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1 Introduction

Isotopic ratio analysis of individual sub-micron
particles via spICP-TOFMS+

Sarah E. Szakas® and Alexander Gundlach-Graham & *

We investigate the use of single particle inductively coupled plasma time-of-flight mass spectrometry
(spICP-TOFMS) to measure isotopic ratios within individual sub-micron particles and explore the
advantages and limitations of this method. Through the analysis of samarium (Sm) isotopes—4"Sm and
1499m—in individual monazite particles, and lead (Pb) isotopes—2°®Pb and 2°®Pb—in individual galena
particles, we demonstrate that isotope ratios recorded by splCP-TOFMS have precision controlled by
Poisson statistics. This precision depends on the signal amount measured per isotope from an individual
particle: as particle size increases, more counts of each isotope are detected, and the precision
improves. In monazite particles with mass amounts of Sm from 0.04 to 4 fg, recorded isotope-ratio
precision (relative standard deviation, RSD) ranged from 43% to 5%. However, the average isotope ratio
from a particle population is still accurate; the molar ratio determined for 1*9Sm/**’Sm was 0.912, which
is within 1% of the expected ratio. Lead isotopic composition varies widely in nature because 2°°Pb,
207pp, and 2°8Pb are radiogenic isotopes that decay from thorium (Th) and uranium (U). In the analysis of
lead isotopes from galena particles, we found that the RSD for 2°8Pb/2%®Pp ratio ranged from 32% to 2%
for particles with 1.4 to 80 fg of Pb. We further explore the use of spICP-TOFMS for radiometric dating
of monazite particles. Monazite is used in geochronology for radiometric dating based on 2°8Pb/*?Th
and 2°°Pb/238U ratios. spICP-TOFMS analyses of individual monazite particles that contain only 0.02-80
fg of Th and 0.03-30 fg of U showed radiogenic Pb-isotope signatures and a median age of 550 Ma. We
also show that the spread of ages from monazite particles is broader than explainable by Poisson
statistics, revealing real variation in age or depletion/enrichment of Pb, Th, and/or U in the particles.
Overall, we demonstrate that spICP-TOFMS can be used for accurate isotope-ratio analysis with
precisions down to a few percent; however, understanding measurement noise is critical to define the
significance of isotope ratios measured from individual particles.

MS can deliver isotope ratio RSDs down to 0.002% and lower,>*°
and so these are the ICP-MS instruments of choice for precise

Isotope ratio measurements obtained by inductively coupled
plasma mass spectrometry (ICP-MS) are utilized in many fields
such as nuclear chemistry,"* archeology and anthropology,**
geochronology and geochemistry,>® and environmental
science.” ICP-MS offers high sensitivity, low detection limits
(usually in the low parts per trillion level), large linear dynamic
range, and straight-forward sample preparation. Compared to
other mass spectral techniques, such as thermal ionization
mass spectrometry (TIMS) and secondary ion mass spectrom-
etry (SIMS), ICP-MS offers similar precision and accuracy while
also providing higher throughput.”® While precisions of ICP-MS
with a quadrupole detector have been reported to have relative
standard deviations (RSDs) of =0.1%, multi-collector (MC) ICP-
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and accurate isotope-ratio measurements. In conventional MC-
ICP-MS isotope-ratio analyses, ‘bulk’ samples are homogenized
and digested, and elements of interest may be isolated through
chromatographic techniques before analysis by MC-ICP-MS.
While this procedure results in stable isotopic signals and
good precision, an obvious drawback is that only average
isotopic composition of a sample is recorded; information on
isotope variation within a sample is lost. In the context of
geochronology, in situ analysis via laser-ablation (LA) MC-ICP-
MS has increasingly become the standard method."*> Many
minerals important for radiometric dating (e.g. zircon, mona-
zite) have pronounced zonation due to different growth stages,
and thus can show variable ages across a single grain. The
combination of mineral mapping with microscopy approaches
or trace-element imaging by LA-ICP-MS, and single-spot anal-
ysis for isotope-ratio determination by LA-MC-ICP-MS allows for
mineral- and zone-specific isotope-ratio dating.***** More
recently, whole mineral isotope imaging with LA-ICP-MS, has

This journal is © The Royal Society of Chemistry 2024
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emerged as an approach to perform comprehensive in situ
dating of mineral samples.'*"”

Multi-collector ICP-MS instruments provide substantially
better isotope-ratio determination precision than quadrupole-
based ICP-MS instruments because isotope signals are
measured simultaneously at dedicated detectors and time-
dependent correlated noise sources (e.g., plasma flicker, drift,
etc.) can be eliminated through signal ratioing. However, the
number of mass-to-charge ratios (m/z) detectable with a MC
instrument is constrained by the physical number of detectors
and the available relative m/z-range of ~15%."® State-of-the-art
MC ICP-MS instruments may be equipped with between 11-16
Faraday cup or electron multiplier detectors; the number and
type of detectors used are determined based on analyte isotopes
of interest and the sensitivity required to detect them."** On
the other hand, to detect multiple isotopes across the whole
elemental mass range quasi-simultaneously, a time-of-flight
(TOF) mass analyzer can be used. In previous research, ICP-
TOFMS has been characterized for isotope ratio analysis in
terms of mass bias and isotope fractionation for light, mid-
mass, and heavy isotopes: B, Sr, and Pb.** This study found
that precision for ***Pb/*°°Pb was around 0.1% when a 1000 ng
mL " solution of Pb was analyzed.?* In other work, RSD values
from 0.41-0.06% were obtained for analysis of *°*Pb/*°°Pb
ratios from Pb standards with concentrations from 1 to 100 ng
mL~'.>2 Both previously mentioned studies used 10 s acquisi-
tion times. With extended analysis times (up to 100 s), which
produce more total ion counts, isotope ratio precisions for
107Ag/"*°Ag and for "*'Eu/"**Eu have been reported as low as
0.056 and 0.02%.>*** All mentioned studies on ICP-TOFMS
isotopic analysis were carried out on dissolved samples.

In recent years, single-particle (sp) ICP-MS has emerged as
powerful and high-throughput method to measure the particle
number concentrations (PNCs), and element mass amounts in
individual nanoparticles (<100 nm), sub-micron particles
(<1000 nm), and microparticles.>* In spICP-MS, a dilute
suspension of particles is introduced into the ICP, where the
particles are vaporized, atomized, and ionized. The resulting
ion clouds are transmitted into the mass analyzer and m/z-
specific particle-derived ion clouds are recorded as signal spikes
by the MS detector. The particle-derived signal events are typi-
cally ~250-1000 ps in duration. With quadrupole-based mass
analyzers, only one m/z can be quantitatively recorded per
particle-derived signal.*®*** However, with multi-channel mass
analyzers, such as multi-collector sector-field or TOF mass
analyzers, signals from multiple m/z can be recorded from an
individual particle.**** In particular, ICP-TOFMS instruments
allow the collection of complete elemental mass spectra with
sufficient time resolution to record single-particle events.*
spICP-TOFMS has been used extensively to analyze mixtures of
nano- and micro-particles from a wide range of environmental
sample types. With spICP-TOFMS, many researchers aim to
detect and classify natural and anthropogenic particles based
on particle-type specific multi-element signatures.***® Just as
multi-element fingerprints allow for particle type classification,
the analysis of isotope ratios of individual particles could be
used to gain insights into particle origin.
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To date, only a handful of researchers have reported the
measurement of isotope ratios by spICP-MS. Yamashita et al.
measured 30, 50, and 70 nm Pt NPs by single-particle MC-ICP-
MS and demonstrated that RSD followed counting statistics
and ranged from 40-10% for the smaller to larger Pt NPs.
Similarly, Hendriks et al., reported "**Pt/"*°Pt ratios measured
in 70 nm Pt NPs by spICP-TOFMS, though no isotope-ratio
precision value was provided.*® von der Au et al and Ara-
mendia et al. independently reported the use of isotope dilution
combined with spICP-TOFMS to determine the sizes of Pt NPs
and Ag NPs, respectively.*>*' Montafio et al. reported Pb-isotope
ratios determined by spICP-TOFMS from particles in boreal
rivers in Canada.*” Manard et al. and Tian et al. each investi-
gated '7Ag/'°’Ag isotope ratio accuracy and precision
measured via spICP-TOFMS and found that isotopic ratio
precision is well described by Poisson counting statistics.*>**
Finally, Bland et al. demonstrated that TiO, engineered nano-
particles enriched with *’Ti could be used to track the fate and
transport of anthropogenic TiO, particles against a natural
particle background in soils through measurement of the
47Ti/*Ti ratio in individual particles by spICP-TOFMS.*

Here, we characterize the expected measurement variability
in isotope-ratio measurements by spICP-TOFMS through the
analysis of stable isotope ratios within two mineral samples:
monazite (REE(PO,)) and galena (PbS). We measure
1499m/*7Sm isotope ratios in monazite particles, 2°*Pb/*°°Pb
ratios in galena particles, and explore the use of *°*Pb/*°°Pb
ratios to differentiate each mineral type. To further illustrate the
capabilities of spICP-TOFMS for isotopic analysis, we measure
208ph/>*>Th and *°°Pb/**®U ratios in the monazite particles to
estimate their ages. We also developed Monte-Carlo Poisson
confidence bands to account for the spread in spICP-TOFMS
signal ratios due to Poisson noise. Based on these confidence
bands, we can identify true isotope ratio outliers in our
measured particle populations.

2 Methods and materials
2.1 Submicron particle suspensions sample preparation

Mineral samples used in this study include both monazite
(REE(PO,)) and galena (PbS).***” The monazite sample arrived
at our lab pre-ground. The original monazite sample was
extracted from a rock sample containing a monazite crystal
(acquired from Sieber and Sieber AG, Switzerland). Once
extracted, the monazite was broken into smaller fragments, and
those free of the original host rock were selected to be ball
milled (4 min, Retsch Mixer Mill MM400). About 10 mg of
monazite powder was diluted into 50 mL ultrapure water (18.2
MQ PURELAB flex, Elga LabWater, United Kingdom), vortexed
for 60 seconds, and water bath sonicated for 10 minutes (VWR,
PA, USA). An aliquot was then pipetted into a 2 mL Eppendorf
tube (Eppendorf, Germany) and ultrasonicated with a program
of 10 s on, 5 s off for 60 s (100 W, VialTweeter, Hielscher
UP200st, Germany). The suspension was allowed to settle for 10
minutes and aliquots were pipetted from the top for a subse-
quent ~4x dilution. This procedure was done so no large
particles (i.e., particles with diameters >3 pm that may not fully
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vaporize in the ICP) were sampled. The final particle number
concentration (PNC) of the suspension used for analysis was
~4.3 x 10° particles per mL. While only one mineral stock
suspension was prepared, two replicate spICP-TOFMS
measurements were run, each with ~120 s of spICP-TOFMS
data.

A sample of galena was obtained via the Iowa State University
Department of Geological and Atmospheric Sciences. The
sample was ball milled (6 min, SPEX mixer/miller 8000M) and
underwent the same sample preparation as the monazite
suspension. The diluted particle suspension used for analysis
had a spICP-TOFMS-determined PNC of ~9.3 x 10* particles
per mL. Three replicate measurements (each with ~90 s of data
acquisition) of the galena suspension were used for particle
analysis.

All sample dilutions were prepared in ultrapure water spiked
with Cs to a concentration of 5 ng mL ™", as Cs is used in our
analysis as an uptake standard to calculate transport efficiency
with microdroplet calibration.

2.2 Analytical instrumentation and data analysis

2.2.1 spICP-TOFMS. All data was acquired on an icpTOF-S2
instrument (TOFWERK AG, Thun, Switzerland). Suspended
particles were transported to the instrument interface via
a microFAST MC autosampler (Elemental Scientific, Omaha,
NE, USA). In Table S1,} we provide typical operating conditions
of the ICP-TOFMS instrument.

Online microdroplet calibration was used to obtain matrix-
matched calibration, to determine mass amounts of isotopes
per particles, and to determine sample-specific PNCs.***
Details of the online microdroplet calibration method have
been reported previously.****** Two calibration solutions were
used for spICP-TOFMS analysis of the two mineral types. Both
solutions contain the same elements—Cs, Sm, Pb, Th, and U—
but at different concentrations. Solutions were made gravi-
metrically from single-element standard solutions (High Purity
Standards, Charleston, SC, USA) and prepared in 1% HNO; (w/v,
in-house sub-boiled nitric acid, Savillex Corp, MN, USA).
Importantly, the calibration solutions used in our experiments
are element standards and not isotope standards, meaning they
are unverified regarding isotopic abundances. The concentra-
tions of isotopes within the microdroplet solutions were
calculated according to isotopic abundance values given by
IUPAC.* Lack of use of isotopic standards may lead to system-
atic errors in the accuracy of determined isotope ratios and
ages; however, use of element standards does not impact the
discussion of precision of spICP-TOFMS measurements. In
Table S2,7 we provide detailed parameters for the online
microdroplet calibration measurements.

We analyzed spICP-TOFMS data with TOF-SPI (TOF Single-
Particle Investigator),”® an in-house batch analysis program
created in LabVIEW (LabVIEW 2018, National Instruments, TX,
USA). TOF-SPI calculates the critical value (Lcp,;) and the crit-
ical mass (XC.sp.) Oof specified elements/isotopes (i). Lg,sp,; is the
count threshold criteria used to distinguish whether a signal is
particle-derived or from the steady-state background. TOF-SPI
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background subtracts all particle data, corrects for split
events, calculates absolute sensitivities, and determines PNCs
and mass amounts of detected elements/isotopes within each
particle. To ensure all spICP-TOFMS data are recorded within
the linear working range of the ICP-TOFMS instrument, we
remove all particle-derived signals with over 20000 TofCts
(summed counts from selected elements/isotopes used for
analysis).” While monazite contains many rare earth elements
(Ce, La, Nd, etc.), and all were detectable within the particles, we
did not quantify these elements. Sulfur and phosphorous,
which are major elements in galena and monazite, respectively,
were not detectable at the single-particle level with our ICP-
TOFMS tune settings, which were optimized for mid-to-high
mjfz.

2.2.2 Monte Carlo simulations. Monte Carlo simulations of
SpICP-TOFMS signals were done with an in-house LabView
Program to predict the signal structure of isotope ratios
measured by spICP-TOFMS. In our simulation, a user inputs the
number of particles, the median and standard deviation of the
particle-size distribution, isotope mass fractions in the parti-
cles, sensitivities for each isotope (i), and Lcp,; values. The
simulation then incorporates Poisson noise and outputs the
expected particle-derived signals that would be measured in
a spICP-TOFMS experiment. These Monte Carlo simulations
represent the “best case,” in which spICP-TOFMS signals are
only limited by Poisson noise.

Monte Carlo Poisson confidence bands were also generated
in LabVIEW. In this Monte Carlo approach, signals from two
isotopes (A and B) with average rates (14 and Ag), and a known
signal ratio (A,/Ap) are simulated. First, a series of average signal
values (A, and Ag) are created across a range of signal levels
based on the known 2,/Ag ratio. Random draws (N = 105) from
Poisson distributions with means of A, and Ag are then taken,
and the ratios of these Poisson-sampled signals are obtained.
For each A, and Ag, the confidence intervals are established at
the 2.5% and 97.5% percentiles of the Poisson-sampled signal
ratios. Confidence bands at the 95% significance level are
created by compiling the confidence intervals at all simulated A,
and g values. Confidence bands generated in the signal
domain are converted to the amount (i.e., mass) domain using
the absolute sensitivities for measured for isotopes A and B.

3 Results and discussion

In this study, we aim to determine whether spICP-TOFMS is
a viable technique to use for isotopic analysis, and to explore
this method's advantages and limitations. In spICP-TOFMS
analysis, the ability to accurately and precisely measure
a given isotope's signal depends on its abundance within
a particle, the critical mass required to detect the isotope (which
depends on sensitivity and signal background levels), and
detection noise. In the best-case scenario, particles will have
a known size distribution, conserved isotope ratios, and Pois-
son noise will be the only uncorrelated noise source. In such
a case, the measurement of ratios will be “Poisson-limited”.
However, even with these conditions, spICP-TOFMS measures
a range of isotope ratios that vary as a function of particle size.

This journal is © The Royal Society of Chemistry 2024
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(A) Schematic of the Monte Carlo simulation approach. The true mass distributions of two isotopes (A and B) are modelled and Poisson-

distributed TOFMS signals are generated. Signals are truncated based on critical values (Lc sp). (B) Simulated spICP-TOFMS signals of isotope A
versus isotope B from individual particles. The simulated particles show that isotope ratios converge to the specified, constant ratio of 10/1 (A/B).
(C) A density scatter plot of the signal ratio of isotopes A/B vs. signal of the major isotope A. While there is more spread in isotope ratios for particle
events with low signal (i.e., from small particles), this spread is predictable and accounted for by Monte Carlo Poisson confidence bands. As

particle mass increases, particles converge to the known isotope ratio.

To illustrate this, in Fig. 1, we plot results from the Monte Carlo
simulation of spICP-TOFMS signals from 100 000 particles with
arbitrary isotopes, A and B. In our simulation, particles are
modelled with a Log-Normal particle size distribution of 75%/
1.5 nm,* a particle density of 5.15 ¢ mL ", a conserved isotope
ratio of 10/1 (A/B), absolute sensitivities of 1 x 10'” TofCts per g
for both A and B, and equal critical values (Lc s, = 5 TofCts). The
size and density parameters were selected to best replicate the
real monazite mineral particles used in this study, and the other
parameters were selected to simplify the explanation and
illustration of the data treatment for these simulated particles.
Fig. 1A is a graphical description of the Monte Carlo simulation
for anticipated measured responses for isotopes A and B. As
seen in Fig. 1A, the whole mass distribution of the lower
abundance isotope B is not measurable by spICP-TOFMS
because many particles have mass amounts of B below the
critical mass (X¢gp.n)-

Throughout the manuscript, data will follow the format
presented in Fig. 1B and C. In Fig. 1B, the simulated spICP-
TOFMS signals of isotopes A and B are plotted to determine
their correlation. Isotope signals are not measurable below their
respective Lc, values, and the relative uncertainty (ie., the

This journal is © The Royal Society of Chemistry 2024

relative spread) of the measured signal ratio decreases as the
intensity of the signals in the particles increase, i.e., as the sizes
of the particles increase. Since Fig. 1B is on a log-log scale, only
particle events with measurable amounts of both isotopes A and
B are plotted. All spICP-TOFMS particle signal data is displayed
in “TOF counts” (TofCts).*® Data in the signal domain can be
converted to mass, or molar, amounts using the determined
isotope-specific sensitivities.

In Fig. 1C, we provide a density scatter plot of the isotope
signal ratios recorded from individual particles versus the signal
of the major isotope. Understanding the shape and spread of
data in this scatter plot is important for assessing spICP-TOFMS
isotope-ratio performance. First, as seen in Fig. 1C, no isotope
ratio signals are measurable to the left of a defined boundary
(TofCts A/Lc sp,5) because to the left of this line, signals of B have
values below L¢ 4, 5, and are therefore not detectable. This low-
signal cutoff indicates that the measurable isotope ratio
between A and B is particle-size (or isotope-abundance)
dependent. Second, as the signals from particles increase
(which corresponds to a larger diameter and more mass), the
isotope signal ratios converge to the known ratio (here, 10/1 for
A/B). The isotope-ratio is systematically biased in smaller
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particles; the contribution of the minor isotope is over-
determined because at counts close Lcp, only signals from
the upper tail of the signal distribution with added Poisson
noise are detectable. Finally, the confidence bands in Fig. 1C
show the majority of spread in the isotope-ratio data is
explainable by Poisson-Normal statistics (black), but that Monte
Carlo estimated Poisson confidence bands (green) provide an
even better match with the spread of the isotope-ratio data. At
low count rates (A < 5), the Poisson-Normal approximation (in
which confidence intervals are calculated with z-scores from
Normal distribution with o = A'/?) fails because the distribution
is highly skewed.””** Monte Carlo Poisson confidence bands
account for this skew and thus better match the spread of our
spICP-TOFMS data. For particles with conserved isotope ratios,
but variable sizes, our simulations show that few outliers are
expected beyond the Monte Carlo Poisson confidence bands.

3.1 Stable isotope-ratio analysis by spICP-TOFMS

In experimental spICP-TOFMS data, just as with the simulated
data, conserved isotope ratios in a population of particles are
expected to converge to a single value and the spread of the
ratios should be within the Monte Carlo Poisson confidence
bands. To evaluate this hypothesis, spICP-TOFMS analyses of
two isotope pairs from two unique mineral particle types were
performed: **°Sm/**’Sm in monazite and *°*Pb/>**°Pb in galena.

Monazite is rich in many light rare earth elements, including
Ce, La, Pr, Nd, and Sm, in addition to Th and U. For our

e Monazite 8
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analyses, we chose to quantify the isotope ratio of **°Sm/**’Sm
because these isotopes are moderately abundant in the particles
and do not have any significant isobaric interferences. **°Sm is
a stable isotope with a molar abundance of 13.8%; **’Sm is an
extremely long-lived radio-isotope (half-life of 1.06 x 10" years)
with a natural molar abundance of 15.0%.%> In Fig. 2A, we plot
the molar ratio of **°Sm to '*’Sm recorded in the monazite
particles. As seen, the measured molar ratio from the pop-
ulation of monazite particles is 0.91, which is within 1% of the
expected natural *°Sm/**’Sm ratio of 0.92. In Fig. 2B, we plot
the signal ratios of *°Sm/"*’Sm vs. the signal measured for
149sm. The "*°Sm/**’Sm TofCts ratio converges to 0.99, and the
measured isotope-ratio population follows the same general
shape as predicted by our Monte Carlo simulation (see Fig. 1C).
Likewise, the Monte Carlo Poisson confidence bands predict the
spread of the isotope-ratio data.

In Fig. 2C and D, we plot results from the analysis of Pb
isotopes from individual galena particles. >°°Pb, >**’Pb and *°*Pb
are radiogenic isotopes that are commonly used in fields such
a geology, archeology, and aerosol science for applications such
as radiometric dating and source apportionment.®®** Galena
samples can have distinct Pb molar ratios of 2°*Pb to *°°Pb
based on their origin; however, the ratios of *°*Pb/>*°°Pb are
expected to be close to ~2 and are typically consistent within
a single sample. The galena sample we analyzed has a stable
>08pb/>°°Pb molar ratio of 1.86 (mass ratio of 1.88), as shown in
Fig. 2C. This molar ratio is consistent with others reported for
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(A) Sm isotopes are plotted against each other, and the slope of the linear fit represents the molar ratio detected within monazite particles.

(B) shows the count ratio of 24°Sm : 147Sm with the Monte Carlo-Poisson Cl and a density plot showing most of the particle ratios are detected
within these bands. (C) and (D) display similar plots for the stable isotopes of 2°8Pb and 2°®Pb in galena mineral particles.
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galena.®” The density scatter plot in Fig. 2D differs slightly from
the Sm isotope ratios shown in Fig. 2B in that there are multiple
spots with high density. These “hot spots” could indicate
a multi-modal size distribution for the galena particles. While
the size distribution of this particle population was not further
confirmed with other techniques, these multiple areas of over-
lapping data points indicate the population detected is char-
acterized by multiple particle sizes. In our measurements,
dissolved steady-state background measured in the galena
samples prohibits the detection of small particles, which are
expected to have higher PNCs in natural samples.® This limits
the number and size of particles detected. It could be that
a large population of small galena particles is undetected in our
spICP-TOFMS analysis, which would, if detectable, show high
density similar to the monazite particles in Fig. 2B. Nonethe-
less, the spread in 2°°Pb/*°°Pb isotope-ratio data is effectively
described by Monte Carlo Poisson confidence bands, which
demonstrates that the isotope-ratio is constant in the galena
particles.

Precision in isotopic ratio analysis is usually reported as the
RSD of the ratio over multiple sample measurements. In spICP-
TOFMS, each measured particle is a sample, and the RSD of the
analysis depends on the particle size and isotope abundance. In
Fig. 3, we plot the RSD for "*°sm/"*’Sm and *°°Pb/*°°Pb as
a function of the determined mass of **°Sm and 2°®Pb, respec-
tively. To obtain these plots, the logarithms (base 10) of particle-
signal intensities of '**Sm and *°®Pb were taken and binned at
increments of 0.1. Isotope ratio precisions (i.e., RSDs) from data
within the log-bins were then calculated. As seen in Fig. 3A, the
RSD of the "*°Sm/"*’Sm ratio matches closely with that pre-
dicted by Poisson statistics. For the Sm isotopes, RSDs range
from 43% to 5% for average TofCts from 10 to 800 for *°Sm.
The best precision we achieved was 5%; for an RSD of 2%,
almost 5000 counts (i.e., 12 fg) of **°Sm would be required. The
initial increase in RSD for the **°Sm/"*’Sm ratio is an artifact in
the data due to the low-signal cutoff for the ratio (i.e. TofCts

A ® Monazite Binned Particles
—— Poisson-Predicted

0.6 T T T T T 1
-2.0 -1.5 -1.0 -0.5 0.0 0.5

4°Sm (log(fg))
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198m/Lc gp,17sm) as seen in Fig. 3A (pink dashed line). This cut-
off restricts the range of isotope ratios able to be recorded and
thus also restricts the range of deviations possible.

Unlike the Sm isotope-ratio precision, the RSD of 2°*Pb/2°°Pb
from galena (see Fig. 3B) deviates from the precision predicted
by Poisson statistics, though the general trend of a lower RSD
with larger particle size is followed. Deviation from the Poisson-
predicted RSD could be partly caused by the low and inconsis-
tent numbers of particles within each log-bin. The total PNC of
the analyzed galena particles is ~5x less than that of the Sm-
containing monazite particles. Additionally, the high back-
ground of 2°°Pb and *°®Pb signals could introduce non-
negligible noise that is propagated during background
subtraction but is not accounted for in Poisson-predicted RSDs.
This background noise causes the RSDs of the ratios to be
elevated compared to the Poisson-predicted RSDs. Nonetheless,
the measured precision for >*°®Pb/>°°Pb in these particles ranged
from 32% to 2% for particles with 1.4 to 80 fg of Pb (which
correspond to estimated particle diameters from 75 to 290 nm,
assuming spherical shape and a density of 7.6 g mL™").*” For
SpICP-TOFMS analysis, the maximum detectable cumulative
isotopic signal in a single particle event is ~20 000 TofCts;
above this signal level, the detector saturates, and the isotope-
ratio is no longer quantitative. Thus, the lowest isotope-ratio
precision at the single-particle level is ~1.4% (10k TofCts for
each isotope). In our analysis of in situ >°*Pb/**°Pb ratios in
galena particles, the 2% RSD achieved for the largest particles is
near the performance limit of spICP-TOFMS.

3.2 Isotope-ratio fingerprinting by spICP-TOFMS

Single particle ICP-TOFMS enables the detection and quantifi-
cation of multiple isotopes within individual particles and the
rapid measurement of thousands of particles, making it a viable
technique for isotope-fingerprinting of rare particle events. For
example, this could be useful for source apportionment of
aerosols,*** or nuclear forensics.®*®” In Fig. 4, we present TOF

B 0 Galena Binned Particles
16 —— Poisson-Predicted

T T T T T T T T T T T
-02 00 02 04 06 08 10 12 14 16 18
2%Pb (log(fg))

Fig.3 Log of RSDs obtained for spICP-TOFMS analysis of 2#9Sm/**’Sm (A) and 2°®Pb/2°6Pb (B) from monazite and galena, respectively. RSDs are
obtained for recorded isotope ratios of all particle data with masses of *°Sm and 2°8Pb binned logarithmically (base-10) at 0.1 increments.

Poisson-predicted isotope ratio precisions are plotted as black lines.
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Fig. 4 Full mass spectra (m/z 50-240) of individual particles of galena (orange) and monazite (black). The blue box zooms in on m/z203-210 to

show Pb isotope signals. Yellow lines represent the relative abundances

mass spectra from the analysis of single particles of monazite
and galena. As seen, the monazite particles have a radiogenic
lead signature with a much higher relative abundance of *°*pb
compared to the ‘natural’ Pb isotope ratios recorded from
galena particles and microdroplet standards. While the mona-
zite particles contain detectable amounts of *°°Pb, **’Pb, and
208ph, they lack sufficient amounts of non-radiogenic ***Pb to
be detected at the single-particle level. In contrast, ***Pb is
detectable in ~68% of all galena multi-metal particles.

In Fig. 5, we provide scatter plots of the mass ratios of
208ph/295ph recorded from monazite and galena particles. While
the galena particles have a *°*Pb/>°°Pb ratio that converges to
~2:1, the *°°Pb/**°Pb ratio in the monazite particles is much
more scattered with a ratio that converges to ~10:1. While
these two minerals can be identified based on other elements
present in monazite (rare earth elements), this highlights the
potential use of spICP-TOFMS to find isotopic enrichment
within particles (for Pb or other isotopes of interest) or for
isotope fingerprinting applications. Single particle ICP-TOFMS
requires low sample amounts, and particle-resolved isotope
measurement provides more information than a bulk digest if
mixtures of particle types are present.

Monazite particles are rich in LREEs and Th, and can also
contain significant amounts of U. The radiogenic Pb-isotope
signatures detected in the monazite particles by spICP-TOFMS
originate from the radioactive decay of >*Th and ***U to ***Pb
and *°°Pb, respectively. *°*Pb has a much higher abundance
than *°°Pb because the monazite particles have ~20x more Th
than U (see Fig. S11). *°’Pb is also measured in the monazite
particles and is the final decay product of ***U; however, >*°U is
not detectable in these particles, likely due to the low initial
abundance of this isotope in the monazite and the shorter half-
life of 2**U compared to >*®U. We further confirmed the pres-
ence of Pb, Th, and U in a limited number of monazite particles
by SEM-EDS, which can be found in Fig. S2 and S3.1 The clear
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of each Pb isotope found within the microdroplets.

radiogenic isotope signature of Pb in the monazite particles,
along with the absence of non-radiogenic ***Pb, indicates that
these particles may be suitable for geochronological dating
using the ***Th->°*Pb and ***U-*"°Pb systems.

3.3 Application of sp-isotopic analysis to geochronology

The decays of ***Th to *°®Pb and ***U to *°°Pb are commonly
analyzed in monazite to determine the age of the minerals and
better understand the conditions surrounding their forma-
tion.®® Monazite incorporates significant amounts of Th and U
during formation, but does not tend to incorporate Pb. Mona-
zite grains have high thermal stability (closing temperature >
800 °C) and are not very susceptible to radiation damage, which
limits depletion of radiometric Pb.* The age of a monazite
sample can be estimated from first-order decay of ***Th and
238U as shown in eqn (1), where N is the number of atoms/
moles of the parent isotope measured, N, is the number of
atoms/moles originally present in the sample, A is the rate
constant, and ¢ is time. In our spICP-TOFMS analysis of
monazite particles, we did not detect ***Pb even in particles
with high mass amounts of other elements (indicating a large
particle), thus we assume no “common” Pb was incorporated in
the monazite grain at formation and that all >***Pb is thorogenic
and all *°°Pb is uranogenic. Assuming no initial amount of Pb,
eqn (1) can be simplified as shown in eqn (2), using the
*3>Th->°®Pb system as an example. The half-life (¢,,,) of ***Th is
around 14 billion years, whereas the half-life of >**U is around
4.5 billion years.”

In(2)

1/2

N = Ny e™ where A =

208pp
<232Th) = (e)m[ - 1)

(1)

(2)
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Fig. 5 Mass ratios of 2°®Pb/2°®Pb measured within individual galena (yellow) and monazite (red) particles by splCP-TOFMS plotted versus the
determined mass of 2°8Pb in each particle. The monazite particles show more spread and converge to ratio of ~10 : 1 (blue line); the 2°®Pb/2°6pPp
mass ratio in the galena particles is more constrained and converges to ~2 : 1 (green line).
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Fig. 6 Determined ages of individual monazite particles from the Th—Pb system (A) and U—-Pb system (B) plotted against the mass of either Th or
U, respectively. As particle mass increases, isotope ratios of 2°6Pb/2%2Th and 2°6Pb/2*8U converge to a single value, and this corresponds to
a single determined age. The median age for both systems is determined to be 550 Ma (green dotted line). While most determined ages fall within
the Monte-Carlo Poisson confidence bands (green solid lines), the determined ages have spread larger than that explainable by analytical
uncertainty of the measurement.
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In our analyses, only spICP-TOFMS particle-derived signals
with measurable amounts of *°°Pb and ***U and/or *°*Pb and
*>Th were considered. Around 86% of multi-metal monazite
particles contain measurable amounts of both >*>Th and >°*Pb;
~47% of these particles contain measurable amounts of ***U
and 2°°Pb. In Fig. 6, we provide density scatter plots of the Th-
Pb and U-Pb ages determined for individual monazite particles
with estimated diameters from 37 to 639 nm, assuming
a density of 5.2 g cm ™ ® and an average monazite particle stoi-
chiometry of (Ceg 44La0.14Ndg 12P0.0sTho 23)PO,. In Fig. S4,1 we
provide a histogram comparing the recorded ages in the parti-
cles; Th-Pb and U-Pb systems both yield a median age of 550
Ma. As seen in Fig. 6, while the determined single-particle Th-
Pb and U-Pb ages converge to similar values, the spread of the
determined ages is greater than predicted by Poisson statistics
and does not match the shape expected for homogeneous
isotope ratios (see Fig. 1). Particles with measured isotope ratios
that fall outside the Monte Carlo Poisson confidence bands
likely do not belong to the same particle population with an age
that converges to ~550 Ma. These outlier monazite particles
could be the result of true age differences via zonation of
monazite grains,* or could be due to the depletion or enrich-
ment of Pb, Th, or U from processes such as chemical weath-
ering. For example, monazite particles with depleted Pb would
appear younger, whereas particles enriched in Pb would appear
older. Particles could also have “common lead” that the radio-
genic Pb signal was not normalized against because ***Pb was
not detectable, which would alter the ages measured. Regard-
less of the cause of outlier ages, our spICP-TOFMS analysis
demonstrates that these outliers are not analytical artifacts and
that the precision achievable for dating sub-micron particles by
SspICP-TOFMS is not solely limited by Poisson statistics of
spICP-TOFMS measurements, but also by true heterogeneity of
the particles analyzed.

4 Conclusions

We demonstrated that spICP-TOFMS can perform isotope-ratio
analysis of individual sub-micron particles; however, the rela-
tively low signals measurable from single particles caps the
Poisson-limited isotope-ratio precision at ~1.4%. For small
particles with low counts of analyte isotopes, isotope-ratio
precisions greater than 10% are common. With Monte Carlo
simulations and the analysis of stable Sm and Pb isotopes, we
demonstrate that the spread in spICP-TOFMS-determined
isotope-ratios is predictable and dominated by Poisson error.
For monazite particles, **°Sm/**’Sm RSD ranged from 43% to
5%. Similarly, for galena particles, >°*Pb/***Pb RSD ranged from
32% to 2%. The large spread in RSD highlights that isotope-
ratio analyses of individual particles by spICP-TOFMS should
always consider the mass amounts of the isotopes measured.
When the mass amounts of isotopes of interest are low within
particles, the precision of the analysis may limit the ability to
determine accurate ratios and identify particles with anomalous
ratios.

We also demonstrate, for the first time, the radioisotope
dating of individual monazite particles by spICP-TOFMS
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through the analysis of 2°®Pb/***Th and 2°°Pb/***U isotope
ratios. We determined that the age of our sample is approxi-
mately 550 Ma. The determined age is most likely inaccurate, as
we did not confirm the age through other techniques or use
isotopic standards for the analysis. Nonetheless, our results
show that spICP-TOFMS provides sufficient sensitivity to
determine reasonable ages at the single-particle level. Since
dating of individual particles requires the use of isotopic ratios,
accurate spICP-TOFMS dating requires the analysis of large
particles. For example, to obtain less than a 5% RSD on the
predicted age of monazite particles, we would need to measure
particles with at least ~60 fg of Th. The upper limit on the
precision available for spICP-TOFMS is defined by TOFMS
detector saturation, and so extension of the linear dynamic
range to measure more signal per isotope per particle would
improve RSDs achievable.

While RSDs achievable by spICP-TOFMS are significantly
higher than those reported with MC-ICP-MS, the spread around
the spICP-TOFMS-determined ratios is predictable and
explainable via Poisson statistics. For the analysis of monazite
particles, we demonstrate that many of the determined
208ph/232Th and 2°°Pb/**®U ratios have variability greater than
the analytical uncertainty, and thus the precision of the overall
analysis is dictated by particle heterogeneity. Isotope-ratio
analysis by spICP-TOFMS is a simple and rapid means of
analyzing multiple isotope ratios for large populations of
particles. Altogether, this could make spICP-TOFMS well suited
for application in fields in which isotope ratios have large
variability, such as in the source apportionment of aerosols or
in nuclear forensics.
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