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Apatite Reference Materials for SIMS Microanalysis of Isotopes
and Trace Elements
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Twelve apatite samples have been tested as secondary ion mass spectrometry (SIMS) reference materials. Laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) analysis shows that the SLAP, NUAN and GR40 apatite gems
are internally homogeneous, with most trace element mass fractions having 2 standard deviations (2s) ≤ 2.0%. BR2, BR5,
OL2, AFG2 and AFB1, which have U [ 63 lg g-1, 206Pb/204Pb [ 283, and homogeneous SIMS U-Pb data, have
respective isotope dilution thermal ionisation mass spectrometry (ID-TIMS) ages of 2053.83 ± 0.21 Ma, 2040.34 ± 0.09
Ma, 868.87 ± 0.25 Ma, 478.71 ± 0.22 Ma and 473.25 ± 0.09 Ma. Minor U-Pb heterogeneity exists and accurate SIMS
results require correction with the 3D Concordia-constrained common Pb composition. Among the studied samples, AFG2
and BR5 are the most homogeneous U-Pb reference materials. The SIMS sulfur isotopic compositions of eight of the
apatites shows they are homogeneous, with 2s for both 103d34S and 103d33S \ 0.55‰. One apatite, BR96, has
D33S = -0.36 � 0.2‰. The apatite samples have ID-TIMS 87Sr/86Sr between 0.704214 � 0.000030 and
0.723134 � 0.000035.

Keywords: apatite, SIMS, reference material, U-Pb, O, S, Sr, isotopes.
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Apatite is a fairly ubiquitous mineral and the measure-
ment of apatite trace element mass fractions has provided
important constraints on magma crystallisation histories
(Tepper and Kuehner 1999, Grange et al. 2013, Li
et al. 2020), ore deposition, and sedimentary, biogenic
and metamorphic processes (Wright et al. 1987, Bingen
et al. 1996, Lev et al. 1999, Bright et al. 2009, Blake
et al. 2010, Davis et al. 2011, �Zigait _e and White-
house 2014), and the history of fluids and volatiles in
terrestrial and extra-terrestrial environments (Ayers and
Watson 1993, van Hoose et al. 2010, Boyce et al. 2014,
Hauri et al. 2015, Barrett et al. 2019).

Apatite is an important mineral in SIMS geochronology
with numerous high-profile papers that use apatite U-Pb

systematics to solve critical problems in Lunar, Martian,
meteorite and terrestrial evolution (Sano et al. 1999, Wil-
ligers et al. 2002, Greenwood et al. 2003, Storey
et al. 2007, Davis et al. 2011, Li et al. 2012, Terada and
Sano 2012, Grange et al. 2013, Pasek et al. 2013, Santos
et al. 2015, Sano et al. 2016, Bellucci et al. 2015). SIMS
analysis of O, S, and Sr in zircon-hosted apatite is being
used to follow the stable isotope evolution of Earth’s earliest
crust, as well as young volcanic systems (Bruand et al. 2017,
Yamamoto et al. 2017, Boehnke et al. 2018, Emo
et al. 2018, Antione et al. 2020, Ravindran et al. 2020,
Gillespie et al. 2021).

Sulfur isotopes provide constraints on ore deposits,
S-bearing fluid migration in crustal and surface
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environments, mantle source compositions, crustal recycling
(Smit et al. 2019, Farquhar et al. 2002, Giuliani et al. 2016)
and the evolution of the biosphere and oceans (John-
ston 2011). Mass Independent Fractionation (MIF) S isotope
signatures have allowed tracking the oxygenation of the
Earth’s atmosphere in the early Earth (Farquhar et al. 2000,
Farquhar et al. 2003). There are relatively few in situ studies
of S isotopes in apatite. Even so, SIMS study of apatite has
been instrumental in identifying open system behaviour,
magma mixing, and changes in ƒO2 (Economos
et al. 2017, Hammerli et al. 2021).

Strontium isotopes in apatite allow the tracking of
hydrothermal systems in ore deposits (Zhao et al. 2015),
the study of magma mixing and contamination of silicic
and kimberlitic magmas by fluids (Charlier et al. 2006,
Malarkey et al. 2010), the identification of mantle source
components (Decree et al. 2020), the use of conodont from
Palaeozoic to Mesozoic samples to track palaeo-ocean
temperatures (Le Houedec et al. 2017), and the study of
mammalian tooth enamel and bones in palaeontology
(Kocsis et al. 2021).

SIMS U-Pb and Th-Pb dating of apatite is often limited
by large measurement uncertainties associated with small
sampling volumes (50–300 lm3), low mass fractions of U,
Th and radiogenic Pb, coupled with higher common Pb
contents, and, the necessity to combine the uncertainties of
the RM and unknown (Sano et al. 2016). Variable major
element composition of apatite, with substitution of Cl, F,
OH, CO3, Mg, Fe, Mn and Si, has the potential to
produce matrix induced bias during micro-analysis and
thus a collection of RM with known and varying major
element compositions is desirable. One of our goals has
been to characterise potential apatite RM that have
relatively high U, Th and 206Pb/204Pb, so as to reduce the
uncertainties associated with SIMS U-Th-Pb analysis. Most
apatite is enriched in Th relative to U, and a well-
characterised high Th apatite RM would be beneficial for
Th-Pb dating of high Th/U hydrothermal apatite in ore
deposits (Chen et al. 2019).

A large number of apatite have been used as RM for
volatile and non-volatile element mass fractions, U-Th-Pb
and Lu-Hf geochronology, and isotope ratios of H, O, S,
Sr, Cl, and Nd (Sano et al. 1999, Amelin and
Zaitsev 2002, Horstwood et al. 2008, Grange
et al. 2009, Kennedy 2011, Kennedy et al. 2012, Li
et al. 2012, Barford et al. 2005, Chew et al. 2011, Marks
et al. 2012, Thomson et al. 2012, Norman and
Nemchin 2014, Yang et al. 2014, Kusebauch
et al. 2015, Thompson et al. 2016, Silva et al. 2018,

Doucelance et al. 2020, Fisher et al. 2020, Gonc�alves
et al. 2020, Yang et al. 2020, Gillespie et al. 2021,
Hammerli et al. 2021, Krestianinov et al. 2021, Li
et al. 2021, Simpson et al. 2021, Wudarska
et al. 2021). We have previously distributed BR2 (Grange
et al. 2009, Nemchin et al. 2009, Davis et al. 2011,
Norman and Nemchin 2014, Bellucci et al. 2015) and
BR5 (Gall et al. 2017, Bao et al. 2022), for which there is
early U-Pb TIMS data, and the data presented in this
article provide an update for the BR2 and BR5 apatite
RM.

Inter-laboratory comparison of apatite U-Th-Pb SIMS, ID-
TIMS and laser ablation-inductively coupled plasma-mass
spectrometry analysis would be facilitated if apatite RMs that
have been analysed in multiple ID-TIMS laboratories were
available for distribution. Similarly, LA-ICP-MS can benefit
from matrix matched RM (Chew et al. 2011, Chen and
Simonetti 2012, Thompson et al. 2016, Fisher et al. 2020).
Coupled U-Th-Pb ID-TIMS and LA-ICP-MS trace element
determination on a single dissolution of an accessory
mineral (Schoene et al. 2010) requires a RM that is
homogenous in both isotopic composition and trace element
abundances.

Some of the above listed studies have focused on a
single isotope system or a single apatite sample. There is a
need for apatite RMs that have been characterised in
multiple isotopic systems, as this provides expanded appli-
cability.

Apatite samples

We have chosen not to study biogenic apatite, or apatite
with high Cl, CO3 or OH contents as these substitutions onto
specific structural sites in apatite may be associated with bias
of SIMS data (Sun et al. 2016, Li et al. 2021, Wudarska
et al. 2022). Even though this reduces the applicability of the
apatite samples we have characterised, it still provides a set
of apatite RMs with compositions that are applicable to a
large fraction of igneous, metamorphic and sedimentary
apatite.

Although some gem quality apatite, such as those from
Durango, show significant chemical variation (Sun
et al. 2016), we have focused on large, colour-saturated,
faceted apatite gems, or large facet-grade crystals of
apatite. We have assumed this material is likely to have
reduced compositional variability in comparison with apatite
grain separates, plus they have very few inclusions, alteration
patches and flaws. Twelve facet grade apatite crystals and
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faceted apatite gems, purchased from world-wide-web-
based gem merchants or mineral dealers, were initially
assessed by optical microscopy.

The apatite materials from Campo Formosa (Brazil) are
small (0.4–0.8 g), dark royal blue transparent crystals (BR2
and BR5) and a very large (18 g) single crystal (BR96).
AFB1 is a dark blue, 1.8 g crystal from Isoanala,
Madagascar, and AFG2 is a dark green, 1.5 g crystal,
from Fort Dauphin, Madagascar. MADAP is a transparent,
neon blue, 0.8 g crystal purchased from a mineral dealer,
and Madagascar was given as the source. Apatite from
Otter Lake, Quebec, Canada, OL2, OL3, and OL4, are
small, grass green, 0.4–0.8 g, flawless, faceted gems. SLAP
is a 1 g, flawless, neon blue, faceted gem apatite from Sri
Lanka. NUAN and GR40 are dark green, faceted gem
apatite with localities given as Nuan Chang, China, and
India, and the respective sizes are 1.3 g and 0.3 g. After
crushing, with a steel mortar to sub-mm size, any chips with

visible imperfections under a binocular microscope were
removed, and any flaws in the mounted chips were
avoided during analysis.

Analytical techniques

Optical microscope and secondary electron micro-
scope imaging

Optical, back-scattered electron (BSE), and cathodolumi-
nescence (CL) imaging were completed at the Microscopy
andMicroanalysis Facility of the John de Laeter Centre, Curtin
University. A Nikon SMZ800 stereo-microscope and the
associated image analysis software were used for optical
imaging. BSE and CL images were produced with a TESCAN
MIRA3 variable pressure field emission scanning electron
microscope (VP-FESEM), using a 15 kV acceleration potential
andaworkingdistanceof 14 mm for BSEand17.5–21.5 mm

Figure 1. Stereoscopic light images of chips of the characterised apatite showing the colour, transparency and near

flawless nature of the faceted gems and facet grade gem crystals. All the images have a 5 cm 3 5 cm field of view.
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for CL. Stereoscopic images of chips of the apatite samples
show that broken chips of the faceted gems and the gem
quality crystals are colour-saturated and have excellent clarity
(Figure 1). Most of the apatite has minor imperfections, such as
feathers and rare micrometre-sized inclusions or altered
surfaces of cracks. Chips of the apatite samples were cast in
24 mm diameter epoxy mounts and polished to expose the
maximum cross-sectional area, and then cleaned and coated
with 40 nm of high purity Au. These mounts were used for all
analytical techniques, except TIMS analysis. The CL images of
most of the studied apatite exhibit uniform brightness, within
and between chips (Figure 2). BR2, BR5, BR96, AFG2, OL2,
OL3 andGR40 all have very little CL emission, and this can be
seen in Figure 2a. This is likely due to low levels of CL emitting
elements, such as the REE, and CL suppression by higher U
contents. The CL images of the low U apatite samples, SLAP,
MADAP,NUANandOL4 (Figure2b–e)were collectedat slow
scan speeds to counteract the streaking resulting from the long
CL emission interval. The CL images for these apatite samples
show there is very little heterogeneity. The AFB1 apatite image

(Figure 2b) shows there is minor heterogeneity in CL emission
and that AFB1 is not homogenous in CL emitting elements.

Electron probe microanalysis-wavelength disper-
sive spectrometry (EPMA-WDS)

Quantitative EPMA-WDS analysis of the apatite samples
was performed at Adelaide Microscopy at the University of
Adelaide, using a Cameca SX Five instrument equipped with
five tuneable wavelength-dispersive spectrometers. Fifteen
elements were measured following methodologies for
apatite data collection/analysis of Nixon et al. (2021).
Combined analytical conditions of 10 kV/15 nA/5 lm were
used for the measurement of mobile and beam sensitive
elements, and 15 kV/40 nA/5 lm for low-level elements.
Both synthetic glasses and natural albite, almandine, apatite,
augite, barite, olivine, rhodonite and tugtupite were used as
reference materials. Probe for EPMA-WDS software, which
uses Mean Atomic Number (MAN) background fitting, and
Time Dependant Intensity (TDI) corrections, was utilised for

Figure 2. CL images that are representative of the characterised apatite. The cracking of the chips is a result of

mounting and polishing and is not intrinsic to the apatite. Image (2a), contains one or more mm-sized chips of the

BR2, BR5, BR96 and AFG2 apatite, shows the lack of CL emission for these apatite. None of the chips of the apatite

show any visible zonation or compositional variation. The CL images (2b–h) are representative of what was

observed for the other apatite, with only AFB1 showing any variation of CL intensity. The scale bar and operating

conditions are given at the base of each image.
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data acquisition and processing. Detailed information on
methodologies, detection limits, overlap corrections and
errors can be found in Nixon et al. (2021).

LA-ICP-MS trace element measurement

Trace element compositions of multiple fragments of the
apatite samples were measured at Adelaide Microscopy
(University of Adelaide) using LA-ICP-MS, following the
method of Raimondo et al. (2011). Analyses were performed
on five 1–2 mm chips of each apatite that were mounted in
a 24 mm diameter epoxy disk, and analysed with an
Agilent 7500cs quadrupole ICP-MS equipped with a New
Wave UP-213 Nd-YAG laser. Beam diameter was set at 30
lm, with a repetition rate of 5 Hz and energy set to produce
a fluence at the sample of ~ 9–10 J cm-2. Ablation was
conducted in a helium atmosphere after which argon gas
added immediately after the cell to aid transport of material.
The instrument was tuned to optimum sensitivity and to
minimise production of interfering oxides species, with
232Th16O/232Th routinely \ 0.5%. Data was collected
using time-resolved data acquisition in fast peak-jumping
mode and processed using the Iolite software (Paton
et al. 2011). Total acquisition time per analysis was 80 s,
with 40 s background measurement followed by 40 s of
sample ablation. Calibration was performed against the
NIST SRM 610 glass using the coefficients of Pearce
et al. (1997). Batches of ten analyses were bracketed by
repeat analyses of the reference material NIST SRM 610,
allowing monitoring of, and correction for, instrumental drift.
A linear drift correction based on the analysis sequence and
on the bracketing analyses of NIST SRM 610, was applied
to the count rate for each sample. In addition to this, analyses
of USGS basalt glasses BHVO and BCR were also analysed
to monitor for bias. 43Ca was used as the internal standard
element for each apatite analysis, using the EPMA-WDS
value for Ca in each apatite grain. The precision of trace
element measurements, based on repeated analyses of
RMs, is approximately �10% for mass fractions \10 lg
g-1. The detection limits for Li, Cl, Nb, Hf, Ta and W are \10
lg g-1, for Ca \ 200 lg g-1 and for Si \ 900 lg g-1.
Typical detection limits for Sr and elements with mass [ 92
ranged from 0.015 to 0.09 lg g-1. For some apatite
samples there are only four analyses and additional work is
needed to fully assess their homogeneity.

SIMS U-Th-Pb

The U-Th-Pb analytical procedures for the Curtin consor-
tium Sensitive High Resolution Ion Micro-Probe (SHRIMP)
have been described by de Laeter and Kennedy (1998)

and Kennedy et al. (2012) and are similar to those
described by Compston et al. (1984), Williams (1998),
Ireland and Williams (2003) and Kennedy et al. (2010,
2014). Typically, a 25–30 lm diameter spot was used, with
a mass-filtered O2

--primary beam of 2–3 nA. Data for each
spot were collected in sets of six scans through twelve mass
stations corresponding to 44Ca40Ca31P16O4

+, 197Au+
204Pb+, Background, 206Pb+, 207Pb+, 208Pb+, 208Pb1H+,
232Th16O+, 238U16O+, 232Th16O2

+and 238U16O2
+, with

respective count intervals of 4, 2, 40, 30, 40, 30, 10, 5, 5,
10, 5 and 10 seconds. The SIMS 206Pb/238U ages were
calculated using one of the apatite for calibration, along
with the measured TIMS age for this apatite. The common Pb
correction for BR2, BR5, AFG2 and OL2 uses the measured
204Pb/206Pb ratio and the common Pb composition calcu-
lated from the concordia constrained TIMS 3D linear
regression. Instrumental Mass Fractionation (IMF) was mon-
itored using the 207Pb /206Pb ratio of NIST SRM 610 glass
or Broken Hill Pb feldspar (Stern et al. 2009). Correction for
common Pb for the AFB1 apatite is complicated by the
presence of an unidentified interference on the 204Pb that is
similar to that seen in monazite (Stern and Berman 2001).
This necessitated the use of the 207Pb correction scheme of
Compston et al. (1984). Figure 3 shows the difference in the
calculated age for AFB1 using a 204Pb or 207Pb common Pb
correction for a single data set. AFB1 is the only apatite with
an identifiable interference on 204Pb.

Figure 3. Tukey ’s biweight mean 206Pb/238U age for

the AFB1 apatite using the 204Pb and 207Pb common

Pb correction methods (Compston et al . 1984) for a

single SHRIMP analytical data set. The consistently

younger 204Pb corrected ages can be attributed to a

possible Th molecular species ion interference at the
204Pb mass.
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The correction formula for Pb/U fractionation is
206Pb+/238U16O+ = a(238U16O2

+/238U16O+)b, which is
similar to the approach of Claou�e-Long et al. (1995), but
replacing 238U+ by 238U16O+ and 238U16O+ by
238U16O2

+. The calibration constant for Pb/Th uses
208Pb+/232Th16O+ = a(232Th16O2

+/232Th16O+)b. The cal-
culated ages and concordia diagrams use the decay
constants of Jaffey et al. (1971). The programs Isoplot and
SQUID II (Ludwig 2003, 2009), SQUID 3 (Bodorkis et al.
2020) and IsoplotR (Vermeesch 2018) were used for data
processing and plotting.

U-Pb isotope dilution thermal ionisation mass
spectrometry (ID-TIMS)

The U-Pb ID-TIMS ages of five of the potential apatite
reference materials were determined in the geochronology
laboratoriesatBoiseStateUniversity (BSU)and theDepartment
of Earth Sciences of the University of Geneva (UNIGE).
Procedures employed at BSU and UNIGE follow those
describedby Schoeneet al. (2010) andWotzlawet al. (2012).

Apatite chips were selected and transferred to 3 ml
Teflon PFA beakers with ultrapure H2O and ultrasonically
cleaned. The grains were rinsed with ultrapure H2O before
being transferred to 200 ll Savillex PFA microcapsules,
spiked with the EARTHTIME mixed (202Pb-)205Pb-233U-235U
tracer solution (ET(2)535) (http://www.earth-time.org/) and
dissolved in 6 mol l-1 HCl in Parr bombs at 180 °C. U and
Pb were separated using a HBr- and HCl-based anion
exchange chromatographic procedure (Krogh 1973). The
Pb and U fractions were loaded separately on single out-
gassed Re filament with ~1 ll of a silica gel/phosphoric acid
mixture modified from Gerstenberger and Haase (1997). U
and Pb isotopic measurements made on a GV Isoprobe-T
multi-collector thermal ionisation mass spectrometer
equipped with an ion-counting Daly detector at BSU and
a Thermo TRITON thermal ionisation mass spectrometer
equipped with a MasCom secondary electron multiplier at
UNIGE. At BSU Pb isotopes were measured by peak
jumping all isotopes on the Daly detector for 100 to 150
cycles. At UNIGE Pb isotopes were either measured by
dynamic peak hopping on the axial multiplier or in static
mode on Faraday cups equipped with 1012 Ω resistors. At
BSU Pb isotopes were corrected for 0.22 � 0.04% per amu
(atomic mass unit) mass fractionation. At UNIGE Pb isotopes
were corrected using a fractionation factor derived from the
measured 202Pb/205Pb ratio assuming a true value of
0.99924 for the tracer. In both laboratories, uranium was
determined as UO2

+ ions in static Faraday mode on 1011 or
1012 Ω resistors for 150 to 200 cycles, and corrected for

isobaric interference of 233U18O16O on 235U16O16O with
an 18O/16O of 0.00205 and for mass fractionation using
the measured 233U/235U ratio relative to a value of
0.99506 for the ET (2)535 tracer. U-Th-Pb dates and
uncertainties were calculated using the algorithms of Schmitz
and Schoene (2007) and using the U decay constants of
Jaffey et al. (1971). The common Pb in the analyses was
attributed to initial Pb, ignoring the insignificant contribution
from the laboratory blank, and corrected using the Pb
isotopic composition and associated uncertainty calculated
from the 3D total Pb isochron solution from Isoplot, using all
analyses from both laboratories. The data has not been
corrected for initial 230Th disequilibrium. All uncertainties are
reported at the 95% confidence level and exclude system-
atic uncertainties associated with tracer calibration and
decay constants unless otherwise indicated.

Gas-source S isotope ratio mass spectrometric
analysis of apatite

Each apatite sample was dissolved in Thode solution
(mixture of (32:15:53) HI, H3PO2 and HCl) at 100 °C under
a stream of pure N2 for 90 min (Thode et al. 1961). The N2

carried the generated H2S through a zinc acetate solution,
which quantitatively precipitated the H2S as ZnS. A few
drops of silver nitrate (0.1 mol l-1) were added to the zinc
acetate solution to convert the ZnS to Ag2S. This reaction was
carried out overnight in the dark. The Ag2S was then
separated from the solution by filtration on a 0.2 lm
membrane filter, rinsed with a few millilitres of ammonium
hydroxide and three times with high-purity (Milli-Q) water,
scraped from the filter, and dried for [ 24 h at 50 °C. The
samples were then weighed to evaluate recovery relative to
the starting mass of each apatite sample, which was typically
30 mg. Typical recoveries were [ 90% S. We view these
as acceptable recoveries given the potential losses in
manipulating such small quantities of solids.

The Ag2S was reacted in the presence of excess fluorine
gas for 12 h in a Ni reaction vessel heated to 250 °C. The
SF6 generated by the reaction was first purified by removing
non-condensable by-products of the reaction by cryo-
separation at -120 °C. A second purification was carried
out by passing the SF6 through two GC columns (� 2 m
Haysep Q and � 2 m Molsieve 5A) with ultrapure He as
the carrier gas at a rate of 20 ml min-1. The SF6 peak was
isolated from residual contaminants and the carrier gas by
trapping the SF6 on a cold finger at -192 °C as the carrier
gas was pumped out. The isotopic composition of the
purified SF6 was then determined on a ThermoElectron MAT
253 dual Inlet isotope ratio mass spectrometer in the Stable
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Isotope Laboratory of the Earth and Planetary Sciences
Department at McGill University.

SIMS sulfur isotope measurements

Sulfur isotope (32S, 33S and 34S) measurements were
performed using a CAMECA IMS1280 instrument at the
Centre for Microscopy and Characterisation and Analysis
(CMCA), University of Western Australia. The S isotope SIMS
technique of Hammerli et al. (2021) was used as the basis
for our technique, with minor adjustments. We used 25 mm
epoxy mounts in a standard CAMECA holder with the Big,
Durango-A, SAP1 RM apatites in one mount and large
chips of the apatite being characterised in a second mount.
The apatite samples were centrally located to reduce any
edge effect (Ickert et al. 2008, Kita et al. 2011). Normal
incident electrons were used for charge compensation
during analysis. Epoxy resin mounts were carefully cleaned
with detergent, ethanol and distilled water and then
coated with 20 nm-thick Au. Each analysis included pre-
sputtering over a 20 lm 9 20 lm area for 60 s and the
automatic centring of the secondary ions in the field
aperture. During data collection the sample surface was
sputtered over a 15 lm 9 15 lm area with a 10 kV,
Gaussian Cs+ beam with intensity of ~ 1–3 nA and total
impact energy of 20 keV. Secondary S- ions were admitted
to the double focusing mass spectrometer within a 90-lm
entrance slit and focused in the centre of a 3000 lm field
aperture (9 130 magnification). Energy filtering was
applied using a 30 eV band pass with a 5 eV gap
toward the high-energy side. The isotopes 32S, 33S and 34S
were simultaneously measured in multi-collection mode
with one Faraday Cup using amplifiers with 1011 Ω (L1),
and two low-noise ion counting electron multipliers (C and
H2). Multi-collection detectors operated at a mass resolu-
tion of ~ 4300, which is sufficient to resolve isobaric
interferences on 32S from 31P1H and on 33S from 32S1H.
The magnetic field was regulated using NMR control. Each
analysis then consisted of thirty 4 s acquisition periods. For
the isotope homogeneity test of potential RMs, the stability
of the instrument and “external” precision were monitored
using a restricted area (~ 200 lm 9 100 lm) within a
single grain of apatite and by repeating the measurements
in this area every five to ten analyses, which targeted other
areas of the grain. For measuring bias, we used our apatite
samples with gas source bulk S isotope composition, SLAP
and AFG2, to correct for drift, monitor “external” reference
material reproducibility and correct for IMF. When present,
instrumental drift was corrected via linear functions (Ham-
merli et al. 2021).

TIMS Sr isotope measurement

Strontium isotope ratios were determined by thermal
ionisation mass spectrometry (TIMS) on a Thermo Fisher
TritonTM instrument at the John de Laeter Centre (JdLC) at
Curtin University in Perth, Western Australia. Eleven apatite
powder test portions of 10–35 mg were processed for Sr
isotopic measurements. After each test portion was weighed,
digestion occurred using concentrated (16 mol l-1) HNO3

within capped PTFE beakers on a hot plate at 120 °C for 48
h. Once all had been completely digested, they were
evaporated and then twice dissolved in 6 mol l-1 HCl to
transform the nitrate to chloride. Lastly, the samples were
dissolved in 1 ml of 2.5 mol l-1 HCl in preparation for
chromatography. Purification of the Sr was accomplished by
passing the solution through a cation resin exchange
column packed with Bio-Rad AG50W-X8. The quartz
column was cleaned prior to chemistry with 25.0 ml 6 mol
l-1 HCl. After pre-cleaning and prior to sample introduction
the resin was conditioned in 2.0 ml of 2.5 mol l-1 HCl. The 1
ml of sample solution was carefully introduced into each
respective column. The resin loaded with the sample was
then washed twice with 2.5 ml of 2.5 mol l-1 HCl, followed
by 2.5 ml of 5 mol l-1 HCl to remove all unwanted matrix
elements. The Sr fraction was collected using 3.5 ml of 5 mol
l-1 HCl and subsequently dried on the hotplate. Each sample
was then dissolved twice in 250 ll of 8 mol l-1 HNO3,
placed in an ultrasonic bath, evaporated before being
dissolved in 1 ml of ultra pure 8 mol l-1 HNO3 for final
purification. To be sure of complete Sr purification, the Sr
separation sample solution was loaded into columns filled
with Eichrom Sr resin (50–100 lm size) that had been pre-
cleaned in high-purity water. Any remaining matrix elements
were removed by repetitive (93) introduction of 8 mol l-1

HNO3. Collection of the Sr was accomplished by elution
with 2 ml of high-purity water (Milli-Q) and subsequent
drying on a hot plate with 2.5 ll of H3PO4. The Sr fractions
were evaporated and redissolved in 2.5 ll 16 mol l-1

HNO3 prior to mass spectrometry.

The purified and dried Sr sample was redissolved in ultra
pure 5.0 ll of 6 mol l-1 HNO3, from which 1 ll of the
sample solution was mixed with 1 ll TaF5 activator and
loaded onto the centre of pre-outgassed single Re filament.
After being allowed to dry on the filament at a 0.8 A current,
the samples were ready for analysis. The Sr isotopic ratios
were acquired in the static collection mode on Faraday cups
using a 1 9 10-11 O resistors. Gain calibration bias and
amplifier gains were calibrated at the start of each day’s
measurement session. Prior to each measurement the
filaments were heated to ca. 1250 °C (2000 mA) and left
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for 2 min to further confirm the complete removal of Rb to
avoid any isobaric overlap of 87Rb on 87Sr. Measurement of
the Sr isotopes were conducted with a filament temperature
of 1350–1450 °C after a slow heating and beam tuning
protocol. Once a stable signal was acquired each filament
was analysed twice using a method consisting of ten blocks
of ten scans at two differing temperatures. The isobaric
interference of 87Rb on 87Sr was monitored during the Sr
measurements using 85Rb. The 85Rb signal was at the
baseline noise of the amplifier throughout the analytical run
and thus the Rb interference was determined to be
negligible during the entire analysis resulting in no need
for any correction. The 87Sr/86Sr ratio data were corrected
for mass fractionation by normalising to an 86Sr/88Sr ratio of
0.1194 using the exponential law.

The NIST SRM 987 reference material was analysed a
number of times throughout the measurement session at the
beginning, mid-way through the samples, and at the end.
The reference material was used to evaluate the instrument
stability during the measurement session over the multiple
days of analyses. Furthermore, to be sure no fractionation
was induced during chemical processing an aliquot of NIST
SRM 987 was processed along with the sample material.
The measured mean value of the NIST SRM 987 was
0.710238 � 0.00002 (2s, n = 7) for 87Sr/86Sr, in excellent
agreement with the reported certified ratio of 0.710250.

Results and discussion

EPMA-WDS

Electron probe-WDS measurements were undertaken on
five to ten chips of each apatite sample. The normalised
weighted mean mass fractions are given in Table 1. Our
EPMA-WDS analyses resulted in totals between 98.9 in
AFB1 and 100.18 g/100g in MADAP, after correction for F
and Cl substitution for O. The shortfall in mass is likely to be a
reflection of the presence of OH, CO3 and additional trace
constituents in the apatite structure, and movement of F under
the electron beam. Sodium, Mg, Fe and Mn were absent or
present at very low levels in all apatite samples. There are
small differences in S, Cl, F, Si, Y and trace elements between
the apatite samples. OL2 and OL3 have higher trace
element abundances and S than OL4, the other Otter Lake
apatite specimen. All of the apatite samples studied had
typical fluorapatite compositions with F between 2.6% in
NUAN and 4.1% in OL4. OL2, OL3 and OL4 returned F
mass fractions greater than the structural limit for apatite
(~ 3.77% m/m). The Time Dependant Intensity (TDI) plots of F

for these samples display convoluted time resolved signals,
and this is seen to reflect the migration of F due to c-axis
orientation effects of the mounted apatite grains. Despite this,
the absence of measurable Cl and good totals suggests that
they are at, or close to, the fluorapatite end member
composition. The WDS data for the apatite samples lets us
conclude that there is a limited range of compositions for all
major and minor elements measured by WDS, and that
there is nothing unusual about the composition of the
different apatite samples. Although some trace element mass
fractions were measured by WDS we will discuss the
variation of trace elements within the apatite samples in the
following section.

LA-ICP-MS

The apatite trace element data given in Table 2 were
measured on the same apatite chips as the WDS analyses.
There is a large range in the weighted and unweighted
mean abundance of trace elements between the different
apatite samples. For example, La contents range from 200
lg g-1 to 2740 lg g-1, Sr ranges between 260 and 3601
lg g-1, Th between 9.3 and 5180 lg g-1 and Y between
123 and 1005 lg g-1.

As a consequence, the chondrite normalised (C.N.) Rare
Earth Element (REE) patterns, plotted in Figures 4a and b
show orders of magnitude variation. The apatite from Brazil,
Madagascar and Sri Lanka (Figure 4a), all have typical
apatite REE patterns, with LREE enrichment, a negative Eu
anomaly, a smooth curvature to the LREE and HREE patterns,
and REE abundances typical of apatite from granitic rocks
and pegmatite (Belousova et al. 2002). In Figure 4b, only
NUAN has a different REE pattern to the other apatite
samples, with a pattern that is often associated with ultramafic
rocks and iron-apatite ores (Belousova et al. 2002). NUAN
has a relatively flat REE pattern, a small Eu anomaly, and a
small enrichment of Yb and Lu over the other HREE.

Additional trace element data are given in Table 2.
SLAP, GR40 and NUAN have good trace element homo-
geneity, with 2s for all the REE being \ 2.3%. OL2 and OL3
have higher Y than the remainder of the apatite samples,
and this is consistent with their higher HREE. The BR apatites
have lower Y and Zr. The Th abundance of the analysed
apatite samples is highly variable, ranging from 5180 lg
g-1 in AFB1 to 9.3 lg g-1 in NUAN. Uranium has a much
narrower range, varying from 24 to 144 lg g-1. Lead is
present in all of the apatite samples examined, and the
approximate abundance ranges from 9.4 lg g-1 in NUAN
to 123 lg g-1 in AFB1.
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ID-TIMS U-Pb

ID-TIMS U-Pb analysis was completed on five apatite
materials (BR2, BR5, AFB1, AFG2 and OL2), which had
U [ 65 lg g-1 and masses between 0.4 and 1.5 g. The
ID-TIMS data for these apatites is given in Table 3. and
plotted on Pb-Pb isochron, isotope ratio and Concordia
diagrams (Figures 5, 6, 7 and 8). The TIMS data shows that
all of the analysed chips contain common Pb. The mole

percentage of radiogenic 206Pb varies between 89% and
99% in individual chips. This is reflected in the relatively high
206Pb/204Pb of the ID-TIMS analysed apatite. The mean
TIMS 206Pb/204Pb values for BR2, BR5, AFG2, AFB1 and
OL2 are respectively, 561, 948, 323, 283 and 538
(Table 3). All of the analyses of the apatite samples (Tables 3
and 4) have significant amounts of common Pb and the
analytical points plot far from the Concordia curve (Figure 5);
the calculated ages are highly sensitive to the assumed

Table 1.
Measurement results for major and trace elements in apatite reference samples by EPMA

Element BR2 2SE
(n = 12)

BR5 2SE
(n = 9)

BR96 2SE
(n = 13)

AFG2 2SE
(n = 17)

AFB1 2SE
(n = 14)

MADAP 2SE
(n = 13)

Mass% Mass% Mass% Mass% Mass% Mass%

F 3.00 0.13 2.39 0.05 2.89 0.04 3.50 0.06 3.82 0.10 3.54 0.04
Na2O 0.07 0.01 0.10 0.02 0.15 0.03 0.12 0.03 0.033 0.005 0.17 0.02
MgO 0.02 0.004 0.01 0.003 b.d.l. b.d.l. 0.002 0.002 b.d.l.
SrO 0.06 0.004 0.05 0.01 0.04 0.002 0.07 0.004 0.07 0.01 0.26 0.003
SiO2 0.93 0.02 0.82 0.05 0.81 0.01 1.23 0.01 1.76 0.01 0.86 0.01
P2O5 39.52 0.25 40.58 0.20 40.59 0.25 39.29 0.22 38.06 0.10 40.22 0.13
Y2O3 0.02 0.01 0.02 0.01 0.06 0.01 0.05 0.005 0.05 0.01 0.05 0.01
SO3 1.11 0.04 0.87 0.03 0.87 0.03 1.23 0.05 1.12 0.01 0.69 0.03
Cl 0.18 0.01 0.23 0.004 0.12 0.02 0.12 0.01 0.14 0.004 0.16 0.01
CaO 55.09 0.24 54.49 0.24 55.29 0.26 55.23 0.29 53.56 0.13 54.82 0.32
La2O3 0.04 0.01 0.12 0.07 0.03 0.004 0.10 0.01 0.28 0.05 0.25 0.01
Ce2O3 0.08 0.01 0.22 0.08 0.06 0.01 0.26 0.01 0.68 0.05 0.49 0.01
Nd2O3 0.06 0.02 0.09 0.05 0.05 0.01 0.09 0.01 0.20 0.03 0.18 0.01
MnO 0.05 0.01 0.03 0.01 0.04 0.003 b.d.l. 0.07 0.01 0.03 0.01
FeO 0.002 0.002 0.01 0.01 0.04 0.01 0.04 0.01 0.02 0.01 0.03 0.002
Total 100.24 0.23 100.02 0.28 100.94 0.42 101.30 0.47 99.85 0.31 101.69 0.28
O � F 1.29 0.03 1.02 0.02 1.25 0.02 1.50 0.03 1.63 0.04 1.53 0.02
O � Cl 0.04 0.01 0.05 0.004 0.03 0.02 0.03 0.01 0.03 0.004 0.04 0.01
Total 98.91 0.20 98.95 0.27 99.70 0.42 99.79 0.46 98.19 0.28 100.15 0.28

Element OL2 * 2SE
(n = 9)

OL3 * 2SE
(n = 20)

OL4 * 2SE
(n = 12)

GR40 2SE
(n = 10)

NUAN 2SE
(n = 30)

SLAP 2SE
(n = 10)

Mass% Mass% Mass% Mass% Mass% Mass%

F 4.02 0.16 4.01 0.10 4.12 0.06 3.66 0.06 2.63 0.05 3.60 0.05
Na2O 0.08 0.03 0.18 0.01 0.36 0.05 0.17 0.02 0.13 0.02 0.07 0.01
MgO 0.01 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
SrO 0.18 0.03 0.19 0.004 0.39 0.01 0.20 0.005 0.03 0.002 0.22 0.003
SiO2 1.01 0.15 0.94 0.01 0.07 0.01 0.87 0.01 b.d.l. 0.90 0.01
P2O5 39.40 0.55 39.51 0.20 41.99 0.26 40.35 0.32 42.57 0.14 40.24 0.12
Y2O3 0.12 0.02 0.16 0.02 0.04 0.01 0.04 0.01 0.05 0.004 0.06 0.01
SO3 0.51 0.05 0.49 0.03 0.23 0.01 0.67 0.04 0.13 0.01 0.87 0.02
Cl 0.06 0.08 0.04 0.004 b.d.l. 0.13 0.01 0.07 0.004 0.16 0.01
CaO 53.56 0.28 54.26 0.26 54.44 0.63 54.94 0.53 55.39 0.29 54.31 0.26
La2O3 0.33 0.06 0.32 0.01 0.14 0.01 0.23 0.01 0.03 0.001 0.25 0.01
Ce2O3 0.91 0.10 0.85 0.01 0.32 0.02 0.47 0.01 0.05 0.004 0.50 0.01
Nd2O3 0.38 0.04 0.40 0.01 0.15 0.02 0.17 0.01 0.05 0.004 0.18 0.01
MnO 0.02 0.01 0.02 0.002 0.02 0.003 0.03 0.002 0.17 0.005 0.03 0.004
FeO 0.01 0.01 0.05 0.01 0.04 0.01 0.03 0.01 0.05 0.01 0.04 0.01
Total 100.59 0.57 101.40 0.28 102.27 0.61 101.94 0.64 101.26 0.33 101.41 0.27
O � F 1.72 0.07 1.69 0.04 1.74 0.03 1.57 0.03 1.13 0.02 1.55 0.02
O � Cl 0.01 0.02 0.01 0.004 0.03 0.010 0.02 0.004 0.04 0.01
Total 98.86 0.55 99.71 0.29 100.55 0.61 100.35 0.65 100.15 0.34 99.83 0.26

* F measurements noisy due to F migration under the electron beam
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Table 2.
Major and trace element data for apatite reference samples by LA-ICP-MS

Element BR2 BR5 BR96 AFG2 AFB1 MADAP

Wtd
Mean

2s (%)
(n = 4)

Wtd
Mean

2s (%)
(n = 10)

Wtd
Mean

2s (%)
(n = 6)

Wtd
Mean

2s (%)
(n = 4)

Wtd
Mean

2s (%)
(n = 4)

Wtd
Mean

2s (%)
(n = 4)

Li 0.05 40.7 Below LOD 6.17 2.6 2.25 5.4 0.20 16.9 0.45 10.9
Si 5143.34 2.5 4279.80 0.82 5118.86 2.3 6445.35 2.5 8688.21 1.9 5601.38 2.9
P 256469 1.1 207214 0.59 238890 0.9 227790 1.1 213038 1.1 222175 1.5
Fe 170.79 2.1 32.77 6.40 200.99 1.6 190.71 1.9 185.55 2.0 183.52 2.1
Sr 366.83 0.8 408.69 0.49 260.47 0.7 456.16 0.8 580.39 0.9 2220.75 0.8
Y 122.89 1.0 324.22 0.52 127.97 1.0 281.23 0.8 435.14 0.9 310.17 1.2
Zr 16.81 1.9 18.66 1.18 24.83 1.9 17.96 2.0 14.01 2.3 17.05 2.1
Nb 0.49 8.3 0.45 5.55 0.64 6.8 3.62 3.4 5.17 2.8 0.10 19.2
La 245.10 0.7 909.25 0.59 235.77 0.7 865.20 0.7 2208.21 0.7 2130.65 0.8
Ce 557.90 0.8 2004.82 0.53 565.80 0.7 2116.04 0.8 5322.73 0.8 4289.79 0.9
Pr 64.50 0.8 212.44 0.57 66.75 0.8 235.24 0.7 584.26 0.6 454.40 0.8
Nd 242.05 1.1 764.96 0.55 252.25 1.0 859.23 0.8 2031.15 0.9 1621.42 0.8
Sm 41.42 2.1 122.50 0.85 44.82 1.8 131.86 1.3 254.82 1.2 210.71 1.3
Eu 6.97 2.5 18.70 0.99 7.07 2.1 14.02 1.7 29.02 1.4 29.91 1.4
Gd 32.64 2.3 90.32 0.88 33.96 1.9 87.77 1.5 152.70 1.4 130.33 1.6
Tb 4.18 2.4 11.24 0.94 4.45 2.1 10.49 1.6 16.49 1.5 13.07 1.6
Dy 23.21 2.3 63.03 0.86 25.42 1.8 57.34 1.5 86.09 1.4 65.26 1.6
Ho 4.39 2.5 11.53 0.93 4.84 1.9 10.03 1.7 15.14 1.6 11.02 1.7
Er 11.77 2.8 29.67 1.04 12.44 2.2 26.88 1.8 38.60 1.6 26.71 2.2
Tm 1.58 4.0 3.98 1.44 1.57 3.0 3.54 2.8 4.82 2.5 3.23 2.7
Yb 8.84 3.4 23.26 1.29 9.37 2.6 20.28 2.3 26.60 2.2 18.02 2.6
Lu 1.18 4.1 2.95 1.75 1.19 4.0 2.55 3.3 3.18 3.0 2.42 3.3
Pb 104.59 4.2 107.37 2.2 113.67 4.1 56.09 6.9 122.84 6.0 17.28 12.9
Th 793.41 1.0 869.59 0.56 848.69 1.1 2059.56 0.8 5180.41 1.0 666.93 1.0
U 68.46 1.0 67.70 0.64 56.98 1.2 132.13 1.0 144.47 0.8 25.39 1.5

Element OL2 OL3 OL4 GR40 NUAN SLAP

Wtd
Mean

2s (%)
(n = 4)

Wtd
Mean

2s (%)
(n = 6)

Wtd
Mean

2s (%)
(n = 4)

Wtd
Mean

2s (%)
(n = 10)

Wtd
Mean

2s (%)
(n = 26)

Wtd
Mean

2s (%)
(n = 10)

Li 0.74 8.4 0.85 6.2 0.29 15.6 0.32 20.9 1.30 3.82 0.32 8.6
Si 5443.69 2.9 5601.07 1.7 1828.95 5.8 4617.74 0.8 522.61 1.75 5601.95 2.1
P 225416 1.4 248090 0.8 245386 1.4 205552 0.6 222900 0.35 219760 0.8
Fe 221.91 2.4 242.24 1.6 184.67 2.8 68.73 4.1 286.89 1.08 192.39 1.3
Sr 1612.19 0.9 1628.73 0.6 3600.99 0.9 1781.83 0.5 280.95 0.32 1932.28 0.5
Y 962.86 1.2 1004.81 0.8 353.48 1.1 271.23 0.5 241.90 0.33 290.97 0.8
Zr 0.99 10.5 1.09 6.4 0.93 10.0 8.33 1.8 0.11 9.11 15.20 1.7
Nb 0.19 18.3 0.20 10.5 0.37 13.0 0.09 12.5 Below LOD 0.08 14.8
La 2559.40 0.9 2739.60 0.5 1287.54 1.0 2009.63 0.5 199.57 0.31 2029.70 0.5
Ce 6683.67 1.0 7183.94 0.7 2945.07 1.5 4094.73 0.5 508.58 0.30 4019.35 0.6
Pr 818.38 0.9 872.02 0.5 340.10 0.9 412.62 0.5 61.58 0.38 426.40 0.5
Nd 3147.44 1.0 3368.59 0.6 1264.73 1.1 1468.44 0.5 266.43 0.41 1518.31 0.7
Sm 439.02 1.4 467.58 0.8 179.75 1.8 190.67 0.7 47.95 0.75 198.32 0.9
Eu 71.67 1.2 75.82 0.8 36.32 1.5 26.51 0.9 10.59 0.78 27.89 1.0
Gd 296.82 1.5 316.27 0.9 118.29 1.6 120.87 0.9 46.52 0.73 121.95 1.1
Tb 33.00 1.3 35.22 1.0 13.51 1.9 11.86 1.0 5.89 0.76 12.39 1.1
Dy 178.24 1.5 187.75 1.0 71.32 1.8 58.08 0.9 36.28 0.66 61.62 1.1
Ho 33.62 1.3 35.97 1.0 12.64 2.3 9.72 1.0 7.74 0.67 10.37 1.3
Er 91.12 1.5 97.11 1.0 33.22 1.9 23.36 1.1 23.48 0.68 25.33 1.3
Tm 11.78 2.4 12.59 1.3 4.23 3.1 2.82 1.6 3.41 0.95 3.05 1.9
Yb 68.31 1.9 72.71 1.2 23.35 3.0 15.96 1.5 24.22 0.79 17.08 1.8
Lu 8.90 2.6 9.39 1.6 2.69 4.0 2.14 2.0 4.69 0.83 2.31 2.3
Pb 37.06 7.0 45.41 4.0 12.56 7.2 14.84 8.5 9.41 2.1 16.96 7.8
Th 508.78 1.2 601.24 0.7 67.61 1.4 649.86 0.6 9.33 0.69 653.29 0.7
U 78.39 1.3 88.80 0.8 10.25 2.3 23.88 0.8 28.55 0.46 25.33 0.9

All measurements values are lg g-1
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common Pb composition, Pb loss at different points in time,
any variation in the initial time of system closure, or any
resetting close to the initial closure of the U-Pb system. For
example, the best-fit chord to the uncorrected OL2 data in
Figure 5 has an MSWD of 32 when projected onto a Tera-
Wasserburg Concordia diagram, and this indicates that
there is variability in the isotopic Pb composition, beyond
analytical uncertainties, amongst the analysed chips of OL2.
The linear regression intercept with the Concordia curve
gives an age of 868.75 � 1.46 Ma. For OL2 the Concor-
dia constrained 3D regressions of the ID-TIMS data gives an
unusual common Pb composition, with a 206Pb/204Pb ratio
of 49.09 � 0.84, and a 207Pb/204Pb ratio of
18.54 � 0.08. The MSWD of each of the projections of
the 3D the regressions used to obtain common Pb
compositions onto a Tera-Wasserburg Concordia diagram
range from 19 in AFG2 to 270 in AFB1, and this indicate
that the different chips of each of the apatite samples
analysed by ID-TIMS are not perfectly consistent with the
assumption of a single common Pb composition or concor-
dance. Concordia constrained 3D regressions of the ID-TIMS
data can be used to obtain the common Pb composition if
an apatite is assumed to be concordant and contain a
single common Pb component. The analyses from both the
BSU and UNIGE laboratories are very consistent and have
been pooled and a Concordia constrained 3D linear
regression of the uncorrected data used to derive the
common Pb composition (Ludwig 2009), which is then used
to calculate radiogenic ages for each analysis. The repro-
ducibility issues for high precision U-Pb ID TIMS are well
documented, and have been covered in detail in Schal-
tegger et al. (2021).

None of the uncorrected ID-TIMS Pb-Pb apatite data sets
produce a true isochron as the MSWD values are all [2.0
and there must be minor variation of the isotopic compo-
sition of Pb in the different analysed chips of apatite, that
indicates minor disturbance to the U-Pb system. The ID-TIMS
Pb-Pb data for the apatite samples are shown in Figure 6a–
e, and the respective calculated York regression ages and 2s
uncertainties are: BR2 2052.82 � 0.63 Ma (MSWD = 140,
n = 8), BR5 2040.22 � 0.56 Ma (MSWD = 43, n = 7),
AFG2 472.77 � 4.66 Ma (MSWD = 4.6, n = 10), AFB1
475.31 � 5.52 Ma (MSWD = 4.1, n = 8), OL2
857.94 � 3.64 Ma (MSWD of 8.5, n = 10). The smaller
regression MSWD for the younger apatite samples AFB1
and AFG2 is a reflection of the much larger uncertainties on
the measured 207Pb/206Pb ratios, as can be seen in
Figure 7 and Table 3. The Pb-Pb York regression intercepts
(Figure 6) are an independent constraint on the initial Pb
isotope ratios, which act as a confirmation of the 3D results
for common Pb composition.

The weighted mean ages calculated from the ID-TIMS
individual analysis data in Figure 7 are within uncertainties
identical to the York regression ages for BR2, BR5, AFG2 and
AFB1. However, the MSWD of equivalence of the BR2 ages
is 19.6, which indicates scatter well outside analytical
uncertainties. For BR5 this MSWD equals 6.0, and this results
from a single chip that is ~ 2 Ma younger than the others. For
AFG2 the MSWD of equivalence is 1.4 and this shows that
all of the analysed chips of AFG2 have very consistent
207Pb/206Pb, 207Pb/235U and 206Pb/238U ages. For AFB1
the 207Pb/206Pb age is consistently higher than the
207Pb/235U and 206Pb/238U ages and this results in a

Figure 4. Chondrite-normalised weighted mean REE element patterns for the apatite. Chondritic values are from

Anders and Grevesse (1989). The insets show the symbols for each apatite. Uncertainties are typically smaller in size

than the symbols.
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MSWD of 12.4. For OL2 the weighted mean value from
Figure 6 is not within uncertainties of the York regression age
value. Even so, OL2 has a low MSWD of 2.2. This reflects the
large uncertainties on the corrected ages due to the unusual
Concordia constrained common Pb composition of OL2,
which has high values for the 206Pb/204Pb and
207Pb/204Pb ratios (Table 4).

The common Pb corrected data for the ID-TIMS analyses
of BR2, BR5, AFG2 and AFB1 are plotted in Wetherill
Concordia diagrams in Figure 8a-d. The MSWD of equiv-
alence for the common Pb corrected data (Table 4) is a
measure of the isotopic homogeneity of the individual
apatite. BR2 and AFB1, with respective values of 25 and 13
are the least homogeneous apatite, and Figure 8 shows that
the data for BR2, BR5 and AFB1 spread along the
Concordia, beyond analytical uncertainties. The spread ofTa
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Figure 5. (a) Uncorrected ID-TIMS U-Pb data for OL2

plotted on a Tera-Wasserburg Concordia diagram,

along with the Concordia intercept age obtained from

linear regression through the points, and the 3D

Concordia constrained common Pb composition for

OL2. (b) An expanded view of the OL2 data showing

the scatter about the Type 1 Discordia fit (Ver-

meesch 2018).
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BR2 along the Concordia, where essentially all points are
concordant is suggestive of isotopic resetting within a few
million years of apatite formation. BR5 is the next-most
homogeneous apatite, with a MSWD of equivalence of 6.6,
with all but one chip plotting as a group at 2040 Ma. The
apatite with the best isotopic homogeneity is AFG2, and this
is the only apatite for which the calculation of a Concordia
age for the common Pb corrected data is justified by the
MSWD of equivalence, which is 1.1. The Concordia ages for
apatites BR2, BR5, AFG2 and AFB1 (Figure 8) are the best
quantitative estimate of the age of the apatite samples,
assuming concordance and equivalence.

The ID-TIMS data show that accurate U-Pb ages can only
be obtained when the actual common Pb composition is
known. This has previously been discussed in detail by
Krestianinov et al. (2021) who completed an ID-TIMS study of
U-rich apatite from the Adirondacks, andwe return to this issue
in the discussion of results segment. The apatite ID-TIMS data
sets from Geneva and Boise demonstrate the excellent

reproducibility of TIMS measurements between two laborato-
ries using the same calibration for the EARTHTIME U-Pb spikes.

SHRIMP U-Pb

The summarised SIMS results (Table 4) are from mounts
containing multiple chips of the apatite samples and they
give some indication of 3-dimensional homogeneity. The
common Pb corrected results from individual spot analyses of
the apatite are plotted on Wetherill Concordia diagrams in
Figure 9, along with an uncertainty ellipse for the Concordia
age from all the SHRIMP analyses of each apatite, and the
MSWD for concordance and equivalence. Uncertainties in
the figures and Table S1 are one standard deviation for
individual analyses and 2 standard error on the Concordia
age. Only BR5 has a MSWD of concordance that truly
justifies the assumption of concordance. The SIMS Concordia
age for BR2, AFG2 and AFB1 is given, as it allows
comparison with the ID-TIMS Concordia age.

Figure 6. ID-TIMS Pb-Pb isochron diagrams for the BR2, BR5, AFG2, AFB1 and OL2 apatite. The MSWD of fit for the

York linear regression of the data and the calculated isochron age are given. Uncertainties are 2s . Larger individual

diagrams are given in the online supporting information (Figure S6).
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The analysed apatite samples were chosen for U-Pb
measurement because they have highest U and lowest
common Pb of the apatite samples we examined. Even so,
they still contain significant common Pb, and this is reflected
in the relatively low 206Pb/204Pb. The mean SIMS
206Pb/204Pb values for BR2, BR5, AFG2, AFB1 and OL2
are respectively, 787, 1031, 358, 395 and 341 (Table 4). In
comparison, a zircon U-Pb RM of similar age typically has a
206Pb/204Pb ratio [ 10,000 (e.g., Nasdala et al. 2008).

The SHRIMP data are sensitive to the common Pb
correction because of the relatively large amount of common
Pb inmost apatite. The percentage of 206Pb that is common Pb
varies between ~ 0.5% and [ 10% in individual SHRIMP
spots, and this is comparable to the ID-TIMS measurement of
radiogenic 206Pb percentages. The data in Figure 9 have
been corrected for common Pb, using the common Pb

compositions derived from the Concordia constrained 3D
linear regression intercept of the ID-TIMS data with the
common Pb plane (Table 4). None of the 3Dderived common
Pb compositions are close to the Stacey and Kramers (1975)
common Pb growth curve composition at the radiogenic age
of the measured apatite (Table 4), and this shows that the
common Pb composition of an apatite must be known if
accurate SIMS ages are to be obtained.When the Stacey and
Kramers (1975) common Pb growth curve composition is
used, the SIMS result is shifted far away from the correct age.
For example, the SHRIMP OL2 age using the Stacey and
Kramers (1975) common Pb growth curve composition for
common Pb correction is ~ 70 Ma years too old.

The common Pb corrected SHRIMP data for BR2, BR5,
AFG2 and AFB1 have respective MSWD of equivalence
values of 1.4, 1.1, 2.1 and 1.6, indicating they are close to

Figure 7. ID-TIMS U-Pb dates from the University of Geneva data and Boise State University. The Concordia

constrained 3D 207Pb/204Pb, 207Pb/235U and 206Pb/238U ages are shown for the BR2, BR5, AFG2, AFB1 and OL2

apatite. Individual range bars represent 2s uncertainties. All data were corrected using the common Pb composition

for each apatite given in Table 4. Weighted mean ages include all age data for each apatite and the MSWD is a

measure of equivalence of the ages.
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Figure 8. Wetherill Concordia diagrams showing the ID-TIMS data corrected for common Pb derived from the

Concordia constrained 3D regression for each apatite. The Concordia age is a weighted, objective, quantitative

measure of the age of the apatite if it is concordant. Uncertainties and ellipses are 2s, and the MSWD is a measure of

equivalence of the data points.

Table 4.
Apatite ID-TIMS and SHRIMP ages and common Pb compositions

Apatite ID-TIMS
age

n MSWD
(C)

MSWD
(EC)

SHRIMP
age

n MSWD
(C)

MSWD
(EC)

206Pb
/204Pb

Pbc
3D
6/4

Pbc
3D
7/4

Pbc
S-K
6/4

Pbc
S-K
7/4

BR2 2053.83 � 0.21 8 0.37 24 2055.5 � 5.4 101 16 1.4 787 17.25 16.12 15.05 15.16
BR5 2040.34 � 0.09 7 3 6.3 2044.7 � 6.3 126 2.5 1.1 1031 20.29 16.90 15.08 15.17
AFG2 478.71 � 0.22 10 7.6 1.4 477.1 � 1.5 140 96 2.1 358 24.10 16.32 17.95 15.58
AFB1 473.25 � 0.09 8 41 15 474.1 � 1.7 144 59 1.6 395 19.72 15.80 17.96 15.59
OL2 868.87 � 0.25 10 0.3 3.0 866.9 � 5.5 103 0.017 1.1 341 49.09 18.54 17.3 15.53

ID-TIMS age is the weighted mean 3D concordia intercept age.
SHRIMP Age is the weighted mean age from individual analyses and are taken from Figure 9.
MSWD(C) of concordance and the MSWD(EC) of equivalence and concordance are defined in Ludwig (2003).
206Pb/204Pb is the mean value from SHRIMP analyses
For the ID-TIMS data the MSWD(C) and MSWD(CE) are for the 3D concordia intercept ages from the individual analyses.
Reference materials for the individual SIMS data sets are given in the online supporting information data table.
For the SHRIMP data the MSWD(C) and MSWD(CE) are from individual analyses ages corrected using the ID-TIMS 3D intercept derived common Pb
composition.
Pbc 3D is the common Pb ratio derived from the ID-TIMS (3D) concordia constrained regression.
Pbc S-K is the common Pb ratio from the Staceys and Kramer (1975) single stage growth curve at the SHRIMP age.
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homogeneous (MSWD = 1) at the sampling volume and
measurement uncertainty of the ion microprobe, when
corrected for common Pb (Figure 9a–d). The calculated
SHRIMP Concordia age for BR2, BR5, AFG2 and AFB1 are
identical, within uncertainties, to the ID-TIMS Concordia
ages (Table 4) when the ID-TIMS derived common Pb
composition is used for common Pb correction. The MSWD
of concordance for the SHRIMP data ranges between 2.5
in BR5 to 96 in AFG2. Taken at face value, this suggests
that the SIMS data indicate the apatite are not concordant.
However, the SIMS data is highly sensitive to statistical
fluctuations of the background and 204Pb measurements,
or 207Pb/206Pb ratio in young samples, and this can result
in over or under correction for common Pb, and a spread
of data points about the Concordia. Overall, the individual
SIMS analysis data for BR2, BR5, AFG2 and AFB1 show
that each apatite has good reproducibility at the SHRIMP

level of uncertainty, and this suggest that they can be useful
as SIMS RM. There is variation of U and Th abundances in
different chips of each apatite, but no relationship between
U and Th mass fraction and age is apparent in the
SHRIMP data. Because we focused on apatite with a
restricted range of major element composition, such that
they are all fluoroapatite, it is unlikely that there would be a
matrix effect on the SIMS data from the major elements.
The NBS 610 glass was monitored to ensure there was no
fractionation of the 207Pb/206Pb ratio. Variation in the trace
elements (U, Th, Hf etc.) that produce matrix effects in
xenotime, monazite and zircon (Cross and Williams 2018
and references therein) are at very low levels in the apatite
we studied and there is no identifiable matrix effects. Even
AFB1, which has extremely high Th for apatite, only has
0.4% Th. The biggest difference in the U mass fractions
between the apatite studied by SIMS is ~ lg g-1, and the

Figure 9. Wetherill Concordia diagrams showing the common Pb corrected SIMS U-Pb data for the BR2, BR5, AFG2,

and AFB1 apatite. Individual ellipses are 1s uncertainties. The central white ellipse within the data cloud, identified

with a red arrow, is the Concordia age and 2s . All data is corrected using the Concordia constrained 3D regression

common Pb composition derived from the ID-TIMS data for each apatite. The AFB1 is corrected for common Pb using

the 207Pb correction method for the SIMS data.
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ΣREE is ~ 1%. The overall effect of these differences is likely
to be \ 1% on the U/Pb ratio, and given the large
uncertainties on U/Pb data for analysis of a mineral with
50–150 lg g-1 U we have not identified a matrix effect in
our data. The individual measurement results from SHRIMP
are given in Table S1.

Sulfur isotope compositions

The WDS SO3 mass fraction in the apatites we
examined ranges from 1.2% in AFG2 to 0.1% for NUAN.

The low S content of NUAN, prevented SIMS S isotope
determination. BR2, BR5 and BR96 are all from the same
Brazilian locality and only BR96 was chosen for IRMS S
isotope determination. The S content of the eight apatites
analysed by laser fluorination IRMS ranges from 921 lg g-1

in OL4, to 4925 lg g-1 in AFG2. The 103d34S value ranges
from 9.15 � 0.2 in OL2 to 18.87 � 0.2 in BR96. The oldest
apatite in Table 5, BR96, with an age of ~2050 Ma, is the
only apatite analysed for S isotopic composition that shows
evidence for MIF S in the IRMS data, with a mean D33S
value of -0.360. The lack of a MIF S in the other apatite
samples is expected, as MIF of S isotopes is rare in samples

Table 5.
Sulfur isotopic composition of apatite reference samples from gas source mass spectrometry and SIMS

Gas
source

OL2 OL4 GR40 AFB1 AFB1 SLAP MADAP BR96 BR96 AFG2 DUR B* IAEA-S-1
for IRMS
data

IRMS 103d33S 4.723 5.671 7.406 6.939 7.045 6.829 6.788 9.368 9.255 8.663 -0.88 �
0.30

103d33S -0.061

103d34S 9.152 11.162 14.694 13.687 13.802 13.386 13.298 19.011 18.722 17.037 -1.39 �
0.48

103d34S -0.3

103d36S 18.13 20.96 28.24 25.60 26.24 25.01 24.73 35.48 35.52 32.03 103d36S -1.27
D33S 0.020 -0.062 -0.134 -0.087 -0.039 -0.042 -0.039 -0.377 -0.343 -0.074 -0.134 D33S 0.094
D36S 0.67 -0.35 0.13 -0.56 -0.14 -0.58 -0.69 -0.95 -0.35 -0.59 D36S -0.7
Wt% S 0.23 0.11 0.29 0.45 0.45 0.28 0.26 0.36 0.36 0.43

SIMS
Session 1 103d33S 4.18 �

0.62
4.26 �
0.78

6.07 �
0.72

6.10 �
0.74

6.83 �
0.72

6.11 �
0.64

8.95 �
0.82

8.12 �
0.60

-1.35 �
1.14

(1 nA) 103d34S 8.66 �
0.56

8.04 �
1.36

11.29 �
0.62

12.21 �
1.0

#(13.34 �
0.56)

12.23 �
0.68

17.97 �
1.26

16.15 �
0.64

-3.12 �
0.90

Session 2 103d33S 4.22 �
0.34

6.31 �
0.36

6.60 �
0.42

6.83 �
0.28

6.67 �
0.42

9.39 �
0.44

8.58 �
0.34

-1.10 �
0.75

(2 nA) 103d34S 7.77 �
0.74

12.65 �
0.48

13.62 �
0.42

#(13.34 �
0.34)

13.05 �
0.30

18.67 �
0.36

17.35 �
0.50

-2.62 �
0.42

Session 3 103d33S 24.83 �
0.80

Session 4 103d33S 9.20 �
0.72

#(17.03 �
0.50)

(2 nA) ** 103d34S -7.162 �
0.56

(0.3nA) 103d34S 17.77 �
0.80

8.66 �
0.50

Session 5^ 103d33S 4.80 �
0.40

4.36 �
0.74

7.08 �
0.26

7.60 �
0.30

6.83 �
0.38

7.04 �
0.46

9.40 �
0.36

9.31 �
0.54

-0.90 �
0.50

(3 nA) 103d34S 8.75 �
0.66

7.84 �
0.52

13.23 �
0.38

15.00 �
1.10

#(13.39 �
0.30)

12.70 �
0.88

19.72 �
0.58

18.46 �
0.42

-3.30 �
0.92

D33S 0.30 �
0.46

0.33 �
0.88

0.29 �
0.32

-0.10 �
0.56

-0.04 �
0.44

0.52 �
0.60

-0.70 �
0.42

-0.15 �
0.50

0.80 �
0.62

S lg g-1 � 2SE (WDS) 2042 �
200

921 �
40

2683 �
160

4484 �
40

4484 �
40

3483 �
80

2763 �
120

3483 �
120

3483 �
120

4925 �
200

1161 �
160*

IRMS
Gas source data is reported relative to the values for IAEA-S-1 on the VCDT scale that are listed in the table.
D33S values calculated with following expression: D33S = d33S - [(d34S/1000 + 1)^0.515 - 1]*1000
D36S values calculated with following expression: D36S = d36S - [(d34S/1000 + 1)^1.90 - 1]*1000
Duplicate analyses were completed for AFB1 and BR96 apatite.
IRMS Wt% S uncertainty is \10%.
IRMS uncertainties for 103d33S, 103d34S, 103d36S, D33S, D36S are repectively, 0.1, 0.2, 0.5, 0.5 and 1.0.
SIMS
*Recommended value and 95% CI; (Hammerli et al. 2021).
SIMS values are all mean 103d33S and 103d34S VCDT. Uncertainties are 2 standard deviation.
Data were collected in sets of ten analyses for each sample. If not, () gives the number of analyses.
^ Data were collected in sets of ten analyses for each sample, but with seventy measurement cycles in each analysis.
# Reference Material (RM) for each session.
Session 4 comprised 100 analyses of BR96 and ten of AFG2.
Session 3 was a homogeneity test and did not use a RM.
**Session 3 data is uncorrected raw data.

3 9 2 © 2022 The Authors. Geostandards and Geoanalytical Research published by John Wiley & Sons Ltd on behalf of the
International Association of Geoanalysts.

See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



that are younger than 2.0 Ga (Farquhar and Wing 2003).
The duplicate analyses of AFB1 and of BR96 are within the
IRMS uncertainties identical and homogeneous. The mea-
sured D33S values are slightly positive in OL2 and GR40,
but negative in all the other apatite samples. Based on the
variation in D36S of the duplicates for AFB1 and BR96 in
the IRMS data and the measurement uncertainty we have
not been able to identify any MIF of D36S in any of the
apatite.

SIMS S isotope measurements show that most of the
analysed apatite have good isotopic homogeneity at the
intra-grain level (Table 5, Figure 10a), with the d34S 2s for
ten analyses being between 0.28 and 1.36‰, and the
d33S 2s being between 0.26 and 0.82‰. As expected, the
2s values are strongly tied to the primary beam intensity

and the mass fraction of S in the apatite. For example, in
Session 1 a 1nA primary beam resulted in the d33S 2s
being from 0.56 to 0.82‰, while in Session 2, a 2 nA
primary beam resulted in the d33S 2s being from 0.34 to
0.44‰. In session 5, where a 3 nA primary beam was
used along with seventy cycles AFB1 and MADAP have
larger d34S 2s, respectively 1.10 and 0.88‰, suggesting
they are more heterogeneous than the other apatite. Two
apatite reference samples were studied in greater detail.
Seventy analyses on a dozen large, 200 lm, grains of OL4
show that this low S apatite is relatively homogeneous, with
the d34S 2s = 0.56‰, and the d33S 2s \ 0.80‰, and
OL4 will be useful as a low S isotope RM (Figure 10b). A
twenty-six-point, cross-sectional core-to-rim analytical tra-
verse of BR96 in Session 4 shows that this 18 g crystal is
not homogeneous in S isotopic composition at this length-

Figure 10. Sulfur isotope data for apatite. (a) 103d33S (V-CDT) vs. 103d34S (V-CDT) normalised to the IRMS value of

the SLAP apatite. Analyses were undertaken on single or multiple large, 500–1000 lm, chips of each apatite. (b)

Raw data 103d34S (V-CDT) for seventy homogeneity measurements of OL4. Uncertainties are the repeatability

precision (“internal error”) at 2s . (c) 103d34S (V-CDT) normalised to the IRMS value of sample AFG2 for a 7 mm, cross-

sectional, core to rim traverse of a large fragment of BR96. Uncertainties are the combined single analysis “internal”

and multiple analysis “external” uncertainties at 2s . (d) Long count interval 103d33S (V-CDT) vs. 103d34S (V-CDT) for

AFB1, AFG2 and BR96 normalised to the IRMS value of sample AFG2. In each session, repeated analyses of a small

area within a reference grain of Durango B, OL4, SLAP or AFG2, were used for drift correction and calibration using

the IRMS isotopic ratios in Table 5.
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scale. A total of fifty-five data points were measured in
BR96 and the d34S 2s is 0.80‰, with a respective range
of 2.0‰ (Figure 10c).

An additional data set (Session 5, Table 5, Figure 10d)
was collected using seventy cycle isotope ratio collection to
improve the 2s at the expense of analysis time, to see if D33S
could be detected in BR96. The 2s for d34S and d33S 2s
improved slightly (Table 5) and we were able to reduce the
external multiple analysis standard deviation of D33S to the
level required to identify a small MIF D33S = -0.7 � 0.42‰
(2s) in BR96. The apatite S isotopic compositions (Table 5)
are not overly diagnostic of the source components, as
103d34S ranges from 9–19. This range includes 103d 34S
values from sedimentary, biogenic and volcanic sulfides,
volcanic SO2, some sediments and granites, mantle derived
anhydrite and seawater (Farquhar et al. 2000, All�e-
gre 2008). So far, SIMS sulfur isotope measurements have
not identified chemical matrix or crystallographic orientation
effects (Economos et al. 2017, Hammerli et al. 2021). Our
data is consistent with these conclusions. Individual mea-
surement results for sulfur isotopes by SIMS are given in
Table S2.

Sr isotope compositions

The TIMS 87Sr/86Sr ratios (Table 6) range
from 0.704214 � 0.000030 in OL3 to 0.723134 �
0.000035 in AFG2. This range encompasses Sr isotopic
compositions from mantle-derived rocks to felsic continental
crust. Strontium mass fractions range from 260 lg g-1 in
BR96 to 2221 lg g-1 in MADAP. BR2, BR5 and BR96, which
are from the same locality have very similar 87Sr/86Sr ratios,
respectively 0.709955 � 0.000035, 0.710001 �

0.000041 and 0.709255 � 0.000032. The Otter Lake
apatite, OL2 and OL3, have identical 87Sr/86Sr ratios within
uncertainties, respectively 0.704218 � 0.000049 and
0.704214 � 0.000030. These values are identical to the
87Sr/86Sr ratio of another Otter Lake apatite (Yang
et al. 2014). The three Madagascar apatite, MADAP,
AFG2 and AFB1, have distinctly different 87Sr/86Sr ratios,
with respective values of 0.705078 � 0.000050,
0.723134 � 0.000035 and 0.718859 � 0.000043.
The variation of the Sr/Y, Sr/Er and Sr/Yb ratios, respectively
1.02 to 7.16, 13.6 to 83.2, and 11.8 to 123, of the apatite
(Table 6), means these apatites will be helpful in the study of
interferences on Sr isotope peaks during SIMS analysis, and
for checking the validity of correction schemes used for in situ
measurement of Sr isotopes in apatite (Gillespie et al. 2021,
Jeon et al. 2021).

The pegmatite apatite OL2-OL4, BR2, BR5, BR96, AFB1,
AFG2, SLAP and MADAP have REE patterns and contents
that are consistent with evolved crustal sources. NUAN and
the Otter Lake apatite have compositions that reflect a mix of
evolved and primitive components. NUAN has low LREE and
intermediate HREE contents, but a highly evolved 87Sr/86Sr
ratio (0.71177). OL2 and OL3 have low 87Sr/86Sr
(0.704214 and 0.704218, respectively), but high REE
contents.

Common Pb correction of apatite U-Pb measure-
ments

Comparison of the OL2 SIMS and ID-TIMS data
provides an understanding of the importance of common
Pb correction in apatite. Correction of the OL2 ID-TIMS U-Pb
data with a Stacey and Kramers (1975) common Pb

Table 6.
Strontium isotope ratios, selected trace element mass fractions and trace element ratios for apatite reference
samples

Apatite 87Sr/86Sr 2s Sr Y Er Yb Sr/Y Sr/Er Sr/Yb

BR2 0.709955 0.000035 367 123 12.0 8.8 2.98 30.6 41.7
BR5 0.710001 0.000041 409 324 30.0 23.2 1.26 13.6 17.6
BR96 0.709255 0.000032 260 128 12.4 9.4 2.03 21.0 27.7
AFG2 0.723134 0.000035 456 281 26.9 20.3 1.62 17.0 22.5
AFB1 0.718859 0.000043 580 435 38.6 26.6 1.33 15.0 21.8
MADAP 0.705078 0.00005 2221 310 26.7 18.0 7.16 83.2 123
OL2 0.704218 0.000049 1612 963 91.0 68.0 1.67 17.7 23.7
OL3 0.704214 0.000030 1629 1005 97.0 73.0 1.62 16.8 22.3
NUAN 0.711770 0.000032 287 281 23.5 24.2 1.02 12.2 11.8

87 Sr/86Sr uncertainty from duplicate runs from the same dissolution.
Trace element data are from Table 2 and mass fractions are in units of lg g-1.
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composition for an assumed age of 869 Ma gives scattered
results, with the 10 TIMS analyses spreading along the
Concordia between 910 and 930 Ma (Figure 11a). In
contrast, if the correction for common Pb is based on a
Concordia constrained 3D regression of the ID-TIMS data,
the resultant points plot as a very tight group (Figure 11a)
with an intercept age for OL2 of 867.38 � 1.76 Ma (95%
C.I.). The Concordia constrained common Pb composition is
unusual and has 206Pb/204Pb = 49.4 � 1.0, and
207Pb/204Pb = 18.7 � 0.1. Figure 11b shows a magnified
view of the ID-TIMS data corrected with this common Pb
composition plotted on a Wetherill Concordia diagram. If a

Concordia intercept age is calculated from the regressed
points we get a value of 868.87 � 0.23 Ma. Even though
this age is for points that have been forced to be concordant,
the MSWD of equivalence is still high, with a value of 3.2.
This indicates that there is scatter of the OL2 ID-TIMS data in
3D that is beyond what is expected based on the uncertainty
of the analyses.

The OL2 apatite uncorrected SHRIMP data plots as a
loosely defined linear array that is above the Concordia
curve in a Tera-Wasserburg Concordia diagram (Figure 11c).
A linear regression of this data array gives a regression

Figure 11. U-Pb data for OL2. (a) Tera-Wasserburg Concordia diagram showing, (1) the intersection of the

regression line through the uncorrected ID-TIMS data with the Concordia at 867.38 � 1.76 Ma, (2) the OL2 ID-TIMS

U-Pb analyses corrected with the Stacey and Kramers (1975) common Pb composition at 868.87 � 0.23 Ma, and (3)

the OL2 ID-TIMS U-Pb analyses corrected with the Concordia constrained 3D common Pb composition. (b) The ID-

TIMS Concordia constrained 3D data points for OL2 plotted on a Wetherill Concordia diagram, along with the

calculated Concordia age. Ellipse uncertainties are 2s for ID-TIMS data. (c) The uncorrected SIMS U-Pb data for OL2

and the Tera-Wasserburg Concordia intercept age of 938.8 � 14.2 Ma obtained by linear regression of the data. (d)

SIMS data corrected with the Concordia constrained 3D common Pb composition plotted on a Wetherill Concordia

diagram. Linear regression through the corrected data gives a Concordia intercept age of 866.9 � 11.4 Ma. Ellipse

uncertainties are 1s for SIMS data.
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intercept of 938.8 � 14.2 Ma, with an MSWD of 2.8. Thus,
a simple regression of the uncorrected SIMS data fails to
give a meaningful age, as the intercept with the Concordia is
70 Ma older than the ID-TIMS age of OL2. The OL2 SHRIMP
data, corrected with the Concordia constrained 3D regres-
sion common Pb (Figure 11d) is slightly discordant and
exhibits a secondary alignment produced by a number of
points that are under- or over-corrected for common Pb. A
model 1 discordia fit to this SHRIMP OL2 common Pb
corrected data gives an age of 866.9 � 11.4 Ma (2s) as
the lower intercept, which matches the TIMS value (Fig-
ure 11d).

It is obvious from the above examination of ID-TIMS and
SHRIMP data for the OL2 apatite, that the age obtained is
critically dependant on knowledge of the common Pb
composition. The only time this statement can be ignored is
when the apatite in question has a trivial amount of
common Pb, or contains common Pb that matches Stacey
and Kramers (1975) common Pb. For all the apatite we
have analysed, the TIMS 3D Concordia constrained com-
mon Pb compositions do not match the Stacey and
Kramers (1975) common Pb compositions at the apatite
age (Table 4). The magnitude of the bias in the calculated
age depends on the difference between the derived 3D
common Pb composition and the Stacey and Kra-
mers (1975) common Pb compositions, and the amount of
common Pb measured during the analysis. OL2 is an
extreme case and typically the age bias is 5–10 Ma, which
may be considered a minor inaccuracy at 4 Ga, but a
major issue in studies of Phanerozoic apatite. Our age for
OL2 is identical to the intercept age for the Otter Lake
apatite sample analysed by Xiang et al. (2021), when a
common Pb correction is applied to the LA-ICP-MS data.

Conclusions

None of the apatite samples studied here are perfectly
homogeneous. The five apatite reference samples analysed
by ID-TIMS exhibit heterogeneity in Pb isotopes between
individual chips, and the TIMS 3D Concordia constrained
common Pb compositions do not match the Stacey and
Kramers, (1975) model common Pb compositions at the
apatite age. This results in significant offset in the calculated
age that depends on the difference in the common Pb
composition and the amount of common Pb. For OL2 this
results in an error of ~ 70 Ma in the calculated age. AFG2 is
the only apatite that produces a concordant, single age
data set when the ID-TIMS data is corrected with a single
common Pb composition. Similarly, there is minor

heterogeneity in trace elements by LA-ICP-MS and major
elements by EPMA-WDS. Our data show that AFG2 and
BR5 will be the best reference materials for U-Pb isotope
measurement by SIMS, as the apatites have relatively high
U, Th and 206Pb/204Pb, and greater homogeneity than
many naturally occurring apatite samples. AFB1 has excep-
tionally high Th and may be useful as a reference material
for SIMS Th-Pb dating of apatite. The presence of variable
amounts of common Pb, which itself shows some hetero-
geneity in composition, means that the apatites studied here
cannot be used as single chip ID-TIMS U-Pb reference
material. The faceted gem apatites, GR40 and SLAP, have
the best homogeneity of trace elements and will be useful as
reference materials for apatite trace element determination.
Most of the apatite analysed for sulfur isotopes have good
homogeneity and BR96 and SLAP will be useful for in situ
sulfur isotope microanalysis of apatite. Our preliminary Sr
isotope data cover a wide range of 87Sr/86Sr ratios, and
when this is combined with the variation of Sr/Y, Sr/Er and
Sr/Yb ratios, the best potential RMs for in situ SIMS Sr isotope
measurement are MADAP and OL3. Chips of AFG2, BR5,
GR40, SLAP, BR96, MADAP and OL3 can be obtained from
AKK upon request.
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Supporting information

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

Table S1. SHRIMP U-Pb measurement results.

Table S2. CAMECA sulfur isotope measurement results.

Figure S6. Large scale, individual diagrams.

This material is available from: http://onlinelibrary.wiley.-
com/doi/10.1111/ggr.12477/abstract (This link will take
you to the article abstract).
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