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ARTICLE INFO ABSTRACT

Editor: Catherine Chauvel In situ apatite U-Pb petrochronology and Sr-Nd isotope geochemistry requires well-characterized and matrix-
matched references materials (RMs), yet only a few suitable apatite RMs are currently available. To amelio-
rate this issue, we determined the U-Pb, Sm-Nd, and Sr isotopic and elemental compositions of a suite of pro-
spective apatite RMs using isotope dilution (ID) TIMS and laser ablation (LA) ICP-MS. The two RMs, from
Sr-Nd isotopes Morocco (MRC-1) and Brazil (BRZ-1), are cm-sized and available in significant quantities. The U-Pb ID-TIMS data
Laser ablation yield an isochron age of 153.3 + 0.2 Ma for MRC-1. This age is consistent with laser ablation split stream ICP-MS
TIMS (LASS) analyses that produce an isochron age of 152.7 &+ 0.6 Ma. The weighted mean of ID-TIMS analyses for
143Nd/*4Nd analyses is 0.512677 + 3, for 147Sm/***Nd is 0.10923 + 9, and for 8sr/%sr is 0.707691 + 2. The
range and mean of TIMS Sm-Nd isotopic data are reproducible by LA-ICP-MS, but laser ablation Sr data are
consistently offset towards more radiogenic values. For BRZ-1 apatite, ID-TIMS U-Pb analyses are dispersed, but a
subset of the data yields a coherent age intercept of 2078 + 13 Ma. The vast majority of LASS spot transects
across the apatite produce an isochron that define a younger age of 2038 + 14 Ma. We interpret this as incor-
poration of cryptic, younger altered domains within BRZ-1. Discordant U-Pb spot analyses are associated with
chemically distinct cracks, likely a result of fluid infiltration. The weighted means of ID-TIMS analyses of BRZ-1
yield *3Nd/***Nd = 0.510989 =+ 5, 147Sm/*Nd = 0.10152 + 8, and &"Sr/36Sr = 0.709188 + 3. The distribution
of Nd isotopic compositions of this RM measured by LA-MC-ICP-MS analyses are comparable to TIMS analyses.
By contrast, 87Sr/%0Sr measurements by LA-ICP-MS are inaccurate and exhibit large uncertainties, but this RM
can be useful for empirically correcting in situ 8’Sr/8%Sr measurements. The data indicate that MRC-1 apatite
may serve well as a U-Pb, Sm-Nd, and Sr RM, whereas BRZ-1 apatite has the most potential as a Sm-Nd RM. These
potential RMs provide new benchmarks for in situ apatite chemical analyses and inter-laboratory calibrations.

Keywords:
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U-Pb geochronology

1. Introduction

Apatite is common accessory mineral in a variety of rock types—both
terrestrial and extra-terrestrial (Piccoli and Candela, 2002; Spear and
Pyle, 2002; McCubbin and Jones, 2015)—and can host substantial
amounts of U, Th, Sr, Nd, and other incompatible elements, making it a
useful geochronometer and isotope tracer of petrogenetic processes
(Spear and Pyle, 2002; Prowatke and Klemme, 2006; McFarlane and
McCulloch, 2007; Horstwood et al., 2008; Chew et al., 2011; Henrichs
et al., 2018). Accordingly, apatite studies have diverse applications
including, but not limited to: resolving thermal histories in the
400-600 °C temperature range with the U-Pb system (e.g., Krogstad and
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Walker, 1994; Chamberlain and Bowring, 2001; Schoene and Bowring,
2006, 2007; Chew et al., 2011; Cochrane et al., 2014; Seymour et al.,
2016; Ibanez-Mejia et al., 2018; Kirkland et al., 2018; Paul et al., 2019;
Apen et al., 2020), tracking sediment provenance (e.g., Morton and
Yaxley, 2007; Carrapa et al., 2009; Henderson et al., 2010; Chew et al.,
2011; Thomson et al., 2012; Bruand et al., 2017; O’Sullivan et al., 2018,
2020; O’Sullivan and Chew, 2020), use as a pathfinder for mineral de-
posits (e.g., Belousova et al., 2002; Mao et al., 2016; Glorie et al., 2019),
and fingerprinting the petrogenesis of metamorphic and igneous rocks
with Sr or Nd isotopes, providing insights into the growth and modifi-
cation of Earth’s oldest continental fragments (e.g., Emo et al., 2018;
Hammerli et al., 2019; Antoine et al., 2020; Bruand et al., 2020; Fisher

Received 31 August 2021; Received in revised form 8 December 2021; Accepted 20 December 2021

Available online 24 December 2021
0009-2541/© 2021 Elsevier B.V. All rights reserved.


mailto:apen@ucsb.edu
www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2021.120689
https://doi.org/10.1016/j.chemgeo.2021.120689
https://doi.org/10.1016/j.chemgeo.2021.120689
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2021.120689&domain=pdf

F.E. Apen et al.

et al., 2020a, 2020b; Ravindran et al., 2020; Gillespie et al., 2021b).
Coupled with the relatively rapid acquisition and high-spatial resolution
capabilities of in situ microbeam methods—laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) and secondary-ion mass
spectrometry (SIMS) (e.g., Sano et al., 1999; Chew et al., 2011, 2017;
Kylander-Clark, 2017; Gillespie et al., 2021a)—geochronological and
geochemical analyses of apatite are increasingly commonplace. Despite
the rising use of apatite petrochronology and geochemistry, suitable
apatite reference materials (RMs) available for inter-laboratory com-
parisons (homogeneous, well-characterized, and accessible) are scarce.

A critical component of in situ isotopic and elemental analyses by LA-
ICP-MS is monitoring and correcting for plasma- and laser-induced
element fractionation (Horn et al., 2000; Sylvester, 2008; Paton et al.,
2011; Fisher et al., 2020Db). As the degree of fractionation is related to
the physical structure and chemical composition of the ablated material,
robust corrections necessitate matrix-matched and
isotopically-homogeneous RMs (e.g., Chew et al., 2014a). Among the

Table 1
U-Pb age summary of some apatite RMs.
Apatite Origin Reported Method” References
age (Ma)"
Durango, Ar-Ar McDowell et al.
31.4 £ 0.2
Mexico (feldspar) (2005)
Durango U-Pb ID-
32.7 £0.1 TIMS Paul et al. (2021)
British U-Pb ID- Coulson et al
Emerald Columbia, 92.2 +£ 0.9 TI.MS' (2002)
Lake Canada (titanite)
U-Pb LA-
. . hew et al. (2011
90.5 + 3.1 SC-ICP-MS Chew et al. (2011)
Kovdor g:i?nsula 380.6 + U-Pb ID- Amelin and Zaitsev
. ? 2.6 TIMS (2002)
Russia
MAD1 Maf:lagascar, 486.6 + U-Pb ID- Thomson et al.
Africa 0.9 TIMS (2012)
474.3 + U-Pb ID- Thomson et al.
MAD2 0.4 TIMS (2012)
475.4 + U-Pb ID- Fisher et al.
MAD2-TCD 1.8 TIMS (2020b)
Colorado, 523.5 + U-Pb ID- Schoene and
United States 1.5 TIMS Bowring (2006)
524.6 + U-Pb ID- Krestianinov et al.
2.7 TIMS (2021)
McClure 5235+ U-Pb ID- Schoene and
1.7 TIMS Bowring (2006)
with Krestianinov
et al. (2021)
Iran 530.3 + ;(I;)];(I;p]) Thompson et al.
1.5 o (2016)
401 Ms
506.2 + ;_gt;é‘:_ Thompson et al.
7.0 T 2016
MS ( )
Che?ver NeYv York, 007 + 14 U-Pb ID- Krestianinov et al.
mine United States TIMS (2021)
old .Bed New York, 024 + 13 U-Pb ID- K{rerstlanmov et al.
mine United States TIMS (2021)
Queb Pb-Pb ID-
Otter Lake UEDEC, 913 +7 MC-ICP- Barfod et al. (2005)
Canada
MS
. Ontario, U-Pb ID-
P2 al. (202
Wilberforce Canada 923 + 14 TIMS Paul et al. (2021)
Ontario. U-Pb ID- Fisher et al.
Tory Hill ’ 1021 +3
ory Canada TIMS (2020a)
U-Pb ID-
Souther-n 1597 + 7 MC-ICP- Thompson et al.
Australia MS (2016)
opae U-Pb LA- Thompson et al
1545+£20  MCICP- Tpson et al.
MS (2016)

@ Reported 20 uncertainty.
b Al apatite analyses unless where noted; MC, multi collector; SC, single
collector.
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most widely employed U-Pb primary RMs (Tables 1-3) are the McClure,
Otter Lake, and Madagascar apatites, but they have limitations. The age
of McClure apatite is well-established by multiple TIMS studies
(Table 1), but its small grain size (<200 pm-width), low U concentra-
tions (<30 ppm U), and variable amounts of common Pb render it as a
sub-optimal primary RM (Krestianinov et al., 2021). Heterogeneous
U-Pb ratios in the Otter Lake RM has been shown to result in 1-3%
offsets between LA-ICP-MS and isotope dilution (ID) dates for secondary
apatite RMs (Thompson et al., 2016). Madagascar apatite megacrysts
have internally homogeneous U-Pb isotopic compositions, but can vary
significantly between different grains (Table 1; Thomson et al., 2012;
Fisher et al., 2020b). Likewise, apatite RMs for Sr and Nd isotopic an-
alyses are limited. In a reconnaissance isotope dilution and laser abla-
tion multi-collector ICP-MS study of Sr and Nd isotopes in 11 different
apatite RMs, Yang et al. (2014) concluded that six are homogeneous
enough for use as in situ RMs; these are Madagascar, Otter Lake, NW-1,
SDG, AP1, and AP2. Since then, Thompson et al. (2016) introduced
apatites 401 and OD306 as effective U-Pb RMs (Table 1), but these have
yet to be characterized for their Sm-Nd and Sr isotopes. Fisher et al.
(2020b) presented Tory Hill apatite from Ontario, Canada, as a viable
RM for in situ U-Pb and Nd isotopic analyses (Table 1). More recently,
new U-Pb TIMS data for a suite of potential reference apatites from the
Adirondack Mountains (Krestianinov et al., 2021) and Wilberforce,
Canada (Paul et al., 2021) have been reported (Table 1), but no infor-
mation on their Sm-Nd or Sr isotopic characteristics are available.

A vital step towards advancing the utility of apatite petrochronology
and isotope geochemistry is to expand the suite of available reference
materials. In this study, we have characterized the U-Pb, Sr, and Nd
isotopic and elemental compositions of two natural apatites from
Morocco and Brazil using isotope dilution thermal ionization mass
spectrometry (ID-TIMS) and LA-ICP-MS—Ilaser ablation split stream ICP-
MS (LASS) for U-Pb and trace-element analyses and more conventional
LA-ICP-MS for Sr and Nd isotopes. The prospects and pitfalls of these
potential RMs are discussed below.

2. Methods
2.1. Sample preparation

Multiple untreated, gem-quality apatite crystals from Morocco
(MRC) and Brazil (BRZ) were procured online. The former are pale
green-yellow crystals from Imilchil, situated within the Triassic-Late
Cretaceous Central High Atlas province of Morocco, and the latter are
blue crystals derived from Minas Gerais, in the southeastern sector of the
Mesoarchean-Paleoproterozoic Brazilian Shield.

A single MRC and BRZ crystal was selected for detailed study
(henceforth MRC-1 and BRZ-1). Each crystal had its terminations cut off
with a diamond saw and the remaining portions were sliced into mm-
thick sections parallel to the c-axis (following protocols of Chew et al.,
2016) and cast in epoxy (Fig. 1). One mount was analyzed with cath-
odoluminescence (CL), electron microprobe, ID-TIMS, and LASS/LA-
ICP-MS (Fig. 2A, C). Another mount containing additional c-axis par-
allel sections and a separate c-axis perpendicular piece of the crystal
termination (Fig. 2B, D) was analyzed exclusively by LASS to further
interrogate intra-crystal U-Pb and elemental heterogeneity.

2.2. Electron microprobe analysis (EPMA)

Cathodoluminescence images of MRC-1 and BRZ-1 crystal sections
(Fig. 3) were generated using a FEI Quanta 400f field-emission scanning
electron microscope (SEM) equipped with a KE Developments Centaurus
CL detector, housed at the University of California, Santa Barbara
(UCSB). Quantitative elemental analyses and X-ray maps were collected
using a Cameca SX-100 electron probe micro analyzer (EPMA), running
Probe for EPMA and Probe Image (Probe Software Inc.), also located at
UCSB.



F.E. Apen et al.

Chemical Geology 590 (2022) 120689

Table 2
Previously reported Sm-Nd concentrations and isotopic compositions of select apatite RMs.
Apatite Average Sm [ppm] Average Nd [ppm] 1476m /1 44Nd? 143Nd /1 44Nd? Method References
182 1322 0.0818 + 5 0.511348 + 16 ID-MC-ICP-MS Yang et al. (2014)
MAD n/a n/a 0.0811 +17 0.511322 + 53 LA-MC-ICP-MS Yang et al. (2014)
213 1654 0.0779 £ 5 0.511304 + 13 ID-TIMS Fisher et al. (2020b)
n/a n/a 0.0765 + 5 0.512469 + 16 LA-MC-ICPMS McFarlane and McCulloch (2008)
127 1040 0.0763 + 14 0.512449 + 10 LA-MC-ICPMS McFarlane and McCulloch (2008)
n/a n/a 0.0751 + 25 0.512489 + 12 ID-MC-ICP-MS Fisher et al. (2011)
Durango n/a n/a 0.0785 + 58 0.512463 + 48 LA-MC-ICPMS Fisher et al. (2011)
224 1568 0.0865 + 17 0.512487 + 13 ID-TIMS Hou et al. (2013)
n/a n/a 0.0852 + 10 0.512498 + 25 LA-MC-ICPMS Hou et al. (2013)
243 1667 0.0881 + 11 0.512493 + 21 ID-MC-ICP-MS Yang et al. (2014)
n/a n/a 0.0885 + 19 0.512490 + 46 LA-MC-ICPMS Yang et al. (2014)
MecClure 99 836 0.0712 + 8 0.512282 + 11 ID-MC-ICP-MS Yang et al. (2014)
n/a n/a 0.0696 + 72 0.512246 + 80 LA-MC-ICP-MS Yang et al. (2014)

@ Reported weighted mean and 2¢ uncertainty.

Table 3
Previously reported Sr concentrations and isotopic compositions of select apatite
RMs.

Apatite Average Sr 87gr/86gr" Method References
[ppm]
1650 (3)'71108 * igl;MN% Yang et al. (2014)
e n/a 071108 & LA-MC- Yang et al. (2014)
11 ICPMS ang etak
0.70633 + Horstwood et al.
n/a 1 ID-TIMS (2008)
0.70629 + McFarlane and
475 2 ID-TIMS McCulloch (2008)
wa 0.70638 + LA-MC- McFarlane and
13 ICPMS McCulloch (2008)
Durango 483 (1);570634 + ID-TIMS Hou et al. (2013)
0.70629 + LA-MC-
n/a 9 ICPMS Hou et al. (2013)
0.70633 + ID-MC-
n/a 9 [CP-MS Yang et al. (2014)
0.70634 + LA-MC- §
486 14 ICPMS Yang et al. (2014)
n/a 070369 + ID-MC- Yang et al. (2014)
McClure 2 ICP-MS
0.70371 + LA-MC-
3422 ” ICPMS Yang et al. (2014)
BHVO 397 1'7703469 ID-TIMS Elburg et al. (2005)
MACS-3 6640 Oi'7407553 ID-TIMS Jochum et al. (2011)

@ Reported weighted mean and 26 uncertainty.

X-ray maps were produced using a 20 kV accelerating voltage, 200
nA beam current, and 2-pm-diameter beam (Fig. 3). Wavelength-
dispersive spectrometers measured Sr and S using LPET crystals, Ce

remove
terminations

cut slices parallel
to c-axis

and Nd using LLIF crystals, and Th using a PET crystal. Maps of MRC-1
and BRZ-1 were developed using a 5 pm by 5 pm pixel spacing and 3 pm
by 3 pm pixel spacing, respectively, all using a dwell time of 500 ms per
pixel.

Quantitative EPMA ‘spots analyses’ were acquired with an acceler-
ating voltage of 20 kV, a beam current of 200 nA and a 5-pm-diameter
defocused beam. The location of the spot transects are shown in Fig. 2.
X-ray intensity measurements were made for La, Ce, Nd, Pr, Si, Na, Th,
Gd, Sm, Sr, Y, and S using wavelength-dispersive spectrometers. A series
of natural and synthetic standards were analyzed, including: ThO, for
Th ma, strontium titanate (SrTiO3) for Sr la, Cazadero albite for Si ka, Na
ka, anhydrite (CaSO4) UC # 5555 for S ka, Edinburgh REE Glass for Y la,
La la, Ce lo, Pr 1g, Nd lo, Sm 18, and Gd la. The full EPMA dataset is
reported in Supplementary Table S3 and representative averages are
reported in Table 4.

2.3. U-Pb ID-TIMS

Seven ~0.1 mg fractions were taken from the MRC-1 apatite, and
eight ~0.3 mg fractions from the BRZ-1 crystal were separated at Boise
State University using a diamond saw. Approximate locations shown as
yellow circles in Fig. 2. In the case of the MRC-1 crystal, different growth
zones were targeted to assess potential intra-crystal heterogeneity. For
the BRZ-1 apatite, seven fragments were separated from the interior of
the crystal, away from CL-bright cracks, and one fragment was separated
from near the rim for comparison.

All apatite crystal fragments were cleaned in an ultrasonic ethanol
bath. The fragments were then spiked with an enriched 2°5Pb-233y-2%5y
tracer (BSU-1B calibrated against EARTHTIME gravimetric standards),
and dissolved in concentrated HF at 220 °C for 48 h in PFA fluoropol-
ymer capsules nested within PTFE fluoropolymer-lined high-pressure
steel dissolution vessels. After dissolution, drying to salts, and re-

mount in epoxy
and polish

—_—
LA-ICP-MS

ID-TIMS
fraction

Fig. 1. Cartoon of specimen preparations (following recommendations of Chew et al., 2016). Crystal terminations are sawn off, and the remaining prism is cut along
its c-axis into mm-thick slices. In this study, a crystal section was analyzed using CL, EPMA, LASS/LA-ICP-MS, and ID-TIMS. An additional crystal section was

analyzed by LASS to assess chemical heterogeneity (Fig. 2B and D).
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Fig. 2. Left) CL maps of MRC-1 showing zonation and of
BRZ-1 showing conspicuous cracks (white/grey wisps).
Yellow circles indicate location of extracted TIMS frac-
tions. Red dashed lines are approximate trajectories of
LASS transects. Red dashed rectangles represent location
of EPMA maps shown in Fig. 3. Right) photomicrographs
of additional c-axis parallel and perpendicular sections
analyzed by LASS. Red dashed lines are approximate LASS
paths. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of
this article.)

MRC-1 Mount 1

L c-axis

Il c-axis L c-axis

A) MRC-1
f

high
concentration

low

500 m

B) BRZ-1

fluid
‘influx?

3

Fig. 3. Qualitative X-ray maps of apatites. A) Zoning in MRC-1 is marked by differences in S, Sr, Ce, and Nd (no significant Th variation is captured by EPMA). B)
Areas near cracks in BRZ-1 are compositionally distinct from the matrix (enriched in Ce and Nd relative to the matrix). Color scale on each map is qualitative and the
colors were edited to emphasize contrast; warmer colors indicate higher concentrations relative to cooler colors.
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Table 4
Average trace element concentrations determined by EPMA (full data set in Supplementary Table S1).
EMPA transect La Ce Nd Pr Si Na Th Gd Sm Sr Y S
[ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm]
BRZ-1
20 pm line scan (n — 30) Av. 368.0 623.5 336.1 b.d.l 4054.2 408.5 813.7 79.3 b.d.l 292.2 136.9 3224.3
1SD 59.6 114.3 46.5 b.d.l 82.8 38.6 51.6 34.8 b.d.l 21.3 29.3 173.0
5 um line scan 1 (n — 63) Av. 313.0 656.9 251.4 b.d.l 3729.1 446.7 809.5 71.9 b.d.1 311.8 143.9 3315.3
1SD 95.8 160.9 70.9 b.d.l 289.8 79.5 108.1 36.6 b.d.l 43.2 34.6 394.5
5 um line scan 2 (n — 24) Av. 287.2 604.6 260.3 b.d.l 3809.8 430.0 770.3 66.3 b.d.l 298.5 134.7 3168.5
1SD 79.4 78.1 78.3 b.d.l 226.9 77.9 73.2 33.5 b.d.l 329 28.7 259.8
5 um line scan 3 (n — 113) Av. 321.3 690.0 264.0 b.d.l 3823.9 488.0 723.3 82.5 b.d.l 294.7 144.2 3160.5
1SD 85.2 120.8 70.7 b.d.l 324.1 100.7 111.7 38.1 b.d.l 31.1 30.1 278.0
Av. 321.5 663.4 269.6 b.d.l 3829.0 459.9 762.3 77.6 b.d.l 299.3 142.1 3209.2
all scans (n = 230)
1SD 86.9 131.7 73.4 b.d.l 299.7 91.1 109.1 37.0 b.d.l 34.5 31.1 304.7
MRC-1
20 jm line scan (n = 147) Av. 2456.9 3708.4 1487.4 302.6 3206.7 470.2 364.0 587.6 b.d.l 823.1 1454.5 1276.3
1SD 179.7 267.4 100.1 75.9 389.1 73.7 68.9 62.1 b.d.l 41.9 89.2 274.2

b.d.L, below detection limit. Averages discarded outliers beyond 2SD.

equilibration in 6 M HCI at 180 °C for 12 h, Pb and U were separated
from the solutions using dilute HBr- and HCl-based anion exchange
chromatography (Krogh, 1973).

The U-Pb aliquots were loaded in a silica gel emitter (Gerstenberger
and Haase, 1997) to outgassed, zone-refined Re filaments. Isotopic de-
terminations were performed using an IsotopX PhoeniX-62 TIMS. A
correction for mass-dependent Pb fractionation was applied based on
repeated measurements of NBS 982 (Catanzaro et al., 1968) Pb on both
the Daly ion counter [0.16 (£ 0.03%) amu-1; 1 s] and the Faraday cups
[0.10 x (1 & 0.02%) amu-1; 1 s]. Uranium was run as an oxide (UO3)
and measured in static mode on Faraday detectors equipped with 1012
Q resistors. The U mass fractionation for the same analyses was calcu-
lated using the 233U/2%U ratio of the double spike solution (0.99506%
+ 0.01%, 1 s).

The U-Pb dates and uncertainties for each analysis were calculated
using the algorithms of Schmitz and Schoene (2007), the U decay con-
stants of Jaffey et al. (1971), and a value of 23815/235y = 137.88. Ura-
nium oxide measurements were corrected for isobaric interferences
using an '80/'0 value of 0.00206. Uncertainties are based upon
random analytical errors, including counting statistics, instrumental
fractionation, tracer subtraction, and blank subtraction. Non-radiogenic
Pb was attributed to laboratory blank (~0.5 pg, determined by total
procedural blanks measurements) and intrinsic common Pb in the
apatite (compositions estimated from LA data or assuming a model Pb
composition from Stacey and Kramers (1975), discussed below). These
error estimates should be considered when comparing our 2°6Pb/?*%U
dates with those from other laboratories that used tracer solutions
calibrated against the EARTHTIME gravimetric standards. When
comparing our dates with those derived from other decay schemes (e.g.,
4°Ar/39Ar, 187Re-187Os), the uncertainties in tracer calibration (0.03%;
Condon et al., 2015; McLean et al., 2015) and U decay constants
(0.108%; Jaffey et al., 1971) should be added to the internal error in
quadrature. Quoted errors for calculated weighted means are in the form
+ X (Y) [Z], where X is solely analytical uncertainty, Y is the combined
analytical and tracer uncertainty, and Z is the combined analytical,
tracer, and 2®U decay constant uncertainty. The U-Pb TIMS dataset is
reported in Table S4.

2.4. Sm-Nd and Sr ID-TIMS

Six TIMS aliquots from each apatite were further processed for Sm-
Nd and Sr isotopic measurements. Washes from apatite crystal frag-
ments dissolved and separated for U-Pb were spiked with mixed
1499m-150Nd and 8Rb-84Sr tracers, dried, and re-dissolved in 5 mL 1 M
HCI + 0.1 M HF at 120 °C overnight. Sr and bulk rare earth elements
were separated by standard dilute HCl- and HNOs-based cation ex-
change chemistry on 6 mm inner diameter (i.d.) x 20 cm long columns of

AG-50 W-X8 resin (H+ form, 200-400 mesh). Sr was further purified by
loading on 0.05 mL c.v. of Sr-spec crown ether resin and elution of
matrix elements with 1.3 mL 3.5 M HNOs, followed by elution of Sr in
ultrapure water. Sm and Nd were separated by reverse phase HDEHP
chromatography on 4 mm i.d. x 10 cm long columns of Eichrom Ln-spec
resin, 50-100 mesh. All separated fractions were dissolved and re-dried
with 30 mL16M HNO3, 30 mL 30% H50,, and 5 mL 0.1 N H3PO,.

The Nd fraction was loaded in 2 mL of 1 M HNOs3 on the side filament
of a triple Re filament assembly, whereas the Sm fraction was loaded on
a single Re filament in 2 mL 1 M HNOj3 along with 3 mL of tantalum
oxide emitter solution. Sm and Nd isotopes were measured on an IsotopX
Phoenix X62 multi-collector thermal ionization mass spectrometer in
static and dynamic Faraday modes, respectively. Instrumental mass
fractionation of Sm and Nd isotopes was corrected with an exponential
law relative to '*Nd/!**Nd = 0.7219 and '*2Sm/'*’Sm = 1.7831. The
quoted uncertainty for each analysis is the internal standard error; the
external reproducibility (standard deviation) of the JNdi-1 standard
over the course of the study was 0.512105 + 4 (20) for runs at ~3 V
144Nd (n = 8) and 0.512105 = 8 (20) for runs at ~0.3 V '*/Nd (n = 9).
Uncertainty in [Sm], [Nd], and 1475m/144Nd are estimated at <0.022%
(20), including systematic tracer calibration errors.

The Sr fraction was loaded in 2 mL. 1 M HNO3 along with 3 mL of
tantalum oxide emitter solution on single degassed Re filaments, and its
isotope ratios measured on the IsotopX Phoenix X62 multi-collector
TIMS in the Boise State University Isotope Geology Laboratory. Sr
isotope ratios were analyzed in dynamic mode, fractionation-corrected
with an exponential law relative to 26Sr/%8sr = 0.1194. The quoted
uncertainty for each analysis is the internal standard error; the external
reproducibility of the NBS-987 standard over the course of the study was
0.710244 + 6 (20) for runs at 4 V %8Sr (n = 7). The TIMS Sm-Nd and Sr
isotopic data are presented in Table S5.

2.5. U-Pb and trace element LASS

Combined U-Pb and trace-element data were collected using the
LASS system at UCSB during different sessions over a two-year period.
The system consists of a Photon Machines 193 nm excimer Analyte laser
with a HelEx-2 ablation cell coupled to two mass spectrometers: a MC-
ICP-MS for U-Pb isotopes and a quadrupole (Q)-ICP-MS for simulta-
neous trace element determinations (see also Kylander-Clark et al.,
2013). A Nu Instruments Plasma 3D MC-ICP-MS was used for the first
phase of the study, and a Nu Instruments Plasma HR-ES MC-ICP-MS for
the second phase. An Agilent 7700S Q-ICP-MS was utilized for all trace-
element analyses. Instrument parameters are summarized in Table 5. On
the Plasma 3D MC-ICP-MS, 2°2Hg, 2°4(Pb + Hg), 2°5Pb, 207pb, 208pb
were measured on Daly detectors and 223U and 232Th were measured on
Faraday collectors; similarly, 204pp 4 Hg), 2°6Pb, 2°7Pb, 208p}, were



F.E. Apen et al.

Table 5

ICP instrument parameters for U-Pb/TE, Sm-Nd, and Sr isotopic analyses.
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Instruments

Instrument model

RF power
Make-up gas flow

Masses measured

Integration time per
peak/dwell times;
quadrupole sweep time

Total integration (sweep)
time per output data
point

Laser ablation system
Make, Model and type
Ablation cell and volume
Laser wavelength

Pulse width

Fluence; pit depth/pulse
Repetition rate

Ablation duration

Spot diameter

Sampling mode / pattern
Carrier gas

Cell carrier gas flow

Nu Instruments Plasma 3D MC-ICP-MS

1300 W

0.7-0.8 L/min (U-Pb TE LASS)

1.07 L/min (Sm-Nd, Sr)

U-Pb + TE LASS: 2*Hg + Pb, 296:207:208p}, on SEMSs; 232Th, 238U
on Faraday cups

Sm-Nd: 142NCI, 143Nd, 144Nd + Sm, 145Nd, 146Nd, 147Sm, 148Nd,
149m, 15Nd on Faraday cups

Sr: 82Kr++(164Er++) + (40Ca42Ca), 167Er++,
84SI'++KI++(168Yb+++EI'++), 85Rb++(170Yb+++Er++),

Bésr\ JrKrur(szbw >)’ 173Yb> 4’ 87Sl_\ +Rb‘+(174Yb‘ >)’

75 ut, 885+ (VOLu™ T +Yb ™) + (*°Ca*®Ca) on Faraday cups
100 ms

0.5s

Cetac Teledyne 193 nm excimer Analyte laser

HelEx-2 ablation cell (Eggins et al., 1998; Eggins et al., 2005)
193 nm

4 ns

~1 J/cm? ~0.08-0.1 pm/pulse

4 Hz (U-Pb + TE LASS), 15 Hz (Sm-Nd, Sr);

15 s (U-Pb + TE LASS), 20 s (Sm-Nd, Sr)

40 pm (U-Pb + TE LASS), 50 pm + 85 pm (Sm-Nd, Sr)

Static spot ablation

Nu Instruments Plasma HR-ES
MC-ICP-MS

1300 W

0.7-0.8 L/min (U-Pb TE LASS)

Agilent 7700S quadrapole

1.4 L/min (U-Pb TE LASS)

U-Pb + TE LASS: 2°?Hg, 2*Hg
+ Pb, 206:207,208p}, 5 SEM;
232Th, 238y on Faraday cups

U-Pb + TE LASS: **Ca, 88sr, 8%y, %07r, 1%L,
14°Ce, 141Pl’, 146Nd, 147Sm, 153Eu’ 157Gd, 159Tb,
163Dy, 165H0, 166Er, 159Tm, 172Yb, 1751‘u + 49Ti +
55Mn + 5°Fe + 1%7Ba

500 ms

~200 ms

0.5s 05s

100% He in the cell, Ar make-up gas combined in a glass mixing bulb

0.15 L/min total (0.12 L/min for cup, 0.03 L/min for cell)

Data Processing
Reference Materials
Data processing package
Common-Pb correction,
composition and
uncertainty
Uncertainty level and
propagation

see Tables 1-3

0.5 for Stacey-Kramers model common-Pb

Iolite v. 2.5 (Paton et al., 2011); LIEF correction assumes reference material and samples behave identically.

No common-Pb correction applied to the data; the 26 uncertainty of (*’Pb/2°°Pb); determined by linear regression through U-Pb data or assumed to be

Ages are quoted at 2 s absolute, propagation is by quadratic addition. Reproducibility and age uncertainty of reference material and common-Pb
composition uncertainty are propagated where appropriate.

measured on Secondary Electron Multipliers and 223U and 232Th were
measured on Faraday collectors on the Plasma HR. On the Q-ICP-MS, the
following masses were measured: 28gi, 44Ca, 88sr, 89y, 207y, 13914, 140Ce,
Wp, 146Ng 1479 183y 157Gq, 159Th, 163py, 165, 166R;, 1697y
172y, 175Lu + *Ti + °Mn + *Fe + '¥Ba.

Apatite was ablated using a 40-pm-diameter laser spot operating at a
4 Hz repetition rate, 50% of 5 mJ laser power, and a laser fluence of ~1
J/cm2. Each ablation sequence consisted of two cleaning shots, followed
by 20 s of monitored washout and 15 s of ablation, equating to final pit
depths of ~7 pm. Raw U-Pb ratios were baseline subtracted and cor-
rected for laser- and plasma-induced element fractionation, and instru-
ment drift using the Iolite software package (v. 2.5; Paton et al., 2011) in
the Igor Pro interactive software environment (or Iolite as a shorthand).

Apatite RM MAD—denoted here as MAD-UCSB, an apatite crystal
from Madagascar provided by Stuart Thompson and subsequently
analyzed via ID-TIMS at the Boise State Isotope Geology Lab for this
study—served as the primary bracketing reference apatite for LASS
analyses. All of the analyzed fractions of MAD-UCSB have homogeneous
U-PDb ratios (Fig. 4), and we adopted the weighted mean and associated
20 error of the data as the canonical U-Pb isotopic compositions for LASS
standardization. Details of this RM are reported in section 3.2.

All of the secondary apatite RMs contain variable amounts of
common-Pb, so the U-Pb age quoted herein is the concordia intercept
age determined from a York regression through the data. Repeat ana-
lyses of secondary RMs over the course of this study indicate that each
238(5,/206pp and 207Pb,/2°°Pb measurements require an additional 2.4%
and 1.8% (20), respectively, to account for the long-term variability in

laser ablation analyses; these values were added in quadrature to the
internal error of each U-Pb datum and considered when calculating
intercept ages (Horstwood et al., 2016). Final U-Pb ratios and associated
uncertainties were plotted using IsoplotR (Vermeesch, 2018). The con-
cordia intercept ages of the secondary RMs overlap their established
ages with these designated uncertainties (Table 6).

Trace-element abundances in apatite were calculated in Iolite using
“4Ca as the internal standard element and assuming stoichiometric
abundances of Ca in fluoroapatite (39.74%). The NIST 612 silicate glass
(Pearce et al., 1997) was used for calibration (preferred values of Joc-
hum et al., 2011). The uncertainty of each element reflects only the
internal error. The complete LASS data set is presented in Supplemen-
tary Table S6.

2.6. Sm-Nd LA-MC-ICP-MS

Isotopes of Sm-Nd were measured using a Photon Machines 193 nm
excimer Analyte laser with a HelEx-2 ablation cell coupled to a Nu In-
struments Plasma 3D MC-ICP-MS. Masses 140-158 were measured on 16
Faradays collectors at 1-amu spacing (Table 5); detector configurations
are presented in Supplementary Table S9. Apatite was ablated for 300
laser pulses using a 15 Hz repetition rate at 100% of 5 mJ laser power
during two consecutive sessions: one utilizing a 50-pm-diameter spot
and the other an 85-pm-diameter spot. Each ablation sequence consisted
of two cleaning shots, followed by 50 s of monitored washout, 20 s of
ablation—amounting to final pit depths of 20-22 pm—and 3 s of wash
out prior to the next sequence.
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Madagascar apatite
g 207
e - 206Pb
Pb [uncorrected for common-Pb]

MAD2-TCD (Fisher et al., 2020b)
- age intercept =475 + 4 Ma
MSWD = 0.1 (4/4)
data enlarged 5-fold

MAD-UCSB (this study)
age intercept = 467 + 9 Ma
MSWD = 0.2 (n=6/6)
data enlarged 5-fold

- [ corrected for common-Pb |

MAD1 (Thomson et al., 2012)
B age =487 +1 Ma b
1500 data enlarged 2-fold

0.05

|
4 16

Fig. 4. Tera-Wasserburg concordia diagram of Madagascar apatite data
(Thomson et al., 2012; Fisher et al., 2020b; this study). MAD-UCSB and MAD2-
TCD data are common-Pb uncorrected (MAD2-TCD data from C. Fisher, per-
sonal communication) whereas MAD1 and MAD2 are common-Pb corrected.
Different MAD crystals have distinct U-Pb ratios, highlighting inter-crystal
heterogeneity for this RM. Note that the data are enlarged for visualization.

Mass bias, isobaric interferences, and laser-induced (downhole)
fractionation can be significant sources of uncertainty and must be
corrected for in order to obtain accurate '**Nd/!**Nd and '*’Sm/!**Nd
measurements by LA-MC-ICP-MS (e.g., Vance and Thirlwall, 2002;
Fisher et al., 2011, 2020b). Our approach to these corrections follows
that of Fisher et al. (2011) and Poletti et al. (2016) and is summarized
below. Mass-bias correction for Sm was based on internal standardiza-
tion using the natural ratio of 1476m /149%m (0.22332; Isnard et al.,
2005). The isobaric interference of 1445m on 144Nd was calculated using
the calculated mass bias and assuming a natural ratio of 1*4Sm/14°Sm =
1.08680 (Dubois et al., 1992). For Nd isotopes, mass-bias correction was
based on the natural ratio of Nd/'**Nd = 0.7219. All of these
corrections—as well as baseline subtractions and corrections for
instrumental drift—were done in Iolite (v. 3.5) using the Sm-Nd data
reduction scheme developed by Fisher et al. (2020b). Downhole cor-
rections to the mass-bias- and interference-corrected '4’Sm/***Nd and

Table 6
Summary of U-Pb age results from this study.
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143N d/**Nd ratios were made using an exponential fit and using MAD-
UCSB as the primary RM (using 1*’Sm/!**Nd and **Nd/!**Nd compo-
sitions determined by TIMS as part of this study; Table 7). Secondary
reference apatites analyzed during each run include McClure, Durango,
0OD306, and 401 (Table 3). Reported uncertainties are 26 and only
include in-run errors; for both the 50 and 85 pm diameter spot analyses,
repeated analyses of secondary RMs yielded weighted means with
MSWDs that are consistent with a uniform population (Wendt and Carl,
1991), the exceptions being Durango and OD306. These latter two RMs
are known to exhibit Nd isotopic heterogeneity (Fisher et al., 2011; Yang
et al.,, 2014) or have not yet been characterized for their Sm-Nd sys-
tematics by TIMS analyses. The complete Sm-Nd isotopic data set is
presented in Supplementary Table S7.

2.7. Sr LA-MC-ICP-MS

Multiple isobaric interferences can impair Sr isotopic measurements
by LA-MC-ICP-MS, including Kr in the carrier He gas and plasma Ar gas,
doubly-charged REEs—e.g., Er>* and Yb?*—and Ca-dimers from the
apatite matrix (e.g., Ramos et al., 2004; Horstwood et al., 2008). Sr
isotopes were measured at UCSB using the same set up described above
for Sm-Nd analyses. The detector array covered masses 81.5-89.5 with a
0.5-amu spacing; all measurements were made on Faraday collectors
(see Supplementary Table S10 for detector array configuration). These
laser ablation analyses were completed in two consecutive sessions, the
first using an 85-ym-diameter spot and the second a 50-pm-diameter
spot (Table 5). Laser settings and ablation sequences used for Sr analyses
are the same as described for our Sm-Nd isotopic analyses except that a
50 s baseline was collected following the main ablation pass (i.e., a
single sequence consisted of two cleaning shots, 50 s baseline, 20 s
ablation pass, and 50 s baseline).

Accurate Sr isotopic determinations are dependent not only on cor-
rections for isobaric interferences, but also the order in which correc-
tions are applied (e.g., Horstwood et al., 2008; Yang et al., 2014). First,
given the relatively long baseline before and after each ablation pass (50
s each), 858482k interferences were subtracted using a step-forward
baseline subtraction (Bizzarro et al.,, 2003). Following this, in-
terferences from various doubly-charged REEs on Sr and Rb isotopes and
Ca-dimers were calculated—'7°Yb?* and 7°Lu®* on %8Sr, 174Yb%*" on
87gr, 172yb2* on %sr, 17°Yb?* and 7°Er?* on ®Rb (used for 8Rb cor-
rections on 7Sr), 1%8yb2+ and 1%8Er?* on 34sr, and '%*Er?* and %*Dy?*
on mass-82. Each REE interference intensity was calculated using the
mass bias derived from the measured 86Sr/88sr (low REE concentrations
across the apatite RMs prevented determinations of mass bias factors for
individual REEs). Interferences from Er isotopes were computed using

Apatite Method Average U [ppm] Average Th [ppm] Intercept age (Ma)® (27Pb/20°pb); Common-Pb correction
MAD-UCSB ID-TIMS 22 545 467.4 + 8.4 0.71 £ 0.10 Total Pb-U
ID-TIMS 31 285 153.4 + 0.4 0.85 + 0.04 Total Pb-U
153.5 + 0.4 0.86 + 0.08 unanchored York regression
MRC-1 153.4 + 0.4 0.85 + 0.05 Stacey-Kramers (153 Ma)
LASS 34 330 152.7 £ 0.6 0.85 + 0.04 Total Pb-U (**’Pb/2%°Pb);
152.8 £ 0.9 0.85 + 0.05 Stacey-Kramers (153 Ma)
ID-TIMS" 65 892 2078 £ 12 1.14 + 0.09 Total Pb-U
2077 + 14 1.13 £+ 0.08 unanchored York regression
BRZ-1 2069 + 11 1.01 £ 0.05 Stacey-Kramers (153 Ma)
LASS 76 879 2038 + 14 1.14 + 0.09 Total Pb-U (2”Pb/2%°Pb);
2042 + 12 1.06 + 0.06 unanchored York regression
2038 +£11 1.01 + 0.05 Stacey-Kramers (153 Ma)
Durango LASS 15 339 29.4+1.2 0.84 + 0.05 Stacey-Kramers (31 Ma)
McClure LASS 17 43 517.0 + 8.0 0.87 + 0.04 unarchored York regression
401 LASS 17 125 508.4 + 5.7 0.66 + 0.30 unarchored York regression
0OD306 LASS 23 64 1570 £ 15 15+1.1 unarchored York regression

# 20, in-run errors with propogated long-term uncertainties (LASS) and tracer uncertainties (ID-TIMS).

Y Includes only 3/8 cogenetic points.
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Table 7
Summary of Sm-Nd results from this study.
Apatite Method Average Average Average Average
Sm Nd 147G A4AN g 1434 /144N g
[ppm] [ppm]
ID-TIMS 165 1283 0.07763 + 4 0.511312 £ 3
LA-ICP-
0.511310 +
MAD- MS (50 185 1514 0.07799 + 4 39
ucss MM
LAICP- 0.511309 +
MS (85 285 1513 0.07800 + 9 2
pm)
ID-TIMS 206 1136 0.10923 + 9 0.512677 + 3
LA-ICP-
MS (50 284 1541 0.11717 £ 3 (1).8512710 *
pm)
LA-ICP-
MS (85 285 1550 0.11674 £ 5 (1);;512689 *
MRC-1 pm)
ID-TIMS 24 143 0.10152 + 8 0.510989 £ 5
LA-ICP-
MS (50 42 267 0.09854 + 5 3'0510994 =
pm)
LA-ICP-
MS (85 42 266 0.09981 + 6 2'6510887 =
BRZ-1 pm)
LA-ICP-
MS (50 0.512485 +
pm) 189 1381 0.08760 + 20 34
LA-ICP-
MS (85 0.512470 +
Durango pm) 192 1397 0.08720 + 10 24
LA-ICP-
MS (50 0.512351 +
pm) 114 963 0.07420 + 48 46
LA-ICP-
MS (85 0.512266 +
McClure pm) 120 1027 0.07180 + 47 32
LA-ICP-
MS (50 0.512282 +
pm) 421 3007 0.08920 £ 1 22
LA-ICP-
MS (85 0.512282 £+
401 pm) 434 3070 0.09050 + 4 16
LA-ICP-
MS (50 0.511238 £
pm) 346 2734 0.08060 + 5 22
LA-ICP-
MS (85 0.511212 £+
OD306 pm) 331 2650 0.07870 + 42 16

# Weighted mean and associated 2¢ uncertainty; age uncorrected.

the 1®7Er signal at the 83.5 half-mass and the natural ratios of Er iso-
topes: 7°Er/'%"Er = 0.65111, '%®Er/'%"Er = 1.16790, and '**Er/'%"Er =
0.04779. Similarly, Yb interferences were calculated with the 173Yb half
mass and the natural ratios of Yb isotopes: 76Yb/!73Yb = 0.79107,
174%b/173Yb = 1.97702, 72Yb/'73Yb = 1.35338, 7°Yb/7%vb =
0.18847, and '®8Yb/173Yb = 0.00806. For the 7°Lu?* interference, we
employed the measured 17°Lu half mass and the natural ratio of
176Lu/Y5Lu = 0.02659. The '®*Dy interference was calculated using
163Dy (at the 81.5 half mass) using a natural ratio of %*Dy/!%°Dy =
1.13173. Rare-earth-element corrections were first applied to mass-82,
and the residual signal was assumed to correspond entirely to *°(Ca,
An*Ca (see also Horstwood et al., 2008); this value was used to esti-
mate Ca-dimer interferences on masses 84-88 by applying natural Ca
abundances. Given the similar relative isotopic abundances of “°Ca and
“0Ar, we assumed that interferences from Ca-argides were also
accounted for in correcting for the Ca-dimers (Horstwood et al., 2008).
Interferences from REEs and Ca-dimers were stripped to ascertain
848687880 and ®Rb, the latter of which was used to compute and
subtract the final interference of 8’Rb on ¥’Sr based on an 8Rb/*°Rb
ratio = 0.38561.

Baseline subtractions and drift-corrections, as well corrections for
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the isobaric interferences listed above, were carried out in Iolite. Apatite
RMs MAD-UCSB, McClure, Durango, OD306, and 401, United States
Geological Survey (USGS) silicate glass BHVO-2G and USGS carbonate
MACS-3 were analyzed during the run to monitor the accuracy and
precision of the final Sr isotopic analyses (Table 3). Additional un-
certainties derived from repeat analyses of each RM were propagated to
the REE-, Ca-dimer, and Rb-corrected 8Sr/®Sr internal error (~0.02%;
26). Final %Sr/%0Sr values were not standardized. The complete Sr
isotopic data set is presented in Supplementary Table S8.

3. Results
3.1. CL and EPMA

Quantitative X-ray maps and CL imaging reveal internal structures
and provide a basis for interpreting potentially complex dates and
elemental patterns. In the case of MRC-1, imaging shows intra-crystal
zonation (Figs. 2 and 3), most apparent in the S map (though Sr, Nd,
Th, and Ce maps also show variability to lesser extent; Fig. 3A). Apatite
BRZ-1 does not display any apparent growth zones based on X-ray maps
and CL images. Instead, imaging reveals chemical heterogeneity asso-
ciated with wispy networks of micron-scale cracks that branch out over
5-20 pm into the main matrix (Figs. 2 and 3). The X-ray maps indicate
these cracks have similar Sr and Th contents compared to the unaltered
matrix, but have lower S concentrations and higher Ce and Nd abun-
dances (Fig. 3B).

To ensure comparability, electron microprobe analyses La, Ce, Nd,
Pr, Si, Na, Th, Gd, Sm, Sr, Y, and S (Table 4) were measured along
transects within the same areas used to develop X-ray maps. EPMA
confirm a general decrease in measured trace element abundances from
the interior to the exterior of the mapped MRC-1 grain. Aside from
outliers associated with cracks or altered zones (discussed in detail in
section 4.2.), BRZ-1 displays uniform elemental abundances across the
grain (Fig. 3).

3.2. TIMS U-Pb, Sm-Nd, Sr

The primary MAD-UCSB apatite contains U-Pb compositions that are
distinct from other previously reported Madagascar apatite ID-TIMS
data (Thomson et al., 2012; Fisher et al., 2020b), differing in their de-
gree of discordance (Fig. 4). MAD-UCSB apatite has an average U = 22
ppm and average Th = 545 ppm (Table 6). The concordia age of MAD-
UCSB as determined by the total Pb-U isochron method, which in-
corporates the measured 2°*Pb/2%Pb ratios (Schoene and Bowring,
2006; Ludwig, 2012), is 467.4 + 8.4 (9.8) Ma and yields a (2’ Pb,/2%6pPb);
intercept of 0.71 + 0.10 (0.12) (n = 6; MSWD = 0.2) (Fig. 4), similar to
results from an unanchored York regression in a Tera-Wasserburg con-
cordia diagram (isochron age of 467 + 9 Ma and a (207Pb/2°6Pb)i
intercept of 0.71 + 0.1; MSWD = 0.003; all 20 analytical uncertainty).

MRC-1 apatite has average concentrations of U = 31 ppm and Th =
285 ppm, equivalent to a Th/U ~ 9 (Table 6). All seven TIMS fractions
define a single isochron (Fig. 5). The total Pb-U isochron method applied
to these data yields an intercept age of 153.37 + 0.40 (0.42) Ma and a
(297pb/2%pb); intercept of 0.85 + 0.04 (0.04) (MSWD = 1.9). The
average U and Th concentrations of eight BRZ-1 ID-TIMS fractions are
65 ppm U and 892 ppm Th, or Th/U =~ 14. The U-Pb data are highly
dispersed (Fig. 5), but three fractions conform to a single population
within an acceptable MSWD (Wendt and Carl, 1991). The total Pb-U
isochron method for the these three fractions yields an intercept age
of 2078 + 9 (12) Ma and a (2*”Pb/2°®Pb); intercept of 1.14 + 0.07 (0.09)
(MSWD = 0.2).

MAD-UGSB has **Nd/!**Nd ratios that range between 0.511305 +
13 to 0.511342 + 10 (all present-day values), with an average
13Nd/"*Nd = 0.511312 + 3 (n = 6; MSWD = 8.2) or Eyg = —25.7 +
0.11 (values normalized to (143Nd/144Nd)CHUR = 0.512630; Bouvier
et al., 2008). Corresponding 1*’Sm/1**Nd ratios span 0.07732 + 15 to



F.E. Apen et al.

Chemical Geology 590 (2022) 120689

MRC-1 BRZ-1
© ™ T
=T i 8 (3 A
© 207Pb I\:_. o 2°7Pb “\‘ single datum
PP v 200ppy v\ (1689, 0.423) LASS
B it A age intercept = 2038 + 14 Ma
it " (*"Pb/**Pb), = 1.14 £ 0.09
LASS ' L A MSWD = 0.8 (n=140/151)
age intercept = 152.7 * 0.6 Ma
- (2°’Pb/2°°Pb); = 0.85 * 0.04
MSWD = 1.2 (n=93/93)
S
S
i ID-TIMS -
age intercept = 163.4 £ 0.4 Ma
(*°"Pb/*°*Pb) F 0.85+0.04
B MSWD = 1.9 (n=7/7)
data enlarged 2-fold \
Al Y
B ID-TIMS \\‘\
age intercept = 2078 + 12 Ma R
(*"Pb/***Pb); = 1.14 £ 0.09 2000
238 MSWD = 0.3 (n=3/8) 238
g 206pl o data shown are enlarged 10-fold 205pp
IS ! L ! 1 ! 1 c I ! L L L]
10 60 1.5 3.5
I
I
4 4 | pristine domain
2 10 10 I e altered domain
S
I
% 3 3 :
5 10 10 |
5 I
£ ’
=% 2 2
© 10 10
I
L B — LI I . '

La Ce Pr Nd

Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

T T 17 T T T T T T T T T 1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 5. Top: Tera-Wasserburg concordia diagrams of MRC-1 (right) and BRZ-1 (left) LASS data. The ages of the TIMS data were derived using the total Pb-U method,
and the resulting (2°”Pb/2°°Pb); intercepts were used to correct the LASS data. Unfilled ellipses are data excluded from age regression. Note that TIMS data are
enlarged to facilitate visual comparison to the LASS data. TIMS and LASS analyses of MRC-1 produce overlapping isochrons, but produce offset isochrons for BRC-1.
Bottom: Chondrite-normalized REE plots showing consistent REE patterns in these RMs (reference chondrite values from McDonough and Sun, 1995).
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0.07787 + 16 and produce an average *’Sm/!**Nd = 0.07763 + 4
(Table 6). For MRC-1, 143Nd/144Nd values cover a range from 0.512668
+ 10 to 0.512686 + 5 (Fig. 6); the mean of the six measurements is
0.512677 £ 3 (n = 6; MSWD = 6.3), or €yg = 0.9 + 0.1. The
1478m/*4Nd ratios for MRC-1 are between 0.10588 + 21 and 0.11755
+ 24, with a mean ¥Sm/'*Nd of 0.10923 + 9. For BRZ-1, TIMS
143Nd,/'#4Nd ratios are between 0.510961 = 15 and 0.511025 + 13 with
a weighted mean of 0.510989 =+ 5, or Eyg = —32.0 + 0.1 (n = 6; MSWD
= 10) (Fig. 6). The *’Sm/**Nd values vary from 0.10076 + 20 to
0.10247 + 20, with a mean ¥7Sm/***Nd = 0.10152 =+ 8 (Table 7).

The TIMS ®7Sr/%°Sr ratios of MAD-UCSB are between 0.711700 + 9
and 0.711798 + 8 and produce a weighted mean 8sr/%sr = 0.711773
+ 2 (Table 8). The 8Sr/80sr ratios of MRC-1 range from 0.707688 + 6 to
0.707695 =+ 5 and yield a mean &Sr/%6Sr = 0.707691 + 2 (MSWD = 0.7)
(Fig. 7). The BRZ-1 87Sr/%5Sr TIMS values range from 0.709136 + 11 to
0.709231 + 8 and result in a mean %7Sr/%°Sr ratio of 0.709188 + 3
(MSWD = 134) (Fig. 7). Although the weighted mean 878r/868r value for
BRZ-1 does not represent statistically single population, we note that
variability at this scale cannot be readily distinguished by LA-ICP-MS
(see section 3.4.).

3.3. LASS U-Pb and trace elements

A total of 93 LASS spots collected across MRC-1—including a c-axis
perpendicular section—comport to an isochron and overlap the seven
ID-TIMS fractions (Fig. 5). Laser ablation spot analyses corroborate
elemental variability within MRC-1 (Fig. 8), however, all spots show

Table 8
Summary of Sr results from this study.
Apatite Method Average St 875y /8651 Offset”
[ppm]
ID-TIMS 1847 0.711773 + 2 -
MAD- ﬁ:{)ICP'MS 0 1577 0.711850 + 120  —0.02
UCSB
LA-ICP-MS (85 1567 0.712028 + 86 —0.04
pm)
ID-TIMS 779 0.707691 + 2 -
LA-ICP-MS (50
MRC.1 ym) 700 0.708092 + 180  —0.06
LA-ICP-MS (85 695 0.708325 + 80 —0.09
pm)
ID-TIMS 233 0.709188 + 3 -
LA-ICP-MS (50
BRZ.1 ) 243 0.710550 + 560  —0.19
LA-ICP-MS (85 246 0.710768 + 178  —0.22
pm)
LA-ICP-MS (50 335 0.708380 + 510  —0.30
Durango K)Icp MS (85
el 335 0.709030 + 190  —0.39
pm)
:ﬁ' )ICP'MS 0 3155 0.703655 + 74 0.00
McClure
LA-ICP-MS (85 2882 0.703778 + 28 -0.01
pm)
LA-ICP-MS (50 383 0.707220 + 490 -
401 km)
LA-ICP-MS (85 392 0.707180 + 150  —
pm)
LA-ICP-MS (50 0.711200 +
m) 142 1700 B
0OD306 LAICP-MS (85
137 0.710890 + 450  —
pm)
ESSCP’MS 0 184 0.703090 + 940  0.05
BHVO
LA-ICP-MS (85 198 0.703440 + 330 0.00
pm)
MACGS-3 :IQ')ICP'MS @5 - 0.707390 + 140  0.02

# Weighted mean and associated 26 uncertainty; unnormalized.
> Defined as 100 x [1 - (47Sr/%%S)a / (¥7Sr/20SD)1ims]-
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similar REE patterns: they are LREE-enriched (La/Yby =~ 20-30) and

display a negative Eu anomaly (Eu/Eu* ~ 0.4, where Eu/Eu*:ﬁ)
(Fig. 5).

Most LASS spots collected from the BRZ-1 apatite (n = 188/196) fall
along a well-defined isochron, including those measured perpendicular
to the c-axis (Fig. 5). Some data fall off this isochron and project to dates
as young as ca. 865 Ma. Notably, LASS spots document that HREEs and U
are enriched in younger domains associated with these cracks (Figs. 8
and 9). Portions of BRZ-1 away from cracks are LREE-enriched (La/Yby
~ 20-28) and have a negative Eu anomaly (Eu/Eu* ~ 0.6-0.8) (Fig. 5).

3.4. LA-ICP-MS Sm-Nd and Sr isotopes

Thirty-three 50-pm-diameter spots across MRC-1 overlap the ID-
TIMS values and yield a weighted mean **Nd/!**Nd of 0.512710 +
18 (Eng = 1.4 + 0.4; MSWD = 1.3), which are slightly higher than the
TIMS mean (Table 7; Fig. 6). The corresponding 1479m/144Nd values
vary from 0.1078 + 1 to 0.1247 + 2, which partially overlap the TIMS
1475m /144Nd range but are typically higher (Fig. 6). Twenty 85 pm-wide
spots yield 1*3Nd/1**Nd values produce a weighted mean of 0.512689 +
13 (Eng = 1.0 £ 0.3; MSWD = 2.4); this value is indistinguishable within
20 uncertainty from the mean of the 50-ym-diameter spots and TIMS
data. The '*7Sm/'**Nd values determined using an 85-pm-diameter spot
vary from 0.1171 + 3 to 0.1237 =+ 3, which like the 50-pm spots, tend to
be on the higher end of TIMS *¥’Sm/!**Nd range (Fig. 6). Laser ablation
data for BRZ-1 with a 50-pm-diameter spot produce 143Nd/MNd values
that overlap the TIMS range and yield a weighted mean *3Nd/***Nd =
0.510994 + 70 (Exg = —32.1 + 1.4; MSWD = 0.9, n = 35); 147Sm/***Nd
values vary from 0.0949 =+ 2 to 0.1017 + 4, which generally fall within
the TIMS *7Sm/ **Nd range (Table 7; Fig. 6). Analyses utilizing an 85-
pm-diameter spot result in a mean 143Nd/1*4Nd = 0.510887 =+ 46 (Ena
= —34.2 £+ 0.9; MSWD = 1.1, n = 20) (Fig. 6). While the mean of the 85
pm spots are offset from the TIMS mean, the ranges of the LA data are
wholly consistent with the TIMS data (Fig. 6). The 1479 m/144Nd values
have a range between 0.0973 + 2 and 0.1018 + 2, which largely overlap
the TIMS *7Sm/!*Nd values but do not extend to as high values
(Fig. 6).

Despite corrections for Kr, REEs, Ca-dimer, and Rb interferences,
875r/8%Sr measurements collected by LA-ICP-MS were persistently offset
from TIMS reference values (Fig. 7). For MRC-1, the average corrected
875r/88sr value of the 50 pm spot analyses is 0.70809 + 18 (MSWD =
1.3, n = 10), which is ~0.05% higher than its TIMS average (Table 8;
Fig. 7). The average 7Sr/%Sr value collected using an 85-pm-diameter
spot is ~0.08% higher than the TIMS average (¥7Sr/%%sr = 0.708325 +
80, MSWD = 2.3, n = 15). Offsets between LA and TIMS averages of
BRZ-1 are more dramatic. The 87Sr/®Sr average determined using a 50-
pm-diameter spot are 87Sr/86Sr = 0.71055 + 56 (~0.19% higher than
TIMS); using an 85-pm-diameter spot produces an average %Sr/%6Sr =
0.710768 + 178 (~0.22% higher than TIMS; Fig. 7). The other analyzed
RMs are also offset from the TIMS reference value, and are anti-
correlated with the inverse of the measured 88sr signal (Fig. 10).
Normalization to a primary RM (e.g., MAD-UCSB) does not remove this
trend, but only shifts the averages towards more radiogenic values.
Though 8’Rb/%0Sr ratios were not analyzed by TIMS, and hence their
accuracy is unknown, in situ 87Rb/8%Sr ratios are low (<0.0002), indi-
cating that radiogenic ingrowth of &’Sr is negligible.

4. Discussion
4.1. Common-Pb corrections and U-Pb ages

Apatite incorporates significant amounts of non-radiogenic (com-
mon) Pb as it crystallizes, necessitating corrections to obtain geologi-

cally meaningful U-Pb dates. Common-Pb corrections can be done using
different methods: from unanchored linear regression through multiple
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Fig. 7. Comparing 8”Sr/%°Sr values obtained by LA-ICP-MS and ID-TIMS (same color scheme as Fig. 5). Laser ablation data are REE-, Ca-dimer, and Rb-corrected, and
not normalized to a primary RM. Note that while laser ablation Sr values determined using 50 and 85 pm overlap on another, they are persistently offset from TIMS
values. The height of each data point is the 26 uncertainty.
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Fig. 8. Assessing variability along intra-crystal transects. The cartoons of the crystal slices are based on CL images shown in Fig. 2. Right: MRC-1 data. Left: BRZ-1

data. All transects projected onto the A-A’ line. Uncertainties shown are 2c. Total LREE is the sum of La, Ce, Pm, and Nd abundances. Note that U-Pb and LREE spikes
in BRZ-1 are spatially associated with cracks in the crystal.
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Fig. 9. Time-resolved laser ablation split stream profile for a BRZ-1 spot
analysis. U-Pb ratios spike at depth, coincident with increases in U/Th, Y, La,
and Yb. These spikes indicate the presence of a chemically-distinct domain
within the apatite (probably a crack; see Fig. 3). Spot analyses like this deviate
from the 2.0 Ga isochron shown in Fig. 5.
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data points that form isochrons, using the total Pb-U isochron method
that incorporates 20%pb measurements (see section 2.5.), by imple-
menting the Pb growth model of Stacey and Kramers (1975), or by
analyzing Pb isotopes in co-genetic, low U/Pb phases (e.g., feldspar;
Chamberlain and Bowring, 2001; Schoene and Bowring, 2006; Chew
et al.,, 2014a). The latter is not applicable here because the analyzed
apatites were obtained as individual crystals. In addition, because 2%Pb
cannot always be accurately measured by LA-ICP-MS given isobaric
interferences with 2°*Hg present in the He carrier gas and Ar plasma gas,
the total Pb-U approach cannot be readily applied to our laser ablation
data.

Applying different common-Pb correction schemes has no significant
effect on the calculated intercept ages of the RMs (Table 6). In the case of
MRC-1, the concordia age derived from the total Pb-U method applied to
the TIMS data is 153.4 + 0.4, which is indistinguishable from an un-
anchored York regression in Tera-Wasserburg concordia space (153.5 +
0.4 Ma) and an anchored regression to a Stacey and Kramers (1975)
model (?*’Pb/?%°Pb); (153.4 + 0.4 Ma; Table 6). The LASS data yield
comparable concordia ages of 152.7 + 0.6 Ma for data anchored to the
(207Pb/206Pb)i value derived from the total Pb-U method of the TIMS
data and 152.8 + 0.9 Ma using the Stacey and Kramers (1975) model;
unanchored regressions through the LASS data are not possible. For the
three data that conform to a single population in BRZ-1 TIMS data set,
the total Pb-U method yields a concordia age of 2078 + 12 Ma, which
overlaps within uncertainty age intercepts derived from unanchored
regressions (2077 + 14 Ma) and a Stacey and Kramers (1975) common-
Pb model (2069 + 11 Ma). The LASS data for BRZ-1 produce consistent
U-Pb ages. Applying the (**’Pb/2%°Pb); value derived from the total Pb-U
method of the TIMS data yields 2038 + 14 Ma; this age overlaps the
unanchored isochron age of 2042 + 12 Ma and Stacey and Kramers
(1975) anchored age of 2038 + 11 Ma (Table 6). Regardless of the
chosen (2°7Pb/206Pb)i, the LASS and TIMS BRZ-1 ages are offset beyond
their respective internal 2¢ uncertainties (Fig. 6). This deviation is likely
to reflect minor incorporation of younger, reset age domains during
LASS spot analyses, as discussed below.

| m 85 um 50 pm
MAD-
— 0 el é ,,,,, ' ,,,,,,,, ref.value — _ _ _ _ _ ] ‘ ® UCSB
£ 1@ O O WMRrRc
n *,
& o014 O, O @ &rzt
() *,
o\'B_/ | "'«.,_ (excluded from regression)
= - ""'.,,% 3 ::- @ McClure
g s y RYA .
8 /J (@) /‘/ 5,& O Durango
%) N 50 um: 0
e . BHVO-2G
g3 Soum: @ y=-0.043x +0.02 L]
- y= -0.1136x - 0.006 R2=0.99 A MACS-3 (25 um)
o 4 R2=0.99
o e
S .04+
I | I I I I
1 3 5 7

1 / 88Srcorrected (V)

Fig. 10. Offset between average 8 Sr/%°Sr ratios determined by LA-ICP-MS and ID-TIMS vs. inverse of interference-corrected %8Sr signal intensity. Data for RMs from
this study define a linear anti-correlation trend that could be used to empirically correct 8Sr/°Sr. Typical 20 uncertainties are smaller than the size of each symbol.

Linear fits do not consider the uncertainty of individual datum.
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4.2. Fluid-assisted U-Pb resetting in BRZ-1 apatite

Although the choice of common-Pb composition does not signifi-
cantly affect the age intercepts of the individual BRZ-1 ID-TIMS and
LASS data sets, there is a persistent ~1.6% difference in the mean ages
(Fig. 5). This difference is unlikely to reflect matrix effects (e.g., Gehrels
et al., 2008; Sylvester, 2008; Thompson et al., 2016) because there are
no significant correlations among age offset vs. elemental compositions
of the RMs (Supplementary Fig. S1). The age differences for BRZ-1 also
cannot simply be a result of U-Pb heterogeneity in the primary
MAD-UCSB reference apatite because all other secondary RMs
(including MRC-1) are within uncertainty of their established ages, and
shifting the U-Pb composition of MAD-UCSB to bring the BRZ-1 TIMS
and LASS dates to parity would cause offsets in these other RMs.

Overprinting or partial Pb loss is the likely root cause of the age shifts
BRZ-1 data sets. It is clear from CL imaging and elemental X-ray maps
that compositional heterogeneity is closely associated with cracks
(Fig. 3B). Generally, LASS spots overlapping/near these cracks deviate
the most from the ca. 2.07 Ga isochron, but it is also apparent that
relatively young dates occur in the absence of any obvious cracks in a
few cases (Fig. 8). In these cases, we suspect that some portion of the
LASS spot analyses intersected cracks at depth, skewing the isochron
towards a younger intercept age (Fig. 9). Minor amounts of the altered
domains are likely incorporated into most of the LASS analyses given
that heterogeneity occurs at a scale that is beyond the typical precision
of LASS. The TIMS analyses highlight the fine-scale at which heteroge-
neity occurs. Three TIMS fractions from BRZ-1 form a coherent popu-
lation, two other points lie slightly off the 2.07 Ga isochron, and three
are clearly situated away with the isochron (Fig. 5); the uncertainty of
individual LASS analyses is unable to resolve minor amounts of mixing
with the younger domains (i.e., the two slightly discordant TIMS frac-
tions) and helps explain why the LASS analyses yield an apparently
younger intercept age.

Evidence for fluid-mediated isotopic resetting in BRZ-1 apatite is
observed as pm-scale fractures with distinct elemental compositions
(Fig. 2C). Both EPMA and LASS spot analyses reveal that altered do-
mains are characterized by elevated REE and Th concentrations relative
to the unaltered matrix. The exact nature of the fluid is uncertain but
reactions with aqueous fluids would be expected to deplete REEs in
apatite (e.g., Harlov et al., 2005), which is contrary to the observed
increase in REE concentrations associated with cracks (Fig. 9). Experi-
ments exploring REE partitioning between apatite and silicate melt
indicate that REEs are compatible in apatite over melts (Prowatke and
Klemme, 2006), but it is unclear how such viscous fluids would infiltrate
through the fine-grained cracks. Rigorous testing of fluid compositions
would require further petrological context, but regardless of the exact
nature of the metasomatic agent, it is clear that monitoring and
screening of BRZ-1 analyses are required if it is to be employed as an
effective RM.

Coupled U-Pb and trace-element data can be useful in screening
altered domains in BRZ-1. Fig. 9 shows that highly discordant spot an-
alyses correlated with higher concentrations of some trace elements,
including U and REEs, in agreement with findings from EPMA (Fig. 3).
Unfortunately, these trends are apparent for spot analyses showing
extreme discordance; trace elements are unable to discriminate minor
degrees of mixing with younger age domains in BRZ-1 (Fig. 5). Another
way to optimize this apatite for petrochronology would be to prefer-
entially break the apatite along altered cracks and remove the exterior of
different crystal fragments either by hand-polishing or air abrasion,
ensuring only pristine areas are targeted.

4.3. Limitations of in situ Sr isotopic analyses and ways forward
In situ Sr isotope analyses of the apatite RMs can differ from TIMS

reference values by up to 0.02% (Fig. 10). While there are multiple
unresolved interferences in our study that could account for these
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offsets—like Hf, MnP, and Fe-oxides, which both occur as trace elements
within apatite (Ramos et al., 2004; Gillespie et al., 2021b)—a critical
interference is likely to be 40callplep ™t (CaPO), a molecule formed of
major elements within apatite. Indeed, Horstwood et al. (2008)
observed a similar deviation trend, wherein apatite with lower Sr con-
centrations are more offset towards radiogenic values than those with
higher Sr contents. Horstwood et al. suggested that CaPO can contribute
significantly to the 87Sr signal (up to 1%) and that 8”Sr/%Sr composi-
tions by LA-ICP-MS are likely only accurate to 0.03-0.4% without cor-
recting for this interference. Hence, apatite with lower Sr concentrations
is expected to yield greater differences given the relatively greater
contribution of CaPO on ¥Sr. Unfortunately, monitoring the contribu-
tions of CaPO on the ®’Sr signal requires measurement of mass-71
(corresponding to *°Ca'P) and precise knowledge of oxide production
during an analytical session, information we are unable to obtain with
the MC-ICP-MS set-up used in this study. There is also the likelihood that
LREE-oxides create some interferences on middle REEs used to correct
isobaric interferences with Sr (e.g., Kent and Ungerer, 2005). Despite
these complexities, we suggest that calibrations against multiple apatite
RMs provide an alternative way to obtain accurate 8”Sr/%6Sr measure-
ments by LA-ICP-MS.

Analyses of apatite whose TIMS Sr isotopic compositions have been
determined for the purpose of this study (MAD-UCSB, BRZ-1, and MRC-
1) define a strong anti-correlation between 8Sr/30Sr offset—defined
here as 100 x [1 - (¢7Sr/%%Sr)1a / (87Sr/2%Sr)rms]—and 1/ 88Sreorrected
signal intensity (R? = 0.99 for analyses using 50- and 85-pm-diameter
laser spots; Fig. 10). This empirical trend could be used to correct in situ
Sr isotopic measurements. We find that McClure apatite is also situated
along this empirical trend, but our Sr analyses of Durango are not
(Fig. 10). This could signify that the effects of CaPO and other in-
terferences are non-linear or that different Durango crystals have
distinct intracrystal 87Sr/%°Sr compositions. Multiple ID-TIMS analyses
of different Durango crystals are consistent with one another (McFarlane
and McCulloch, 2008; Horstwood et al., 2008; Hou et al., 2013; Yang
et al., 2014; Table 3), suggesting yet another unresolved interference
hampers in situ 8’Sr/%°Sr measurements. One distinguishing aspect of
Durango apatite is its high Cl proportion (~0.4 wt%) relative to other
apatite RMs: MAD (~0.2 wt% Cl) and McClure (~0.02 wt% Cl) (Chew
etal., 2014b; Yang et al., 2014). As aresult, there may be an interference
on ¥sr from “°Ca®’Cl in Durango that causes a larger offset from
873r/86Sr TIMS reference values compared to other apatite with lower Cl
concentrations. Future studies should therefore consider Cl concentra-
tions when deciding the most appropriate RMs for in situ 87gr/865r
measurements.

Although the Sr isotopic compositions of 401 and OD306 apatites
(Thompson et al., 2016) have not been previously analyzed, we can
estimate their 8Sr/%°Sr compositions based on our observed empirical
trend and average measured ®3Sr intensities. For 401 apatite, corrected
875r/865r values are 0.706406 =+ 489 (50 pm spot) and 0.706180 + 150
(85 pm spot). For OD306, corrected 8Sr/%°sr values are 0.708741 +
1694 (50 pm spot) and 0.708015 + 448 (85 pm spot) (note that these the
corrected 875r/%0Sr values do not include errors of the fits). Large un-
certainties notwithstanding, the corrected Sr value for OD306 should be
accurate giving that Cl concentrations are relatively low (~0.1 wt% Cl;
Thompson et al.,, 2016), whereas 401 could be considerably more
inaccurate (~0.7 wt% Cl; Thompson et al., 2016).

Finally, the Sr isotopic compositions of silicate glass BHVO-2G and
carbonate MACS-3 determined by LA-ICP-MS in this study are consis-
tently more accurate than our apatite analyses at similar Sr concentra-
tions (typically within 26 uncertainty of their preferred GeoReM TIMS
875r/8%Sr compositions; Table 3; Fig. 10). Both BHVO-2G and MACS-3
are characterized by significantly lower Ca, P, and REEs contents for
similar Sr concentrations compared the apatite RMs (Table 3). These
observations support the interpretation that CaPO interferences, among
other interferences, may be significant hindrances in obtaining accurate
in situ 8’Sr/%%sr in apatite. In total, our study strongly suggests that
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analyzing a suite of matrix-matched RMs with well-characterized
875r/%5r isotopic values and different Sr concentrations are critical
for corrections and obtaining robust measurements by LA-ICP-MS.

4.4. Recommended reference values

Reference values for MRC-1 and BRZ-1 are available in the Supple-
mentary Materials in a format that can be readily transferred to a
Standard file for Iolite. For reference apatites with variable amounts of
common-Pb, the common-Pb and concordia age intercepts—rather than
individual or average U/Pb ratios—are key parameters for calibrating
and assessing accuracy of U-Pb analyses (Petrus and Kamber, 2012;
Chew et al., 2014a). As discussed above, common-Pb compositions and
concordia ages are robust: initial Pb compositions determined by the
total Pb-U method and by unanchored regressions are within 26 un-
certainty of each other and the Stacey and Kramers (1975) model
compositions, and concordia age intercepts are insensitive to the choice
of common-Pb (Table 6). The recommended concordia ages and
common-Pb compositions are derived from the total Pb-U method
applied to the ID-TIMS analyses and incorporate the internal error and
tracer uncertainties (0.03% for 238U/2°6Pb; see section 2.3). The rec-
ommended Sm-Nd and Sr isotopic values are also established by TIMS
analyses and incorporate internal error and tracer uncertainties (see
sections 2.4). The reported values are the weighted means of the data,
with the caveat the associated MSWDs can be large. Variability at this
scale is, however, beyond typically 26 uncertainties for LA-ICP-MS
(Figs. 6 and 7) and are therefore appropriate as reference values for in
situ analyses.

Reference elemental values reported in Supplementary Tables S1 and
S2 are based on a mixture of EPMA and LASS data. We utilize the EPMA
elemental data where it exists and LASS data for the others. Like the
corresponding U-Pb data, the apatite RMs can be heterogeneous across
the crystal with respect to elemental concentrations (Fig. 8). For BRZ-1,
we excluded data based on corresponding U-Pb dates that exhibit
extreme discordance from the reported averages (Fig. 9).

5. Conclusions

Two prospective reference apatites from Morocco (MRC-1) and
Brazil (BRZ-1) provide new tools for in situ apatite analyses. The MRC-1
apatite, despite being compositionally zoned, yields consistent U-Pb
concordia dates (Fig. 5). The U-Pb compositions of MRC-1 vary along a
well-defined isochron and can be employed as a primary standard using,
for example, the VizualAge UcomPbine data reduction scheme for Iolite
(Chew et al., 2014a), which can correct for variable amounts of
common-Pb in different RMs. The Nd isotopic compositions determined
by LA-ICP-MS for MRC-1 are consistent and comparable to those ob-
tained by ID-TIMS, making it most useful as a **Nd/!**Nd isotopic RM.
The ID-TIMS 7Sr/%6Sr compositions for MRC-1 are remarkably homo-
geneous (Fig. 7) and is a strong candidate for a Sr RM; we emphasize the
need for such an RM given the challenges of obtaining precise and ac-
curate Sr compositions by LA-ICP-MS and SIMS in the face of con-
founding isobaric interferences (Gillespie et al., 2021b).

The data discussed above indicate that the BRZ-1 apatite is best
utilized as a secondary standard. Its U concentrations are conducive for
relatively precise dating (Table 6), and the vast majority of the matrix
yields U-Pb data that fall along a single ca. 2.07 Ga isochron (Fig. 5).
Heterogeneity in these crystals occurs as micron-scale cracks associated
with secondary-alteration, which is a disadvantage of this RM. Imaging
(either by BSE or CL) would be useful in guiding spot placement to
ensure only pristine portions of the grain are targeted. Combined trace
element analyses are useful for identifying U-Pb data that have been
partially reset and emphasize the advantage of LASS in interpreting
complex age patterns in apatite. The LA-ICP-MS Nd isotopic measure-
ments of BRZ-1 are homogeneous within typical 2¢ uncertainties
(Fig. 7), agree well with the mean Nd isotopic compositions determined
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by TIMS, and appear largely unaffected by micron-scale heterogeneity
within our reported LA-ICP-MS 2c uncertainties. Concentrations of Sr
are low in BRZ-1 (average ~ 200-300 ppm), requiring large spot sizes
(>85 pm diameter) to obtain precise Sr isotopic measurements by LA-
ICP-MS. However, BRZ-1 provides a useful anchor for empirical cali-
brations of deviation trends in Sr/%°Sr measurements by LA-ICP-MS
and SIMS.

Finally, we are offering to send individual slices of MRC and BRZ
apatite crystals to interested parties, and ask that data collected from
these RMs be returned to us so that we may compare laboratory results.
As is the case for all natural RMs, only limited material from the exact
crystals investigated in this study exist. While we have procured and are
willing to distribute other MRC and BRZ crystals, we cannot guarantee
that their isotopic or elemental compositions are identical to the ones
reported here. We therefore encourage additional ID-TIMS analyses to
verify the compositions of other MRC and BRZ apatite crystals.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.chemgeo.2021.120689.
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