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ARTICLE INFO ABSTRACT

Editor: Balz Kamber Titanite (CaTiSiOs) is a commonly occurring and versatile accessory mineral with broad applications in petro-
chronology. In situ U-Pb and trace element analyses via SIMS and LA-ICPMS are routinely performed using a

Keywords: matrix-matched reference material for U-Pb and standard glasses (non-matrix matched reference material) for

Titanite

elemental abundance determination. We report U-Pb isotopic ratios and major and trace element concentrations
for three titanite samples (Ecstall, McClure and FCT) which are commonly used as reference materials in pet-
rochronology studies. In addition, we characterize two new samples which can potentially serve as matrix-
matched reference materials for titanite trace element geochemistry (BLR-2 and BRA-1). Based on electron
microprobe analysis, samples BLR-1 and BLR-2 are homogeneous and suitable for use as a primary reference
material for trace element concentrations. Whereas Ecstall, McClure, and FCT titanite reference materials show
high intra-grain heterogeneity, yielding relative standard deviations for most trace elements between 5% and
40%, with higher standard deviations for U of 70% for Ecstall (n = 26), 265% for McClure (n = 22), and 202% for
FCT (n = 26). Therefore, we suggest that these grains are unsuited to serve as reference materials for trace
element quantification. The BRA-1 titanite has low trace element concentrations and is chemically heterogeneous
(total REE abundances of 40 ppm for the rim and 95 ppm for the core of the grain), thus is not suitable for
standardization of chemical composition using LA-ICPMS. It is commonly asserted that a matrix-matched stan-
dardization provides a more robust downhole fractionation correction compared to a non-matrix matched
standardization. However, it remains unclear which standardization approach (matrix-matched vs non-matrix
matched/glass) is more accurate for titanite trace element quantification. To resolve this, we tested several
standardization approaches for trace element quantification, comparing matrix-matched (BLR-1) and non-
matrix-matched (NIST612) standardizations with different internal elemental standards (IES; Ca, Si and Ti)
and without internal standardization (semi-quantitative). To provide an independent constraint on the accuracy
of the various trace element standardization techniques we compared results to trace element concentrations
obtained via solution Q-ICPMS on crushed BLR-2 and BRA-1 aliquots. The matrix-matched standardization using
Si as the IES yields the best reproducibility of trace element concentrations followed by the matrix-matched
reduction using Ti as the IES. Moreover, the matrix-matched semi-quantitative correction yielded the lowest
weighted percentage of difference compared to reference trace composition quantified by solution ICPMS.
Finally, in this contribution we also benchmark sampling-size for precise U-Pb dating of common-Pb rich phases
like titanite.
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1. Introduction

Titanite is a commonly occurring accessory mineral found in igneous
and metamorphic rocks (e.g., Smith, 1970; Nakada, 1991). Its compo-
sition and crystal structure allow the incorporation of a significant
amount of U, Pb, Th and other trace elements (i.e., High Field Strength
Elements and Rare Earth Elements), making it a robust candidate for
petrochronological studies (e.g., Kohn, 2017; Scibiorski and Cawood,
2022). The combination of in-situ U-Pb isotope and trace elements
analysis in titanite and other U-bearing accessory mineral phases has
undergone rapid improvement in precision and accuracy over the last
decade. Some studies decouple the isotopic measurement from trace
element analysis using Laser Ablation-Inductively Coupled Plasma-Mass
Spectrometry (LA-ICP-MS), Thermal Ionization Mass Spectrometry
(TIMS) sensu lato, or Secondary Ion Mass Spectrometry (SIMS) for U-Pb
ratio determination and LA-ICP-MS or electron microprobe (EMP)
analysis close to the previously ablated areas, for trace elements con-
centrations (e.g., Kylander-Clark et al., 2013; Glorie et al., 2019). More
recently, workers tend to combine the analysis of U-Pb ratios and
elemental concentrations from the same analyte volume, thus allowing
direct linking between age and chemistry using quadrupole ICP-MS (e.
g., Li et al., 2000), SIMS (e.g., Mcclelland et al., 2009) or Laser Ablation
Split Stream (LASS) ICP-MS (Chen et al., 2010; Kylander-Clark et al.,
2013; Stearns et al., 2016) or LA-High Resolution-ICP-MS (HR, Chapman
et al., 2016; this study). Regarding U-Pb dating, several authors showed
that titanite could retain its radiogenic Pb content over long-term and
high-grade heating events (650-700 °C, see e.g., Kohn and Corrie, 2011;
Gao et al., 2012 or even higher than 750 °C; see Spencer et al., 2013;
Kohn, 2017; Smye et al., 2018) when compared to laboratory diffusion
studies (e.g., Cherniak, 1993). The high closure temperature compatible
with slower Pb diffusion in titanite, and the fact that U-Pb systematics
are strongly influenced by metamorphic growth (Frost et al., 2001),
make titanite a powerful and complementary approach in dating both
igneous events and also successive metamorphic — and deformation —
events (Essex and Gromet, 2000; Papapavlou et al., 2018; Walters et al.,
2022; Moser et al., 2022), mineral deposits (Pan et al., 2018; Liu et al.,
2022) and hydrothermal overprinting (Song et al., 2019; Hart-Madigan
et al., 2020).

Obtaining accurate U-Pb ages in titanite is hindered by the presence
of high and variable non-radiogenic Pb/radiogenic Pb ratios (e.g., Frost
etal., 2001; Aleinikoff et al., 2002; Kirkland et al., 2018), which requires
a non-radiogenic Pb correction of the raw U-Pb isotopic dataset (see
Storey et al., 2006; Chew et al., 2014; Jepson et al., 2021 for apatite non-
radiogenic Pb correction). One approach is to combine uncorrected U-Pb
analyses from a suite of cogenetic titanite grains with varying abun-
dances of non-radiogenic Pb. Based on the spread of cogenetic titanites
along a shared isotopic evolution line, U-Pb ages can be determined
either by using the lower intercept age in a Tera-Wasserburg diagram or
as a weighted average of 207Pb-corrected ages using the non-radiogenic
Pb composition from the upper intercept (Simonetti et al., 2006; Chew
et al., 2011 similarly for apatite U-Pb dating). Therefore, having spread
in the uncorrected U-Pb data, i.e., the variable incorporation of non-
radiogenic Pb, is key in calculating precise U-Pb age (Kirkland et al.,
2018). Whereas the variation in non-radiogenic Pb is mainly dependent
on the sample, multiple cogenetic grains and multiple spots can increase
the chance of constraining a non-radiogenic Pb isotope line. Ideally, this
information should be assessed during a LA-ICP-MS session to know how
many analyses are required to constrain non-radiogenic Pb composition
and ultimately, estimate a precise and accurate Pb-corrected age. Pres-
ently, the relationship among the amount of non-radiogenic Pb in
titanite, the number of analyses and its effect on age accuracy and
precision is not explored.

Titanite trace element concentrations are able to document ther-
mobarometry and fingerprint petrogenetic conditions. Ti and Zr content
can substitute between cogenetic titanite, rutile and zircon (Ferry and
Watson, 2007; Hayden et al., 2008; Tomkins et al., 2007; Zack et al.,
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2004). The substitution of Ti and Zr is regulated by temperature, making
titanite a useful geo-thermometer (Hayden et al., 2008; Timms et al.,
2011), and has been successfully applied to understanding the thermal
evolution of various tectonic systems (Stearns et al., 2015; Schwartz
et al., 2016; Mottram et al., 2019). The rare earth element (REE)
signature of titanite has also been found to distinguish between different
generations of mineral growth (Scibiorski et al., 2019) or to reveal the
petrogenetic conditions during their crystallization (e.g., Mazdab, 2009;
Gao et al., 2011; Olierook et al., 2019). Central to titanites petrological
utility is the accurate determination of trace element concentrations. It
is widely accepted that using a matrix-matched reference material more
reliably quantifies trace element concentrations using LA-ICP-MS (Mil-
iszkiewicz et al., 2015; Spandler et al., 2016). Despite this, there are still
numerous studies that use reference glass material as primary standards
(e.g., NIST610; NIST612; BHVO-2). Further, after trace element mea-
surements there remain several methods for standardizing the raw data
to a final concentration. The most common standardization technique is
using Ca, Si or Ti, assumed as either stoichiometric or determined from
EMP analyses, as an internal standard (e.g., Tiepolo et al., 2002, Stearns
et al., 2016, Papapavlou et al., 2018, Cioffi et al., 2019, Kirkland et al.,
2020). However, some studies employ the semi-quantitative technique
relative to a matrix-matched standard which requires no internal stan-
dardization (e.g., Ubide et al., 2015). Moreover, some studies apply a
sum normalization calibration method for trace elements quantification
(e.g., Liu et al., 2008; He et al., 2013). This method does not require an
internal elemental standard but relies on analysis of as many elements as
possible. Due to the variety of approaches, the effect of using
matrix-matched versus non-matrix-matched standardization on trace
element concentrations remains poorly documented for Ti-rich mineral
phases, despite its importance for producing consistent petrochrono-
logical interpretations.

The aim of this study is three-fold: (i) Provide a new detailed char-
acterization of major and trace element composition for commonly used
titanite reference materials (i.e., Bear Lake Ridge, Ecstall, McClure, BRA-
1 and Fish Canyon Tulff titanites). (ii) Quantify the effect of using matrix-
matched (BLR-1 titanite) versus non-matrix matched (NIST612 glass) as
primary standards for quantifying titanite trace element concentrations.
Here, we explore the impact of applying different data reduction
schemes, internal standardization with Ca vs Si vs Ti as internal
elemental standards and semi-quantitative reduction without internal
standardization on the final titanite trace element concentration. (iii) To
suggest benchmarks and discuss limitations for U-Pb analysis on non-
radiogenic Pb rich titanite. Specifically, a minimum number of U-Pb
analyses, F207%, and expected accuracy and precision based on statis-
tical bootstrap analysis. Finally, we present Sr isotope ratios via TIMS for
BLR-2 and BRA-1 titanite, to further characterize these grains as refer-
ence materials for additional isotopic analyses (see Supplementary
Materials Doc. S1).

2. Material and methods
2.1. Sample description and preparation

In this study, we characterized three readily available titanite U-Pb
standards (Ecstall, McClure, FCT) and one commonly used titanite U-Pb
standard (BLR-1), and present two new titanite U-Pb and trace element
reference materials (BLR-2 and BRA-1). Bear Lake Road titanite (BLR-1;
1047.1 £ 0.4 Ma, Aleinikoff et al., 2007; Spencer et al., 2013, Stearns
et al.,, 2016) is a compositionally homogeneous metamorphic mega-
crystal (10* pm) collected from Bear Lake Diggings, Ontario (Canada).
The BLR-1 titanite occurs in calcite veins of controversial origin within
the highly deformed Central Metasedimentary Belt of the Grenville
Province (Hewitt and Thomson, 1956). The BLR-2 titanite is a centi-
metric metamorphic grain weighting ~6 g, collected from the same
location as BLR-1. The BLR-1 titanite has reported isotopic values of:
206ph238y = 0.176257 + 0.093333, 2Pb/?U = 1.805717 +
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0.125000, 2%7Pb/2%pPb = 0.074303 + 0.073333 (Aleinikoff et al.,
2007), and Pb, Th and U concentrations of 19.7 ppm, 186.0 ppm, and
300.0 ppm, respectively (Mazdab, 2009). Ecstall titanite is a small
(typically 300 pm long) igneous titanite from the Ecstall pluton in British
Columbia (zircon U-Pb age of 91.5 + 1.0 Ma; Butler et al., 2002). The
Ecstall pluton is a large granitic body flanking the western edge of the
Coast Mountains and is composed of hornblende quartz diorite and
granodiorite (Hutchison, 1982). The BRA-1 grain is a large
pluri-centimetric (~3 cm long) yellowish titanite grain from Brazil.
McClure titanites are small (typically 300 pm long) igneous grains
extracted from the syenite in the McClure Mountains in Colorado, USA.
The McClure Mountains are an alkalic complex, a syenite body intrudes
cumulates of olivine, pyroxene and plagioclase (Alexander Jr, 1979;
Olson et al., 1977). Alongside its major mineralogical composition
(plagioclase, potassium feldspar, clinopyroxene, hornblende, clinopyr-
oxene), the syenite body contains abundant accessory minerals such as
apatite and titanite (e.g., Schoene and Bowring, 2006). Previous
geochronological studies on McClure titanite revealed a Pb.py-corrected
207p /235y age of 523.26 + 1.27 Ma (Schoene and Bowring, 2006). The
FCT titanites are 500 pm long orange grains from the Fish Canyon Tuff, a
quartz latite ash-flow in the San Juan Mountains in Colorado. The Fish
Canyon Tuff is an Oligocene large volume ash-flow contains abundant
hornblende, biotite, plagioclase, sanidine, quartz, titanite and ilmenite
and is chemically and mineralogically homogeneous (Whitney et al.,
1985). Schmitz and Bowring (2001) determined the Pby-corrected
207pb,/235y weighted mean age of FCT titanite to be 28.87 + 0.50 Ma.

2.2. SEM analyses

Scanning Electron Microscope (SEM) analyses were performed at the
Lyon Geology Laboratory: Earth, Planets, Environment (Lyon, France).
Mineral separates of BLR-1, BLR-2, Ecstall, McClure, BRA-1 and FCT
titanites were mounted in epoxy resin, polished to half grain thickness,
and coated with a 10 nm thick carbon layer to reduce charging in the
Scanning Electron Microscope (SEM). These samples were analyzed in a
high vacuum by energy-dispersive X-ray (EDX)-SEM (Zeiss Supra 55VP
with Aztec Oxford System - DDI detector X-Max) operated at 5 kV for
secondary electron (SE) and 15 kV for EDX analyses, element mapping
and backscattered electron (BSE) imaging. The BLR-1 and Ecstall titanite
grains do not show mineral inclusions. The McClure titanite grains show
occasional plagioclase grains along the rims (Fig. 1). The FCT titanites
contain several zircon inclusions (< 50 pm) and small alkali feldspar
grains along the rims. The BLR-2 metamorphic titanite crystal contains
few small inclusions of iron oxides (< 10 pm), Nb-rich rutile and quartz
(< 70 pm). These inclusions are very rare and easy to avoid using BSE or
reflected light images.

2.3. Electron microprobe analyses

Electron Microprobe (EMP) analyses were conducted at the Lunar
and Planetary Laboratory (University of Arizona) using a CAMECA
S$X100 equipped with 5 WDS detectors. The instrument was calibrated
with natural and synthetic standards; matrix corrections were made
using the CITZAF and PaP algorithms. EMP ran at two distinct condi-
tions: the first one at 20 keV of voltage and 20 nA of current at a beam
size of 1 pm for SiOy, Nay0, Aly03, TiO3, K20, CaO, FeOT, Cry03, MnO
and F and the second one at 20 keV and 299 nA at a beam size of 5 pm for
lower concentrated elements, including Zr, Sr, Nb, Ce, Nd, Mg, Y, Th and
U. Mineral compositions, detection limits (LOD), and detailed analytical
and standardization conditions are available in Supplementary Mate-
rials Table S1.

2.4. Whole-grain analyses using solution-ICP-MS

Solution ICP-MS analyses were performed at the Geosciences
Department - University of Arizona (Tucson, AZ, USA). Two titanite
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grains (BLR-2 and BRA-1) were selected for solution ICP-MS because of
their large size and availability. Each large grain was micro-sampled from
core to rim using a Micromill instrument (from NewWave-Merchantek
with diamond drill bits from Brasseler Instrument; Ducea et al., 2003).
For whole-grain trace element analysis, about 150-100 mg of powder was
digested in a Teflon beaker in a tunnel oven with LiBO»-Li;B4O7 ac-
cording to the protocols of the French national research facility SARM-
CRPG (https://sarm.cnrs.fr/index.html/qui-sommes-nous/parc-anal
ytique-2/). The resulting solutions were dried, and the residues were
completely redissolved in HNO3 acid. The trace elements were analyzed
using an iCapQ ICP-MS (Thermofisher). During the analytical session, As,
Ba, Be, Bi, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Ga, Gd, Ge, Hf, Ho, La, Lu,
Mo, Nb, Nd, Ni, Pb, Pr, Rb, Sb, Sm, Sn, Sr, Ta, Tb, Th, Tm, U, V, W, Y, Yb,
Zn, Zr elemental concentrations were measured. All the analyses were
quality-checked with one reference sample out of every ten and internal
reference materials. The accuracy is within 5% of the certified values and
typically within <3% for most elements analyzed. For detailed analytical
procedure, see Carignan et al. (2001).

2.5. LA-HR-ICP-MS analyses

The chemical and isotopic analyses in this study were performed at
the Arizona LaserChron Center (www.laserchron.org), an NSF Com-
munity Facility housed in the Department of Geosciences at the Uni-
versity of Arizona (Tucson, AZ, USA). The isotopic abundances of U-Th-
Pb and trace and REE on titanite were determined simultaneously using
a Thermo Element2 HR ICP-MS coupled to Photon Machines Analyte G2
excimer laser equipped with HelEX low-volume cells. A standard-
unknown bracketing was performed during each analytical run which
provides a robust correction of the downhole elemental fractionation
during ablation. The pre-ablation run (cleaning shots) were performed
by three shots at 65 pm spot size per location and on-sample laser flu-
ence of 5.54 J/cm?. The ablation was carried out with a 30 pm spot size,
and a laser fluence of 5.56 J/cm? at 7 Hz. The acquisition mode
employed was time-resolved analysis and the detector counting modes
were in pulse-counting mode for signals below 5 x 10° counts per sec-
ond (cps) and analog mode (i.e., volts) for signals above 5 x 108 cps. The
analog mode measurements are converted to cps using the analog con-
version factor (ACF, Pullen et al., 2018). Each analytical run consisted of
10 s of background acquisition, 45 s of ablation and 10 s of washout,
leading to 73 rows of data per analysis. Six jumps in magnet setting were
used during each scan. He-Ar mixture was used as carrier gas, and
plasma torch conditions were optimized so that UO/U ratios were below
0.7%. The HelEx-2 cells allow for fast transport of the analyte to the
plasma, and thus, culminating in a fast return to background values after
the ablation (Pullen et al., 2018). The LA-HR-ICP-MS instrumentation
and acquisition parameters used in this study are summarized in Table 1.

During the typical analytical run the following elemental concen-
trations were quantified: 2741, 39si, 42ca, *°Ti, °Mn, ’Fe, ®Rb,
86,87,88g, 89y 907, 9lz. 93Np ) 13914 140ce 141py 146N 147gm
151gy 174, 159Tb, 163Dy, 15Ho, 166Er, 169Tm, 74yb, 7SLu, 178H,
181y 183y 204,206,207,208pp, 2327} apn( 238y, Most of the elements were
measured for 0.01 s and the dwell times were increased to 0.02 s for
elements which are commonly present in low concentrations in titanite
(Tm, Yb, Lu). The mass spectra were reduced using Iolite software
version 3.2 (Paton et al., 2011).

3. Results
3.1. Electron microprobe data and grain homogeneity

All EMP data are summarized in Table 2 and Fig. 2. Titanite sample
BLR-1 is a homogenous grain, as reflected in the major and trace element
composition (Table 2). Most elements show a relative standard deviation
(RSD) of <15% (N = 19). A higher RSD is displayed by F (19%), K20
(112%), Cr (34%), Mn (17%) and U (72%).
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Fig. 1. BSE images of titanite grains (a) BLR-1, (b) Ecstall, (c) Fish Canyon Tuff, (d) McClure, (e) BRA-1, (f) BLR-2, (g) detail of BLR-2 titanite grain. Yellow arrows
and labels indicate the mineral inclusions observed during EDX analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

Similar to BLR-1, BLR-2 grain shows chemical homogeneity, with
most of the analyzed elements having RSD <15% (n = 55). Elements
such as Cr, Mn, and Th have higher RSD, between 15% and 35%. Po-
tassium and uranium are less homogeneous within the BLR-2 crystal
structure, with RSD of 153% and 105%, respectively. The Ecstall titanite
is homogeneous in major elements (Al2O3, SiO3, TiOg, CaO, Cry03, FeO)
with RSD < 15% (n = 26). Intra-sample distribution of Zr shows an RSD
of 39%, with a mean of 366 ppm. The Ecstall titanite has high and
variable Y (mean: 1096 ppm, RSD: 25%) and U (mean: 157 ppm, RSD:
70%) elemental concentrations. The McClure titanite is homogeneous in
many of the analyzed elements (RSD < 15%; n = 22) containing elevated

Zr (mean: 3026 ppm, RSD: 10%) and Y (mean 596 ppm, RSD: 13%) and
low and variable U content (mean: 13, RSD: 265%). The FCT titanite is
chemically homogeneous yielding an RSD of <15% for most of the
measured elemental concentrations. Moreover, the FCT titanite contains
high Y contents (mean: 4369 ppm). Core to rim transects on the McClure
and FCT titanite grains also reveal low RSD for Y and Ce (< 10% for
McClure and < 3% for FCT), and variable U concentrations (RSD of
201% for McClure and 73% for FCT). The BRA-1 titanite contains var-
iable mass fractions of most trace elements of interest (e.g., Zr, Y, U, Th),
with Ce behaving more homogeneously on an intra-sample level (RSD:
17%; n = 71).



A. Barla et al.

Table 1

LA-HR-ICPMS Instrumentation and acquisition parameters.

Laser ablation
Model, type and
wavelength
Sample cell type
Laser energy (%)
Repetition rate (Hz)

Mass spectrometer
Model and type
Cool gas flow (L/min)
Auxiliary gass flow (L/
min)
Power (W)
Detector counting
mode

Acquisition parameters
Acquisition mode
Pre-ablation pass
Ablation pass
Analysis laser fluence
(J/cmz)
Ablation duration
Background
acquisition
Washout duration

Masses
Dwell times
Reference materials

Photon analyte G2 with Thyratron 193 nm excimer laser
HelEx

96.2

7

Thermo Element2 HR-ICPMS
16

0.8
1250

Both pulse-counting and analog mode

Time resolved analysis
3 shot counts, 65 pm
325 shots, 30 pm

5.56
45s

10s

10s

274, 398i, *2Ca, *°Ti, **Mn, >Fe, *°Rb, %°sr, ¥7Sr, s,
89y 907, 917, 93N} Mo, 13%a, 140Ce, 141py, 140N,
197gm, 181Ry, 157Gd, 159Tb, 163Dy, 165Ho, 155Er, 169Tm,
174y}, 1751y, 181, 183y, 2023y 204p}, 206pp, 207pp,
208py, 2327y 238y

0.01 s for most of the elements, 0.02 s for Tm, Yb, Lu
BLR-1, NIST612

3.2. Whole-grain composition using solution ICP-MS

Solution ICP-MS data for BLR-2 and BRA-1 titanite are presented in
Table 3 and the REE spider diagram for BLR-2 is shown in Fig. 4. The
BLR-2 titanite has high Zr (1299.28 ppm), La (358.69 ppm), U (105.34
ppm) and Y (555.22 ppm) mean concentrations. The normalized REE
trend for BLR-2 titanite shows a flat light REE (LREE) trend ([La/Sm]y =
0.89) and a slight enrichment in LREE and medium REE (MREE) relative
to heavy REE (HREE), with a [La/Yb]y ratio of 4.93 and a [Dy/Ybly
value of 2.01. Moreover, BLR-2 titanite exhibits a negative Eu anomaly
(referred to as Eu/Eu*) of 0.56. Comparatively, BRA-1 titanite shows
low overall trace element concentrations, with mean values for Zr, U, La
and Y of 29.81 ppm, 162.35 ppm, 0.90 ppm and 3.32 ppm, respectively.
The BRA-1 titanite displays a steep depletion in LREE ([La/Sm]y =
0.09)), an overall enrichment in HREE, with a [Dy/Yb]y ratio of 0.76,
and a small negative Eu/Eu* (0.84). Overall, the BRA-1 titanite has very
low trace element concentrations typically <1 ppm for most trace ele-
ments investigated. Moreover, our solution ICPMS analyses on the two
aliquots showed large concentration differences between the cores and
the rims of the grain (Fig. S1).

3.3. LA-HR-ICP-MS analyses

3.3.1. Data reduction schemes (DRS)

The time-resolved U-Th-Pb and trace element data were reduced
using lolite v3 software (https://iolite-software.com; Paton et al., 2011,
Petrus and Kamber, 2012). Within Iolite, the isotopic data for U-Pb
dating were reduced using the VizualAge UcomPbine Data Reduction
Scheme (DRS; Chew et al., 2014). Titanite BLR-1 was used as the pri-
mary standard to correct for downhole fractionation and instrumental
drift, and Ecstall titanite was used as a secondary reference material for
data quality control.

For trace element data, four reduction protocols were applied to
quantify the impact different DRS approaches can have on final
elemental concentrations determined on titanite. The reduction schemes
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used were: The X_Trace_Elements DRS_semiquant with BLR-1 reference
material as the primary standard for calculating semi-quantitative (SQ)
elemental abundances, and X_Trace_Elements_IS separately using BLR-1
titanite and NIST612 glass to correct for instrumental drift and *?Ca, 30Si
and *°Ti EMP determined abundances, as the internal elemental stan-
dards (IES). Within the SQ DRS, the reference material analyses are in-
tegrated in the reduction protocol for calculating semi-quantitative
elemental abundances (Paton et al., 2011). For the internally normalized
calculations, the baseline-subtracted intensities are used to calculate the
ratio of elements to the selected IES (Paton et al., 2011). Detailed trace
element concentrations for the three DRS approaches are presented in
Supplementary Table S3.

3.3.2. In situ U-Pb results

Analyses performed on titanite grains from the five samples (BLR-2,
BRA-1, Ecstall, FCT, and McClure) show relatively high intra-sample
variability in terms of U, Th and Pb concentrations (see Supplemen-
tary Materials Table S2). Median values are as follows: BLR-2: 196. 51 +
14.13 ppm U, 215.35 + 13.18 ppm Th, 23.06 + 1.49 ppm Pb; Ecstall:
453 + 26.33 ppm U, 428.38 + 38.44 ppm Th, 4.34 = 0.37 ppm Pb; BRA-
1: 10.54 + 0.74 ppm U, 0.08 + 0.01 ppm Th, 0.97 + 0.07 ppm Pb;
McClure: 79.23 4+ 5.53 ppm U, 156.14 + 8.36 ppm Th, 7.48 + 0.41 ppm
Pb; FCT: 110.48 + 7.87 ppm U, 155.64 + 8.80 ppm Th, 1.11 + 0.08 ppm
Pb.

The McClure titanite contained low concentrations of non-radiogenic
Pb, whereas BLR-2, Ecstall, BRA-1, and FCT contain significant amounts
of non-radiogenic Pb (common Pb or Pbp,). Isotopic ratios were cor-
rected for downhole fractionation and instrumental drift (**4U/2°°Pb
and 2%7Pb/2%°pb), plotted on a Tera-Wasserburg diagram and processed
via linear regression to correct for Pbcm. The lower concordia intercept
(238U /296pD) represents an approximate age defined by the radiogenic
Pb component in cases where the spread in the data allows for a precise
regression. The y-intercept (2°’Pb/2%°Pb) represents the initial non-
radiogenic Pb composition which can subsequently be used to apply a
common 2°7Pb correction to the 2°°Pb,/238U ratio. Ages were calculated
as the lower intercept (?38y,/206pp) age on the concordia and as a
weighted mean of the 207Pb-corrected ages for BLR-2, Ecstall, BRA-1 and
FCT titanites. External errors have been propagated into the individual
uncertainties of the 2°’Pb-corrected ages (Horstwood et al., 2016). For
the McClure titanite, the concordia age and the uncorrected 2°°Pb,/238U
weighted mean age were determined. A summary of titanite U-Pb age
results can be found in Table 4. Throughout this manuscript we use
F207% (See Eqs (1) and (2) from Kirkland et al., 2018) as a measure of
the non-radiogenic Pb content. The F207% is defined as the relative
difference between the measured 2°°Pb/?38Pb ratio and the 2°7Pb-cor-
rected age recast as a concordant 206p, /238ph ratio (see Kirkland et al.,
2018 for more details).

Concordant™®Pb /**U ratio = EXP(0.000155125"*" corrected®* U /

@
26pp age) -1

F207% = 100" (1 — Concordant’”Pb/**U ratio /***Pb /**U measured)  (2)

Thirty-eight analyses on BLR-2 titanite define two distinct domains
with variable amounts of non-radiogenic Pb, but the same initial Pb ratio
((207Pb/206Pb)0 = 1.000 =+ 0.140), defined by the upper intercept of the
linear regression through these data on a Tera-Wasserburg diagram
(Fig. 3). The most concordant domain has a F207% < 1%, whereas the
other spot-population contains higher concentrations of non-radiogenic
Pb, with mean F207% of 4.8%. The lower intercept of the Terra-
Wasserburg concordia gives an age of 1046.8 + 5.6 Ma (MSWD = 1),
which is within error of the published U-Pb age for BLR-1 titanite
(1047.10 £ 0.40 Ma, Aleinikoff et al., 2007; Spencer et al., 2013, Stearns
et al.,, 2016). The 2°’Pb-corrected 2°°Pb/?38U ratios for this sample
yielded ages with a weighted mean average of 1046.5 + 3.2 Ma (MSWD
= 1.2, Table 4).
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Table 2
Summary of EMP analyses.
BLR-1 (n =19) BLR-2 (n = 55) Ecstall (n = 26) McClure (n = 22) BRA-1 (n =71) FCT (n = 26)
Elements Concentration RSD Concentration RSD Concentration RSD Concentration RSD Concentration RSD Concentration RSD
(ppm)’ %) (ppm) %) (ppm) (%) (ppm) (%) (ppm) %) (ppm) (%)
Na 2368 7.1 2486 6.9 182 37.1 346 27.1 139 66.3 242 39.7
F 7971 18.6 6076 21.9 1883 53.3 2338 45.3 1960 54.8 2215 57.3
Al 7253 2.4 6846 4.1 5500 10.4 8664 7.6 8277 7.6 7018 5.9
Si 139815 0.6 139512 2.3 138423 136041 1.5 142624 1.6 135032 1.4
Ti 213261 1.0 212448 0.6 229787 223565 1.0 229653 1.1 217928 1.5
K 26 112.1 17 153.3 29 82.3 26 102.5 20 116.7 34 114.6
Ca 198227 0.4 196686 0.3 200786 202734 0.6 205679 0.3 189394 1.5
Cr 135 34.3 135 33.9 71 57.2 20 113.7 45 65.0 6 218.8
Fe 17091 1.8 16694 2.6 8510 10.9 5897 7.4 5435 8.6 15297 11.5
Mn 671 17.3 676 16.4 928 14.7 333 35.9 654 19.8 2055 16.8
Zr 1496 9.4 1468 5.2 366 38.9 3026 9.7 3 420.6 644 15.5
Sr 451 14.5 436 12.8 161 32.2 497 6.9 159 31.9 127 39.8
Nb 4888 7.5 5146 12.6 884 31.7 2369 27.1 274 81.5 1548 10.6
Ce 2336 4.4 2106 6.0 5291 26.8 3966 9.7 493 16.9 12323 5.8
Nd 1385 7.9 1273 9.2 2100 20.9 1676 11.6 37 128.0 6891 19.3
Mg 461 5.7 419 6.9 48 37.7 62 37.9 13 78.9 177 22.8
Y 652 9.3 565 11.2 1096 24.8 596 12.7 237 43.3 4369 37.0
Th 309 14.5 242 21.8 687 36.8 143 26.0 14 145.9 273 17.4
0) 74 72.3 49 104.6 157 69.9 13 265.2 1 513.3 10 202.1
(0] 397214 0.4 395251 0.8 401319 398268 0.7 407527 0.5 391872 0.7
Total 996083 0.5 988530 0.6 998206 990579 0.7 1003245 0.4 987456 0.5
Oxide
Na,O 3192 7.1 3351 6.9 245 37.1 467 27.1 187 66.3 326 39.7
F 7971 18.6 6076 21.9 1883 53.3 2338 45.3 1960 54.8 2215 57.3
Al,03 13705 2.4 12935 4.1 10391 10.4 16371 7.6 15639 7.6 13260 5.9
SiO, 299117 0.6 298469 2.3 296137 291042 1.5 305127 1.6 288885 1.4
TiO, 355731 1.0 354375 0.6 383297 372918 1.0 383075 1.1 363515 1.5
K20 32 1121 20 153.3 35 82.3 31 102.5 24 116.7 41 114.6
CaO 277359 0.4 275203 0.3 280940 283666 0.6 287786 0.3 265000 1.5
Cry03 197 34.3 198 33.9 104 57.2 29 113.7 66 65.0 9 218.7
FeO 21988 1.8 21477 2.6 10948 10.9 7587 7.4 6992 8.6 19679 11.5
MnO 866 17.3 873 16.4 1199 14.7 429 35.9 845 19.8 2653 16.8
yA{e)) 2021 9.4 1983 5.2 495 38.9 4087 9.7 5 420.2 871 15.5
SrO 534 14.5 516 12.8 190 32.2 588 6.9 188 31.9 151 39.8
Nb,Os 6993 7.5 7362 12.6 1264 31.7 3389 27.1 393 81.5 2214 10.6
Cez03 2736 4.4 2467 6.0 6197 26.8 4646 9.7 578 16.9 14434 5.8
Nd,O3 1615 7.9 1485 9.2 2449 20.9 1955 11.6 43 128.0 8038 19.3
MgO 765 5.7 695 6.9 80 37.7 103 37.9 21 78.9 293 22.8
Y203 828 9.3 718 11.2 1391 24.8 757 12.7 301 43.3 5548 37.0
ThO, 351 14.5 275 21.8 782 36.8 162 26.0 16 145.9 311 17.4
U0, 84 72.3 55 104.7 178 69.9 14 265.2 1 515.0 12 202.2
Total 996083 0.5 988530 0.6 998206 990579 0.7 1003245 0.4 987456 0.5

! Concentrations are mean values of individual spot analyses; The number of spot analyses is marked in brackets, next to the sample’s name; 2RSD = Relative

Standard Deviation (RSD = (SD/Mean)*100).

Twenty-four analyses on the Ecstall titanite define a linear array on a
Tera-Wasserburg diagram with a lower intercept of 89.6 + 2.3 Ma
(MSWD = 0.8) and upper intercept (2°7Pb/2°°Pb), of 0.740 + 0.110.
Ecstall titanite has a relatively small amount of non-radiogenic Pb,
yielding a mean F207% value of 13%. The weighted mean average of the
individual 2°7Pb-corrected ages is 90.2 + 0.7 Ma (MSWD = 0.6), which
is within error of the zircon U-Pb age for the Ecstall pluton (91.50 +
1.00 Ma; Butler et al., 2002).

Thirty spot analyses on the BRA-1 titanite define a linear array on a
Tera-Wasserburg diagram with a lower intercept of 519.3 + 23 Ma
(MSWD = 0.8) and a 2’Pb/2°Pb value of 0.864 + 0.032 at the ordinate.
These data reflect varying abundances of radiogenic and non-radiogenic
Pb components. At the lower end of the discordia array (closer to the x-
axis), spot analyses reflect ~25% non-radiogenic Pb, whereas towards
the upper intercept (closer to the y-axis), the main cluster of spot ana-
lyses indicates up to ca. 60% non-radiogenic Pb content (Fig. 3 and
Table 4). The weighted mean age calculated from the individual 2°’Pb-
corrected ages for the BRA-1 sample is 532.7 + 9.9 Ma (MSWD = 0.7).

The U-Pb spot analyses on the McClure titanite (n = 39) form a
cluster on and slightly off concordia (Fig. 3) with low amounts of non-
radiogenic Pb (F207% values ranging from 0.05% to 1.7%). Three
spot analyses yielded negative F207% values. There are several

explanations for negative F207% values: the non-radiogenic Pb con-
centrations may have been below limits of detection (Table S2), the
composition of the non-radiogenic component is inaccurate, or the
sample experienced 2°7Pb/2%°Pb fractionation. The uncorrected isotopic
ratios of all analyses yield concordia age of 524.8 + 2.3 Ma (MSWD =
4.6), and a 206py, /238y weighted mean age of 520.3 + 2.4 Ma (MSWD =
1.2). Both the isochron and the weighted mean ages overlap within
uncertainty of the published titanite U-Pb ID-TIMS age (523.26 + 1.27
Ma, Schoene and Bowring, 2006).

A total of 25 spot analyses on the FCT titanite define a statistically
significant linear array on a Tera-Wasserburg diagram with a lower
concordia intercept of 28.3 + 3.9 Ma (MSWD = 1.2) and an upper
207pp,/296p} ratio of 0.886 + 0.082. The FCT titanite yielded a high
F207% value, with a mean of 56.4%, the spread in the data between
concordia (no non-radiogenic Pb) and the upper intercept which pro-
vides a good control in determining a robust crystallization age and the
isotopic composition of the initial Pb component. The weighted mean
age calculated from 2%’Pb-corrected data is 29.5 + 0.8 Ma, with an
MSWD of 1.2. For the FCT titanite, both the intercept age and the 2/Pb-
corrected age are within uncertainty of the published titanite U-Pb ID-
TIMS age (28.87 + 0.50 Ma; Schmitz and Bowring, 2001).
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Fig. 2. Chemical transects from core to rim in titanite grains (a) BLR-2, (b) McClure, (c) BRA-1 and (d) Fish Canyon titanite using electron microprobe analyses to

determine homogeneity in minor and major elements.

3.3.3. Trace element concentrations using matrix matched and non-matrix
matched standard reference materials

In the following two sections, we investigate the effect of using a
matrix matched (BLR-1) and a non-matrix matched standard (NIST612
glass) as the primary reference material to calculate titanite trace
element concentrations and to correct for instrumental drift. In both
cases, we investigated the effect of using Ca, Si or Ti as the internal
elemental standard (IES). In order to test the ability of Ca, Si and Ti to
serve as an IES, we calculated the trace element fractionation index in
BLR-1 and NIST612, relative to these three elements (Fryer et al., 1995).
The Elemental Fractionation Index (EFI) was calculated following
background correction by dividing the intensity of each element ratioed
to the intensity of the IES for the second half (~20 s) of the total inte-
gration time by the same intensity ratio for the first half of the inte-
gration time. The corresponding fractionation indices are presented in
Supplementary Materials Table S3 and Fig. S2. Our results revealed no
significant elemental fractionation (IES ~ 1) relative to Ca (IES:
0.99-1.08), Si (0.91-1.00) and Ti (0.97-1.06) for BLR-1 titanite. Simi-
larly, no significant time dependent elemental fractionation was
observed for the NIST612 glass relative to Ca (IES: 0.92-1.01) and Si
(IES: 0.88-0.97). However, severe elemental fractionation was found in
NIST612 relative to Ti (IES ~ 3). This could be attributed to the rela-
tively low Ti concentration in the NIST612 synthetic glass (44 ppm;
preferred value from GEOREM) compared to natural titanite (typically
18.16 wt%). Overall, our EFI results for BRL-1 titanite and NIST612 glass
demonstrate the suitability of using Ca, Si and Ti as the normalizing
elements during the matrix-matched reduction. Similarly, Ca and Si are
suited to serve are IES during the non-matrix-matched reduction.

However, due to the severe time-dependent fractionation of Ti in
NIST612 glass, its use as the IES for trace element quantification can
compromise the results. Importantly, the EFI is dependent not only on
the matrix, but also on the laser ablation conditions, therefore these
results are only pertinent for the specific parameters employed in this
study (See Table 1). In addition to the internal standardization, we also
performed a “semi-quantitative” standardization approach (SQ), using
BLR-1 as the primary reference material. The SQ standardization in
Iolite v. 3 refers to a direct normalization of unknowns relative to the
drift-corrected reference material without IES standardization. In pre-
senting the results in the next section, we will refer to Y, Zr, La con-
centrations and chondrite-normalized REE topography proxies. The
detailed results for all standardization approaches tested can be found in
Supplementary materials Table S3. All uncertainties reported in this
section are 2 standard error of the mean (2SE).

The BRA-1 titanite data reduction using BLR-1 as the primary
reference material yielded similar Y values for all IES as follows: mean Y
values of 53.84 + 1.33 ppm (Ca IES), 52.76 + 1.24 ppm (Si IES), 47.79
+ 1.03 ppm (Ti IES).The semi-quantitative DRS yields mean Y concen-
trations of 49.42 + 3.13 ppm (SQ). The Zr concentrations do not seem to
vary significantly with the IES used, nor do they vary between the
reduction methods (internal standardization vs. semi-quantitative), with
the four approaches yielding mean values of 29.34 + 1.12 ppm (Ca IES),
29.69 + 1.19 ppm (Si IES), 27.03 + 1.03 ppm (Ti IES), and 27.11 +
2.19 ppm (SQ). The La concentrations yield a mean value of 0.10 + 0.01
ppm for all three IES (Ca, Si and Ti), whereas the semi-quantitative
approach gives a slightly higher mean value of 0.19 & 0.02 ppm (SQ).
The REE trends for the BRA-1 sample show strong depletion in LREE
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Table 3
Solution ICPMS data.

Element Unit BLR-2 BRA-1

Core Rim Core Rim
As ppm 3.87 3.86 1.27 1.21
Ba ppm 16.25 19.21 < D.L. < D.L.
Be ppm 0.23 0.15 < D.L. < D.L.
Bi ppm 0.77 0.77 0.48 0.21
cd ppm 0.82 0.85 0.25 0.22
Co ppm 1.70 0.40 0.36 0.40
Cr ppm 117.36 100.98 4.01 5.63
Cs ppm 0.04 0.05 <D.L. <D.L.
Cu ppm 6.03 3.83 4.50 5.19
Ga ppm 12.23 12.38 2.07 1.88
Ge ppm 16.60 16.78 5.75 5.65
Hf ppm 33.84 37.20 4.26 4.78
In ppm < D.L. < D.L. < D.L. < D.L.
Mo ppm 5.89 5.68 10.75 11.55
Nb ppm 7058.77 8008.45 210.07 140.55
Ni ppm 716.13 14.23 27.53 37.90
Pb ppm 37.74 59.11 3.00 6.27
Rb ppm 0.75 0.96 <DL <DL
Sb ppm 1.30 1.15 0.19 0.49
Sn ppm 67.83 125.28 12.69 13.29
Sr ppm 306.96 317.41 29.02 22.27
Ta ppm 417.65 606.11 30.65 15.99
Th ppm 238.71 225.20 0.10 0.22
U ppm 110.15 100.53 2.68 0.97
v ppm 266.32 270.01 345.48 342.79
w ppm < D.L. 1.21 0.89 0.84
Y ppm 614.55 605.59 127.29 48.60
Zn ppm 20.15 19.36 12.72 10.50
Zr ppm 1578.20 1702.27 34.37 35.81
La ppm 402.07 418.41 0.71 0.55
Ce ppm 1640.33 1676.40 4.36 2.60
Pr ppm 284.90 291.86 1.21 0.60
Nd ppm 1223.55 1234.48 8.51 3.48
Sm ppm 278.88 280.00 5.51 1.94
Eu ppm 64.01 63.93 2.50 0.84
Gd ppm 183.03 183.18 9.00 2.96
Tb ppm 27.62 27.46 2.33 0.78
Dy ppm 154.79 153.59 19.38 6.72
Ho ppm 27.44 27.06 4.69 1.73
Er ppm 66.80 66.38 14.50 5.94
Tm ppm 8.85 8.71 2.48 1.14
Yb ppm 49.63 48.91 18.05 9.16
Lu ppm 5.27 5.20 2.59 1.38

Note: < D.L. - below detection limit.

([La/Yb]y of 0.003 for IES-reduction and 0.005 with SQ-reduction) and
significant enrichment in HREE with a [Dy/Yb]y of 0.200, for both IES
and SQ reductions. The Eu anomaly calculated using the BLR-1-reduced
data are negative (Eu/Eu* = 0.740) (for all three IES reductions), with
slightly higher values using SQ-reduction (mean of 0.76). Significant
differences between the results of IES-reduction and SQ-reduction for
the BRA-1 titanite have been observed for Ta, with the SQ techniques

Table 4
Summary of titanite ages.
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generating concentrations two times higher than the IS method (14.61
+ 0.92 ppm for SQ and around 7 ppm for IES, Supplementary materials
Table S3).

Trace element data for Ecstall titanite, normalized relative to BLR-1
as the primary standard, yield high Y concentrations with mean values
of 1321.35 + 45.37 ppm (Ca IES), 1315.49 + 43.35 ppm (Si IES),
1296.49 + 41.51 ppm (Ti IES), and are within uncertainty, whereas the
SQ approach yields lower Y concentrations of 1185.24 + 77.82 ppm.
Values of La are also high and within uncertainty for the IES reductions,
with means of 1701.17 + 52.06 ppm (Ca IES), 1707.36 + 55.72 ppm (Si
IES) and 1666.83 + 51.70 ppm (Ti IES). Lanthanum values obtained via
the SQ reduction are outside uncertainty, with a lower mean of 1503.18
+ 92.06 ppm. The Zr mean concentrations for Ecstall titanite are 409.16
+11.63 ppm (Ca IES), 405.81 + 10.22 ppm (Si IES), and 400.97 + 9.33
ppm (Ti IES), whereas the SQ reduction generated lower values with a
mean of 366.37 + 22.98 ppm. The REE trends for Ecstall samples show
enrichment in LREE with [La/Yb]y values around 8, a very small
negative Eu anomaly of 0.750 and slight depletion in HREE ([Dy/Yblyx
of 1.220; Fig. 4, Supplementary materials Table S3). The main difference
between the reduction techniques is reflected in the LREE to HREE ratio,
as the Si-reduction gives a lower value of 6.970 for [La/Yb]y, compared
to 8.420 (Ca IES), 8.780 (Ti IES) and 9.280 (SQ).

McClure titanite yielded mean Y values within uncertainty for all
reduction techniques relative to BLR-1 titanite: 626.76 + 15.91 ppm (Ca
IES), 596.60 + 15.34 ppm (Si IES), and 604.45 + 13.68 ppm (Ti IES).
Moreover, comparable concentrations are obtained when the SQ
reduction is used (589.92 + 35.73 ppm). Similar to Ecstall, the McClure
sample has high Zr concentrations, yielding means of 2673.24 + 65.12
ppm (Ca IES), 2548.94 + 70.55 ppm (Si IES), 2586.47 + 57.16 ppm (Ti
IES), and 2522.86 + 171.84 ppm (SQ). Furthermore, La values are also
high, yielding means of 1158 + 28 ppm (Ca IES), 1107 £+ 30 ppm (Si
IES), 1117 + 26 ppm (Ti IES), and 1118 + 76 ppm (SQ). The REE spider
diagrams for McClure titanite display enrichment in LREE with [La/
Yb]y ratios of ~16, a slight depletion in HREE, with [Dy/Yb]y of 1.7,
and a small positive Eu anomaly (Eu/Eu* = 1.3; Supplementary Mate-
rials Table S3). No significant differences were observed between the
results of the various reduction approaches using BLR-1 titanite, in terms
of rare earth elements.

The matrix-matched reduction of FCT titanite yielded high Y values:
30001.00 + 832.00 ppm (Ca IES), 28198.40 + 818.00 ppm (Si IES),
32097.60 + 750.00 ppm (Ti IES) and 27697.20 + 1598.80 ppm (SQ).
FCT Zr concentrations are also high, with mean values of 673.24 +
19.32 ppm (Ca IES), 630.56 + 17.92 ppm (Si IES), 717.87 + 17.40 ppm
(Ti IES) and 608.16 + 34.44 ppm (SQ). Additionally, mean La concen-
trations range from 2685.20 + 152.40 ppm (SQ) to 3101.12 + 65.68
ppm (Ti IES). For the REE composition, FCT shows a fairly flat trend
([La/Yb]ly = 0.730), a slight HREE depletion ([Dy/Yb]ly = 1.230), and a
well-marked negative Eu anomaly (Eu/Eu* = 0.190; Supplementary
Materials Table S3). Overall, the REE trends are independent of the
reduction protocol when BLR-1 is used as the primary standard.

Sample Intercept ages and errors (®*7Pb/2%°Pb),  How is (**’Pb/2°°Pb), constrained? ~ Pbnp-corrected ages and errors Published ages
Intercept age (Ma) 26 MSWD Weighted age (Ma) 20 MSWD

BLR-2 1046.8 5.6 1.0 1.000 + 0.140 2D isochron 1046.5 3.2 1.2 1047.10 + 0.40 Ma'

Ecstall 89.6 2.3 0.8 0.740 £ 0.110 2D isochron 90.2 0.7 0.6 91.50 =+ 1.00 Ma”

McClure 524.8* 2.3 4.6 - - 520.3* 2.4 1.2 523.26 + 1.27 Ma®

BRA-1 519.3 23.0 0.8 0.864 + 0.032 2D isochron 532.7 9.9 0.7 -

FCT 28.3 3.9 1.2 0.886 + 0.082 2D isochron 29.5 0.8 1.2 28.87 + 0.50 Ma*

Ages are quoted with 95% confidence interval.
" Concordia age; The 2°°Pb/?*®U weighted mean age is uncorrected for Pbep,.
! published age for BLR-1 titanite; Aleinikoff et al., 2007
2 Zircon U—Pb age; Butler et al., 2002
3 (297pb/2350) age of 523.26 + 1.27 Ma; Schoene and Bowring, 2006
4 Schmitz and Bowring, 2001
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Fig. 3. U—Pb data and calculated ages for new and existing titanite reference materials: (a) BLR-2, (b) Ecstall, (c) McClure, (d) BRA-1 and (e) Fish Canyon titanite.
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Fig. 4. Chondrite-normalized REE spider diagrams for each grain and each DRS approach. Chondrite REE values are from Barrat et al. (2012). Each line represents

the median value of individual spot analyses.

Matrix-matched data reduction for BLR-2 titanite yielded mean Y
concentrations of 623.51 + 14.46 ppm (Ca IES), 614.60 + 12.14 ppm (Si
IES), 586.00 + 11.28 ppm (Ti IES), and 588.42 + 37.98 ppm (SQ). High
Zr concentrations for BRL-2 titanite were obtained for all four reduction
approaches with means of 1674.77 + 41.44 ppm (Ca IES), 1663.17 +
32.94 ppm (Si IES), 1564.02 + 31.75 ppm (Ti IES), and a mean of
1576.88 + 99.17 ppm (SQ). Mean La values obtained using the IS
method range from 345.30 + 5.98 ppm (Ti IES) to 364.60 + 7.42 ppm
(Si IES). Whereas the SQ approach yielded 366.15 + 25.27 ppm La. For
the REE trends, BLR-2 titanite shows enrichment in LREE with mean
[La/Yb]y values of 4.700 when the internal standardization method is
used and higher [La/Yb]y values from the semi-quantitative approach,
with a mean of 5.060. The matrix-matched reduction generated [Dy/
Yb]y mean values of 2.100. These ratios indicate a moderate depletion
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in HREE for the BLR-2 titanite. Europium anomalies are independent of
the reduction protocol when BLR-1 is used as the primary standard, with
a mean value of 0.7.

Mean Y values obtained for BRA-1 titanite using NIST612 as the pri-
mary standard are 43.50 + 1.05 ppm (Ca IES), 40.93 + 10.90 ppm (Si
IES) and 25.89 + 0.52 ppm (Ti IES). The Zr concentration depends on the
IES employed, with mean values of 27.40 + 1.04 ppm (Ca IES) and 25.56
+ 1.00 (Si IES), and a mean of 16.84 + 0.71 ppm (Ti IES). Similarly, La
concentration consistently varies with the elemental standard used, Ca
and Si approaches yielding mean values of 0.17 + 0.02 ppm, whereas Ti
yields a mean Zr concentration of 0.10 + 0.01 ppm. For the REE trends,
some of the relevant normalized ratios for the BRA-1 sample are [La/Yb]y
= 0.005, [Dy/Yb]y of 0.200 and Eu/Eu* of 0.860, and these ratios do not
vary significantly with the IES used (Supplementary Materials Table S3).



A. Barla et al.

The mean Y, Zr and La concentrations determined using NIST612
glass for Ecstall titanite are smaller than the values obtained via BLR-1
reduction. With Y yielding concentrations of 1068.56 + 35.10 ppm
(CalES), 946.13 + 29.69 ppm (Si IES) and 741.46 + 22.63 ppm (Ti IES).
Whereas Zr yielded concentrations of 395.94 + 10.44 ppm (Ca IES),
352.28 + 9.33 ppm (Si [ES) and 267.28 + 6.22 ppm (Ti IES). Finally, La
yielded concentrations of 1451.46 + 40.23 ppm (Ca IES), 1304.60 +
34.23 ppm (Si IES) and only 1002.20 + 25.41 ppm (Ti IES). The REE
trends do not vary significantly from the values obtained relative to BLR-
1, although NIST612-reduction yielded a less pronounced negative Eu
anomaly (Eu/Eu* = 0.900 versus 0.750).

The Y concentrations for McClure titanite are lower using NIST612
glass (compared to BLR-1 standardization), with mean values of 505.50
+ 12.76 ppm (Ca IES), 438.20 + 11.18 ppm (Si IES) and 349.92 + 7.97
ppm (Ti IES). Correspondingly, the Zr and La abundances are also
smaller when NIST612 glass is used. For Zr, mean concentrations of
2581.39 + 62.39 ppm (Ca IES), 2225.43 + 61.33 ppm (Si IES), and
1738.27 + 38.24 ppm (Ti IES). Whereas La yielded median concentra-
tions of 1023.86 + 24.51 ppm (Ca IES), 891.45 + 23.49 ppm (Si IES),
and 704.10 + 15.87 ppm (Ti IES). Somewhat higher values are obtained
for the REE ratios: Eu/Eu* = 1.610, [Dy/Ybly = 1.710 and [La/Ybly =
17.000 (Fig. 4).

The trace element reduction for FCT titanite using NIST612 yielded Y
mean concentrations of 5763.44 + 159.40 ppm (Ca IES), 5485.28 +
159.44 ppm (Si IES), and only 3255.12 + 75.76 ppm (Ti [ES). Whereas
La yielded mean concentrations of 3345.56 + 77.52 ppm (Ca IES),
3203.28 + 70.32 ppm (Si IES), and 1928.56 + 40.76 ppm (Ti IES).
Finally, Zr yielded mean concentrations of 722.36 + 20.68 ppm (Ca
IES), 690.52 + 19.56 ppm (Si IES), and 399.36 + 9.62 ppm (Ti IES). The
Eu anomalies are negative (Eu/Eu* = 0.4). The [La/Yb]y yields a slight
enrichment in LREE ([La/Ybly = 5.2), whereas the [Dy/Ybly = 1.6,
yields a relatively flat HREE pattern (Fig. 4).

The BLR-2 titanite yielded Y values of 499.74 + 11.65 ppm (Ca IES),
452.91 + 8.81 ppm (Si IES), and 360.62 + 6.96 ppm (Ti IES), high Zr
concentrations of 1606.10 + 40.17 ppm (Ca IES), 1445.44 + 28.31 ppm
(SiIES), and 1126.05 + 23.28 ppm (Ti IES). The La concentrations yield
means of 329.52 + 6.60 ppm (Ca IES), 300.03 + 5.91 ppm, and 236.15
+ 4.08 ppm, respectively. The REE results from the non-matrix-matched
reduction for BLR-2 titanite are similar in the overall trends to the BLR-1
reduction output data, with significant fractionation between the light
and the heavy REE ([La/Yb]y 5.230), a moderate enrichment in HREE
([Dy/Ybly = 2.010) and a small, negative Eu anomaly (Eu/Eu* =
0.860)), regardless of the IES used (Fig. 4).

4. Discussion

4.1. Which titanite reference material can be used for trace element
standardization?

The chemical characterization of the analyzed titanite grains (BLR-2,
Ecstall, BRA-1, McClure and FCT) serves to determine their suitability to
be used as standard reference materials for titanite petrochronology via
LA-ICPMS. Our study shows that BLR-1 can be used as a primary stan-
dard to precisely and accurately determine trace element concentrations
and U-Pb ratios. The BLR-1 titanite is extensively used in titanite U-Pb
dating as a primary reference material (e.g., Stearns et al., 2016), or a
secondary age standard (e.g., Kirkland et al., 2017) because of its iso-
topic homogeneity and its ability to provide a reliable matrix-matched
down-hole correction. The chemical homogeneity in major and trace
elements of the BLR-1 titanite highlighted in this study by the narrow
range of chemical concentrations. The RSD (%) for major elements is
<1% for Ti, Si, and Ca, whereas most of the other elements have RSD
<10% (Fig. 2 and Table S3). The BLR-1 trace element values attained by
normalizing to NIST612 glass also support its homogeneity (Supple-
mentary Materials Table S3).
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The BLR-2 titanite grain proved to be chemically homogeneous, as
shown by the EMP (Table 2) and LA-ICPMS (Table S3) data and suitable
to serve as a primary reference material for titanite trace element
analysis. In contrast, the heterogeneity displayed by Ecstall, McClure
and FCT titanite grains, makes these grains unsuitable to serve as
reference materials for trace element quantification. Similarly, the BRA-
1 titanite shows high intra-sample chemical heterogeneity with total
REE concentrations of 96 ppm (core) and 40 ppm (rim) while also
having low trace elemental abundances. Therefore, we recommend that
it is not used in any capacity in the titanite LA-ICPMS trace elements
data standardization.

4.2. The influence of using matrix-matched RMs and IES for trace
element characterization

It is commonly asserted that using a matrix-matched reference ma-
terial reduces the effect of the laser-induced elemental fractionation
during ablation by providing a robust downhole fractionation correc-
tion. However, there have been few attempts to quantify the differences
between standardization with a matrix-matched and a non-matrix-
matched reference material.

A comparative time-resolved investigation of the CPS for BLR-1
titanite, NIST612 glass and Ecstall, McClure and FCT titanites shows
that the matrix-matched reference material (BLR-1) displays a similar
CPS-time(s) slope to the titanite samples when compared to the NIST612
glass (Fig. 5, Table S3). The slope consistency among titanite reference
materials suggests that laser-induced downhole fractionation is matrix
dependent. We find that the non-matrix-matched reference material
NIST612 shows a lower slope across all five elements analyzed. The
systematically lower slope yielded by NIST612 may lead to inaccuracies
when correcting for downhole fractionation. Therefore, a matrix-
matched standardization for titanite trace element determination has
the potential to provide a more robust downhole fractionation correc-
tion. We quantified the influence of the matrix-matching calibration for
trace elements by comparing solution ICPMS concentrations with in-situ
LA-HR-ICPMS results (detailed single-spot data can be found in Table S3
and Fig. 6). Our comparison revealed some differences in the results
between using the matrix-matched primary standard (BLR-1 titanite)
and NIST612 glass. We estimate the percentage of difference (PoD in %)
between the reduction results (for BLR-2) and the expected values (so-
lution ICPMS data, Table S3). To determine if differences between cor-
rections are statistically significant, we also applied a two-sample two-
tailed t-test. This assessment was performed on an element-by-element
and DRS-by-DRS basis, and the results are presented in Table S3. The
null hypothesis is that the means of the two samples compared at each
time are equal and the significance level is 0.05 (Table S3). Furthermore,
we applied an additional one-sample two-tailed t-test statistic to eval-
uate systematic offset between our LA-HR-ICPMS data relative to the
solution ICPMS data. The null hypothesis is that there are no systematic
offsets between LA-HR-ICPMS trace elemental values and the reference
values (i.e., solution ICPMS concentrations), and the significance level is
0.05 (Table S3).

The results of the two-sample t-test statistic revealed statistically
significant differences between the matrix-matched and the non-matrix-
matched reductions for almost all elements, with few exceptions. The
semi-quantitative matrix-matched reduction and the non-matrix-
matched reduction with Ca as the IES yielded statistically similar
elemental concentrations for Nb, Pr and Zr, according to the two-sample
t-test. Furthermore, for the matrix-matched standardization there is not
sufficient evidence to prove that the sample means of the elemental
concentrations yielded by Ca and Si as the IES are different. Therefore,
we failed to reject the null hypothesis for all elements investigated here
(Table S3). Statistically relevant differences have been identified be-
tween the use of Ca and Ti and Si and Ti standardizations for Nb, Y, Zr,
Sr, MREE and HREE. The internal elemental standard has a more
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pronounced effect during non-matrix-matched standardization
(NIST612 as the SRM) according to the two-sample t-test, with the null
hypothesis being rejected for all elements during all of the reduction
combinations investigated (NIST612 — Ca vs NIST612 - Si, NIST612 - Ca
vs NIST612 — Ti and NIST612 - Si vs NIST612 — Ti). Consequently, both
the SRM and IES employed have statistically significant effects on the
resulting trace elemental concentrations.

Our study shows that matrix-matched standardization provides a
better reproducibility of elemental abundances for BLR-2 titanite (Fig. 6
and Table S3). The matrix-matched standardizations with Si and Ti as
the IES pass the one-sample t-test for the following trace elements via a
Si IES: Th, La, Ce, Pr, Nd, Sm, Y, Zr, and Pb and via a Ti IES: Th, U, Ta,
Nd, Sm, Yb, Zr, and Pb. These results suggest that the differences
observed between the LA-HR-ICPMS trace elemental data and the so-
lution ICPMS reference values are statistically insignificant for these
trace elements. In the case of the matrix-matched standardization with
Ca as the IES, we fail to reject the null hypothesis for Th, U, La, Nd, Sm, Y
and Pb. The semi-quantitative approach generates elemental data with
systematic offset relative to the solution ICPMS value for all trace ele-
ments except for the Th, U, Dy and Zr concentrations. Whereas for a
significant number of the trace elements standardized relative to the
BLR-1 titanite the null hypothesis is rejected, our study reveals that the
actual difference between our in-situ data and the reference values is
generally small (<15% for Th, U, Nb, La, Nd, Sm, Eu, Tb, Dy, Ho, Yb, Y,
Zr, Sr and between 15% and 25% for Ta, Pr, Er, Tm, Lu). Although
focusing on titanite, we suggest that these findings may have a signifi-
cant impact on other radiometric techniques such as fission-track and
(U-Th-Sm)/He dating in low-U/Th phases such as apatite. As a precise
age in these methods is dependent on an accurate estimation of the
parent isotope.

The Ce, Nd, Eu, Y, and Pb abundances are closest to the expected
values (solution ICPMS data) when Ca is used as the IES during the
matrix-matched reduction, with PoD of 10.6%, 2.7%, 2.8%, 0.3%, and
25.5%, respectively. For elements such as La, Pr and Sm, the matrix-
matched reduction using Si as the IES generated the best data repro-
ducibility with PoD of 7.6%, 16.8%, and 0.1%, respectively. The matrix-
matched standardization relative to Si also best reproduces the HREE
topography (PoD for (Dy/Yb)y of 1.1%). The matrix-matched Ti-
reduction yielded a near-identical Th concentration relative to the so-
lution ICPMS data, differing by only 0.8%. The best reproducibility for
U, and most of the HREEs was obtained through the semi-quantitative
reduction approach relative to BLR-1 primary standard, with PoD of
0.2% (U), 7.5% (Tb), 1.2% (Dy), 7.9% (Ho), 1.9% (Yb) and 9.3% (Lw).
Overall, the major issue of the matrix-matched standardization seems to
be that it significantly overestimates Gd concentrations (PoD between
22% and 33%) and Pr (PoD between 16% and 23%) and it systematically
generates higher MREEs and HREE:s values relative to the solution data.
The consistent offset observed here could derive from isobaric mass
interferences or that the specific BLR-1 grain used is not representative
of published concentrations. The BLR-1 titanite is represented by mul-
tiple large crystals that are presumably identical to the grains described
by Aleinikoff et al. (2002), Mazdab (2009) and/or Ma et al. (2019).
Mazdab (2009) reports a Gd preferred value for BLR-1 titanite of 655
ppm (Instrumental Neutron Activation Analysis, INAA), whereas Ma
et al. (2019) report a concentration of 473 ppm (LA-ICPMS). This 32%
relative percentage difference between the two values is indicative of a
certain inter-grain Gd variability for BLR-1 titanite. As shown in this
study by the investigation of the BLR-2 sample, the assumption of trace
element homogeneity could lead to inaccurate concentrations if using
BLR-1 as a primary reference material. Another explanation for the
erroneous measurement of Gd could be LREE mass interference. For
titanite with high REE concentrations and enrichment in LREE relative
to HREE, a marked CeO isobaric interference on Gd can occur. More-
over, another possible oxide interference on mass 157 (Gd), even if less
significant, could come from Pr mass 141. This could also explain the
underestimation of Pr concentrations during matrix-match reduction.

13

Chemical Geology 636 (2023) 121635

NIST612 results are less affected by this due to lower overall trace
element concentration. We were unable to correct for these interferences
and more work is needed to adequately constrain these masses.

Consequently, few trace elements require reduction relative to a non-
matrix-matched standard (NIST612 glass) for a more accurate concen-
tration determination. For example, Sr abundances obtained relative to
Ca differ by only 2.2% from the solution data, when NIST612 is the
primary SRM. For elements such as Gd, Er and Tm, the NIST612
reduction with Ca as the IES produces values closest to the solution
ICPMS ones, with PoD of 9.9%, 9.1% and 7.3%, respectively. Moreover,
the chondrite normalized LREE/HREE ratios, represented by the [La/
Ybly value is reproduced best by the Si-reduction relative to the non-
matrix-matched standard (PoD of 15.3%), and the same reduction
approach yields an Eu anomaly in good agreement to the solution data,
differing by 0.8%. One significant aspect of the NIST612 reduction is
that Ti cannot be used as an internal standardization element, possibly
due to low Ti concentrations in NIST612 glass with respect to abundance
in titanite. Additionally, the non-matrix-matched reduction method
underestimates the Pb values by ~50%.

Our study did not reveal a systematic variation among trace element
concentrations across the different reduction approaches. However,
based on the one sample t-test, two-sample t-test, our element and
reduction comparison between LA-HR-ICPMS and solution Q-ICPMS,
and the weighted PoD for each standardization method (Fig. 6b.), we
suggest that the matrix-matched standardization (relative to BLR-1)
yields the most accurate trace element concentrations. More specif-
ically, the matrix-matched reduction using Si as the IES yields the closest
match between solution ICP-MS and LA-HR-ICP-MS data, followed by
the matrix-matched Ti IES (Fig. 6). Although the matrix-matched semi-
quantitative standardization approach passes the t-test only for Th, U,
Dy and Zr concentrations, it yielded the smallest weighted PoD and
yields the best reproducibility in HREE. Therefore, it may be suitable for
trace element quantification in situations where a IES characterization
of the unknowns via EMP cannot be performed. However, we suggest
that this approach needs to be applied with caution and not before
confirming the chemical homogeneity of the BLR-1 grain. The semi-
quantitative procedure is not recommended for reference materials
Ecstall, McClure, FCT and BRA-1, due to substantial intra-crystal vari-
ation of trace element abundances (see Fig. 2, Table 2, and Table S3).

The use of NIST612 as a primary standard and the internal stan-
dardization method relative to Ca or Si are also viable options for trace
element quantification, as long as the systematic underestimation of
trace elemental values is taken into account. As shown by the data
presented in this contribution (see Fig. 6), the NIST612 standardization
systematically underestimates the U, Th, Pb, REE + Y concentrations.
We suggest that the underestimation is a function of elemental frac-
tionation between titanite and the synthetic glass NIST612 (i.e., the
matrix effect) (Fig. 5). Nevertheless, the NIST612 standardization can be
used for generating accurate REE ratios (e.g., La/Yb, Sm/Yb) due to the
uniform REE underestimation (i.e., flat REE PoD pattern, Fig. 6).

The differences between the results of each reduction scheme can
impact titanite petrochronological studies. The temperature-dependent
Ti and Zr substitution in titanite make it a useful geothermometer
(Hayden et al., 2008). Therefore, accurate determinations of Zr con-
centrations are paramount for a robust evaluation of thermal evolutions
of orogenic and tectonic systems, sensu lato. The Zr-in-titanite ther-
mometer is highly sensitive at low- and high-pressure conditions (Hay-
den et al., 2008). Therefore, we tested the differences in the highest and
lowest Zr-in-titanite temperature estimates for all analyzed grains that
result from the difference in Zr concentration generated by the different
reduction approaches at both low pressure (0.2 GPa) and high pressure
(1 GPa) conditions.

In our calculations for FCT titanite we used an SiO; activity (asio2) of
1 and a TiO; activity (atjo2) of 0.95 (Hayden et al., 2008). For BLR-2,
Ecstall, McClure and BRA-1 titanites we have assumed reasonable
lower limits for agjp2 and arjo2 of 0.5, typical for crustal rocks (Hayden
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and Watson, 2007; Ferry and Watson, 2007). Except for BRA-1, all
samples show a temperature difference greater than the uncertainty of
the Zr-in-titanite thermometer (+ 20 °C; Hayden et al., 2008, Table S3).
The temperature difference induced by the use of different DRS is minor
with maximum temperature difference values for high pressure (1 GPa)
calculations of 20.4 °C (BLR-2), 25 °C (Ecstall), 24.9 °C (McClure),
17.1 °C (BRA-1) and 37.6 °C (FCT, Table S3). However, the variation
may prove significant for high-resolution, single grain domain studies.
These differences will be larger at higher SiO5 and TiO; activity values.
Therefore, for high precision Zr-in-titanite temperature calculations, we
recommend using the non-matrix-matched standardization (NIST612 as
the SRM) with Ca as the IES (PoD of 0.1% relative to solution ICPMS
data) or the matrix-matched standardization and Si as the normalizing
element, which differs by only 1.5% from the solution ICPMS concen-
tration. The chondrite-normalized HREE topography of titanite can be
employed to link titanite growth to the growth of an important petro-
logical mineral, garnet (e.g., Scibiorski et al., 2019). For such studies,
the use of the matrix-matched standardization with Si as the normalizing
element will provide the most robust [Dy/Yb]y values. The Th/U ratios
and Eu anomalies are effective tools for differentiating between igneous
and metamorphic titanites (Olierook et al., 2019). High Th/U ratios and
positive Eu anomalies are characteristic of metamorphic titanite. In such
studies, the use of the non-matrix-matched standardization (NIST612 as
the primary reference material) with Ca as the IES provides the more
reliable Th/U and Eu/Eu* values. The NIST612 standardization returns
Th/U and Eu/Eu* values with PoD of 0.4% and 0.9%, respectively.

4.3. Reproducible U-Pb age determination in titanite

One of the most frequent approaches to estimate a U-Pb age in
titanite is to combine uncorrected U-Pb analyses of a suite of presumed
cogenetic titanite grains marked by a large variability in non-radiogenic-
Pb. In the best-case scenario, it allows us to define a linear regression on
a Tera-Wasserburg diagram and to project an intercept through the
207ph,/296p} axis determining the initial non-radiogenic Pb composition
of the titanite suite. From there, two U-Pb ages can be estimated either
by using the lower intercept age or as a weighted average of 20/Pb-
corrected ages (Simonetti et al., 2006; Chew et al., 2011 for apatite). The
spread of the uncorrected U-Pb data and the position of that spread
relative to the upper and lower intercepts, a function of the variable
incorporation of non-radiogenic Pb quantified by the F207%, is key to
calculate precise U-Pb ages (see Kirkland et al., 2017; Kirkland et al.,
2018). The F207% can be estimated during an LA-ICP-MS session but it
remains unclear how many analyses should be gathered to provide a
precise age given the expected uncertainty and the amount of non-
radiogenic Pb for each analysis. For titanites with high non-radiogenic
Pb concentrations, what is the most suitable spread in Pb./Pb.y,
required for a precise age estimation? Here, we evaluate the effect of
variable non-radiogenic Pb content and sample size on the age precision
and accuracy using an empirical approach for three titanite RMs which
show distinct U-Pb data patterns. Analyses on Ecstall titanite (n = 144)
show a moderate range of non-radiogenic Pb content with several ana-
lyses being concordant, marking the lower intercept and a low to me-
dium non-radiogenic Pb content (mean F207% of 11.0%, ranging from
0.55 to 48.4%, and a 233U/2%°pb range of 39.9 to 71.3; Fig. 3a). The
BRA-1 titanite shows a set of analyses (n = 75) with a large spread of U-
Pb data without any concordant analyses at the lower intercept (mean
F207% of 54.3%, ranging from 24.6 to 67.0% and a 233U/2%°Pb range of
0.03 to 9.07; Fig. 3b). Fish Canyon Tuff titanite U-Pb data (n = 55) shows
a moderate spread of high non-radiogenic Pb content (mean F207% of
62.0%, ranging from 42.8 to 83.9% and a 23U/2°°Pb ranging from 61.6
to 145.9; Fig. 3c). We applied a bootstrap analysis on each set of titanite
analyses with 100 iterations for each subsampling size (i.e., n analyses
being 5, 10, 15, 20, 25, 30, 35, 40, 45, 50). We combined this code with
the IsoplotR code (Vermeesch, 2018) to calculate a lower intercept age,
upper intercept, F207% and weighted mean of 2/Pb-corrected age and
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their respective uncertainties at each iteration (the R code is available at:
https://github.com/antoinetri/titanite_bootstrap). As expected, a larger
number of U-Pb analyses increases the chance of obtaining a precise age.
The lower intercept ages converge to a narrower age range and the
associated uncertainty drops with increasing subsample size by
following a power law trend (Fig. 7). The spread in uncertainty signif-
icantly decreases after 25 analyses for Ecstall, after 35 analyses for BRA-
1 and after 40 analyses for FCT titanite (Fig. 5, Table S4). Similarly, the
lower intercept age spread shows a significant decrease after 30 analyses
for Ecstall, 35 analyses for BRA-1 and 45 analyses for FCT titanite
(Figs. 6 b-d-f). We also calculated the lowest uncertainty obtainable with
each titanite U-Pb dataset by extrapolating the power law model, which
leads to uncertainties of +1.4 Ma (1.6% of relative uncertainty), + 29.3
Ma (5.64%) and + 4.1 Ma (14.1%) for Ecstall, BRA-1 and FCT titanites,
respectively.

After passing the minimum number of analyses mentioned above, the
relative uncertainty value is improved, decreasing by ~6.2-6.9% at
each step of five analyses (see Table S4 in Supplementary materials). A
lower bound exists, after which an increased number of analyses does
not improve precision any further (Fig. 7). Our study benchmarks future
analytical work in titanite U-Pb dating for which users can reduce their
data during a parallel session to estimate the need for additional in situ
analyses to reach a given non-radiogenic Pb quantification and U-Pb age
uncertainty. For discordant U-Pb data arrays, a minimum of 35 analyses
was required to obtain a precise age, depending on the range of non-
radiogenic Pb. Obtaining a reliable and precise U-Pb age may not
work for some discordant titanite arrays that have a tightly clustered
non-radiogenic Pb component in Tera Wasserburg space. In addition to
the number of U-Pb analyses, the spread in non-radiogenic Pb content
(estimated here by the relative standard deviation, RSD in %) is also
crucial to increase the precision of the calculated U-Pb ages. Fig. 8 shows
how the uncertainty of the lower intercept U-Pb ages decreases with a
greater spread in non-radiogenic Pb content. Using a power law trend,
we calculated the maximum curvature point that intersects 0.29% of
RSD above which the relative age uncertainty will drop under 3.1%. This
relationship also suggests that a lower non-radiogenic Pb content lowers
the relative uncertainty of calculated age (from low to high average non-
radiogenic Pb content: FCT, BRA-1 and FCT titanites; Fig. 8). Thus,
titanite U-Pb data with even a minor component of concordant or sub-
concordant U-Pb analyses led to the most precise age.

Several approaches can be used to optimize titanite U-Pb dating
during a LA-ICP-MS session. This empirical estimate can feed several
initiatives that propose real-time data reduction like ‘GLITTER On-line
analysis’ for a commercial solution and the AgeCalcML freeware (Sun-
dell et al., 2021). These real-time reduction solutions are key features to
develop in routine in geochronology laboratories, specifically for non-
radiogenic Pb rich mineral phases in order to optimize LA-ICP-MS ses-
sions as well as to cluster statistically multiple titanite groups and
associated tectonic events in detrital rock (see application and discus-
sion in Bonamici and Blum, 2020). An alternative approach consists of
screening/mapping titanite grains to (i) detect and prioritize concordant
U-Pb data and (i) to estimate the variability in non-radiogenic Pb
content before running LA-ICP-MS analyses. Pre-screening titanite
grains would allow to include concordant and near-concordant data
during a LA-ICP-MS run and to strategically choose titanite spots to
bring the largest variability in F207% with a single non-radiogenic Pb
component and hence, minimize the calculated age uncertainty (see
Fig. 8). This could be done using the U-Pb signal during pre-ablation (or
cleaning) shots on grains.

Such very rapid U-Pb analyses have been conducted on zircons
(Matthews and Guest, 2017; Sundell et al., 2021) and could be extended
to the analysis of other grains to mitigate and monitor the
non-radiogenic Pb content in Ti-rich accessory minerals.
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Fig. 7. Boxplots showing the results of the bootstrap analysis on each set of titanite grain with Ecstall (a; b), BRA-1 (c; d) and FCT (e; f) titanites. Left boxplot graphs
show the evolution of age uncertainty with number of U—Pb analyses (i.e., precision) and right boxplot graphs show the evolution of calculated lower intercept ages
with number of U—PDb analyses (i.e., accuracy).

5. Conclusion concentrations. However, this approach poorly reproduces Gd (PoD
of 32.3%). Similarly, matrix-matched standardization with Ti as the

In this contribution we present a comprehensive U-Pb, major and IES yields accurate trace element concentrations. Both protocols
trace element dataset for five titanite reference materials: BLR-2, Ecstall, yield similar results when the one-sample t-test is applied, generating
BRA-1, McClure and FCT (Table 3, Table 4 and Tables S1, S2 and S3), statistically more significant trace element values than the other
quantify the use of matrix-matched SRM for trace elements in titanite, standardization techniques tested here. Moreover, the SQ standard-
and provide benchmarks for sample size necessary for dating non- ization using BLR-1 as the SRM yielded a smaller weighted Pod,
radiogenic Pb rich phases. Based on our analysis we conclude: while also not having to characterize the grains via EMP for IES (Ca,

Si or Ti) concentration determination prior to the LA-ICPMS analysis.

- BLR-1 is a suitable primary SRM for determining titanite trace The NIST612 standardization systematically underestimates trace

element concentrations. The use of BLR-1 yields a better overall
reproducibility of trace element concentrations compared to
NIST612, despite significantly overestimating Gd (PoD 25% - 36%),
Er (PoD 11% - 21%) and Tm (PoD 12% - 22%). Based on grain ho-
mogeneity, we propose BLR-2 titanite can also be used as a primary
SRM for titanite to quantify trace element concentrations accurately
and precisely. The Ecstall, McClure and FCT and BRA-1 grains are
unsuited to serve as secondary reference materials given their higher
chemical heterogeneity.

The matrix-matched standardization approach (relative to BLR-1)
with Si as the IES yields more accurate trace element
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element concentrations regardless of the IES used. Despite underes-
timation, the NIST612 — Ca reduction yields overall reasonable re-
sults for more trace elements, with a few exceptions: U (PoD of
20.9%), Pb (PoD of —39.1%). The NIST612 standardization using Ti
as the IES is not recommended for titanite trace element quantifi-
cation since it consistently and significantly underestimates the
elemental abundances.

Titanite U-Pb lower intercept age spread, and associated un-
certainties decrease with increasing sampling size (i.e., number of
spot analyses) following a power law. Moreover, the uncertainty of
the lower intercept U-Pb ages decreases with increasing range in
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Fig. 8. Scatter plot showing the relationships between relative age uncertainty
(in %) and the relative standard deviation of the non-radiogenic Pb content
(F207%) for bootstrap runs (n > 30) of FCT, Ecstall and BRA-1 titanites.

non-radiogenic Pb contents, following a power law trend. The
maximum curvature point of this trend points to 0.29% of RSD,
above which the relative age uncertainty will drop under 3.1%. The
empirical approach presented here can serve future analytical work
through optimizing real-time data reduction towards more efficient
data acquisitions and more robust U-Pb ages for non-radiogenic Pb-
rich phases.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.chemgeo.2023.121635.
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