fine powders. Approxi-
mately 1000 mg of each rock was digested in a Savillex Teflon beaker with 5 mL 12 mol/L
HNOs3 + 10 mL 25 mol/L HF mixed acids at 120 °C on hotplate for more than 48 hours. The
digested samples were evaporated to dryness, and then repetitively dissolved in 12 mol/L
HNO:s3 and re-evaporated for three times to reduce the volume of fluorides. The samples were
finally dissolved in 50 mL 6 mol/L HCI. One mL of the solutions (corresponding to 20 mg of
the original rocks) was processed in each batch of column chemistry.

A 500 mg sample of ADOR analysed here is a part of the sample set prepared for ura-
nium isotope analyses (Huyskens et al., 2020). Examination of this fraction under binocular
microscope showed the absence of any minerals other than pyroxene. The solution after U
separation on Eichrom UTEVA resin containing all major and most trace elements (including
Sr) was dried down and redissolved in 3 mol/L HNOs3 for Sr separation.

The seawater sample (provided by M. Ellwood) was collected from the southern Pa-
cific Ocean, where the sampling location (32°29.54' S, 151°00.21' W, depth = 500 m) is far
away from direct continental runoffs. The sample was 0.2 um-filtered and was acidified with
distilled HNOs. One mL of the seawater sample was evaporated to dryness and redissolved in
1 mL 3 mol/L HNO3 for Sr separation.

2.2 Chemical separation of Sr

Sr was separated from the matrix elements using a 3-step column chemistry procedure:

(1) Fe removal. Yobregat et al. (2017) showed that the separation of Sr using the Ei-
chrom Sr resin can be interfered by the substantial existence of Fe in the matrix elements.
Therefore, Fe was removed from the samples before Sr separation. Samples dissolved in 1
mL 6 mol/L HCl were loaded onto Teflon columns (inner diameter = 3.5 mm, resin bed
length = 30 mm) filled with 0.2 mL cleaned Bio-Rad AG1-X8 anion exchange resin (200—

400 mesh) on top of 0.1 mL Eichrom Pre-filter resin (100—150 pm size). Bulk fractions con-
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taining Sr were directly eluted and collected using 1.5 mL 6 mol/L HCI, while Fe was re-
tained on the column. The collected bulk fractions without Fe were evaporated and redis-
solved in 1 mL 3 mol/L HNOs; for Sr separation. This step was used for the basalt solutions,
but was not needed for seawater that has much lower concentration of Fe. For ADOR, Fe re-
moval was a part of the U separation procedure (similar to that described by Amelin et al.,
2019), and was not repeated here.

(2) Sr separation. Samples containing Sr dissolved in 1 mL 3 mol/L HNO3 were load-
ed onto Teflon columns (inner diameter = 3.5 mm, resin bed length = 30 mm) filled with 0.2
mL cleaned Eichrom Sr resin (50-100 um size) on top of 0.1 mL Eichrom Pre-filter resin
(100-150 um size). The Pre-filter resin was used for absorbing organic materials released
from the overlaying Sr resin. Matrix elements were washed off using 2 mL 3 mol/L HNOs.
Subsequently, Sr was eluted and collected using 2 mL 0.02 mol/L HNO3. The Sr fractions
were evaporated and redissolved in 0.5 mL 3 mol/L HNOj for purification.

(3) Sr purification. Our chemistry tests show that some of the separated Sr fractions
after the step (2) contain too much organic materials. Evaporated samples occasionally have
had anomalous red to black muddy appearance, and would easily spread when loaded onto
Re filaments. These samples also show poor emission of Sr', and yield severe signal instabili-
ties when being measured in TIMS. Accordingly, a purification step was performed after Sr
separation to remove the residual organic matter and further reduce the content of matrix el-
ements (e.g., Ba). Sr fractions dissolved in 0.5 mL 3 mol/L HNO3 were loaded onto small
Teflon columns (resin bed volume = 50 pL) filled with 2/3 resin bed volume of Eichrom Sr
resin (50-100 pum size) on top of 1/3 resin bed volume of Eichrom Pre-filter resin (100—150
um size). Remaining matrix elements (if any) were washed off using 1 mL 3 mol/L HNOs.
Finally, Sr was eluted and collected using 0.5 mL 0.02 mol/L HNO3, and was evaporated at

80 °C on hotplate with addition of 75 pL 0.007 mol/L H3POs. The evaporated samples ap-
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peared as clear and transparent tiny liquid drops, suggesting that the content of organic mate-
rial is reduced.

The total procedure blank of the chemical separation is <3 pg Sr. The overall yield of
Sr separation is better than 95% when tested using the BCR-2 basalt.

2.3 Mass spectrometry

Purified and evaporated Sr samples (containing 500—1000 ng Sr) were mixed with 1
uL TaFs activator (prepared following Charlier et al., 2006) and were loaded onto the centre
of pre-outgassed single Re filaments. The mixture solutions were dried by supplying 0.4 A
current through the filaments for 20 min in the air. Our experience shows that this low-
temperature, slow drying procedure is important for getting a stable ion signal during the sub-
sequent TIMS measurement. The filament current was then turned up to ca. 2.3 A with a rate
of 0.2 A/min until a dull-red glow is seen.

Strontium isotopic analyses were performed at the Australian National University us-
ing a Thermo Scientific Triton Plus multicollector thermal ionization mass spectrometer. The
measurement condition and cup configuration used are listed in Table 1. Before measurement,
the filaments were preheated to 2500 mA (ca. 1380 °C) in 50 min with gradually decreasing
heating rate from 800 mA/min to 5 mA/min. Amplifier gains were calibrated at the end of the
preheating procedure with the analyser gate closed. One measurement typically included two
runs which consisted of 50-70 blocks of 10 cycles (i.e., 500700 cycles) in total. Each cycle
consisted of 3 acquisition lines of 8 s integration time + 3 s idle time (Table 1). The first
measurement run (ramp-up run) started immediately when the preheating was completed and
small Sr signals appeared, and was operated with 5 mA/min filament heating. It was termi-
nated after the block when the 3¥Sr ion beam reached a steady intensity of 2 x 1071° A (i.e., 20
V when a 10" Q amplifier is used). The measurement was then immediately switched to the

second run (plateau run), which was operated with the default inter-block heating/cooling

10
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function of Triton to maintain the ion beam intensity between 80% and 120% of the initial
intensity (i.e., ¥¥Sr =~ 20 V). The reason for the separation of measurements is that the inter-
block heating/cooling function cannot be activated in the middle of a run. This technique (us-
ing and combining ramp-up and plateau runs) was discussed in detail by Amelin and Merle
(2021). The maximum filament current was set to 3700 mA (ca. 1710 °C filament tempera-
ture). The second run was stopped when the sample was completely exhausted. A complete
measurement typically takes 7—10 hours. For both measurement runs, the amplifier matrix
was rotated after each block, the baseline was measured for 30 s before each block, and the
peak centre and lens focus tuning were automatically repeated before each 5 blocks. The iso-
baric interference of ®’Rb on ®’Sr was monitored using ®Rb, and was subtracted on-line as-
suming ¥’Rb/*Rb = 0.386. The Rb interference was always negligible during the plateau run,

and in most cases was negligible during the entire analysis.

11
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Table 1 Measurement condition and cup configuration of the multidynamic TIMS method used in this study.

Room temperature (°C) 18-22
Room humidity (%) 20-50
Ton source pressure (mbar) | <8.0 x 1078
Ion getter pressure (mbar) | 4 x 107
Filament temperature (°C) | 1380-1710
Cup L3 L2 | L1 Ax | HI | H2 | H3 Zoom optics
Integration time (s) | Idle time (s)
Amplifier (Q)? 10" | 10 | 10 | 10" | 10" | 10'' | 10" Focus (V) Dispersion (V)
Line 1 84Sr | 85Rb | %6Sr | ¥7Sr | 88Sr -2 8 8.389 3.000
Line 2 84Sr | 85Rb | %6Sr | ¥7Sr | 88Sr 0 0 8.389 3.000
Line 3 84Sr | ®Rb | *Sr | ¥7Sr | ¥8Sr 2 -8 8.389 3.000

# Amplifier rotation: “left”
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3. Data processing

The data of the two measurement runs were combined into a single file. All subse-
quent data processing procedures were performed on the combined data file using an in-
house Microsoft Office Excel template. Complete calculation and statistical treatment proce-
dures, including equations, are detailed in the Appendix A in the Supplementary Materials,
and are summarized below.

For each measurement cycle, 3*Sr/*°Sr and ®’Sr/%¢Sr ratios were calculated using four
different methods: static, multistatic (MS), multidynamic without fractionation interpolation
(MD), and multidynamic with fractionation interpolation (MDFTI).

The static 34Sr/*®Sr and ¥’Sr/%®Sr ratios of the 3 magnetic settings (lines) were calcu-
lated by correcting mass fractionation to 58Sr/2°Sr = 8.375209 using the exponential law
(Thirlwall, 1991). The multistatic (MS) isotopic ratios were calculated by taking the arithme-
tic mean of the static isotopic ratios from the 3 lines.

The simple multidynamic (MD) 34Sr/*Sr ratio was also calculated by correcting the
instrumental mass fractionation using the exponential law. The %*Sr/%®Sr ratio measured at
line 1 and the 8Sr/%Sr ratio measured at line 3 were used in the calculation. Our MD
84S1/36Sr calculation equation is equivalent to the equation (2) of Henshall et al. (2018) and
the equation (2) of Yobregat et al. (2017), and 97.7% of cup efficiency is mathematically
cancelled during the multidynamic fractionation correction.

Two MD ®’Sr/%Sr ratios can be calculated in our 3-line method using combined lines
1 + 2 and lines 2 + 3. The first MD ratio, (*’Sr/*®*Sr)mp-a, was calculated by taking the geo-
metric mean of the measured ®’Sr/%Sr ratios of line 1 and line 2, followed by mass fractiona-
tion correction using the measured %¥Sr/*®Sr ratio of line 2. Our calculation equation has a
similar form as the multidynamic "**Nd/!**Nd equation of Gargon et al. (2018), and ca. 99.6%

of cup efficiency is mathematically cancelled. Our equation is a factor of 2 more effective in
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removing cup efficiency components than the multidynamic ®’Sr/*®Sr equations used in pre-
vious studies (Thirlwall, 1991; Hans et al., 2013; Yobregat et al., 2017; Wendt and Haase,
1998; Carlson, 2014). The second MD ¥St/*Sr ratio, (*’Sr/**Sr)mp s, was calculated similar-
ly using the measured 87Sr/*®Sr ratios of line 2 and line 3, and the measured 3¥Sr/*Sr ratio of
line 3. The final MD 37Sr/*Sr ratio [(}’St/*¢Sr)mp-c] was calculated by taking the geometric
mean of (*’Sr/2°Sr)mp-a and (¥’Sr/*®Sr)mp-s, following Thirlwall (1991).

The MDFI #Sr/%Sr and ¥Sr/%6Sr ratios were calculated in similar ways as the MD
ratios, but with a linear interpolation applied to the ¥Sr/%Sr ratios before fractionation cor-
rection. In the MDFI 34St/%Sr calculation for a cycle, the 33Sr/*®Sr ratio used for fractionation
correction was determined by interpolating the line 3 ¥Sr/%Sr ratio at the 1/3 point between
the current cycle and its previous cycle (i.e., 2 lines back, at the same time when %*Sr/*°Sr was
measured at line 1). The ¥Sr/%6Sr ratios used for MDFI ¥Sr/%6Sr calculations were calculated
by interpolating the line 2 and line 3 Sr/%6Sr ratios at the corresponding 5/6 points between
the current cycle and its previous cycle (i.e., 0.5 lines back). Our interpolation method as-
sumes that the measured %¥Sr/®Sr ratios varied linearly along with time during a cycle. No
fractionation interpolation and MDFI calculation were made for the first cycle of each block,
because it was separated from its previous cycle by inter-block baseline measurement, lens
optic and peak centre tunning, automatic filament heating, etc. The mass fractionation may
not evolve linearly during this long time interval with changing ion emission, and the attempt
of interpolating between blocks can introduce significant uncertainties.

Once all the cycle isotopic ratios were calculated, the block average isotopic ratios
and their standard errors were derived. The average isotopic ratios of the analysed sample
were then calculated by averaging the block average isotopic ratios weighted by the squared
reciprocals of their standard errors. This weighting approach ensures that larger weights are

assigned to more precisely measured blocks, and as a consequence, the sample average iso-
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topic ratios are insensitive to the poorly analysed blocks associated with large standard errors,
which may result from low ion beam intensities or accidental noises. When multiple repeti-
tive analyses of the same sample are pooled together, the pooled weighted average isotopic
ratios and weighted standard errors were calculated using the similar weighting approach.
The consistency of the pooled repetitive analyses of the same sample were evaluated using

the weighted mean square weighted deviation (WMSWD).

4. Results and discussion
4.1 Results of SRM 987 measurements

The 3*St/%6Sr and 37Sr/%Sr results of 43 repetitive analyses of the standard SRM 987
are summarized in Table 2 and Table 3 respectively. The 2 relative standard deviation (2RSD)
values are used to evaluate the intermediate precision over the analytical session. From Ta-
bles 2 and 3, the MS, MD, and MDFI methods generally yield precisions 2—5 times better
than the static method for both *Sr/*Sr and ¥’St/*6Sr. In addition, the MDFI method yields a
better 3*Sr/%°Sr precision (29 ppm) than the MD method (36 ppm). However, such precision
improvement by fractionation interpolation is not observed for 3’Sr/*Sr; all the MD and
MDFI 37Sr/®Sr ratios have similar precisions of 5—6 ppm. The best precisions for 34Sr/*°Sr
and ¥’Sr/%®Sr (29 ppm and 5 ppm respectively) are both achieved by the multidynamic meth-
od. These precisions are similar to the recent high-precision Sr isotope studies using either
static or multidynamic methods (Andreasen and Sharma, 2007; Moynier et al., 2012; Paton et
al., 2013; Hans et al., 2013; Yobregat et al., 2017; Henshall et al., 2018; Fukai and Yokoyama,
2019b; Burkhardt et al., 2019; Charlier et al., 2019).

The results of individual SRM 987 measurements are plotted against the time of
measurement in Fig. 1 to show the variations of isotopic ratios throughout the 6-month ana-

lytical session (April to October 2019). Fig. 1a and 1d show significant temporal drifting of
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static Sr isotopic ratios in the analytical session. All the temporal drifts or fluctuations are
well outside the 2SE uncertainties of individual measurements, as also indicated by the
MSWD values much greater than 1 (Tables 2 and 3). In contrast, such temporal drifting is
absent in the MD and MDFI results (Fig. 1b, c, e, f). The observed systematic changes of stat-
ic Sr isotopic ratios that are not accompanied by changes in the MD and MDFI values thus
must reflect the changes of Faraday cup efficiencies during the measurements. Using the ob-
served temporal drifting of the static %’Sr/**Sr and #Sr/%6Sr ratios from the 3 lines (Fig. 1a, d),
it is possible to retrieve the deterioration degrees of the Faraday cups used in our measure-
ments. A quantitative evaluation of Faraday cup deterioration during our analytical session is
conducted by Di et al. (2021).

In addition to the drifts of static isotopic ratios (and sometimes multidynamic isotopic
ratios, Gargon et al., 2018; Fukai et al., 2017) and the consequential decrease of long-term
reproducibility, Faraday cup deterioration can also lead to increase of individual measure-
ment uncertainty and deterioration of short-term analytical reproducibility. This is best seen
in the static measurement results of standards over several years or when cups are replaced
(e.g., Carlson, 2014; Miyazaki et al., 2016), and can be explained by the uneven distribution
of deposition in the cups and the increasing sensitivity of secondary charged particle yield to
the exact point of ion incidence (Sharma et al., 1996; Carlson, 2014). However, whether Far-
aday cup deterioration also causes precision decline for multidynamic isotopic ratios has not
been clearly seen from the data of Gargon et al. (2018) and Fukai et al. (2017). We divided
the MDFI ®’Sr/%¢Sr and 34Sr/*Sr data from our analytical session into five sub-sessions (Fig.
Ic, f; each sub-session contains ca. nine analyses of the standard which are temporally clus-
tered), and calculated 2RSD precisions within each sub-session. We also do not observe a
systematic precision deterioration of the multidynamic isotopic ratios with ongoing instru-

ment usage. The lack of temporal drifting and precision deterioration strongly support that the
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multidynamic method

can effectively minimize the effects of Faraday cup

deterioration

through time.
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Figure 1. ¥’Sr/*°Sr and 3*Sr/**Sr measurement results of the standard SRM 987 plotted

against the time of measurement (day since the beginning of the analytical session). (a)—(c):

Static, multistatic (MS), multidynamic without fractionation drift correction (MD), and mul-

tidynamic with fractionation drift correction (MDFI) ¥’Sr/*®Sr ratios; (b)—(d): static, MS, MD,

and MDFI 34S1/%Sr ratios. In (b) and (c), “A” represents the multidynamic ®’Sr/%¢Sr ratio cal-
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culated using the raw 37Sr/*Sr and 3¥Sr/®Sr ratios from lines 1 + 2; “B” represents the multi-
dynamic 3St/%6Sr ratio calculated using the raw *’Sr/%¢Sr and 3¥Sr/*Sr ratios from lines 2 + 3;
“C” represents the geometric mean of “A” and “B”. Note that the panels of the same Sr iso-
topic ratios (¥’Sr/%Sr or 34Sr/*Sr) are presented in the same scale for direct comparison. In (c)
and (f), the analytical session is divided into five sub-sessions, and 2RSD precisions of

MDFI-C ¥’Sr/%Sr and MDFI 3*St/3¢Sr are calculated within each sub-session.
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Table 2 Summary of 3Sr/**Sr measurement results of SRM 987.

Static (line 1) Static (line 2) Static (line 3) Multistatic MDP MDFI®
N 43 43 43 43 43 43
Average 0.0564931 0.0564924 0.0564912 0.0564922 0.0564932 0.0564920
2SD? 0.0000058 0.0000035 0.0000026 0.0000019 0.0000021 0.0000016
2RSD (ppm) 103 63 46 34 36 29
Weighted average | 0.0564928 0.0564925 0.0564913 0.0564922 0.0564931 0.0564920
2WSE 0.0000009 0.0000005 0.0000004 0.0000003 0.0000003 0.0000002
2RWSE (ppm) 16 9.5 6.5 4.7 5.0 4.2
WMSWD 19 7.6 3.0 4.1 2.0 1.5

4 SD = standard deviation, RSD = relative standard deviation, WSE = weighted standard error, RWSE = relative weighted standard error,
WMSWD = weighted mean square weighted deviation; abbreviations are the same in Table 3. Data are not weighted in the calculation of the av-

erage, 2SD, and 2RSD; data are weighted by the squared reciprocals of their standard errors in the calculation of the weighted average, 2WSE,

2RWSE, and WMSWD.

® MD = multidynamic without fractionation drift correction; MDFI = multidynamic with fractionation drift correction; abbreviations are the

same in Table 3.
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376  Table 3 Summary of ¥’Sr/**Sr measurement results of SRM 987.

Static (line 1) | Static (line 2) | Static (line 3) | Multistatic MD-Ab MD-BP MD-CP MDFI-AP MDFI-B® MDFI-CP
N 43 43 43 43 43 43 43 43 43 43
Average 0.7102730 0.7102369 0.7102479 0.7102528 0.7102515 0.7102459 0.7102487 0.7102543 0.7102483 0.7102513
28D 0.0000184 0.0000185 0.0000183 0.0000068 0.0000035 0.0000042 0.0000034 0.0000039 0.0000043 0.0000038
2RSD (ppm) 26 26 26 10 49 5.9 48 55 6.1 54

Weighted average | 0.7102735 0.7102376 0.7102475 0.7102534 0.7102516 0.7102463 0.7102490 0.7102543 0.7102486 0.7102514

2WSE 0.0000028 0.0000028 0.0000029 0.0000009 0.0000005 0.0000006 0.0000004 0.0000005 0.0000006 0.0000005
2WRSE (ppm) 3.9 4.0 4.1 1.3 0.7 0.8 0.6 0.8 0.9 0.7
WMSWD 40 41 42 13 1.8 2.4 1.8 2.0 2.5 23

377 2 The same as in Table 2.

378  °MD and MDFI are the same as in Table 2; A = multidynamic ¥"Sr/*®Sr ratio calculated from lines 1 + 2; B = multidynamic 3’Sr/*¢Sr ratio calcu-

379 lated from lines 2 + 3; C = the geometric mean of A and B.

380
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4.2 Fractionation drift effect

Though the multidynamic measurement procedure can effectively minimize the un-
certainties induced by Faraday cup deterioration, a natural drawback of the multidynamic
method is its non-real time instrumental fractionation correction, or “fractionation drift” ef-
fect. In multidynamic measurements, the isotopic ratio used to monitor mass fractionation
(e.g., 38S1/%Sr) is measured at a different line from the isotopic ratio of interest (e.g., ¥’Sr/%Sr
or S1/%6Sr). The lines dedicated to the measurements of the two isotopic ratios are temporal-
ly separated by a gap consisting of integration times and idle times. If the sample’s fractiona-
tion degree significantly changes during this time gap, the fractionation-corrected multi-
dynamic isotopic ratio will be biased. The direction of this bias depends on the order of the
acquisition of the two ratios as well as the direction of fractionation (normal vs. inverse),
while its magnitude is proportional to the sample’s instantaneous fractionation rate and the
length of the time gap. This can be demonstrated by taking derivative for the calculation
equation of the MD **Sr/36Sr ratio (i.e., equation 3a in the Supplementary Materials):

d(84sr/86sr)MD _ d(gssr/86sr)line 3
(B4Sr/86Sr) mp ' OF (88Sr/86ST)jine 3

= —Bgs-r -dt (1)

where df is the time gap between line 1 and line 3, 7 is the instantaneous drift rate of ¥3Sr/%®Sr,
and Pss = —1.02325. The relation between the relative bias in multidynamic 3’Sr/*Sr and time
gap and fractionation rate can be written similarly. The fractionation drift effect will primari-
ly make the multidynamic isotopic ratios less accurate, and, if fractionation rate is largely
variable among the repetitive measurements, also undermine the measurement precision.

This effect was first recognized and evaluated by Roth et al. (2014) in the multi-
dynamic measurements of '**Nd/'"**Nd. They showed that the fractionation drift between lines,
monitored using *Nd/'*Nd, can be fast enough (e.g., >0.21 ppm/s) to cause a shift in the
fractionation-corrected '**Nd/!'**Nd ratio greater than the desired long-term precision (2RSD
=5 ppm). Significant precision improvement was observed after the fractionation drift effect
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was corrected cycle-by-cycle using locally determined instantaneous fractionation rates, and
the pre-existing correlation between p!#?Nd and fractionation rate also disappeared (Gargon et
al., 2018; Roth et al., 2014). These results suggest that correcting the fractionation drift is
necessary in multidynamic "**Nd/'**Nd measurements with precision better than 5 ppm. The
fractionation drift effect in multidynamic Sr isotope analyses was previously noticed
(Yobregat et al., 2017; Henshall et al., 2018), but was not corrected or evaluated in detail.
Here we apply a linear interpolation method to correct the fractionation drift effect in multi-
dynamic Sr isotope analyses, and derive the MDFI isotopic ratios (see section 3). Our inter-
polation approach is similar to that of Horan et al. (2018), and is effectively a simplified ver-
sion of the methods of Roth et al. (2014) and Gargon et al. (2018). We only interpolate the
measured 38Sr/%Sr ratio between two consecutive cycles in the same block, so that the tem-
poral variation of *¥Sr/*6Sr in this short time interval has a better linearity (see Appendix B in
the Supplementary Materials for details). Also, since only two cycles from the same block are
involved in the interpolation, a complex fitting of the *¥St/%6Sr—time relation is avoided, and
the abrupt change of ¥Sr/%®Sr caused by inter-block heating and lens focusing need not be
considered (cf. Gargon et al., 2018).

The relations between the **Sr/**Sr and ®’Sr/%¢Sr measurement results of SRM 987
(expressed as p**Sr and p¥’Sr values) and the average fractionation rate of individual meas-
urements, before and after fractionation drift correction, are shown in Fig. 2a—d. Before frac-
tionation drift correction (Fig. 2a, c), we observed broad p®*%’Sr vs. fractionation rate trends
that have slopes consistent with the theoretically predicted slopes from equation (1), though
the observed slopes are also not clearly resolved from zero. This may be due to the limited
variation range of fractionation rate in the SRM 987 measurements. After fractionation drift
correction (Fig. 2b, d), the regressed u®**’Sr vs. fractionation rate slopes equal to zero, the

expected value, and the linear correlation coefficients (r) are also reduced. The fractionation
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drift correction improved the precision and MSWD value for multidynamic 3*St/*°Sr (Table
2), but such improvements are not observed for 3’Sr/*Sr, suggesting that fractionation drift
does not significantly affect the multidynamic measurement precision of ¥’Sr/%¢Sr. This can
be explained by the combination of the following factors: (1) the measurements of the raw
87S1/3%6Sr and 3Sr/%®Sr ratios in our multidynamic method are only separated by 0.5 lines (cf.
2 lines for 34Sr/%®Sr, 4 times longer), and (2) the exponential fractionation law exponent (B) of
87S1/36Sr is only ca. 0.5 (cf. p = —1 for 34Sr/*®Sr, the absolute value is twice larger). Therefore,
the fractionation drift effect on ®’Sr/%®Sr should be a factor of 8 weaker than that on *Sr/*Sr.

The effect of fractionation drifting on 34Sr/*°Sr is more prominent in the measure-
ments of terrestrial samples (Fig. 2e, f). Without fractionation drift correction, the MD p*Sr
of terrestrial samples is positively correlated with fractionation rate (Fig. 2e). The regressed
slope of 19.0 £ 12.7 s is clearly resolved from zero and is consistent with the predicted slope
(23.3 s) from equation (1). The theoretical slope of 23.3 s suggests that each +1 ppm/s differ-
ence in fractionation rate could cause a +23.3 ppm bias in p**Sr, and the samples with higher
fractionation rates have more positively biased p®*Sr values. The high fractionation rates of
terrestrial samples up to 3.6 ppm/s can thus lead to significant overestimations of u*Sr up to
ca. 84 ppm, much higher than the desired measurement precision of ca. 30 ppm. In Fig 2f,
after fractionation drift correction, the u®*Sr vs. fractionation rate correlation disappeared,
suggesting that this bias has been eliminated.

Many previous multidynamic Sr isotope measurement methods adopted separated
measurement runs for **Sr/*Sr and *’Sr/*’Sr to minimize the fractionation drift effect on
84S1/36Sr (e.g., Yobregat et al., 2017; Hans et al., 2013). With the fractionation interpolation
method applied here, such separation is no longer necessary. Precise *St/%6Sr and %’Sr/*°Sr
ratios can be measured simultaneously using the 3-line multidynamic method reported here,

and the measurement time and sample consumption can be reduced. We note that if one
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456  would like to further reduce the fractionation drifting bias on 34Sr/*°Sr, the line 2 and line 3 in
457  our multidynamic method can be swapped, so that the time gap between the measurements of

458  the raw 3*Sr/*Sr and *Sr/%6Sr ratios can be shortened by a half.
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460  Figure 2. Multidynamic p®*Sr and p®’Sr values vs. average fractionation rate of individual
461  measurements for: (a)—(d) SRM 987, and (e)—(f) terrestrial samples. In each panel, p-values

462  are calculated relative to the corresponding weighted average SRM 987 isotopic ratios (re-
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ported in Tables 2 and 3). Uncertainties of the p-values and fractionation rates are 2SE. The
linearly fitted slopes (with 2SE uncertainties) and correlation coefficients (r) of the data
points are shown in each panel. Panels on the left side (a, c, €) show data before fractionation
drift correction (i.e., MD or MD—C values); theoretical trend lines with slopes predicted using
equation (1) are also plotted for comparison. Panels on the right side (b, d, f) show data after
fractionation drift correction (i.e., MDFI or MDFI-C values); the correlations should have an
expected slope of 0. In (e) and (f), the SRM 987 data same as in (a) and (b) are plotted as
grey squares for reference; the grey horizontal bars are the 2SE confidence intervals of the
weighted average SRM 987 ud*Sr values; the red and blue horizontal bars are the 2SE confi-

dence intervals of the weighted average u3*Sr values of the terrestrial samples.

4.3 Terrestrial u**Sr value and the static—-multidynamic discrepancy

Our p®*Sr measurement results of the terrestrial samples have reproduced the static—
multidynamic discrepancy documented in previous studies (Yobregat et al., 2017; Henshall et
al., 2018; Hans, 2013). The p®*Sr results of 33 analyses of terrestrial samples, calculated us-
ing the MS, MD, and MDFI methods, are summarized in Table 4 and illustrated in Fig. 3.
The results of different terrestrial samples (BHVO-2, BCR-2, BIR-1, and seawater) are
pooled and averaged together because no systematic difference in u®*Sr is detected between
those samples. The MS method yields a weighted average terrestrial u3*Sr value of —31 £+ 7
ppm, which is in good agreement with the previous static or multistatic analytical results (e.g.,
Moynier et al., 2012; Paton et al., 2013; Yokoyama et al., 2015; Fukai and Yokoyama,
2019b). In contrast, the MD method yields a weighted average terrestrial p®*Sr value of =17 +
10 ppm, which is 14 = 12 ppm higher than the MS result. Previously reported multidynamic
terrestrial u*Sr values (Hans et al., 2013; Yobregat et al., 2017; Henshall et al., 2018) are

even higher and are closer to zero (i.e., the value of the standard SRM 987), but Fukai and
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Yokoyama (2019b) recently reported a multidynamic terrestrial p®*Sr value (-16 £+ 15 ppm)
in good agreement with ours. The inconsistency between the average u3*Sr value of terrestrial
samples measured using the static and multidynamic methods reflects analytical artefacts ex-
isting in one (or both) of the measurement methods. Several theories have been proposed to
explain the cause of this discrepancy, such as the optical aberration and ion truncation associ-
ated with non-ideal peak shapes in static measurements (Yobregat et al., 2017), but none of
them can self-consistently explain all the observations (Henshall et al., 2018; Hans, 2013).
Coupled with this issue, the true p®*Sr value of terrestrial samples relative to the standard

SRM 987 is also under debate.
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Figure 3. u3*Sr results of the terrestrial samples, measured and calculated using: (a) the mul-
tistatic (MS) method, (b) the multidynamic method without fractionation drift correction
(MD), and (c) the multidynamic method with fractionation drift correction (MDFI). The u4Sr
values in each panel are calculated relative to the corresponding weighted average SRM 987
84Sr/%0Sr ratios, and uncertainties are 2SE. Red horizontal bars are the 2SE confidence inter-
vals of the weighted average SRM 987 u3*Sr values; grey horizontal bars and the numbers
near them show the 2SE confidence intervals of the weighted average p®*Sr values of the ter-

restrial samples.
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Table 4 n®*Sr measurement results of BIR—1, BCR—2, BHVO-2, seawater, and ADOR.

u¥Sr (MS)? u¥Sr (MD)? u¥Sr (MDFI)?
BIR-1 (N=16)
Weighted average (ppm) -33+19 =31+17 -32+19
MSWD 3.7 23 3.0
BCR-2 (N=28)
Weighted average (ppm) -35+9 —14+22 -35+13
MSWD 0.8 3.5 1.4
BHVO-2 (N=13)
Weighted average (ppm) =27+ 11 1+13 —-18+ 11
MSWD 2.7 2.0 1.7
Seawater (N = 6)
Weighted average (ppm) -33+15 -39+ 16 53+ 18
MSWD 1.6 1.1 1.6
All terrestrial samples (N = 33)
Weighted average (ppm) -31+7 —17+10 -31+£8
MSWD 3.6 3.6 2.5
ADOR (N=5)
Weighted average (ppm) -3+£20 4+£24 3+£22
MSWD 3.0 6.3 4.4
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& MS, MD, and MDFI are the same in Table 2; uncertainties are 2 SE.

Based on the observed positive correlation between MD p®Sr and fractionation rate
in the terrestrial samples (Fig. 2e), we suggest that the static-multidynamic discrepancy of
terrestrial u®*Sr observed in our data was generated by the fractionation drift effect in multi-
dynamic measurements. Fig. 2e demonstrates that fractionation drift can cause overestima-
tions of u*Sr depending on the samples’ fractionation rates during measurements. The stand-
ard SRM 987 can also be biased by this effect with the same dependence on fractionation rate
(i.e., slope = 23.3 s). Hence, the biases in samples can be partly compensated during the cal-
culation of p®*Sr values, and can be completely cancelled if the samples have an average frac-
tionation rate equal to that of SRM 987. The %¥Sr/*Sr fractionation rates in the SRM 987
measurements have an average value of 0.82 = 0.56 ppm/s (2SD). However, the analysed ter-
restrial samples exhibit higher and more variable fractionation rates with a range from 0.23 to
3.60 ppm/s (Fig. 2e), so they can be more strongly biased than SRM 987. As a result, the av-
erage u3*Sr value of the terrestrial samples measured using the MD method is elevated due to
the existence of samples with fractionation rates substantially higher than the SRM 987 aver-
age rate. In contrast, fractionation drift has no effect on static or multistatic measurements, as
all raw isotopic ratios are measured simultaneously and the isotopic fractionation is corrected
real-time. Thus, the MS ud*Sr results for the terrestrial samples may be more accurate than
the MD results. In fact, if only the terrestrial samples with fractionation rates close to the
SRM 987 average rate (e.g., fractionation rate < 1.5 ppm/s) are selected and averaged, a low-
er weighted average MD p®*Sr value of —25 + 13 ppm is obtained, agreeing with the MS re-
sult. From Figs. 2f and 3c, after correcting the fractionation drift effect in multidynamic

measurements, the MDFI method yields a weighted average terrestrial u3*Sr value of —31 + 8
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ppm, which is in perfect agreement with our MS measurement result. This apparently re-
solves the observed inconsistency between our MS and MD p®*Sr results.

The possibility of fractionation drift causing the static-multidynamic u34Sr discrepan-
cy was proposed in previous studies (Yobregat et al., 2017; Henshall et al., 2018). However,
Yobregat et al. (2017) argued that the 3¥Sr/®Sr fractionation rates in their measurements nev-
er exceeded 0.1 ppm/s, so that the biases in their multidynamic results are unlikely to cause
the static—multidynamic discrepancy. Their reported fractionation rates, however, are more
than one order of magnitude lower than the fractionation rates observed in our measurements,
though similar chemical procedures, mass spectrometry techniques, and sample sizes were
used by us and by Yobregat et al. (2017). The reason for this difference is unclear. From our
practice, the entire variation ranges of *¥St/%Sr during TIMS measurements, observed from
the beginning of evaporation of Sr to complete sample exhaustion, are typically 8.28-8.46 (ca.
2x10* ppm). A fractionation rate of 0.1 ppm/s thus corresponds to ca. 2x10° s (>2 days) for
the sample to evaporate completely. Using the typical **Sr ion current of 12-20x107!" A of
Yobregat et al. (2017), the theoretical ion yield of the measurements of Yobregat et al. (2017)
would be 2.9-4.8% for 1 pg Sr load, approximately one order of magnitude higher than ours.
Henshall et al. (2018) also obtained the conclusion that fractionation drift is not responsible
for the static-multidynamic discrepancy based on the absence of correlation between frac-
tionation rate and multidynamic %*Sr/*®Sr ratio, as well as the elevated u®*Sr value of a re-
versely fractionated sample inconsistent with the expectation from the fractionation drift ef-
fect. These observations suggest that factors other than fractionation drift might be responsi-
ble for the discrepancies seen in their data.

Our observation that chemically processed terrestrial samples on average have higher
fractionation rates compared to the unprocessed standard when measured in TIMS is similar

to the behaviour of Nd samples reported by Garcon et al. (2018) and Andreasen and Sharma
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(2009). This may be attributed to the presence of organic residues or matrix elements after
column chemistry (see Appendix C in the Supplementary Materials for details). Therefore,
using unprocessed SRM 987 standard to evaluate the quality of multidynamic Sr isotope
analyses may lead to an inaccurate estimation of measurement precision, unless the fractiona-
tion drift effect is accurately corrected.

4.4 Amplifier decay time

Similar to previous multidynamic Sr isotope analytical methods (Thirlwall, 1991;
Hans et al., 2013), our 3-line method returns two independent multidynamic 3’Sr/*°Sr ratios,
MD-A and MD-B, using the combinations of lines 1 + 2 and lines 2 + 3. Theoretically, no
systematic difference between MD—A and MD-B is expected when all measurement condi-
tions are ideal. However, from Fig. 1b, the two MD 87Sr/%Sr ratios of SRM 987 exhibit a sta-
ble, small but resolvable offset of 0.0000052 £ 0.0000007 (or 7 + 1 ppm) throughout the en-
tire analytical session. This offset persists after fractionation drift correction (Fig. 1c) and is
not correlated with fractionation rate. Similar ca. 7 ppm offsets are also seen in the MD and
MDFI 87Sr/%Sr ratios of the terrestrial samples (Fig. 4).

In older-generation mass spectrometers, the inequality of two multidynamic 87Sr/*®Sr
ratios becomes obvious after prolonged instrument usage, probably due to the ion truncations
associated with imperfect peak alignment between magnetic settings (Thirlwall, 1991). Dur-
ing our measurements, all peaks were perfectly aligned using zoom optics, and no hint of
anomalous peak and/or baseline shape was observed, leaving this explanation unlikely. How-
ever, the use of different zoom optic settings between multidynamic lines can possibly
change the mass spectrometer transmission and induce an additional instrumental fractiona-
tion, as demonstrated by Trinquier et al. (2008) and Amelin and Huyskens (2013). This effect
cannot be fully evaluated at this point, because the magnitude and mass dependence of such

fractionation have not been tested yet. The observed offset is also unlikely to be generated by
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different Faraday cup efficiencies like in the static ®’Sr/%¢Sr results (Fig. 1a), because most (ca.
99.6%) of the cup efficiency components propagated into the multidynamic ratios have been
mathematically cancelled. If cup efficiency differences were responsible for the observed 7
ppm offset between the two multidynamic 37Sr/*Sr ratios, then a ca. 1950 ppm difference
between the Faraday cup efficiencies Ch2/Cax and Cui/Cri1 would be required. In all our SRM

987 measurements, the relative difference between these two quantities (estimated using

(87sr/865r)1ine 2'(87sr/86sr)1ine 3
(87Sr/86Sr)MDFI-A"(87ST/86ST)MDFI-B

1% — 1) never exceeded 70 ppm, which can only account for

<0.25 ppm difference between the two multidynamic ’Sr/*Sr ratios.

Similar systematic offsets between multidynamic Sr isotopic ratios were observed in
recent studies and were attributed to insufficient amplifier signal decay (Hans, 2013;
Yobregat et al., 2017; Fukai and Yokoyama, 2019b). During multidynamic measurements, if
the residual signals in amplifiers after an acquisition line do not recover to their normal base-
line levels within the idle time (set to discharge the resistor—capacitor circuit), the new signals
in the next line cannot be measured accurately. For example, assuming that an amplifier has
been used for *¥Sr measurement in an earlier line, and that the signal in the amplifier de-
scends to 3 ppm of its previous intensity in 3 s idle time, the succeeding %*Sr measurement
will be erroneously elevated by ca. 25 ppm. It has also been shown that inappropriate Decay
DAC settings of amplifiers can generate negative dipping of signals shortly after cutting off
the ion beams (Yobregat et al., 2017; Trinquier et al., 2013). These positive or negative resid-
ual signals left in amplifiers can ultimately lead to systematic errors in isotopic ratios.

During our measurements, we never observed a periodic fluctuation of isotopic ratios
along with the rotation of the amplifier matrix (cf. Yobregat et al., 2017), suggesting that the
Decay DAC settings (as well as other parameters) for all amplifiers were accurate. This also
ensures that no significant additional noise was introduced by amplifier rotation. However,

the idle time setting used in our measurements (3 s) is shorter than those in other recent Sr
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isotope studies (from 4 s to 10 s, Henshall et al., 2018; Fukai and Yokoyama, 2019b;
Yobregat et al., 2017), though it is similar to those used in Nd isotope analyses (e.g., Garcon
et al., 2018). Unlike Nd, which has smaller differences between the abundances of isotopes
[e.g., the maximal ratio of signals from two consecutive lines in the method of Garcon et al.
(2018) is **Nd/'**Nd = 2.9], the isotopes of Sr that are consecutively measured using the
same amplifier in our method have much larger abundance contrasts (e.g., 3Sr/*°Sr =~ 8.3,
86S1/34Sr = 17.6), making them more susceptible to the memory effect of amplifiers. During
our measurements, the *Sr and 3°Sr of line 1, *’Sr and *Sr of line 2, and ¥’Sr and ®¥Sr of line
3 are all possibly affected by the insufficient amplifier signal decay, and their synthetic ef-
fects may have generated the slight difference between the MD—A and MD-B ¥’Sr/®6Sr ratios.
The multidynamic ¥*Sr/%6Sr ratios are also possibly affected at the same time, as demonstrated
by Fukai and Yokoyama (2019b). Therefore, the 3’Sr/*Sr and **St/*Sr ratios reported in Ta-
bles 2 and 3 should not be taken as the accurate absolute isotopic compositions of SRM 987.
More accurate absolute isotopic ratios need to be determined with an optimized selection of
Decay DAC parameter (e.g., Trinquier et al., 2013) using actual ion beams, and a longer idle
time, in order to minimize the effect of residual signals in amplifiers. Using a longer idle time,
however, may enhance the effect of fractionation drift, and reduce the ion usage efficiency.
Though the absolute Sr isotopic ratios can be biased by the residual signals in amplifi-
ers, this effect should systematically apply to all measurements of standards and unknown
samples as long as similar ion beam intensities are used. Therefore, the biases caused by this
effect, together with other systematic errors introduced during multidynamic measurements
(such as the change of the mass spectrometer transmission as the function of the zoom set-
ting), can be cancelled by calculating the p®*Sr values or by normalizing the ’St/%Sr ratios
using the standard SRM 987: (¥7Sr/3°Sr)samplen = (¢7St/0St)sampie/ (¥’ Sr/%6Sr)srm 087 - 0.7102500.

Here “N” denotes “normalized”, and 0.7102500 is an accepted %’Sr/*Sr ratio of SRM 987
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(Hans et al., 2013). After such normalization, no systematic difference is present between the

MDFI 87Sr/%Sr ratios A and B of the terrestrial samples (Fig. 4), confirming that the biases

have been eliminated. This again affirms that in high-precision (e.g., ppm-level) isotopic

studies, relative isotope compositions (e.g., -, A-, &-, and p-values, and normalized isotopic

ratios) have better accuracies and should always be reported along with absolute isotopic ra-
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Figure 4. Plots of MDFI ¥’Sr/%Sr ratio B vs. ratio A for the analysed terrestrial samples: (a)

BIR-1, (b) BCR-2, (c) BHVO-2, and (d) seawater. “A” represents the MDFI 87Sr/*®Sr ratio

calculated using the raw ®’Sr/**Sr and 33Sr/*Sr ratios from lines 1 + 2; “B” represents the

MDFI ®’St/*Sr ratio calculated using the raw ®’Sr/*Sr and ®St/*Sr ratios from lines 2 + 3.

“N” denotes 37Sr/3°Sr ratios normalized to SRM 987 87Sr/%6Sr = 0.7102500 (Hans et al., 2013).

The black solid and dashed lines show 1:1 lines with & 7 ppm ranges.
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4.5 Correlation between u*Sr and u>*Sr

A pronounced negative correlation between MDFI p®’Sr and p®*Sr is observed in our
SRM 987 measurement results (Fig. 5). The linear fitting of the measured pu®’Sr vs. u®*Sr data
yields an intercept of 0.02 + 0.62 and a slope of —0.084 + 0.043 (uncertainties are 2SE). The
95% envelope ellipse of the data points also illustrates the significant correlation (ellipse ma-
jor slope = —0.104). Similar correlations between fractionation-corrected isotopic ratios have
been recognized as a significant factor limiting the accuracy and precision of Nd isotopic
analyses (e.g., Thirlwall, 1991; Caro et al., 2003, 2006; Upadhyay et al., 2008; Andreasen
and Sharma, 2009). Below, we explore several possible explanations for the observed pu®’Sr—

u¥Sr correlation trend.

Fractionation drift
Domain mixing
—— Equilibrium law

— Rayleigh law
Power law o Normal fractionation
10 \;“\'5/ o Complex fractionation
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NG [
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51 X s ‘
i &
g T ==
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Figure 5. Plot of the MDFI p®’Sr vs. p®Sr values of the SRM 987 measurements. The p-
values are calculated relative to the weighted average MDFI SRM 987 isotopic ratios, and
uncertainties are 2SE. Black and red squares represent the SRM 987 measurements with
“normal” and “complex” fractionation trajectories respectively (see section 4.5.5 for their
definitions). The grey ellipse is the 95% envelope ellipse of the data points representing the

“normal fractionation” measurements. The blue ellipse is the theoretical 95% envelope ellipse
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of 1000 SRM 987 measurements simulated using an ion counting statistics model (see Ap-
pendix D in the Supplementary Materials). The theoretical p¥’Sr vs. u®*Sr correlation trends
that can be generated by fractionation drifting, domain mixing, and non-exponential mass
fractionations following the equilibrium, Rayleigh, and power laws are shown (in coloured
lines) for comparison with the fitted line of the “normal fractionation” data points (in black

line). Black dashed curves represent the 2SE confidence interval of the black fitted line.

4.5.1 Ion counting statistics

One most evident explanation for the observed correlation trend is that it reflects the
correlated random errors originated from ion counting statistics. During measurements of ion
beam intensities using Faraday cups—amplifiers, random errors are produced by two major
sources: (1) Poisson noise, which comes from the discrete nature of charges, and (2) John-
son—Nyquist noise, which is the thermal noise coming from the random motion of electrons
inside the resistor. Random errors propagated into fractionation-corrected isotopic ratios can
be effectively correlated if the calculation equations of these isotopic ratios involve common
denominator isotope and/or fractionation monitoring isotope, as demonstrated by Andreasen
and Sharma (2009). The magnitudes of these noises also establish the theoretical precision
limits of isotopic ratios determined using Faraday cups—amplifiers at given ion beam intensi-
ties, integration times, and amplifier resistor values (Wielandt and Bizzarro, 2011; Gargon et
al., 2018). The calculation equations of our MDFI 3*St/%6Sr and MDFI-C ®’Sr/*®Sr ratios (see
Appendix A in the Supplementary Materials) both involve the 3Sr intensity measured in line
1 and the 3%Sr intensity measured in line 3. Therefore, the fluctuations of the random errors in
these two ion beam intensities may have generated the observed correlation. To test this hy-
pothesis, we modelled the error correlation between MDFI p®’Sr and p®*Sr that can be caused

by ion counting random errors (see Appendix D in the Supplementary Materials). The results
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of 1000 simulated SRM 987 measurement runs (blue ellipse in Fig. 5, also shown in Fig. S3
in the Supplementary Materials) represent the theoretical precisions and error correlation of
MDFI p¥’Sr and p**Sr under our measurement conditions. The simulated p¥’Sr and u34Sr val-
ues exhibit a slightly positive correlation that is inconsistent with the observed correlation
trend in terms of both direction and magnitude (see the comparison of the two ellipses in Fig.
5). The opposite correlation directions of the simulated and observed data strongly suggest
that random errors originated from ion counting statistics are not the major cause of the ob-
served correlation trend. The larger standard deviations in both p¥’Sr and p®Sr of the ob-
served data imply that another source of error was introduced during our measurements, and
was superimposed on the ion counting statistics errors.
4.5.2 Faraday cup efficiency

Correlations between isotopic ratios can be generated by variations of Faraday cup ef-
ficiencies if the calculation equations of the isotopic ratios involve common cup efficiency
terms, as demonstrated by Gargon et al. (2018) and Yokoyama et al. (2015). In our MDFI iso-
topic ratio calculation equations (see Appendix A in the Supplementary Materials), most of

the Faraday cup efficiency components has been cancelled out; the MDFI #Sr/%6Sr ratio is

proportional to a residual term (%)‘0'02325, while the MDFI-C ¥St/36Sr ratio is proportion-
H1

[ . .
al to (%) 0.001795  Common cup efficiency terms Cr; and Cui are present in both equa-
Ax“L1

tions, and their variations may affect u®’Sr and p®*Sr simultaneously and generate the ob-
served correlation. To test this hypothesis, we simulated the correlation between MDFI u®’Sr
and pu3*Sr that can be caused by Faraday cup deterioration using the estimated cup efficiency
changes during the analytical session (Di et al., 2021). The modelling results show that the
variations of Faraday cup efficiencies can cause correlated MDFI p¥’Sr and p®*Sr with a
slope of —0.159 £ 0.008. This slope is significantly different from the observed correlation
slope (—0.084 + 0.043) by 0.075 £ 0.044. In addition, since the biases in isotopic ratios caused
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by Faraday cup efficiency have been substantially reduced in the multidynamic calculations,
the Faraday cup deterioration degrees observed during our measurements can only account
for up to 3.3 ppm variations in p®*Sr, and up to 0.5 ppm variations in p®’Sr, which are much
smaller than the ion counting errors. Therefore, the residual Faraday cup efficiencies cannot
generate the observed correlation.
4.5.3 Fractionation drift effect

According to equation (1), the relative bias in a multidynamic isotopic ratio caused by
fractionation drift is proportional to the fractionation exponent (), the time gap (df), and the
fractionation rate (7). The multidynamic ’Sr/%¢Sr and 34St/*Sr are simultaneously affected by
the same fractionation rate in a measurement. Therefore, the variations of fractionation rate
among measurements can generate correlated p®’Sr and p®*Sr values. The time gap in the
multidynamic 3’Sr/**Sr measurement is shorter by a factor of 4 than that in ¥*Sr/%¢Sr, and the
fractionation exponent B of 8’Sr/*®Sr is approximately —1/2 of that of 3*St/*6Sr. Therefore, the
multidynamic p®’Sr and p3*Sr will have a theoretical correlation slope of —0.123 due to frac-
tionation drift. This slope is equal to the observed p®’Sr vs. u*Sr correlation slope within er-
ror. The MDFI p¥’Sr and p®*Sr values shown in Fig. 5 have been corrected for fractionation
drift, but the corrections are only approximations based on the assumptions that (1) the
changes in 38Sr/*Sr during measurements are solely caused by fractionation, and (2) they are
linear along with time. Any uncorrected or overcorrected fractionation drift effect caused by
noise or violation of the linear assumption may leave residual correlations between MDFI
u¥’Sr and pd*Sr with a slope of —0.123. However, the fractionation rates of SRM 987 ob-
served in our data only cover a range of 1.24 ppm/s, which theoretically can cause variations
of up to 29 ppm in pud*Sr and up to 3.6 ppm in p¥’Sr. These variation ranges only correspond
to less than a half of the observed u®*Sr and u®’Sr variation ranges (54 ppm and 13 ppm re-

spectively). In addition, the fractionation drift-uncorrected MD pu®’Sr and p®*Sr values of
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SRM 987 show a correlation slope and variation ranges indistinguishable from those of the
drift-corrected MDFI u®’Sr and u3*Sr values when they are plotted together. These observa-
tions suggest that the residual fractionation drift effect cannot fully account for the observed
MDFI p¥’Sr vs. u*Sr correlation, and another mechanism is still required.
4.5.4 Isotopic fractionation laws

Inaccurate correction of isotopic fractionation in nature and in mass spectrometers can
generate correlations between fractionation-corrected isotopic ratios and spurious isotope
anomalies (e.g., O'Neil et al., 2008). Here we consider the case where the true isotopic frac-
tionation of Sr occurring in TIMS deviates from the exponential law that has been used for
fractionation correction in our measurements. Taking 34Sr/**Sr as an example, assuming that
the true 34Sr/3°Sr—*¥Sr/*Sr fractionation behaviour in TIMS follows a law with a similar form
as the exponential law (i.e., the generalized power law, GPL, Maréchal et al., 1999), but with
a different exponent Psa. 1aw, the exponential law-corrected 34Sr/*°Sr ratio obtained in our
measurements can then be expressed as:

(2)

(BSSr/86Sr)O lBB4,exponent1a1_384,law
m

(84sr/86sr)exponential = (84Sr/86sr)0 ’ I(BSSr/86SF)

where “0” represents the unfractionated initial isotopic ratios and “m” represents the meas-
ured raw isotopic ratios. When g4, taw = P84, exponential, 1.€., When the true isotopic fractionation
in TIMS follows the exponential law, the fractionation correction equation (2) accurately re-
turns the unfractionated (3*Sr/6Sr), ratio. The partial derivative of equation (2) gives:

6(84-Sr/36sr)exponential _ _(B - ) . a(BSSr/86Sr)m 3)
(84Sr/®5ST) ex ponential 84exponential = Pa4law] "~ 885y /865r)

Equation (3) suggests that the relative bias in an exponential-law corrected isotopic ratio is
proportional to the difference between Biaw and Bexponentiat as well as the degree of fractionation
when the true isotopic fractionation behaviour deviates from the exponential law. Since

87S1/3%6Sr and 3*Sr/%®Sr in a measurement are simultaneously biased by the same fractionation
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degree, the exponential law-corrected p®’Sr and p3*Sr values should be correlated with a

(887,exp0nentia1 _887,1aw)

slope of due to the variations of fractionation degree among measure-

(Bsa,exponential~Baalaw)
ments. Table 5 compares the fractionation exponents Bs4 and g7 of several mass fractionation
laws that are commonly used in mass spectrometry literature (Maréchal et al., 1999; Davis et
al., 2015; Young et al., 2002). From Table 5, Sr isotopic fractionations in TIMS following the
equilibrium law, Rayleigh law, and power law are all able to make the exponential law-
corrected p®’Sr and p®*Sr correlated with slopes equal to our observed value (—0.084 + 0.043)
within error. Actually, in the Bss—Pg7 space (Fig. 6), the curve representing the generalized
power law (Maréchal et al., 1999) calculated using actual atomic masses with variable pa-
rameter # is approximately linear, and has an average slope of ca. —0.12 at the range -2 <n <
2. Therefore, theoretically any fractionation law differing from the exponential law but fol-
lowing the form of GPL can generate a correlation between the exponential law-corrected
u¥’Sr and p**Sr with a slope = —0.12.

However, here we suggest that the TIMS isotopic fractionation of Sr following a law
deviating from the exponential law is unlikely to be the cause of our observed u®’Sr vs. p®#Sr
correlation for two reasons. First, the equation (3) predicts that the bias caused by incorrect
fractionation correction is proportional to fractionation degree (Thirlwall, 1991; Davis et al.,
2015; Wasserburg et al., 2012; Andreasen and Sharma, 2009). However, no correlation was
observed between the exponential law-corrected #St/*Sr or 87Sr/*®Sr ratio and the measured
88S1/86Sr ratio in our measurements (cf. Thirlwall, 1991; O'Neil et al., 2008; Caro et al., 2006;
Fukai et al., 2017). The absence of correlation is valid both among different SRM 987 meas-
urements and within individual SRM 987 measurements (i.e., among blocks). Second, we
regressed experimental fractionation exponents for 3’Sr/%6Sr-8Sr/%Sr and 34Sr/%6Sr—*8Sr/4¢Sr
(Bs4, experiment and P87, experiment) Using our SRM 987 measurements following the method of

Maréchal et al. (1999) and Albaréde et al. (2004) to directly test whether the Sr isotope frac-
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tionation in TIMS can be adequately described by the exponential law. The Bs4, experiment and
B87, experiment Values regressed using our 43 SRM 987 measurements are plotted in Fig. 6, and
their weighted averages are reported in Table 5. In the Bss—Ps7 space, the 95% confidence el-
lipse of the weighted average g4, experiment and P87, experiment Values contains the point represent-
ing the exponential law (i.e., Bsa = —1.02325, Bg7 = 0.50359), suggesting that the experimental
Sr fractionation behaviour in TIMS is consistent with the exponential law at 0.95 confidence
level. A multivariate hypothesis test using the Hotelling’s 77 statistic (see Appendix F in the
Supplementary Materials for details) also suggests that the observed weighted average [3s4,
experiment aNd P87, experiment Values (Table 5) are identical to the exponential law 3 values at 0.95
confidence level. In contrast, the experimental Sr isotopic fractionation exponents have sig-
nificant differences from the  values of the equilibrium, Rayleigh, and power laws. There-
fore, we confirm that the Sr isotope fractionation occurring in TIMS under our measurement
conditions can be accurately described using the exponential law, consistent with the previ-

ous conclusion (Thirlwall, 1991).
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Figure 6. Experimental fractionation exponents of 4Sr/*6Sr—88Sr/%6Sr (Bs4) and ¥7Sr/%6Sr—
88S1r/%Sr (Bs7) regressed using our SRM 987 measurements. For each SRM 987 measurement,

the experimental g4 and PBs7 values are determined by calculating the slopes of the fitted lines

of In(®*Sr/*Sr) vs. In(®Sr/%%Sr) and In (¥’Sr/*Sr) vs. In(®*Sr/%6Sr) respectively using the
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measured block average static line 1 isotopic ratios, following the fitting method of York et al.
(2004). The squared reciprocals of the 2SE uncertainties of the block average isotopic ratios
were used as weights in the fittings. Uncertainties of the plotted [s4 and Pg7 values are 2SE.
The blue dot represents the weighted average Pss and Bg7 values from all the SRM 987 meas-
urements (Table 5), and the blue ellipse is its 95% confidence ellipse. The black solid curve
represents the generalized power law (GPL, Maréchal et al., 1999) calculated using the actual
atomic masses of 34Sr, 86Sr, #’Sr, and *®Sr with variable parameter 1, and the orange dots on it
represent the special cases of several commonly used isotope fractionation laws. The black
dashed curve represents the generalized power law calculated using nominal atomic masses

(i.e., integer mass numbers).
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817  Table 5 Fractionation exponents of Sr of several commonly used mass fractionation law.

Fractionation law?® n® B34, taw B84, exponential — P34, law Bs7, taw 387, exponential — P87, law p¥7Sr vs. ud4Sr slope
Equilibrium -1 —-1.04731 0.02406 0.50646 —0.00287 —0.119

Exponential (or kinetic) 0 —-1.02325 0.00000 0.50359 0.00000

Rayleigh 0.5 -1.01143 —0.01182 0.50216 0.00144 —-0.121

Power 1 —0.99974 —0.02350 0.50072 0.00287 -0.122

Power (nominal mass) 1 —1.00000 —-0.02325 0.50000 0.00359 —0.155

Experiment weighted average! —-1.0242 + 0.0017 0.0009 +0.0017 0.50384 +0.00023 —0.00025 £ 0.00023 —0.26 +£0.51

818  ? Fractionation exponents are calculated using the actual atomic mass from IUPAC (Holden et al., 2018), except the power law (using nominal
819  mass) and the experiment weighted average (derived from observations).

820 P The parameter n in the generalized power law (Maréchal et al., 1999).

821 ¢ The exponential law, or kinetic law, corresponds to n — 0.

822 9 Uncertainties are 2SE.

823
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4.5.5 Secondary mass fractionation effects

The remaining possibility that may have caused the correlation between the MDFI
u¥’Sr and pd*Sr is the secondary mass fractionation effects superimposed on the exponential
law fractionation (O'Neil et al., 2008). Three types of secondary mass fractionation effects
have been proposed in previous studies to explain the correlation between fractionation-
corrected isotopic ratios: (1) selective ion truncation loss associated with imperfect peak
alignments and/or peak shapes (Thirlwall, 1991; Albaréde et al., 2004; Yobregat et al., 2017);
(2) mass separation and ion loss induced by the electron deflection magnet in the Triton ion
source (Caro et al., 2006); and (3) the isotope mixing of ions derived from variably fraction-
ated sample reservoirs on the filament (Hart and Zindler, 1989; Upadhyay et al., 2008;
Andreasen and Sharma, 2009). The former two effects have long been noticed and have led
to extensive empirical corrections of secondary fractionation (Thirlwall, 1991; Vance and
Thirlwall, 2002; Caro et al., 2003, 2006; Albarede et al., 2004). However, here we consider
these two effects minor during our measurements, and rather unlikely to be the reason for the
observed p¥’Sr vs. u*Sr correlation, because: (1) all peaks were perfectly aligned using zoom
optics during measurements, and no anomalous peak and/or baseline shape was observed;
and (2) no source magnet is present in our mass spectrometer. A recently-proposed additional
component of secondary instrumental fractionation is linked to the accumulation of conduc-
tive materials (e.g., H3PO4 from activators) on the ion lens assemblage surface (Fukai and
Yokoyama, 2019a); however, this effect was not observed during our study.

In contrast, the aforementioned effect (3) cannot be easily ruled out. During TIMS
measurements, the samples loaded onto the filament may form several lateral or vertical do-
mains with different fractionation rates and degrees, due to the temperature heterogeneity
across the filament or the heat and sample vapour transfer from the surface of the metal to the

surface of the sample load. Ions derived from domains at different fractionation stages may
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mix together after leaving the filament, and co-contribute to the measured ion beams. Even if
the isotope fractionation during evaporation and ionization of each domain follows the same

exponential law curve, the linear isotope mixing of ions from different domains will make the

measured isotopic compositions deviating from the original curve (see Fig. 1 of Upadhyay et

al., 2008). Fractionation correction using the exponential law (or any other fractionation laws)
will generate biases in isotopic ratios. The directions of the biases are dependent on the frac-

tionation exponent f3; the bias is positive when 3 > 1 or <0, and is negative when 0 <f§ < 1.

For Sr, the biases caused by domain mixing are always positive for ¥*Sr/*¢Sr and negative for
87S1/%6Sr. The magnitudes of the biases are not easy to quantify, because they are decided by
the number of domains present in the evolving sample, their individual isotopic compositions,

as well as their mixing ratios, which are all difficult to characterize and control (Upadhyay et

al., 2008). Nonetheless, the biases caused by domain mixing in different isotopic ratios of the

element are correlated because they are derived from the same mixing process. A simple lin-

ear mixing modelling following the methods of Upadhyay et al. (2008) and Andreasen and
Sharma (2009) suggests that the biases in p®’Sr and p®*Sr induced by domain mixing should
have a theoretical correlation slope of ca. —0.12. This slope is consistent with our observed
correlation slope within error. Therefore, domain mixing is a plausible mechanism to gener-

ate the observed correlation between the MDFI u®’Sr and p®*Sr.

The domain mixing effect in actual measurements is difficult to recognize and quanti-
tatively correct. Upadhyay et al. (2008) found that Nd samples start to display deviations
from the exponential law fractionation curve from some specific points of the measurements.
Fractionation-corrected isotope ratios measured thereafter exhibit increased scatter and sys-
tematic shifts that are consistent with the predictions from isotope mixing models. These ab-
normal periods are accompanied by stalled or reversed fractionation degree—time trajectory,

which is a definitive indicator of isotopic mixing at the ion source. In addition, Andreasen
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and Sharma (2009) showed that the data collected during the normal fractionation periods of
measurement runs before or after reverse fractionation can also be considerably affected by
domain mixing, and suggested that significant mixing effect may exist in all measurements,
no matter what the fractionation trajectory looks like. Therefore, it is difficult to assess
whether a measurement showing normal fractionation has been affected by domain mixing
solely from its fractionation trajectory, unless other non-radiogenic isotopes are monitored at
the same time (Andreasen and Sharma, 2009), which is possible for the elements with a larg-
er number of isotopes such as Nd, but not for Sr. It is, however, interesting to notice the simi-
larity of the in-run shifts of fractionation-corrected isotopic ratios caused by domain mixing
and by the decoupled mass fractionation of even- and odd-mass isotopes. The latter effect has
been detected in Pb isotope TIMS measurements (Doucelance and Manhes, 2001; Thirlwall,
2000; Amelin et al., 2005), and is characterized by the systematic shifts of fractionation-
corrected isotopic ratios that involve both even- and odd-mass isotopes (i.e., 22’Pb/2°Pb and
205pb/2%Ph) as the sample approaches exhaustion.

The majority of our SRM 987 measurements exhibited either normal fractionation
throughout the run, or normal fractionation followed by reverse fractionation that appears at a
late stage of the run, similar to the cases described by Upadhyay et al. (2008). For these
measurements (which we label as “normal fractionation”) we excluded the data blocks after
the appearances of reverse fractionation during the data processing procedure. Inclusion of
these blocks will obviously lead to erroneous isotopic fractionation correction, as well as in-
accurate fractionation interpolation and fractionation rate estimation. There are also a number
of SRM 987 measurements (ca. 20% of the total number) that exhibited reverse fractionation
in the early or middle stages of the run, and the fractionation direction switched from normal
to reverse several times. These measurements were labelled as “complex fractionation” and

were discarded in the previous calculations and discussions, because their isotopic ratios were
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likely biased by the domain mixing effect. Actually, we found that the MDFI u®’Sr and u34Sr
values of the “normal fractionation” and “complex fractionation” measurements are indistin-
guishable when plotted together (Fig. 5). This implies that our “normal fractionation” meas-
urements also could have been affected by the domain mixing effect, and that this effect may
universally exist in our Sr isotope analyses, similar to the conclusion of Andreasen and
Sharma (2009) based on Nd. The isotope mixing effect with variable degrees in different
SRM 987 measurements may have generated the observed correlation between p®’Sr and
u¥Sr, and may account for the 1.5-2 times larger standard deviations of the measured data
compared to the theoretical random errors derived from ion counting and amplifier noise.

Overall, our analyses suggest that the observed negative correlation between the
MDFI p®’Sr and pu3#Sr values of SRM 987 may be a combined effect caused by ion counting
statistics, residual fractionation drift effect, and isotope mixing occurring on the filament.
4.6 Inter-laboratory comparison of ¥ Sr/*5Sr

As discussed in the previous sections, systematic errors can be introduced into meas-
ured isotopic ratios during TIMS analyses. These systematic errors arise from the subtle but
numerous imperfections of features specific to laboratory, instrument, and the measurement
and data processing protocols, including, but not limited to the position and geometry of the
magnet, the tuning of the electrostatic and magnetic optic system, detector efficiencies, and
the stabilities of electronic devices. They are unavoidable in many situations. Therefore,
when comparing high-precision isotopic data generated at different laboratories, it is im-
portant to ensure that inter-laboratory biases are accounted for. A common way to eliminate
systematic errors is to normalize the measured sample isotopic ratios using a simultaneously
analysed standard (see also section 4.4 and Appendix E in the Supplementary Materials). If a

common standard material is analysed by two laboratories, and the results of unknown sam-
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ples from both laboratories are normalized to the same “accepted” value of the standard, the
two sets of normalized sample data are directly comparable.

The analytical method reported in this paper is mainly designed for high-precision
87S1/%6Sr chronology and p3*Sr anomaly study of meteorite samples, such as Ca—Al-rich in-
clusions and achondrites. In the previous early Solar System ®’Sr/%¢Sr chronology studies car-
ried out by a number of other laboratories, at least four different materials have been used as
standards: NIST (NBS) SRM 987, seawater, plagioclase from the eucrite Moore County, and
pyroxene from the angrite Angra dos Reis (ADOR). Standards and normalization methods
differ between the more recent (e.g., SRM 987 by Hans et al., 2013) and earlier (seawater and
plagioclase from Moore County eucrite by Gray et al., 1973; Podosek et al., 1991) Sr isotopic
studies of the early Solar System materials. This has invoked difficulties and arguments over
the selection of appropriate standards for normalization and the accurate inter-laboratory
comparison of the analytical results of samples (Hans et al., 2013; Papanastassiou, 2015;
Papanastassiou and Chen, 2016). A reliable comparison of our meteorite sample analytical
results with the previous data, therefore, should be established on the basis of a careful cross-
calibration of these standards. Moreover, using several standard materials covering a large
87S1/%6Sr range provides us with an opportunity to test whether the normalization method
aforementioned is reliable, and whether the normalization of samples using different stand-
ards yield consistent results.

In this study, we analysed Sr isotopes in three out of the four standards: SRM 987,
seawater, and ADOR pyroxene. The 8’Sr/*®Sr results of these standard materials measured by
us and by several other laboratories are compared in Table 6 and Fig. 7. Our 3’Sr/*Sr meas-
urement results of SRM 987 and ADOR pyroxene are in excellent agreement with those re-
ported by Hans et al. (2013) (Fig. 7b). This is probably because both studies applied multi-

dynamic methods, by which the systematic biases caused by Faraday cup efficiencies and
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amplifier gains are eliminated. The SRM 987, seawater, and Moore County plagioclase ana-
lytical results of Podosek et al. (1991) and the CIT 1970s group (Wasserburg et al., 1977,
Papanastassiou and Wasserburg, 1973; Gray et al., 1973) are consistent within error (Fig. 7a,
c), but they are distinct from our results and the results of Hans et al. (2013), indicating large
inter-laboratory biases between those data. Nonetheless, all the standard analytical results re-
ported by us, Hans et al. (2013), Podosek et al. (1991), and the CIT 1970s group are consist-
ently plotted along the same proportional normalization lines (Fig. 7). This indicates that the
analytical biases of isotopic ratios in all these laboratories are proportional as expected, and
confirms that the measurement results of unknown samples from these laboratories can be
reliably compared after normalization to common standard values. In contrast, the standard
analytical results reported by the CIT group recently (Papanastassiou and Chen, 2016) using a
multidynamic method deviate from the proportional normalization lines defined by our and
other laboratories in all the plots (and vice versa; Fig. 7). This suggests that the normalization
and inter-laboratory comparison of their analytical results for unknown samples using differ-
ent standards will result in inconsistent conclusions. The reason for this is not clear, but it un-
doubtedly suggests that a different normalization method need to be adopted when comparing

their sample analytical results with other laboratories.
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966  Figure 7. Comparison of the ¥’Sr/**Sr measurement results of several standard materials used
967 in early Solar System ’Sr/%6Sr chronology studies reported by different laboratories: (a) sea-
968  water vs. SRM 987, (b) ADOR pyroxene vs. SRM 987, (c) Moore County plagioclase vs.

969 SRM 987. See Table 6 for the name abbreviations of the laboratories and the data sources. In
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(a) and (b), the red lines are the normalization lines connecting the data points representing
this study and the origin. In (c), the red line is the normalization line connecting the data
point representing ETH and the origin, since Moore County plagioclase was not analysed in
this study. In all the plots, blue lines are the normalization lines connecting the data point rep-

resenting CIT 2016 and the origin.
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Table 6 3’Sr/**Sr measurement results of several standard materials reported by different laboratories.

Laboratory* | Reference SRM 987 2SD Seawater® 2SDP Moore 2SDb ADOR 2SDb
County P1°¢ pyx>¢

ANU This study? 0.7102513 0.0000038 0.7091770 0.0000065 n.r. n.r. 0.6989853 0.0000076

ETH Hans et al., 2013 0.710250 0.000003 n.r. n.r. 0.699088 0.000003 0.698985 0.000003

WUStL Podosek et al., 1991¢ 0.710140 0.000020 0.709067 0.000020 0.698985 0.000020 n.r. n.r.

CIT 2016 Papanastassiou and Chen, 2016 0.710285 0.000007 0.709239 0.000004 0.699173 0.000004 0.699057 0.000002

CIT 1970s Papanastassiou and Wasserburg, 0.71015° 0.00005° 0.709085 0.000065% 0.69898 0.00001 0.69889 0.00006

1973; Wasserburg et al., 1977,

Gray et al., 1973

* ANU = Australian National University, ETH = Eidgenossische Technische Hochschule Ziirich, WUStL = Washington University St. Louis,

CIT = California Institute of Technology. Data from literature are taken as originally reported without additional normalization.

b

¢ P1 = plagioclase, Pyx = pyroxene.

n. r. = not reported.

487Qr/86Qr ratios are unnormalized MDFI-C ratios.
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982  ®Seawater and Moore County PI data were “adjusted to an accepted SRM 987 37St/*6Sr value of 0.710140”, according to the original literature.

983  2SD precisions were not reported; an error of = 0.000020 (20) was assigned to all measurement results, according to the original literature.
984  £0.71015 + 0.00005 was reported as a “preferred” SRM 987 ¥Sr/*6Sr value used for spike calibration (Papanastassiou, 2015).

985 ¢ Total range of seawater ¥’Sr/*®Sr.

986
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5. Summary and conclusions

High-precision Sr isotope analyses were performed for the Sr standard NIST SRM
987 and a series of natural samples using a 3-line multidynamic TIMS measurement method.
A linear interpolation method was developed to systematically correct the fractionation drift
effect during the multidynamic measurements. The main conclusions of this study are sum-
marized below.

(1) Among all the measurement methods, the multidynamic method with fractionation
drift correction yields the best precision for both 3*St/*Sr and 3’Sr/*Sr ratios (2RSD = 29
ppm and 5 ppm respectively). During our analytical session, the reproducibility of static iso-
topic ratios was affected by significant Faraday cup deterioration, while the multidynamic
ratios are essentially unaffected.

(2) Without correction of fractionation drift, the multidynamic u®’Sr and p®*Sr values
of SRM 987 and terrestrial samples are correlated with fractionation rate, consistent with the
theoretical predictions from the fractionation drift effect. Such correlations disappear after the
effects of fractionation drift are corrected. The high fractionation rates of terrestrial samples
can lead to significant overestimations of p®*Sr by extents higher than the desired measure-
ment precision of 30 ppm.

(3) Our multistatic and multidynamic p®*Sr measurement results of the terrestrial
samples reproduce the static-multidynamic discrepancy seen in previous studies. The dis-
crepancy in our data can be explained by the higher fractionation rates of the terrestrial sam-
ples compared to SRM 987, and is eliminated after fractionation drift correction. We confirm
that SRM 987 possesses an apparent *Sr enrichment relative to the natural samples from the
Earth, and conclude that the terrestrial samples have an average u3*Sr value of =31 + 8 ppm.

(4) The two independent multidynamic 3’Sr/*Sr ratios measured using our method

exhibit a slight but resolvable offset. This offset most likely reflects the systematic errors
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generated by an insufficient amplifier idle time setting during our measurements. The sys-
tematic errors can be eliminated by normalizing the isotopic ratios against the standard.

(5) The multidynamic pu®’Sr and p**Sr results of SRM 987 (after fractionation drift
correction) show a negative correlation inconsistent with the expected correlation from ion
counting random errors. This correlation also cannot be explained by inaccurate fractionation
correction, because the Sr isotope fractionation behaviour in TIMS is found to be accurately
described by the exponential law. The observed correlation is likely a combined effect of ion
counting statistics, uncorrected (or overcorrected) fractionation drift effect, and mixing of
ions evaporated from variably fractionated sample reservoirs on the filament.

(6) The measurement results of four standard materials used in previous early Solar
System 3St/®6Sr chronology studies reported by us, Hans et al. (2013), Podosek et al. (1991),
and the California Institute of Technology laboratory in the 1970s (Papanastassiou and
Wasserburg, 1973; Wasserburg et al., 1977; Gray et al., 1973) all plot along the same propor-
tional normalization lines, indicating that the 3’Sr/*Sr measurement results of unknown sam-
ples from these laboratories can be reliably compared after normalization to a common stand-
ard value. In contrast, the standard analytical results of Papanastassiou and Chen (2016) devi-
ate from the normalization lines defined by all other studies, suggesting that inter-laboratory

comparison with their data should be made with care.
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Appendix A. Detailed data processing and statistical treatment procedures

At the first stage of data processing, a fractionation trajectory of block average line 1
88S1/%6Sr vs. block number was plotted and checked visually. Blocks at the beginning and/or
the end of the measurement where the fractionation was changing rapidly or reversing were
removed to minimize the effect of secondary mass fractionation resulted from domain mixing
(see section 4.5.5 in the main text, Garcon et al., 2018; Upadhyay et al., 2008; Andreasen and
Sharma, 2009) and to ensure the accurate estimation of average fractionation rates. These
blocks are usually measured at low ion beam intensities, and are thus associated with large
standard errors of fractionation-corrected isotopic ratios. In the cases where a reverse frac-
tionation occurred in the middle of a measurement, or the fractionation behaviour switched
from normal to reverse several times during the run, or a too large fraction of the measure-
ment (e.g., >1/4 of the total run) need to be removed, the entire measurement was discarded.
A.1 Calculation of fractionation-corrected cycle isotopic ratios

For each measurement cycle, six 3*Sr/%°Sr ratios and ten ’Sr/%6Sr ratios were calculat-
ed using four different methods: static, multistatic (MS), multidynamic without fractionation
interpolation (MD), and multidynamic with fractionation interpolation (MDFTI).
A.1.1 Static and multistatic Sr isotopic ratios

The static 3*Sr/*®Sr and ¥’Sr/%®Sr ratios of the 3 magnetic settings (lines) were calcu-
lated by correcting mass fractionation to 58Sr/2°Sr = 8.375209 using the exponential law

(Thirlwall, 1991) following the equations:

8.375209
(84sr/86sr)c,static linei = (84sr/86sr)m,linei ' [(Bssr/86sr)m,line i]B84 (161)

8.375209
(87sr/86sr)c,static linei = (87sr/86sr)m,linei ' [ ]887 (1b)

(Sgsr/86sr)m,linei

where “c” and “m” denotes “corrected” and “measured” respectively; i = 1, 2, or 3; Pss =

ln(M 84SF/MSE‘SI‘)
ll’l(M BSSI‘/MSE‘SI‘)

1n(M87Sr/M865r)

= —1.02325 and B87 - In(Mgsg,./Mssg,.)

0.50359, which were calculated using
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the relative atomic masses (M) of isotopes from the International Union of Pure and Applied
Chemistry (IUPAC) Periodic Table of the Elements and Isotopes (IPTEI) (Holden et al.,

2018): Maag, = 83.91343, Masg, = 85.90927, Marg, = 86.90888, Masg, = 87.90562.

In the static calculation, three Faraday cup efficiencies are involved in each fractiona-
tion-corrected isotopic ratio. For example, considering that Faraday cup efficiency (C) is de-
fined as the ratio of the current flowing through the amplifier connected to the Faraday cup to
the ion current injected into the Faraday cup, i.e., the measured/true ion beam current

(Imeasured/Itrue), €quation (1a) for line 1 can be rewritten as:

ls4g Ci1 8.375209
(84sr/868r)c,static line1 = (I_r)true,line 1° (C ) - Tes ]684
86Gy H1 Sr Cus
(Isa )true line 1 (C )
ls4g 8.375209 -1
= I - trueline 1 I ] “Cpy- C BS4 ) CH1+[384
865y 885y

(IBGS )true line 1

= (**S1/%S0) caruetine 1" Cua* Gy ™ Cra % (10)
where the “true” #Sr/*Sr ratio refers to the fractionation-corrected static **Sr/*®Sr ratio when
all Faraday cup efficiencies are unity. The equations for other lines can be rewritten with cup
efficiencies similarly. Because amplifier gains were calibrated before each measurement, and
the “amplifier rotation” function of Triton was activated to average the gain differences be-
tween amplifiers, the differences in amplifier gains are considered negligible here. The partial

a(84’51‘/ise"sr')c,static line1 ;9Cpq _ a(8451'/8651‘)c,static line1 ; 9Cys
b
(84sr/865r)c,static line 1 Crs (84sr/86sr)c,static line 1 Chs

derivative of equation (1c¢) yields

d a(84’51‘/8651')c,static line1 ; 9CHy
(84sr/865r)c,static line 1 Ch1

= —Bg4= 1.02325, an

= —1 + Bss = —2.02325. Therefore, 100%,

102%, and —202% of the efficiency changes of cup L1, H3, and H1 can be propagated into

the calculated 3*Sr/®6Sr ratio respectively.



The multistatic (MS) isotopic ratios were calculated by taking the arithmetic mean of
the static isotopic ratios from the 3 lines, following the convention in the TIMS community

(e.g., Fukai et al., 2017; Caro et al., 2006; Hans et al., 2013; Trinquier et al., 2008):

(84sr/86sr)c,MS = (84sr/868r)c,static line i (Za)

W
.Mw

~.
1l
=

(87sr/86sr)c,MS = (87sr/86sr)c,static line i (Zb)

W -
-Mw

1l
[N

1

A.1.2 Multidynamic Sr isotopic ratios without fractionation interpolation

The simple multidynamic (MD) #Sr/®%6Sr ratio was also calculated by correcting the
instrumental mass fractionation using the exponential law. Unlike the static measurement de-
scribed by equation (1a), the 34Sr/%¢Sr ratio measured at line 1 and the ¥Sr/%6Sr ratio meas-
ured at line 3, which were sequentially measured using the same combination of Faraday
cups HI + L1, were used in the calculation:

8.375209

(885r/86sr) m,line 3

(84sr/86sr)c,MD = (84SF/86sr)m,line 1° [ ]684 (3a)

where Bs4 =—1.02325. Equation (3a) can be rewritten with Faraday cup efficiencies:

Ce 8.375209
(84sr/86sr)c MD — ( )true line 1 ( ) [ I ]BS4
86Sr CHl ( 8851') ( Hl)
186 true,line 3 C
Toag 8.375209 Cia
= ([ ruetiner " [ Pos - ()1 Pee (3D)
865y 885y Cu1

(1865 )true line 3

C

d(8*sr/%Sr)c Mp H >_
(84Sr/86S1r)c MD / CL11) 1 + Bsa =-0.02325.

The partial derivative of equation (3b) yields

Therefore, only ca. 2.3% of the relative cup efficiency CrLi/Cui can be propagated into the
MD #Sr/*Sr ratio, and the remaining 97.7% is mathematically cancelled during the multi-

dynamic fractionation correction.



Two MD ¥7Sr/%Sr ratios can be calculated in our 3-line method using combined lines
1 + 2 and lines 2 + 3. The first multidynamic ratio, (¥’Sr/%¢Sr)cmp-a, was calculated by taking
the geometric mean of the measured ¥’Sr/%Sr ratios of line 1 and line 2, followed by mass

fractionation correction using the measured ¥3Sr/%6Sr ratio of line 2:

(87sr/86sr)C,MD—A = \/(87sr/86sr)m,line 1’ (87sr/86sr)m,line 2

8.375209

(SSSr/Sﬁsr)m,line 2

]837 (4a)

where Bs7 = 0.50359. Considering Faraday cup efficiencies, equation (4a) can be rewritten as:

187Sr C 187Sr

)true line 1 ( ) ' ( )true line 2 ( )
Isegy Ch1” lss C

Sr Ax

(87sr/86sr)c,MD—A = \/(

8.375209
]BB7

IBSSr

(186 )true line 2 (CHZ)

]BS7

ISBSr
(186 )true line 2

~ \/(1875r lo7g; 8.375209

I )true line 1 (I )true,linez [
86Sr Sr

C
(5P (4b)
Ax

Equation (4b) completely cancelled out the efficiency of cup H1 by taking the geometric

mean of 3’St/%6Sr ratios measured in line 1 and line 2. The partial derivative of equation (4b)

CHz
. A(%7sr/*0sr) cmp-a ;0 Cay) _ :
yields 5755550 b / CHZ) = 0.5 — Bs7 = —0.00359. Therefore, ca. 99.6% of the relative

cup efficiency Cua/Cax is mathematically cancelled. Our MD 37St/%6Sr equation is different
from the multidynamic 3St/*6Sr equations used in previous studies (Thirlwall, 1991; Hans et
al., 2013; Yobregat et al., 2017; Wendt and Haase, 1998; Carlson, 2014). Their calculation

employed the ’Sr/%6Sr and 37St/*Sr ratios measured at two lines using the same pair of Fara-



C1
a(¥7sr/%sr). ,9C,) _ 14pf,
87Gy /86 Ci,  1-g!
(87Sr/86Sr)¢ (6) 1-Bg;

day cups. Their calculations lead to = —0.00718, where Bg; =

1n(M87Sr/M865r)
1n(M87Sr/MSBSI‘)

=-1.01446; C; and C; are the efficiencies of the two cups involved. Our equa-
tion (4a) is thus a factor of 2 more effective in removing the cup efficiency components than
the previous equations. The second multidynamic 37Sr/*Sr ratio, (*’Sr/**Sr)cmp-, was calcu-

lated using the measured ¥’Sr/%6Sr ratios of line 2 and line 3, and the measured *¥Sr/%6Sr ratio

of line 3:

(87sr/86sr)C,MD—B = \/(87sr/86sr)m,line 2" (87sr/86sr)m,line 3

8.375209

(885r/86sr) m,line 3

17 (40)

where Bs7 = 0.50359. The final MD ¥7Sr/%6Sr ratio was calculated by taking the geometric

mean of (¥’Sr/*°Sr)c mp-a and (¥’St/*Sr)c mp-s, following Thirlwall (1991):

(¥7Sr/55S0) e ipc = J (97St/95SE) e wpn * (P7ST/3SD) s (4d)

We note that both arithmetic mean (e.g., Hans et al., 2013; Garcon et al., 2018) and geometric
mean (e.g., Thirlwall, 1991) have been used in literature to synthesize the multiple multi-
dynamic isotopic ratios derived from different combinations of lines in a measurement cycle,

but no specific rationale was provided. Here we chose to use the geometric mean so that the

D . . Chaz'C .
(¥’Sr/2®Sr)cmp-c ratio is directly scale to a simple cup efficiency term (%)0'5‘387, which
Ax'“L1

is convenient for the subsequent quantitative modelling (see section 4.3 in the main text). In
fact, the difference between arithmetic mean and geometric mean is well negligible compared
to the analytical uncertainties, because the two MD 87Sr/*Sr ratios A and B are close enough.
A relative difference of 7 ppm between the ratios A and B only causes a relative difference of
6 ppt between their arithmetic mean and geometric mean.

A. 1.3 Multidynamic Sr isotopic ratios with fractionation interpolation



The MDFI 34S1/%6Sr and 87Sr/*®Sr ratios were calculated in similar ways as the MD ra-
tios, but with a linear interpolation applied to the *¥St/%6Sr ratios before fractionation correc-
tion. In the MDFI 34Sr/%®Sr calculation for the cycle (k+1) in a block (k =1, 2, ..., 9), the
88S1/%6Sr ratio used for fractionation correction was determined by interpolating the line 3
88S1/3%6Sr ratio at the 1/3 point between cycle k and cycle (k+1) (i.e., 2 lines back, at the same

time when 34Sr/**Sr was measured at line 1):

(®®Sr/®®Sr)F1line 31 [cycle (k + 1)]
Z 8sc../86 1 gac. /86
=3 (Sr/™S0)mline 3[cycle k| + 2 (*°Sr/™SD)mine s[cycle (k + D] (5)

This interpolation method assumes that (*®St/*6Sr)m,iine 3 varied linearly along with time dur-
ing a cycle. Replacing the (*¥St/%6Sr)m.ine 3 in equation (3a) with the interpolated *3Sr/%6Sr
given by equation (5), the MDFI 34Sr/*Sr ratio of the cycle (k+1) of a block (k=1,2, ..., 9)
was calculated as:

8.375209

84 86 — (84 86 .
(®*Sr/®8Sr) cmpr = (B*Sr/28SM) mline 1 [(SSSF/B"Sr)mine3%11884 (6)

where PBss = —1.02325. No fractionation interpolation and MDFI calculation were made for
the first cycle of each block.

In the MD ®7Sr/3%6Sr calculation equations (4a) and (4c), the geometric means of the
87S1/36Sr ratios measured at lines 1, 2 or lines 2, 3 can be regarded as hypothesized ’Sr/%¢Sr
ratios “measured” at the midpoints of two lines (i.e., at line “1.5” or line “2.5”). Therefore,
the ¥Sr/%Sr ratios used for the MDFI ®’Sr/%¢Sr calculations of the cycle (k+1) of a block (k =
1,2, ..., 9) were calculated by interpolating the line 2 and line 3 ®Sr/%6Sr ratios at the corre-
sponding 5/6 points between cycle & and cycle (k+1) (i.e., 0.5 lines back), assuming that they

evolved linearly along with time during a cycle:

(®8Sr/®°Sr)Ei line 215 [cycle (k + 1)]
1 ssc./86 5 ssc,. /86
= ¢ (Sr/™SD) mine 2[cycle k] + = (*"Sr/™Sr)m ine 2 [cycle (k + 1] (7a)
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(°®Sr/®°Sr) 1 line 3-2.5[cycle (k + 1)]
1 gac. /86 5 s8c.. /86
= ¢ (Sr/™SD)mine scycle k] + = (*"Sr/™Sr)m ine s[cycle (k + )] (7b)

The MDFI 7Sr/36Sr ratios of the cycle (k+1) of a block (k= 1, 2, ..., 9) were then calculated

by:

(¥7Sr/%5S0)  mpria = J (97St/%5SE) mine 1 * (¥7SE/25S0) m 1ine 2

8.375209

- P (8a)
(SSSF/86SF)FI line 2—-1.5

(¥7Sr/%5S0) e mprLp = J (37Sr/35S0) mine 2 * (¥7SE/%5S0) m 1ine 5

8.375209

(SSSF/86SF)FI line 3-2.5

]887 (8b)

(87sr/868r)c,MDFI—C = \/(87SF/B6SF)C,MDFI—A ) (87sr/86sr)C,MDFI—B (8¢)

where Bg7 = 0.50359. No interpolation and MDFTI calculation were made for the first cycle of
each block.
A.2 Calculation of block average isotopic ratio and standard error

Once the cycle isotopic ratios were calculated, the block average isotopic ratios and

their standard errors were derived by:

10

_ 1
Xblock = E z Xcycle k €))

k=11-n

n-(n—1) (10

10 = 2
[ Zk=11-n(Xcycle k — Xblock)
Sblock =
where X¢yje i 18 the fractionation-corrected isotopic ratio of the kth cycle in a block; Xpjock 18

the block average isotopic ratio; Spjock 1S the standard error of the block average value; n = 10
for the static, MS, and MD 34Sr/*®Sr and ¥’Sr/*Sr ratios, while n = 9 for the MDFI ratios. The

block standard error quantifies how close the block average value is to the true value through

8



t-distribution (degree of freedom = 9 or 8; see Appendix F for details). The term “standard
error” used here has the same definition as the “experimental standard deviation of the mean”
in the Guide to the Expression of Uncertainty in Measurement (GUM) published by the Joint
Committee for Guides in Metrology (JCGM)

(https://www.bipm.org/utils/common/documents/jcgm/JCGM_100 2008 E.pdf), and is used

as a measure of uncertainty.
A.3 Calculation of sample weighted average isotopic ratio, weighted standard error, and
weighted MSWD

The sample average isotopic ratios were calculated by averaging the block average

isotopic ratios weighted by the squared reciprocals of their standard errors:

= 2
. _ Yk=1[Forock k * (1/Spiock )]
sample — N 2
k=1(1/Sblock k)

(11)

where Xpjock x and Spjock x are determined using equations (9) and (10); N is the number of
blocks in the measurement. Equation (11) ensures that larger weights are assigned to more
precisely measured blocks, and as a consequence, the sample average isotopic ratios are in-
sensitive to the poorly analysed blocks associated with large standard errors, which may re-
sult from low ion beam intensities or accidental noises.

The weighted standard error of Xsample Was calculated as:

(12)

s _ 1 Zg:l(l/sglock k) ) legzl[(fblockk - JZsample)2 ) (1/St2)10ck k)]
sample — |77 ° N 2 N 2

N [Xk=1(1/Splock 1)1? = Lke=1(1/Sprock 1)’
The sample standard error ss;mple quantifies how close the sample average value Xgample 18
to the true value through #-distribution (degree of freedom = N — 1, or normal distribution

when N is sufficiently large), and Xsample & 2 * Ssample approximately represents a 95% con-

fidence interval of the true isotopic ratio of the sample. The sample standard error (“internal


https://www.bipm.org/utils/common/documents/jcgm/JCGM_100_2008_E.pdf

precision”) is also an estimate of the standard deviation of the repetitive analyses of the same
sample (“external precision”) when N is sufficiently large (Thirlwall, 1991).

When multiple repetitive analyses of the same sample are pooled together, the pooled
weighted average isotopic ratios and weighted standard errors were calculated using equa-
tions similar to (11) and (12):

legzl[fsample k' (l/sszample k)]

N 2
k=1(1/Ssample k)

(13)

JZpooled =

1 ZIIX=1(1/552amp1e k) ' lel,=1[(fsample kK JZpooled)2 ) (1/Sszample k)]
Spooled = |37 ° (14)

N [Xk=1(1/Ssample 1)]? — 2h=1(1/SZmple 1)?
where N is the number of repetitive analyses. The pooled sample standard error quantifies
how close Xpqoleq 18 to the true value through z-distribution (degree of freedom = N — 1, or
normal distribution when N is sufficiently large), and Xp01ea2 * Spoolea approximately rep-
resents a 95% confidence interval of the true isotopic ratio of the sample.

The consistency of the pooled repetitive analyses of the same sample can be evaluated
using the weighted mean square weighted deviation (MSWD, also known as the reduced x?

statistic, see Appendix F for details):

= i 2 2
N 2 N (xsample k™ xpooled) ) (1/Ssample k)
Zk:l(l/ssample k) k=1 §2
sample k

[ Ilgzl(l/sszample k)]z - II¥=1(1/Sszample k)z

MSWD =

(15)

Through the probability density function given by Wendt and Carl (1991), MSWD quantifies
how well the standard deviation of the repetitive analyses of the same sample (i.e., external
precision) is estimated by the standard errors of individual analyses (i.e., internal precision).
MSWD should be close to 1 if the individual standard errors are compatible with the ob-
served scatter of the repetitively measured samples. An MSWD value greater than 1 +
2(2/H)"* (where f= N — 1 is the degree of freedom) indicates that the individual standard er-

rors (i.e., internal precision) have underestimated the standard deviation of the repetitive
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analyses (i.e., external precision) at >95% confidence level, which possibly reflects changes
in analytical conditions unaccounted for by the individual standard errors. In contrast, a too
low MSWD [e.g., 0 < MSWD < 1 —2(2/f)"?] indicates that the individual standard errors may
be too high.
A.4 Calculation of sample average fractionation rate

The rate of instrumental mass fractionation during measurement was monitored and
evaluated using the block average ®¥St/®6Sr ratios measured at line 1. The instantaneous frac-
tionation rate at block (k+1) (k=1, 2, ..., N-1, where N is the number of blocks in the meas-

urement) was calculated as:

(®3Sr/8°Sr)p1ock (e+1) — (B¥ST/2®S)plock k
- B (88Sr/38Sr)piock (k+1)
block (k+1) = 2 amu - 1 block

-100%

(16)

where (33Sr/%Sr)block (e+1) and (*3Sr/%6Sr)plock # are the block average (*3Sr/*6Sr)iine 1 ratios of the
(k+1)th and the kth blocks of the measurement; rviock (x+1) has an unit of %/block/amu (amu =
atomic mass unit). The average fractionation rate of a measurement was estimated by averag-
ing the instantaneous fractionation rates of all N—1 blocks. Given that the average duration of
one block is ca. 450 s in our measurements (considering the time used for switching between
run 1 and run 2, baseline measurement, peak centring, lens focusing, inter-blocking heating,

etc.), a fractionation rate of 0.045 %/block/amu approximately translates to 1 ppm/s/amu:

r(%/block/amu)
0.045

r(ppm/s/amu) = (17)
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Appendix B. Comments on the cycle number used in fractionation interpolation

During TIMS measurement, the change of the measured (i.e., raw) 38Sr/*Sr ratio
along with time is a combination of two phenomena: fractionation drift, a relatively slow
change that can be reasonably well approximated by the linear model at the time scale of sev-
eral cycles (i.e., several minutes), and noise, a much faster change at time scale of seconds
with frequent reversals of the direction of change (see Fig. 6 of Garcon et al., 2018). The ef-
fects of noise and non-linear evolution of fractionation can make the linear fractionation in-
terpolation method applied less accurate, i.e., make the interpolated ¥3Sr/*°Sr value deviating
from the true value. Noises will mainly increase the scatter of drift-corrected isotopic ratio
and lead to larger uncertainty, but are unlikely to generate systematic biases. However, non-
linear evolution of fractionation can introduce systematic biases, and lead to under-correction
or over-correction of fractionation drift depending on the curvature of the sample’s real frac-
tionation—time trajectory. Interpolation using a small number of cycles ensures a good local
linearity in the interpolated interval, but can be more strongly affected by noises; in the oppo-
site, using a large number of cycles is less affected by noises, but is more sensitive to the lin-
earity of fractionation in the interpolated interval. For samples with higher fractionation rates
(e.g., Sr samples in this study), the fractionation monitoring isotopic ratio changes rapidly
due to fractionation drift, so that the contribution from noises is less significant, while the lin-
earity in the interpolation interval is critical. In this case, a small cycle number is preferred.
For samples with lower fractionation rates and more stable fractionation—time evolution tra-
jectories (e.g., Nd samples in the studies of radiogenic “’Nd effects), fractionation has better
linearity at longer time scales, while noises become the dominant source of inaccuracy in in-
terpolation. In this case, a larger cycle number is required.

We tested interpolation with more consecutive cycles considered, using the local line-

ar regression method similar to that described by Gargon et al. (2018). One example is shown
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in Fig. S1 below. With increasing cycle number in the interpolation, the MDFI 3*St/*6Sr value
increases, suggesting under-correction induced by non-linear fractionation evolution. This is
consistent with the convex shape of the fractionation—time trajectory of this sample (Fig. S1).
Our applied interpolation method with 2 cycles involved is, thus, minimally affected by the
systematic biases caused by non-linear fractionation evolution. The uncertainties of the drift-
corrected values shown in Fig. S1 are all similar, suggesting that the values corrected using

small cycle numbers are also not significantly affected by noises.
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Figure S1. Left: multidynamic Sr/%Sr values of a SRM 987 measurement, calculated with
different fractionation interpolation methods. The orange dot is the value not corrected for
fractionation drift. Blue dots are values corrected for fractionation drift using 2, 3, 5, 7, and 9
consecutive cycles for interpolation. Right: raw Sr/8°Sr ratio measured in line 3 vs. cycle of

the same measured sample.
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Appendix C. Chemically processed standard SRM 987

In order to test (1) whether the chemical separation procedures described in section 2
cause variations in Sr isotopic ratios, and (2) whether organic residues from chemical pro-
cessing are responsible for the observed high fractionation rates of terrestrial samples (Fig. 2),
the Sr standard SRM 987 was processed in the same way as the terrestrial samples, and was
analysed in a separate analytical session in 2021. Between the 2019 and 2021 Sr isotope ana-
lytical sessions, our TIMS instrument experienced maintenances including cup changes, and
was used for Nd and Pb isotope analyses. Since the status of the instrument and measurement
conditions may have changed, the new analyses of column-processed SRM 987 were brack-
eted by analyses of unprocessed SRM 987. The p®*Sr and p®’Sr values of each column-
processed standard were calculated relative to the average values of the two analyses of the
unprocessed standard that bracket it.

The analytical results are shown in Fig. S2. The column-processed SRM 987 standard
exhibits no difference in p**Sr and u®’Sr values from the unprocessed standard under the ana-
lytical uncertainties. This is as expected given the high (>95%) chemical yield of our Sr sepa-
ration procedure, and ensures that no isotopic anomaly is generated by chemical processing.
In addition, the fractionation rates of column-processed SRM 987 analyses fall into the range
of unprocessed SRM 987, and are not significantly elevated. This result, though derived from
a relatively small number (4) of tests on column-processed SRM 987, suggests that the high
fractionation rates seen in the analyses of terrestrial samples are more likely linked to residual

matrix elements in the samples rather than organic materials.
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Figure S2. MDFI p®Sr and u®’Sr values vs. fractionation rate of column-processed SRM 987.
Uncertainties are 2SE. Grey horizontal bars represent the 2SE confidence intervals of the
weighted average u3*Sr or p¥’Sr value of unprocessed SRM 987 (from the 2019 analytical

session). Grey vertical bars represent the 2SD ranges of fractionation rates of the unprocessed

SRM 987.
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Appendix D. Ion counting statistics model
During the measurements of ion beam intensities using Faraday cups—amplifiers, ran-
dom errors are produced by two major sources: Poisson noise and Johnson—Nyquist (JN)
noise. When a large number of ions are counted, the measured ion beam intensity fluctuates
randomly due to these noises, following normal distributions with standard deviations pre-

dicted by (Wielandt and Bizzarro, 2011; Makishima, 2016):

VR

Vpoisson = T (18)

4kgRT
V= |—— (19

and the total fluctuation from the two noises is:

VRe + 4kgRT
Viotal = -t (20)

where dV is the standard deviation of ion beam intensity induced by the noises (V), V' is the

Q)

ion beam intensity (V), R is the resistor value (10'! Q here), e is the elementary charge (1.602
x 1071 C), kg is the Boltzmann constant (1.3806 x 10723 J/K), T is the temperature (311. 15 K
here), and ¢ is the integration time (s).

We modelled the error correlations caused by ion counting statistics between the
MDFI p®’Sr and u34Sr, and between the static line 1 p®’Sr and p®*Sr, using a method similar
to Andreasen and Sharma (2009) and Gargon et al. (2018). In the modelling, the weighted
average MDFI 3Sr/%6Sr and ®’Sr/®6Sr values (Tables 2 and 3 in the main text), and 33Sr/36Sr =
8.375209 were assumed as the true isotopic compositions of SRM 987. Sr was assumed to
evaporate from a homogeneous reservoir, and the isotope fractionation during evaporation
was fixed at 33Sr/%°Sr = 8.375209. A constant 33Sr intensity of 18 V was set, which is the av-

erage of all our actual SRM 987 measurements. The intensities of other Sr isotopes were cal-
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culated accordingly. Faraday cup efficiencies and amplifier gains were assumed to be equal
in the modelling. In each simulated measurement run, the integration time of each isotope in
each multidynamic line was 8.389 s multiplied by 340, the average cycle number per meas-
urement in our actual measurements. Independent, normally-distributed random errors with
standard deviations predicted by the Poisson and JN noises (equation 20) were then assigned
to the 34Sr, ®6Sr, ¥’Sr, and **Sr intensities of the three multidynamic lines. Isotopic ratios were
calculated in the same ways as in the actual measurements (Appendix A). The geometric
mean of the two multidynamic %’Sr/*Sr ratios (i.e., MCFI-C) was taken as the MDFI
87Sr/%Sr result.

Fig. S3 shows the pu®’Sr and ud*Sr results of 1000 simulated SRM 987 measurement
runs. These results represent the theoretical precision and error correlation of p®’Sr and p®*Sr
under our measurement conditions. For both the MDFI and static line 1 simulated data, p®’Sr
and pd*Sr exhibit slightly positive correlations with linearly fitted slopes of 0.014 + 0.008 and
0.035 £ 0.013 respectively (uncertainties are 2SE). The simulated MDFI and static measure-
ments yield similar u3*Sr precision of ca. 20 ppm (2SD). However, the static simulations
show a stronger correlation between pu®’Sr and p®*Sr and a worse u®’Sr precision compared to
the MDFI simulations. This is not surprising given that the calculation equations of multi-
dynamic isotopic ratios involve more independently measured ion beam intensities, and that
the MDFI ¥'Sr/%6Sr was calculated as the geometric mean of two multidynamic 3St/*6Sr rati-

0s.
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Figure S3. Correlations between (a) MDFI and (b) static (line 1) p®’Sr and p®*Sr values of
1000 repetitive SRM 987 measurements simulated using the ion counting statistics model.
The 95% envelope ellipses of the simulated data are generated and plotted. The linearly fitted
slopes of the simulated data (with their 2SE uncertainties) and correlation coefficients (r) are

also shown. Theoretical 2SD precisions of u®’Sr and p®*Sr caused by the ion counting random

errors are calculated using the simulated measurements.
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Appendix E. Comments on “normalization” of isotopic data and selection of standard

The convention of reporting the radiogenic *’Sr isotopic variations in the geo- and
cosmochemistry community is using the ’Sr/*Sr ratio, rather than e- or p-notation. This is
possibly a result of the large 3’Sr variation range in nature caused by the large chemical prop-
erty (e.g., volatility, compatibility) contrast between Rb and Sr, and thus no object being eli-
gible as a universal isotopic composition “baseline” (cf. Chondritic Uniform Reservoir for
Nd/'*Nd, Jacobsen and Wasserburg, 1980). As shown in the main text and in the literature,
systematic errors can be introduced into the measured isotopic ratios during TIMS analyses.
As a consequence, the evaluation of the absolute isotopic ratios of the same materials meas-
ured using different instruments by different laboratories, or using the same instrument but at
different times or with different methods, would not be the same. These systematic errors
arise from the subtle but numerous imperfections of features specific to laboratory, instru-
ment, and the measurement and data processing protocols, including, but not limited to the
position and geometry of the magnet, the tuning of the electrostatic and magnetic optic sys-
tem, collector and amplifier gains, and stabilities of electronic devices. Due to the unavoida-
bility of these small imperfections, more attention is paid to the reproducibility (precision) of
the measurement results, rather than the absolute accuracy of isotopic ratios.

The systematic biases between laboratories become significant when studying small
(e.g., ppm-level) isotopic variations in samples. For this reason, when comparing high-
precision isotopic ratio data generated by different laboratories, it is important to ensure that
the inter-laboratory biases in isotopic ratios are accounted for. A common way to eliminate
systematic errors is to normalize the measured sample isotopic ratios using a simultaneously
analysed standard (see section 4.4). The standard can be a natural or artificial material, but
should have good isotope homogeneity and should be widely accepted by laboratories (for a

full list of requirements for standard materials, see Teng et al., 2017). If the same standard
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material is analysed by two laboratories, and the results of unknown samples from both la-
boratories are normalized to the same “accepted” value of the standard, the two sets of nor-
malized sample data are directly comparable. The assumption behind such normalization is
that systematic errors affect all measurement results proportionally disregarding their differ-
ent absolute isotopic ratios, i.e., if the isotopic ratio of a standard measured by the instrument
A 1s higher (or lower) than the same standard measured by the instrument B by a factor of 1 +
g, the contemporaneously measured isotopic ratio of an unknown sample by the instrument A
should also be higher (or lower) by a factor of 1 + ¢ when the same sample is analysed by the
instrument B. The “accepted” standard value need not accurately reflect the true isotopic
composition of the standard, and it varies in literature. Therefore, we suggest that high-
precision isotope data are reported in both normalized and unnormalized form, together with
the analytical results of standards.

The 3*Sr (and a number of other isotopes) isotopic variations in extra-terrestrial sam-
ples are usually reported as &- or p-values relative to terrestrial standards which usually repre-
sent the bulk silicate Earth (BSE) composition. However, our data confirm that the Sr stand-
ard NIST SRM 987 possesses an apparent p**Sr enrichment of ca. 30 ppm relative to natural
terrestrial samples (Moynier et al., 2012; Paton et al., 2013; Yokoyama et al., 2015). Previous
investigations on stable Sr isotope fractionation found that SRM 987 has been isotopically
fractionated in nature or during its production, and that the BSE has a 6Sr value of +0.27%o
with regard to SRM 987 (Moynier et al., 2010; Charlier et al., 2012). Similar mass-dependent
and mass-independent stable isotopic composition differences between standards used in iso-
topic analyses and the BSE composition have been discovered in Nd (O'Neil et al., 2008), Ni
(Steele et al., 2011), Mg (Bizzarro et al., 2011), and Cr (Qin et al., 2010) standards. Since
these purified standards do not possess the same mass-independent isotopic composition as

the BSE (i.e., prartn # 0), concerns may arise during the isotope analyses of extra-terrestrial
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materials over whether another natural terrestrial sample, which better represents the BSE
composition, should be used as the standard instead. We agree with Steele et al. (2011) that
this is not necessary. The purpose of normalizing isotopic ratios against a standard is mainly
to cancel out systematic errors in the measurements and to make accurate inter-laboratory
comparison. The isotopic composition of a standard serves as an arbitrary reference point and
need not be accurately related to specific isotope reservoirs. Therefore, it is more important
for the standard material to have a homogeneous isotopic composition and wide availability,

rather than an isotopic composition close to the BSE.
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Appendix F. Hypothesis test and confidence interval
(Equations in this Appendix are not numbered, as it is unnecessary.)

F.1 Univariate hypothesis test and confidence interval
Assume X is a normally distributed random variable: X ~ N(u, 6%), where nu and c?
represent the population mean and variance. Given a sample of size 7, u and ¢ can be esti-

mated by X (sample mean) and s? (sample variance):

n

.in

i=1

2= -i(x-—)?)z
n-1 & :

It can be proved that X has a normal distribution: X ~ N(u, 6*/n). The quantity Vs2 is also

X =

SHEN

known as the sample standard deviation (SD) and /s?/n is the sample standard error of the
mean (SE or SEM). The question being concerned here is how well the sample mean X esti-
mates the unknown population mean p.

If 62 is known, the random variable

has the standard normal distribution N(0, 1). Under a given confidence level 1 — a (usually a
= 0.05), let #eit« be the critical # where the probability of |5 < #erit« 1S 1 — a. For standard
normal distribution with o = 0.05, #cic = 1.96. If infinitely many repeated samples (size = n)

are taken, a fraction of 1 — a of the samples would satisfy

|77| < ncrit,oc
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The above inequation can be equivalently expressed as: the population mean is contained

— 2
within the interval X + 7)cpieq - /% For a given sample, this interval is called the 1 — a confi-

dence interval of the population mean. Note again that the meaning of the confidence interval
is that when infinitely many repeated samples (size = n) are taken and the 1 — o confidence
interval are computed for each sample, a fraction of 1 — a of those confidence intervals would
contain the population mean. However, it does not necessarily mean that for a given confi-
dence interval, there is a 1 — o probability that the population mean lies within the interval.

To test if the sample mean X is compatible with a hypothesized population mean o,
we can test the null hypothesis: p = po. Under the null hypothesis, if the calculated || > #crit,o,
an event with a small probability (o) would have occurred, and the null hypothesis should be
rejected: [ # Lo.

If 6% is unknown, it can be substituted by the sample variance s>. In this case, the sta-

tistic

has the #-distribution with n — 1 degrees of freedom:

) e

m-Dn-r(th) ol

Pra(t) = )2

Similarly, under a given confidence level 1 — a, we can find the critical fcrit,o,n-1 Where the
probability of |¢| < feuitan-1 1S 1 — o The 1 — a confidence interval of p can then be computed

as:
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_ 52 _ s2
X - tcrit,oc,n—l ' ; SpusX+ tcrit,oc,n—l ' ;

When n — oo, the ¢-distribution is reduced to the standard normal distribution, and Zcrit,an-1 —
1.96 when a = 0.05. Therefore, the sample mean + 2 standard error (2SE) is usually accepted
as a 95% confidence interval of the population mean, and 2SE is used as the measurement
uncertainty. It should be noted, however, that the correspondence between 2SE and 95% con-
fidence interval is valid only when 7 is sufficiently large (n — o). When the sample size 7 is
small, the 95% confidence interval of the population mean should be generated using the
above method following the ¢-distribution.

Given the null hypothesis: pu = po, if the calculated |f| > tcrit,0n-1, an event with a small
probability (o) would have occurred, and the null hypothesis should be rejected: p # po. The
above hypothesis test is also known as the Student’s ¢ test.

The statistic

_(n—1)s?

2
X
o2

has the y? (chi-squared) distribution with n — 1 degrees of freedom:

n-3  y?
25,5 2
x°)ze 2, x->0

pus(®) =427 T (" - 1)

0, x:2<0
The probability density function of the reduced y? statistic, MSWD = y?/f where f'is the de-
gree of freedom, has been given by Wendt and Carl (1991). The statistic MSWD has an ex-
pectation of 1, so it is more perceptual when comparing samples with different sizes com-
pared to the j statistic which has an expectation of n — 1. Under a given confidence level 1 —
a, we can find the critical MSWDerit,,.-1 Where the probability of MSWD < MSWDviit -1 18
1 — o Given the null hypothesis 6> < 6¢?, if the calculated MSWD > MSWDgia-1, an event

with a small probability (o) would have occurred, and the null hypothesis should be rejected:
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62 > 6¢%. The high MSWD suggests that the observed sample is more scattered than what was
predicted using the hypothesized population variance.
F.2 Multivariate hypothesis test and confidence region

When determining the confidence intervals or carrying out hypothesis tests for k-
dimension multivariate random vectors, it is tempting to separately calculate confidence in-
tervals or perform individual #-tests for each variable as in the univariate case. The overall
null hypothesis is then rejected if any one of the & univariate tests rejects its null hypothesis.
The problem of this method, however, is that if the same reject probability a is used in all £
tests, the probability of multivariate null hypothesis being rejected becomes 1 — (1 — a)f,
which is much higher than o. For this reason, a corrected reject probability o’ =1 — (1 — o))
should be used in the k£ individual univariate tests instead of o. However, this correction is
only reliable when the £ random variables are independent so that probabilities can be simply
multiplied. Since it is common to generate observations in which the random variables x; in X
are not independent, it is better to calculate 1 — a confidence regions and carry out multivari-
ate hypothesis tests with all the & variables taken into account simultaneously.

Assume X = [x1, x2, ..., x4]” is a k x 1 random vector having the multivariate normal

distribution V' (p, X):

p(x) = I
1
(2m)z|Z|2

where p is the £ X 1 population mean vector and X the k& x k population covariance matrix.
For a sample of size n, p and X can be estimated by X (sample mean vector) and S (sample

covariance matrix):

X =

Sl

Sx

n
=1
1
n—1

DICEDTC TS ol
i=1
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It can be proved that X has a multivariate normal distribution V'(n, £/n). The question being
concerned here, again, is how well the sample mean X estimates the population mean p.
If X is known, the statistic
y=nX-p)ZX-w
has the y? distribution with k degrees of freedom. Under a given confidence level 1 — a, we
can find yitox Where the probability of y < yeitex is 1 — a. If infinitely many repeated samples

(size = n) are taken, a fraction of 1 — a of the samples would satisfy
n()_(—ll)Tz_l()_( - l-l) = YVerit,a k
. . < fl M1 . . .
In the 2-dimentional case X = 7 and p = [Hz]’ the above inequation can be rewritten as:
2

_ _ b1l[x; — Yeritak

o siowal [l <2

ycrit,a,k
n

e a(@ — W)+ b+ )& —u)E — 1) +d(F, — pp)? <

where [Ccl Z] represents £~ 1. The above inequation can be equivalently expressed as: in the

X1—x2 space, the point representing the population mean (L1, p2) is contained within the ellipse

region defined by
a(x; — %)+ b +0)(xy —x)(x, — %) +d(xy, — %)% = YCrirz,a,k
( ( ycrit,o:,k
X+ n 0 e (_E E)
) . a+ (b + c)tanf + dtan28’ 2’7
X4 =
[— { ' B YCr‘i,;,a,k = 3
1= ) 0€(=,—)
\ a+ (b + c)tanb + dtan?6 2’2
= = T T m 31
| X2 = X2 + (%1 — X;)tand, 9 € (_E'E)U(§’7)

For a given sample, this ellipse is called the 1 — a confidence ellipse of the population mean.
Similar to the 1-dimentional confidence interval, if infinitely many repeated samples (size = n)

are taken, and the 1 — a confidence ellipses are computed for each sample, a fraction of 1 — a
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of those ellipses would contain the population mean. Note that a confidence ellipse does not
contain 1 — a fraction of the observations in a sample (cf. envelope ellipse in section 3). In the
case of higher dimensions (k > 2), the confidence region is a k-dimension hyper-ellipsoid.

Given the null hypothesis: p = po, if the calculated y > yeritak, an event with a small
probability (o) would have occurred, and the null hypothesis should be rejected: p # po.

If £ is unknown, it can be substituted by the sample covariance matrix S. In this case,
the statistic 72 is defined as:

T? = n(X—-)'s (X — p

and the statistic

_(n—k)
_k(n—l)Tz

has the F-distribution with the degrees of freedom of (k, n — k). Note that the F-distribution
can be regarded as the ratio of two reduced y* distribution, or the squared ¢-distribution. When
n — oo, the F-distribution is reduced to the reduced y* (MSWD) distribution. Under the given
confidence level 1 — a, we can find Ferit,ok-« Where the probability of F' < Fritoknk 1S 1 — 0.

The 1 — a confidence ellipse of p can then be computed by:

n(n—k)

m()—(—l’-)TS_l(X’ — W) < Feitakn—k

Given the null hypothesis: p = po, if the calculated F' > Fuigarntk an event with a
small probability (o) would have occurred, and the null hypothesis should be rejected: p # po.
The above hypothesis test in the 2-demensional case is also known as the Hotelling’s 7” test,
a 2-dimensional extension of the Student’s ¢ test.

F.3 Covariance matrix, envelope ellipse, and linear fitting
An observed 2-dimensional sample dataset (x1, x2) may show correlation between the

two variables x1 and x> due to their non-zero covariance (0y,,). This correlation can be de-

scribed using either an envelope ellipse derived from the covariance matrix of the observed
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data, or a straight line fitted using the least-square (LSQ) method. Here we will show that the
major axis of the envelope ellipse usually does not overlap the conventional LSQ straight line
fitted using vertical offsets (Fig. S4a). For simplicity, here we assume that the sample size n
— o and there is no difference between the sample and population mean or covariance ma-
trix.
For a random vector X with a 2-dinensional normal distribution V' (u, X), the statistic
y=X-wWIlX-p
has the »? distribution with 2 degrees of freedom. Let yerita2 be the critical y value when the
probability of y < yerita21s 1 — a. For a sample of X (size n — ), a fraction of 1 — a of the
observations should satisfy
X-wWE'X-w< Verita,2
From the distribution function of y? distribution (degree of freedom = 2), when o = 0.05,
Verite,2 = 5.99. In other words, the ellipse
X-wWE1(X-—pn =599
e a(x; — W)+ (b +c)(x — u) (g — 1) +d(xy — pp)* = 5.99

should cover 95% of the observations in the sample (Fig. S4b). Here [Ccl Z] =x1=

1 [ Ox,x, “Ox,x, Ox,x1  Oxqx,

], while the covariance matrix £ = [ ] This ellipse is called

15 1=0x,x,  Oxyxy Oxyx1 Oxzxz
95% envelope ellipse. Note that the 95% envelope ellipse and the 95% confidence ellipse
(see section 2) have similar expressions, but differ in size by a factor of »n (sample size, or
number of observations). When n — oo, the 95% confidence ellipse is infinitely close to the
point representing the population mean, but the 95% envelope ellipse is unchanged. Since the
envelope ellipse is statistically generated using the covariance matrix, the direction of the el-

lipse major axis naturally represents the correlation trend of the two variables. When b, ¢ # 0,

(i.e., when the two variables x; and x, are correlated), the major axis of the envelope ellipse
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deviates from the positive xj-axis with an angle ¢ (Fig. S4b). The slope of the ellipse major
axis, tang, can be calculated from the ellipse equation:

e

a
b+ b+c

—d a—d\*
c+ ( )+1, b,c>0
tan ¢ = <
2

a—d C_d)+1 b,c <0
\ b+c b+c ’ ¢

On the other hand, if the observed data are linearly fitted using the conventional LSQ
method that minimizes the sum of the squares of the vertical offsets from data points to the

line (e.g., York et al., 2004), the slope of the fitted line is given by:

Ox,x, b
slope = — = ——
Ox,x, d

It can be proved that when plotted together with the envelope ellipse (Fig. S4b), this fitted
line connects the two points on the ellipse that are horizontally farthest from the ellipse centre,
not the two ellipse vertices. Also, the slope of this fitted line is usually unequal to the slope of
the ellipse major axis (tang) and has a smaller absolute value. The two lines overlap when b,
c=0,a<d(ie., ¥ =0, when the two variables are not correlated, and the ellipse is longer in
the horizontal direction) or when bc = ad (i.e., 7* = 1, when the envelope ellipse reduces to a
straight line). The fitted line and the ellipse major axis become significantly apart when the

(axle)Z

square of the correlation coefficient [r? = ] deviates from 1 (Fig. S4c), and they

Ox1x1'0xp%7
becaome perpendicular when b, ¢ = 0, a > d (i.e., ¥* = 0, when the two variables are not
correlated, and the ellipse is longer in the vertical direction). In contrast, if another straight
line is fitted for the data using the LSQ method that minimizes the sum of the squares of
perpendicular offsets (Fig. S4a) from the data points to the line (e.g., Sampaio, 2006; Sardelis
and Valahas, 2019; Johansen, 2016; Weisstein, 2002), this fitted line will overlap the ellipse

major axis.
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The limitations of the conventional LSQ fitting method using vertical offsets have
been examplified by Johansen (2016). The major argument is that in the conventional LSQ
fitting, the statuses of the independent (x1) and the dependent (x») variables are asymmetric,
so that the fitted line is not consistent in rotation or invertion operations. Furthermore, our Fig.
S4 shows that the slope of the conventional LSQ-fitted line does not provide an accurate
description of the correlation trend of the data when they have a correlated 2-dimensional
normal distribution; it underestimates the absolute value of the correlation slope when the
squared correlation coefficient is small. The direction of the ellipse major axis, or the
perpendicular offset-fitted line, can synthesize the random deviations in both horizontal and

vertical directions, and provide a better description of this correlation.
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Figure S4. Illustrations of the relation between linear fitting and envelope ellipse. (a) the
difference between vertical offset and perpendicular offset from data points to a line, which
are used in different least square (LSQ) fitting methods. (b) 2000 randomly generated data
points following a correlated 2-dimensional normal distribution with mean values at (0, 0).
Red ellipse is the 95% envelope ellipse of the data generated using the covariance matrix; red
line is the direction of the ellipse major axis; blue line is the straight line fitted using the LSQ
method that minimizes the sum of the squares of the vertical distances from the data points to
the line; black dashed lines show that the LSQ-fitted line connects the two points on the
ellipse that are horizontally farthest from the ellipse centre. Note the offset between the
ellipse major axis and the LSQ-fitted line. (c) Relation between the angle offset of the two
lines (i.e., the angle of ellipse major axis with the positive xi-axis minus the angle of LSQ-
fitted line with the positive xi-axis) and the square of correlation coefficient. Three different

scenarios with different x; variances (0y,y,) and x; variances (0y,y,) are shown. Only the

cases where b, ¢ > 0 (i.e., x1 and x; are positively correlated) are considered here.
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