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ARTICLE INFO ABSTRACT

Editor: Marco Fiorentini We report isotope dilution thermal ionization mass spectrometry (ID-TIMS) and laser ablation split stream

inductively coupled plasma mass spectrometry (LASS) U—Pb data for a suite of widely available reference ap-

Keywords: atites: Fish Canyon Tuff, Mount Dromedary, TEMORA 2, and Duluth Complex anorthosite. We apply different
Apatite common-Pb correction strategies to the U—Pb data sets: (1) anchoring to a Stacey and Kramers (1975) model Pb
g:el:)]zhronology composition; (2) unanchored 2-D 238y5/206p},.207pt, 206p},  jsochron regressions; and (3) unanchored 3-D
Thermochronology 238y /206pp,.207py, /206pp, 204pp /206ph jsochron regressions. The different common-Pb corrections yield consis-
ID-TIMS tent dates within each ID-TIMS and LASS data set, with 3-D regression method producing the highest precision
LA-ICP-MS isochrons. FCT apatite produces an ID-TIMS 3-D isochron age of 28.8 + 3.7 Ma with (2°7Pb/206Pb),- = 0.851 £

0.021. Mount Dromedary apatite yields an ID-TIMS 3-D isochron age of 98.4 + 0.5 Ma with (?*’Pb/2%Pb); =
0.839 4 0.003. TEMORA 2 apatite has an ID-TIMS 3-D isochron age of 402 + 7 Ma and (2*’Pb/2%Pb); = 0.839
+ 0.008. Duluth Complex anorthosite apatite yields an ID-TIMS 3-D isochron age of 1077 + 9 Ma with
(207Pb/2°6Pb),« = 0.849 + 0.046. The MSWDs associated with isochrons calculated from both the ID-TIMS and
LASS data sets are larger than expected for a single age population, revealing complexities that are otherwise not
captured by 2-D isochron methods. In the case of FCT apatite, the ID-TIMS data indicate significant heterogeneity
in the initial Pb ratio ((207Pb/206Pb)i = 0.845-0.856), invalidating this sample as a viable reference apatite for
high-precision geochronology. Additionally, the common-Pb compositions of TEMORA 2 and Duluth Complex
anorthosite apatites calculated using the ID-TIMS data deviate from bulk Earth Pb evolution models beyond 2¢
uncertainty. The data emphasize the utility of unanchored age regressions in generating the highest fidelity
apatite U—Pb dates. Further, TEMORA 2 and Duluth Complex apatite ages are both younger than their corre-
sponding zircon U—Pb ages, highlighting the need to independently verify the ages of prospective reference
apatites.

1. Introduction 350-550 °C (Cherniak et al., 1991; Chew et al., 2014; Smye et al., 2018).
This suggests that apatite acts as a U—Pb thermochronometer, and
indeed, many studies have exploited the U—Pb systematics of apatite to

reconstruct thermal histories of magmatic and orogenic systems (e.g.,

The phosphate mineral apatite (Cas(PO4)3(OH,CLF)) is a valuable
chronometer and geochemical tracer of petrogenesis due to its ubiquity

in various rock types and its ability to incorporate significant incom-
patible elements, including rare earth elements (REEs), Th, and U (e.g.,
Bea and Montero, 1999; Sha and Chappell, 1999; O’Reilly and Griffin,
2000; Belousova et al., 2002; Bruand et al., 2017; Henrichs et al., 2018,
2019; O’Sullivan et al.,, 2020). Experimental data indicate that
thermally-mediated volume diffusion of U in apatite is negligible under
all but the most extreme crustal temperatures (i.e., at >900 °C; Cher-
niak, 2005), whereas Pb is diffusively mobile at temperatures above
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Krogstad and Walker, 1994; Chamberlain and Bowring, 2001; Schmitz
and Bowring, 2003; Schoene and Bowring, 2007; Chew et al., 2011;
Thomson et al., 2012; Cochrane et al., 2014; Seymour et al., 2016;
Ibanez-Mejia et al., 2018; Paul et al., 2019). However, it is apparent that
apatite does not always simply behave as a thermochronometer, but is
subject to neo/recrystallization during metamorphism, fluid-rock in-
teractions, and deformation, as indicated by correlations among U—Pb
dates, trace element compositions, and microtextures (e.g., Corfu and
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Stone, 1998; Schoene and Bowring, 2007; Zirner et al., 2015; Gaweda
et al., 2018; Kirkland et al., 2017, 2018; Henrichs et al., 2019; Glorie
et al., 2019; Prent et al., 2020; Ribeiro et al., 2020; Apen et al., 2020;
Odlum et al., 2022; Dusséaux et al., 2022). Apatite can therefore be used
to directly constrain the timing and duration of fluid flow and defor-
mation in rocks.

Despite the proliferation of apatite U—Pb dating as a tool to inves-
tigate myriad processes, reconstructing high-resolution geological his-
tories using apatite is not always straightforward. One significant
challenge arises from apatite’s propensity to incorporate significant
amounts of non-radiogenic (common) Pb during crystallization,
requiring corrections to obtain accurate and geologically meaningful
U—Pb dates. Ways to correct for common-Pb include: (1) implementing
an initial common-Pb composition ((207Pb/ 206Pb)i) from a bulk Earth Pb
growth model (e.g., Stacey and Kramers, 1975; Chew et al., 2011); (2)
utilizing the Pb isotopic composition of cogenetic, low U/Pb phases (e.
g., Krogstad and Walker, 1994; Chamberlain and Bowring, 2001;
Schoene and Bowring, 2006; Schoene and Bowring, 2007; Ibanez-Mejia
et al., 2018); (3) unanchored linear regressions through multiple U—Pb
data points that form a 2-D 238U/20pb-207pb/29ph isochron (e.g.,
Ludwig, 1998; Schoene and Bowring, 2006; Chew et al., 2011; Chew
et al., 2014); and (4) unanchored regressions to yield a 3-D
238y /206pp,.207ph, /206ph204ph /206Ph,  jsochron  (the total Pb—U
method; Ludwig, 1998; Storey et al., 2006; Schoene and Bowring, 2006;
Chew et al., 2011; Chew et al., 2014; Paul et al., 2021; Apen et al., 2022).

Each approach listed above has advantages and limitations.
Assuming a (2°7Pb/2%Pb); composition based on the two-stage Pb evo-
lution model of Stacey and Kramers (1975) is straightforward but this
approach is not always appropriate for apatite as it may crystallize from
a Pb reservoir (or reservoirs) compositionally distinct from bulk Earth
Pb models, such that the use of a model Pb composition will yield
inaccurate dates (e.g., Bea and Montero, 1999; Schoene and Bowring,
2006; Paul et al., 2021). Utilizing the Pb isotopic composition of a low
U/Pb mineral phase(s) is predicated on the assumption that they are
cogenetic with apatite, which can be difficult to assess in the case of
detrital or polymetamorphic rocks (e.g., Chew et al., 2011; Thomson
et al., 2012; Kirkland et al., 2018). Even in rocks with relatively simple
thermal histories (e.g., cooling of a magmatic body), the common-Pb
composition of apatite is not always consistent with the common-Pb
compositions of low U/Pb minerals (e.g., alkali feldspar; Chamberlain
and Bowring, 2001; Schoene and Bowring, 2006). Analyses of multiple
coeval apatites can define a 238U/2%°pb-207pb/2%ph jsochron that
enable age determinations without a priori assumptions of common-Pb
composition. Considering 2%*Pb/2%°Pb as a third axis, the total Pb—U
isochron method can similarly be used to calculate a U-Pb date and
common-Pb intercept (Ludwig, 1998). Although the total Pb—U method
arguably produces the most robust dates (e.g., Schoene and Bowring,
2006), 2%4Pb measurements have not routinely been considered in
inductively coupled plasma mass spectrometry (ICP-MS) studies because
204pp js the least abundant Pb isotope, and therefore the most chal-
lenging to measure accurately. An additional issue in obtaining robust
204ph measurements with LA-ICP-MS stems from the isobaric interfer-
ence of 2*Hg present in the plasma and carrier gas, though the 2%‘Hg
interference can be removed if 2°?Hg is measured accurately (e.g.,
Horstwood et al., 2003; Chew et al., 2014). Another way forward is
provided by collision cell ICP-MS, which enables removal of the 20*Hg
interference through the introduction of reaction gases in the ICP-MS (e.
g., Gilbert and Glorie, 2020).

Generating the most precise and accurate apatite U—Pb dates, and
by extension the highest fidelity geological histories, requires scruti-
nizing different common-Pb correction strategies and developing
reference materials as analytical benchmarks. We provide isotope dilu-
tion thermal ionization mass spectrometry (ID-TIMS) U—Pb data for
four widely available reference apatites—Fish Canyon tuff, Mount
Dromedary, TEMORA 2, and Duluth Complex. The new ID-TIMS data for
these apatites enables an assessment of different common-Pb corrections
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methods for producing high-precision isochrons. The ID-TIMS data also
provide a means to evaluate different common-Pb correction strategies
for LA-ICP-MS data, with implications for the viability of the four apa-
tites as reference materials for in situ U—Pb geo/thermochronology.

1.1. Samples and previous U—Pb geochronology

Aliquots of apatite were procured from GeoSep Services (http://geo
seps.com/), from rocks with previously established high-precision
U—Pb ID-TIMS zircon dates. These zircon dates, along with previously
reported Ar—Ar dates and apatite U—Pb dates, where available, are
summarized below and in Table 1. All quoted age uncertainties are 20,
as reported in their respective sources, and are reported here as + X (Y)
[Z], where X is the analytical uncertainty, Y includes analytical and
U—Pb tracer calibration uncertainties, and Z includes analytical, U—Pb
tracer calibration, and decay constant uncertainties (Jaffey et al., 1971).

Table 1

Comparison of ages from Fish Canyon tuff (FCT), Mount Dromedary (MD),
TEMORA 2 (TEM2), and Duluth anorthosite (AS).

Sample  Reported age and Method References
uncertainty (Ma)'
FCT 28.305 £ 0.036 Ar-Ar sanidine Renne et al. (2010)
28.201 + 0.046
[0.105] Ar-Ar sanidine Kuiper et al. (2008)
28.172 £+ 0.028 [1.03] Ar-Ar sanidine Rivera et al. (2011)
28.478 + 0.024 Schmitz and Bowring
(0.058) [0.064] U-Pb zircon ID-TIMS (2001)
U-Pb zircon ID-TIMS Bachmann et al.
28.30 £ 0.11 [0.159] (youngest) (2007)
U-Pb zircon ID-TIMS Bachmann et al.
28.67 + 0.13 [0.188] (oldest) (2007)
28.196 + 0.038 U-Pb zircon CA-ID-
[0.058] TIMS (youngest) Wotzlaw et al. (2013)
28.638 + 0.025 U-Pb zircon CA-ID-
[0.039] TIMS (oldest) Wotzlaw et al. (2013)
Bayesian eruption
28.18 + 0.04 [0.060] age Keller et al. (2018)
U-Pb apatite LA-ICP-
26 + 12 MS Chew et al. (2014)
McDougall and
MD 97.9 + 1.8 [3.33] K-Ar biotite Roksandic (1974)
98.79 + 0.96 [2.18] K-Ar biotite Renne et al. (1998)
Spell and McDougall
98.5 + 0.8 [1.97] K-Ar biotite (2003)
99.12 + 0.02 (0.03) U-Pb zircon CA-ID-
[0.14] TIMS Schoene et al. (2006)
TEM2 416.78 + 0.33 [1.3] U-Pb zircon ID-TIMS Black et al. (2004)
U-Pb zircon CA-ID-
418.37 + 0.14 [0.20] TIMS Mattinson (2010)
417.353 £ 0.052 U-Pb zircon CA-ID- Schaltegger et al.
[0.077] TIMS (2021)
Paces and Miller
AS 1099.1 £ 0.5 U-Pb zircon ID-TIMS (1993)

1099.1 £ 0.2 [1.2]
1095.9 £ 0.2 (0.3)

U-Pb zircon ID-TIMS
U-Pb zircon CA-ID-

Schmitz et al. (2003)

[1.4] TIMS Schoene et al. (2006)
U-Pb zircon CA-ID-

1095.32 + 0.33 [0.47] TIMS Mattinson (2010)
U-Pb zircon CA-ID- Ibanez-Mejia and

1095.97 + 0.22 [0.31] TIMS Tissot (2019)

1095.69 + 0.18 (0.35) U-Pb zircon CA-ID- Swanson-Hysell et al.

[1.14] TIMS (2021)

1095.81 + 0.16 (0.34)

U-Pb zircon CA-ID-

Swanson-Hysell et al.

[1.14] TIMS (2021)

U-Pb apatite LA-ICP- Thomson et al.
1079 + 47 MS (2012)

U-Pb apatite LA-ICP-
1078 + 12 MS Hartel et al. (2023)

1 All quoted age uncertainties are 2o, as reported in their respective sources.
Reported here as + X (Y) [Z], where X is the analytical uncertainty, Y includes
analytical and U—Pb tracer calibration uncertainties, and Z includes analytical,
U—Pb tracer calibration, and decay constant uncertainties (Jaffey et al., 1971).
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1.1.1. Fish Canyon tuff

The Fish Canyon tuff (FCT) is a ~ 5000 km® ignimbrite that erupted
from the Oligocene La Garita caldera, part of the San Juan volcanic field
in southwest Colorado, USA (e.g., Bachmann and Bergantz, 2003;
Wotzlaw et al., 2013). Minerals from the FCT were originally targeted as
reference materials (RMs) because the unit cooled rapidly upon erup-
tion, is not tectonically overprinted, and is easily accessible for sam-
pling. As such, there are various geochronological data sets for the FCT,
including Ar—Ar and U—PDb geochronology (e.g., Lanphere and Baads-
gaard, 2001; Renne et al., 2010; Rivera et al., 2011; Wotzlaw et al.,
2013). Fish Canyon sanidine serves as a common neutron fluence
monitor for **Ar—°Ar geochronology. Renne et al. (2010) reported a
40Ar—3%Ar age of 28.305 =+ 0.036 Ma for FCT sanidine based on inter-
calibrated *°Ar—%°Ar and 2*®U/2%°Pb dates from rocks displaying
closed-system behavior for both isotopic systems (later revised to 28.294
4 0.036 Ma in Renne et al., 2011). An *“°Ar—3°Ar age of 28.201 + 0.046
[1.05] Ma for FCT sanidine is based on intercalibrated “°Ar—°Ar and
astronomically tuned ages from marine deposits in Morocco (Kuiper
etal., 2008). A similar calibration using an astronomically tuned section
in Crete yielded an indistinguishable *°Ar—3°Ar age of 28.172 + 0.028
[1.03] Ma for FCT sanidine (Rivera et al., 2011).

Zircon U—Pb geochronology of the FCT indicates a protracted pre-
eruptive magmatic history. Schmitz and Bowring (2001) dated FCT
zircon using ID-TIMS utilizing an air-abrasion pretreatment and ob-
tained a 23°Th-corrected weighted mean 2°°Pb/228U date of 28.478 +
0.024 (0.058) [0.064] Ma (MSWD = 0.97; n = 30); of the 30 analyses, 23
were single crystals and seven were multi-grain fractions. Bachmann
et al. (2007) presented air-abrasion ID-TIMS U—Pb zircon dates for eight
single crystals and three multi-grain fractions, which yielded 2*°Th-
corrected 2°°Pb/233U dates between 28.67 + 0.13 [0.188] Ma and 28.30
+0.11 [0.159] Ma. Wotzlaw et al. (2013) presented single crystal U—Pb
dates for 24 FCT zircons, prepared using chemical abrasion (CA) ID-
TIMS (Mattinson, 2005), which yielded 230Th_corrected 2%°pb/238y
dates that range from 28.638 + 0.025 [0.039] Ma to 28.196 + 0.038
[0.058] Ma. Recently, Keller et al. (2018) applied a Bayesian eruption
age model to the U—Pb zircon data from Wotzlaw et al. (2013) and
suggested an eruption age of 28.18 + 0.04 [0.060] Ma (20) for the FCT.
Chew et al. (2014) reported a 26 + 12 Ma 238y /206p},_207py, /206py,
isochron with a (?*’Pb/2%pPb); intercept = 0.85 + 0.02 (MSWD = 2.3; n
= 17) for FCT apatite, obtained using LA-ICP-MS.

1.1.2. Mount dromedary

The Mount Dromedary (MD) apatite comes from a monzonite that is
part of the Late Cretaceous Mount Dromedary intrusive complex in New
South Wales, Australia (Boesen and Joplin, 1972). Mount Dromedary
biotite (referred to as GA-1550 in the Ar—Ar literature) has been
employed as a primary K—Ar RM due to its remarkable homogeneity.
Multiple studies have reported consistent K—Ar dates: 97.9 + 1.8 [3.33]
Ma (McDougall and Roksandic, 1974), 98.79 £ 0.96 [2.18] Ma (Renne
et al., 1998), and 98.5 + 0.8 [1.97] Ma (Spell and McDougall, 2003).
Schoene et al. (2006) dated zircon from this unit (sample RSES01-98)
using CA-ID-TIMS and obtained a weighted mean 2°°Pb/2%%U date of
99.12 £+ 0.02 (0.03) [0.14] Ma (MSWD = 1.0; n = 10).

1.1.3. TEMORA 2

TEMORA 2 (referred to as TEM2 in this study) is from the Middledale
gabbroic diorite from the Paleozoic Lachlan Orogen, eastern Australia
(e.g., Black et al., 2004, and references therein). TEMORA 2 zircon dated
using ID-TIMS by Black et al. (2004) using either physical abrasion or no
pretreatment and produced a weighted mean 2°Pb,/238U date of 416.78
+ 0.33 [1.3] Ma (MSWD = 0.56; n = 9). Mattinson (2010) dated TEM2
zircon using multi-step partial dissolution CA-ID-TIMS and calculated a
weighted mean CA-ID-TIMS 2°5Pb/238U date of 418.37 + 0.14 [0.20]
Ma (MSWD = 0.98; n = 11). Schaltegger et al. (2021) calculated a
weighted mean CA-ID-TIMS 2°Pb/?*%U date of 417.353 + 0.052
[0.077] Ma (MSWD = 4.4; n = 59).
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1.1.4. Duluth complex anorthosite

Apatite AS comes from a gabbroic anorthosite that is part of the
Duluth Complex, northern Minnesota, USA (e.g., Paces and Miller, 1993;
Swanson-Hysell et al., 2021). The specific outcrop from which apatite in
this study was extracted comes from Forest Center, commonly referred
to as FC-1, but referred to AS henceforth to avoid confusion with FCT
apatite. Various TIMS studies have generated high-precision U—Pb
dates for zircon from Duluth Complex anorthosites, although not all
analyses are of samples from the same outcrop. Paces and Miller (1993)
presented a weighted mean ID-TIMS 2°Pb/2%6Pb date of 1099.1 + 0.5
Ma (MSWD = 0.38; n = 8) for a sample near Duluth (sample AS3) and
1099.0 + 0.6 Ma (MSWD = 0.17; n = 6) for a sample near Forest Center
(sample FC-1). Schmitz et al. (2003) produced an ID-TMS weighted
mean 2°°Pb/2%8U date of 1099.1 + 0.2 [1.2] Ma (MSWD = 0.14; n = 12)
for sample AS3. Schoene et al. (2006) dated zircon using CA-ID-TIMS
and obtained a weighted mean 2°°Pb/2%8U date of 1095.9 + 0.2 (0.3)
[1.4] Ma (MSWD = 0.5; n = 8) for sample AS3. Using multi-step partial
dissolution CA-ID-TIMS, Mattinson (2010) calculated a weighted mean
CA-ID-TIMS 20pb/238 date of 1095.32 =+ 0.33 [0.47] Ma for sample
FC-1 (MSWD = 1.0; n = 13). Ibanez-Mejia and Tissot (2019) obtained a
weighted mean 2°°Pb,/238U age of 1095.97 + 0.22 [0.31] Ma (MSWD =
0.54; n = 6) using CA-ID-TIMS for sample FC-1. Swanson-Hysell et al.
(2021) obtained CA-ID-TIMS weighted mean 2°°Pb/2%8U date of
1095.81 + 0.16 (0.34) [1.14] Ma (MSWD = 1.4; n = 10) and 1095.69 +
0.18 (0.35) [1.14] (MSWD = 0.34; n = 7) for two different samples from
the anorthosite series. McKanna et al. (2024) also report CA-ID-TIMS
dates for AS3 zircon using different chemical abrasion conditions; they
report weighted mean weighted mean 2°°Pb/238U dates of 1096.42 +
0.49Ma (MSWD = 1.7; n = 6) and 1096.29 + 0.36 Ma (MSWD = 2.3; n
= 13) for zircon crystals treated at 210 °C and 180 °C, respectively.
Thomson et al. (2012) reported a Wetherill concordia date of 1079 + 47
Ma (MSWD = 2.1; n = 10) for FC-1 apatite, measured using LA-ICP-MS.
Recently, Hartel et al. (2023) reported a 1078 + 12 Ma
2385 /206pp.207p, /206py jsochron for FC-1 apatite (anchored with a
Stacey and Kramers Pb.), obtained using LA-ICP-MS.

2. Methods
2.1. ID-TIMS

Individual euhedral apatite crystals were handpicked under a
binocular microscope in isopropyl alcohol and washed three times in
distilled water to remove surface contamination. The cleaned apatite
crystals were transferred into individual 200 pL Savillex microcapsules.
Concentrated HCl and a mixed 2°°Pb-233U-23U tracer (ET535; Condon
et al., 2015; McLean et al., 2015) were added to the microcapsules and
the crystals were left to dissolve at 210 °C overnight in a Parr bomb.
After dissolution, drying to salts on a hotplate, and redissolution in 1 M
HBr, Pb and U were chemically purified from the dissolved material
using dilute HBr- and HCl-based anion exchange chromatography
(Krogh, 1973). The Pb and U aliquots were dried down separately with
trace H3PO4 and loaded onto outgassed zone-refined Re ribbon filaments
with a Si-gel emitter (Gerstenberger and Haase, 1997).

The U and Pb isotopes were measured on an IsotopX Phoenix TIMS at
Princeton University. Lead isotopes were measured in dynamic mode
using a Daly photomultiplier, and U isotopes were measured as an oxide
in static mode using Faraday collectors coupled to 10'2 Q resistor am-
plifiers. Mass fractionation of Pb was calculated from previous repeat
measurements of samples spiked with an ET2535 tracer solution (Con-
don et al., 2015), which yielded a value of o = 0.182 + 0.041% a.m.u.
The '80/°0 oxygen isotope composition in uranium oxide was assumed
to be 0.002051 + 0.000020 (20) based on previous measurements of the
U500 standard (Szymanowski and Schoene, 2020). The mass fraction-
ation of U was corrected using the composition of the spike solution
(Condon et al., 2015), and the abundance of U was calculated using a
sample composition 23%U/2%%U of 137.818 + 0.045 (20; Hiess et al.,
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2012). All analyses were corrected for laboratory blanks, estimated to
contribute 0.36 &+ 0.15 pg of Pb during the HBr- and HCl-based anion
exchange chromatography used in this study based on repeat measure-
ments of total procedural blanks performed during the period of this
study (n = 15). This blank yielded a composition of 2°°Pb/2*Pb = 19.15
+0.27, 27Pb/2%*Pb = 16.00 + 0.19 and 2°®Pb/2°*Pb = 39.02 + 1.80 (n
= 15; 1 standard deviation). The U—Pb data and uncertainties for each
analysis were calculated using the algorithms of Schmitz and Schoene
(2007) and plotted using the IsoplotR software package (Vermeesch,
2018), with isochron ages calculated using discordia model-1 (Ludwig,
2012). Earthtime ET100Ma standard solution analyzed during the
period of these analyses yielded a 2°°Pb/2%8U date of 100.1633 +
0.0093 Ma (MSWD = 0.93; n = 17), within uncertainty of the recently
reported inter-laboratory calibrated value of 100.173 + 0.003 Ma for
this solution (Schaltegger et al., 2021). The complete ID-TIMS data set is
presented in Supplementary Table 1.

2.2. Cathodoluminescence imaging

Prior to LASS-ICP-MS analysis, aliquots of each apatite sample were
poured into 0.125-in.-diameter Teflon molds and cast in epoxy. Once
hardened, these miniature mounts were placed in a larger 1-in.-diameter
mold, cast in epoxy again, polished, carbon coated, and imaged using
cathodoluminescence (CL). CL images were generated using a FEI
Quanta 400f field-emission scanning electron microscope (SEM)
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equipped with a KE Developments Centaurus CL detector, housed at the
University of California, Santa Barbara (UCSB). Representative images
are shown in Fig. 1.

2.3. LASS-ICP-MS

Simultaneous U—PDb and trace element analysis of apatite was done
using LASS-ICP-MS at the University of California, Santa Barbara
(UCSB), following methods presented in Kylander-Clark et al. (2013).
The LASS system consists of a Photon Machines 193 nm excimer Analyte
laser with a HelEx-2 ablation cell coupled to a Nu Instruments Plasma 3D
multi-collector (MC) ICP-MS for U—PDb isotopes and an Agilent 7700S
quadrupole (Q)-ICP-MS for trace element measurements. On the MC-
ICP-MS, 2°2Hg, 24(Pb + Hg), 2°Pb, 2°7Pb, 2°8pb were measured on
Daly detectors and 228U and 22Th were measured on Faraday collectors.
On the Q-ICP-MS, the following masses were measured: 28Si, 31P, 44Ca,
S5Mn, 88sr, 89y, 907r, 13914, 140ge, 141py 146Nq 147gm 153gy 157Gq,
1597, 163py, 1650, 166Ey, 169Tm, 172yb, and 7°Lu. Laser, MC-ICP-MS,
and Q-ICP-MS parameters are presented in Table 2.

Apatite was ablated using a 35-pm-diameter laser spot operating at a
5 Hz repetition rate with a laser fluence of ~1 J/cm? and an ablation rate
of 50-100 nm per laser pulse. Each ablation sequence consisted of two
cleaning shots followed by 18 s of baseline measurement and 15 s of
ablation. Raw U—Pb ratios were baseline subtracted and corrected for
laser- and plasma-induced element fractionation and instrument drift

Fig. 1. Cathodoluminescence (CL) images of apatite samples. A) Fish Canyon apatite grains contain cores with concentric zoning. Notably, B) Mount Dromedary
apatite is homogeneous. C) Some TEMORA 2 apatite grains show no distinctive internal features whereas others show complex, patchy CL bright and dark zones. CL
dark domains in larger grains are quartz inclusions. D) Duluth anorthosite apatite shows faint oscillatory zonation but is otherwise featureless.
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Table 2
ICP-MS and laser parameters used for U—Pb and TE LASS.

Instruments

Instrument model Nu Instruments Plasma Agilent 7700S quadrupole

3D MC-ICP-MS
RF power 1300 W
Make-up gas flow 1.76 L/min 0.5 L/min

28Si, 31P, 44Ca, SSMn’ 88Sr’
89Y, 9OZr’ 139].":'1, 140Ce, 141Pr,
146Nd, 147Sm, 153Eu, 157Gd,

202Hg, 204Hg + Pb,
206,207.208p}, o Dalys;
2321, 238y on Faraday

Masses measured

cups 1597, 163y 165, 166g;,
1691, 172yh, 17514
Integration time per 100 ms ~200 ms
peak/dwell times;
quadrupole sweep
time
Total integration 0.1s 0.5s

(sweep) time per
output data point

Laser ablation system

Make, Model and type

Cetac Teledyne 193 nm excimer Analyte laser

Ablation cell and volume

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

Laser wavelength 193 nm

Pulse width 4 ns

Fluence; pit depth/pulse ~1 J/cm? ~0.08-0.1 pm/pulse
Repetition rate 5Hz

Ablation duration 15s

Spot diameter 35 pm

Sampling mode / pattern
Carrier gas

Static spot ablation

100% He in the cell, Ar make-up gas combined in

a glass mixing bulb
0.105 L/min total (0.08 L/min for cup, 0.025 L/
min for cell)

Cell carrier gas flow

Data Processing

MAD-UCSB (Apen et al., 2022), MRC-1 (Apen

et al., 2022), BRZ-1 (Apen et al. (2022), McClure
Mountain (Schoene and Bowring, 2006), NIST-
612 (Pearce et al. (1997)

iolite v. 4 (Paton et al., 2010, 2011); LIEF
correction assumes reference material and
samples behave identically.

Reference Materials

Data processing package

Common-?l? correction, . No common-Pb correction applied to the data
composition and uncertainty
Ages are quoted at 2s absolute, including
dispersion calculated from repeat analyses of
secondary RMs propagated by quadratic addition.
Reproducibility and age uncertainty of reference
material and common-Pb composition
uncertainty are propagated where appropriate.

Uncertainty level and
propagation

using the Iolite software package (v. 4.8.6) and the Geochronology data
reduction scheme (DRS) (Paton et al., 2010; 2011). Apatite MAD-UCSB
(ID-TIMS total Pb—U isochron = 466.3 + 4.0 Ma and (2°”Pb/2%Pb); =
0.703 + 0.048; recalculated with IsoplotR using data in Apen et al.,
2022) served as the primary reference apatite for normalization given its
homogeneous U—Pb isotopic composition (Apen et al., 2022). Apatites
BRZ-1 (ID-TIMS total Pb—U isochron = 2078 + 13 Ma and
(27Pb/2%6pb); = 1.135 + 0.100; Apen et al., 2022), MRC-1 (ID-TIMS
total Pb—U isochron = 153.3 + 0.2 Ma and (207Pb/206Pb)i = 0.854 +
0.023; recalculated with IsoplotR using data in Apen et al., 2022), and
McClure Mountain (ID-TIMS total Pb—U isochron = 525.3 + 1.7 Ma and
(**7pb/ ZOGPb)i = 0.875 £ 0.009; recalculated with IsoplotR using data in
Schoene and Bowring, 2007, and Krestianinov et al., 2021) used as
secondary reference apatites to assess accuracy and precision. Repeat
analyses of the secondary reference apatites over the course of this study
indicate that each 2*3U/2%6Pb and 2°’Pb/2%°Pb measurement require an
additional uncertainty of 2.5% and 2.2%, respectively, to achieve
MSWDs acceptable for single age populations (Wendt and Carl, 1991);
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these values were added in quadrature to the internal uncertainty of
each U—Pb datum (Horstwood et al., 2016). The final U—PDb ratios and
uncertainties (all 2 s) were plotted on Tera-Wasserburg diagrams using
IsoplotR, with isochrons calculated using discordia model-1 (Ver-
meesch, 2018). In samples showing overdispersion, we report an un-
certainty augmented by a factor of \/ MSWD (Vermeesch, 2018).

The 2%4Pb/2%Pb ratios and associated uncertainties were calculated
in MATLAB using the baseline-subtracted time series data output from
Iolite. Cell carrier gas flow rates were tuned to minimize the 2°Hg signal
while also enabling sufficiently rapid washout (Table 2). The baseline-
subtracted 2°?Hg signals for all the apatites were consistent (~4.0 E-7
V), whereas the 2°?Hg signals for NIST612 measured in the same session
were slightly higher (~6 E-7 V). Following Horstwood et al. (2003), we
corrected for the 20*Hg isobaric interference on 2%*Pb using the
measured 202Hg and a 2°‘Hg/?°?Hg natural isotopic composition of
0.229230 (Meija et al., 2016). Mass-bias corrections were done using
NIST612 silicate glass (Woodhead and Hergt, 2001). Based on several
iterations of sensitivity testing, mass-bias factors were found to have a
negligible effect on 2°*Hg-corrections. The 2°*Hg-corrected 2°4Pb/2%°pb
ratios were normalized to the MAD-UCSB primary apatite (2°*Pb/2%°Pb
= 0.005015 + 0.000109; Apen et al., 2022). An additional uncertainty
of 2.1% was propagated to each 2°*Pb/2°Pb measurement based on the
dispersion in the primary apatite 2°*Pb/2°°Pb ratios measured during
the analytical session (Horstwood et al., 2003).

Trace-element abundances were calculated in Iolite using the
Trace Element DRS (Woodhead et al., 2007). We utilized **Ca as the
internal standard element, assuming stoichiometric abundances of Ca in
fluorapatite (39.74 wt%). The NIST 612 silicate glass (Pearce et al.,
1997) was used for calibration (preferred values of Jochum et al., 2011).
The uncertainty of each element reflects only the internal uncertainty.
The complete U—Pb and trace element LASS data set is presented in
Supplementary Table 2.

3. Results
3.1. CL images

FCT apatite grains are largely homogeneous, but discrete cores (<
40-pm-diameter) with oscillatory zonation are present in some grains
(Fig. 1A). Small (< 20-pm-diameter) quartz and feldspar inclusions are
observed in FCT apatite, identified using energy dispersive spectros-
copy. MD apatite crystals are unzoned and are generally free of in-
clusions (Fig. 1B). TEM2 apatites comprise two distinct populations. One
population displays mottled, patchy textures of intergrown CL bright
and dark domains. The other population is generally homogeneous,
though some of these grains have thin (< 2-um-thick) CL-dark rims
(Fig. 1C). AS apatite has faint sector-zoning but is overall homogeneous
(Fig. 1D).

3.2. U—Pb ID-TIMS geochronology

We applied multiple common-Pb correction schemes to calculate
isochrons and (2°7Pb/2°6Pb)i ratios for each of the apatite samples. The
corrections include application of an age-appropriate Stacey and
Kramers (1975) model common-Pb composition, unanchored 2-D re-
gressions in 2%U/20pb-297pb,/2%ph space, and unanchored 3-D re-
gressions in 238U,/206pp-207pp, /206pp.204pp /200p} space. A summary of
calculated isochrons and (207Pb/206Pb)i ratios is presented in Table 3.

Nine FCT apatite grains were analyzed. Of these, one analysis is
omitted from further discussion due to an exceedingly low radiogenic Pb
(Pb*) to common Pb (Pb.) ratio (Pb*/Pb, < 0.001). The other eight
grains (Pb*/Pb, > 0.010) have Th/U ratios of 0.5-1.5. The eight aliquots
together produce isochrons with MSWDs higher than acceptable for a
single age population (Wendt and Carl, 1991), regardless of the applied
common-Pb correction method (Table 3). Anchoring these analyses to a
Stacey and Kramers (1975) (?*’Pb/2%®Pb); = 0.837 yields a 22.6 + 1.5
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Table 3
Calculated U—Pb isochrons using different common-Pb corrections.
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Stacey and Kramers (1975)

2385 /206pp_207p /206p jsochron

2387 /206pp,_207pp /206ph_204ph /296D, jsochron

apatite method age (Ma)' (?7pb,/2°0pb), MSWD (n) age (Ma)' (27pb,/2°0pb); MSWD (n) age (Ma)' (?°7pb/2°pb), MSWD (n)
FCT ID-TIMS 226 £1.5 0.837 150 (8) 28.6 = 5.7 0.851 + 0.001 96 (8) 28.8 £ 3.7 0.851 + 0.021 320 (8)
LASS 25.5+7.3 0.837 3.0 (38) 25.1 £8.2 0.834 + 0.018 3.1(38) 255+5.1 0.835 + 0.020 2.3(38)
MD ID-TIMS 985+ 1.1 0.842 2.1(8) 985+1.1 0.840 + 0.002 2.4(8) 98.4+0.5 0.839 + 0.003 9.1(8)
LASS 99.9 + 3.5 0.842 2.1 (40) 99.7 + 3.7 0.838 + 0.011 2.1 (40) 97.9 + 2.5 0.833 £+ 0.010 2.0 (40)
TEM2 ID-TIMS 404 + 18 0.864 337 400 + 14 0.836 + 0.014 2.6 (7) 402 +£7 0.839 + 0.008 4.5 (7)
LASS 434 £15 0.864 2.4 (40) 431 £17 0.855 + 0.021 2.2 (40) 424 £15 0.843 + 0.028 2.5 (40)
AS ID-TIMS 1089 + 11 0.917 110 (8) 1075 £ 18 0.842 + 0.009 84 (8) 1077 £ 9 0.849 + 0.046 160 (8)
LASS 1100 +9 0.917 1.5 (40) 1100 + 8 0.928 + 0.033 1.4 (40) 1095 + 13 0.917 £ 0.075 2.6 (40)
BRZ-1 LASS 2045 £ 16 1.010 0.3 (13) N/A N/A N/A N/A N/A N/A
MRC-1 LASS 153 +£ 2 0.846 1.7 (13) N/A N/A N/A N/A N/A N/A
McClure LASS 516 + 3 0.872 1.2 (40) 518+ 6 0.878 + 0.017 1.2 (40) 516 £ 6 0.873 + 0.020 1.4 (40)
N/A indicates samples do not define an isochron.
! Uncertainties are 2 s. In samples with overdispersion, the uncertainty is augmented by a factor of y/MSWD (Vermeesch, 2018).
2 {A 48]
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Fig. 2. Tera-Wasserburg U—Pb diagrams comparing ID-TIMS and LASS apatite isotopic data with calculated 3-D U—Pb isochron ages and (>*”Pb/2°°Pb); intercepts.
Note that all the plotted ID-TIMS data are larger than their actual uncertainties for visualization. A) Fish Canyon apatite plots near the common-Pb endmember and
produces isochrons and common-Pb compositions with high uncertainty. B) Mount Dromedary apatite produces well-defined U—Pb isochrons. C) TEMORA 2 apatite
analyses show limited Pb*/Pb, ratios. Five LASS data points spread closer to concordia. D) Duluth anorthosite apatite produces well-defined U—Pb isochrons.
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Ma isochron (MSWD = 150; n = 8). A 2-D regression produces a 28.6 +
5.7 Ma isochron with (**’Pb/?°®Pb); = 0.851 + 0.001 (MSWD = 96; n =
8). A 3-D regression produces a 28.8 + 3.7 Ma isochron with
(**7Pb/2%°Pb); = 0.851 + 0.021 (MSWD = 320; n = 8).

The eight analyzed MD apatite crystals have Th/U ratios between 2.0
and 2.7 and Pb*/Pb, ratios between 0.09 and 0.20. The eight analyses
produce isochrons with MSWDs higher than accepted for a single age
population (Wendt and Carl, 1991). A 2-D regression using a Stacey and
Kramers (1975) (207Pb/206Pb)i = 0.842 yields a 98.5 + 1.1 Ma isochron
(MSWD = 2.1; n = 8). A 2-D regression produces 98.5 + 1.1 Ma isochron
with (**’Pb/2%%Pb); = 0.840 + 0.002 (MSWD = 2.4; n = 8). A 3-D
regression produces 98.4 + 0.5 Ma isochron with (207Pb/206Pb)i =
0.839 £+ 0.003 (MSWD = 9.1; n = 8).

Seven TEM2 apatite grains were analyzed using ID-TIMS. These
grains have Th/U ratios between 1.7 and 2.3 and Pb*/Pb, ratios of
0.16-0.23. Use of a Stacey and Kramers (1975) (207Pb/206Pb)i = 0.864
as an anchor for a 2-D U—Pb regression yields a 404 + 18 Ma isochron
(MSWD = 3.3; n = 7). A 2-D regression produces a 400 + 14 Ma isochron
with (?*’Pb/2%Pb); = 0.836 + 0.014 (MSWD = 2.6; n = 7). A 3-D
regression produces a 402 + 7 Ma isochron with (207Pb/206Pb)i =
0.839 + 0.008 (MSWD = 4.5; n = 7). All the isochrons for TEM2 have
MSWDs greater than expected for a single age population (Wendt and
Carl, 1991).

Nine AS apatite crystals were analyzed using ID-TIMS as part of this
study. One analysis yields relatively high uncertainty (>1.5% 2c un-
certainty) due to poor UO; ionization, and as a result is omitted from
further consideration. The remaining eight AS apatite analyses have Th/
U ratios of 1.9-3.4 and Pb*/Pb, ratios between 0.8 and 14.3. Anchoring
the U—Pb regression to a Stacey and Kramers (1975) (207Pb/206Pb)i =
0.917 yields a 1089 + 11 Ma isochron (MSWD = 110; n = 8). A 2-D
regression produces a 1075 + 18 Ma isochron with (207Pb/206Pb)i =
0.842 + 0.009 (MSWD = 84; n = 8). A 3-D regression produces a 1077
+ 9 Ma isochron with (**’Pb/2%6Pb); = 0.849 + 0.046 (MSWD = 160; n
=8).

3.3. U—Pb LASS-ICP-MS geochronology

We applied a range of common-Pb corrections to calculate isochrons
from each of the samples analyzed by LASS. The isochrons and
(207Pb/2°6Pb)i ratios calculated using these different methods for both
the newly characterized reference apatites, as well as BRZ-1, MRC-1, and
McClure Mountain, are presented in Table 3.

Of the 40 LASS analyses of FCT apatite, two analyses are excluded
from the calculations due to incorporation of feldspar inclusions during
ablation (e.g., elevated Si and Sr concentrations and low REE concen-
trations) (open ellipses in Fig. 2A). FCT apatite has variable U and Th
(6-40 ppm U and 20-120 ppm Th). Like the ID-TIMS data, isochrons
calculated using different common-Pb correction methods all yield
MSWDs larger than expected for a single population (Wendt and Carl,
1991). Anchoring these data to a Stacey and Kramers Pb. composition
yields a 25.5 &+ 7.3 Ma isochron (MSWD = 3; n = 38). A 2-D regression
produces 25.1 + 8.2 Ma isochron with (207Pb/2°6Pb)i = 0.834 + 0.018
(MSWD = 3.1; n = 38). A 3-D regression produces a 25.5 + 5.1 Ma
isochron with (2’Pb/2%Pb); = 0.835 + 0.020 (MSWD = 2.3; n = 38).

Forty LASS analyses of MD apatite have variable U and Th concen-
trations (10-60 ppm U and 40-130 ppm Th). The isochrons calculated
from the LASS U—Pb data yield MSWDs higher than acceptable for a
single population (Wendt and Carl, 1991). Use of a Stacey and Kramers
Pb. composition yields a 99.9 + 3.5 Ma isochron (MSWD = 2.1; n = 40).
A 2-D regression produces a 99.7 + 3.7 Ma isochron with (207Pb/206Pb)i
= 0.838 + 0.011 (MSWD = 2.1; n = 40). A 3-D regression produces a
97.9 + 2.5 Ma isochron and (?*’Pb/2°°Pb); = 0.833 + 0.014 (MSWD =
2; n = 40).

Forty LASS analyses of TEM2 apatite yield U concentrations between
2 and 25 ppm and Th concentrations between 4 and 50 ppm. Using a
Stacey and Kramers Pb. composition to anchor to the U—Pb data yields a
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434 £+ 15 Ma isochron (MSWD = 2.4; n = 40). A 2-D regression produces
a 431 + 17 Ma isochron and (**”Pb/2%Pb); = 0.855 + 0.021 (MSWD =
2.2; n = 40). A 3-D regression produces a 424 + 15 Ma isochron with
(?7Pb/2%pb); = 0.843 + 0.028 (MSWD = 2.5 n = 40).

Forty analyses of AS apatite contain 2-30 ppm U and 4-95 ppm Th
and produce a linear U—Pb array (Fig. 2D). Implementation of a Stacey
and Kramers Pb, composition as an anchor for the U—Pb regression
produces a 1100 + 9 Ma isochron (MSWD = 1.5; n = 40). A 2-D
regression of the same data generates a 1100 + 8 Ma isochron with
(27pb/206pb); = 0.928 + 0.033 (MSWD = 1.4; n = 40). A 3-D regression
of these data produces a 1095 + 13 Ma isochron and (2O7Pb/206Pb)i =
0.917 £+ 0.075 (MSWD = 2.6; n = 40).

3.4. Trace element geochemistry

The apatite samples analyzed in this study are all LREE enriched and
exhibit negative Eu anomalies (Fig. 3). The FCT apatite grains yield
average compositions of (La/Gd)y = 36.9 and Eu/Eu* = 0.51 (where
Eu/Eu* = —£% __: a]] values normalized to the chondrite values of

\/Smy deN’

McDonough and Sun, 1995). The MD apatite crystals have average
compositions of (La/Gd)y = 22.9 and Eu/Eu* = 0.25. The TEM2 apatite
grains have average compositions of (La/Gd)y = 12.6 and Eu/Eu* =
0.32. Finally, the AS apatite crystals yield average compositions of (La/
Gd)y = 10.2 and Eu/Eu* = 0.07.

4. Discussion

4.1. Significance of common-Pb corrections and the new apatite U—Pb
dates

Within each sample’s LASS and ID-TIMS data set, the implementa-
tion of different common-Pb correction schemes does not produce
resolvable differences in the calculated isochrons (Table 3). Of the
strategies employed, we find that the 3-D isochron method yields dates
that are more precise than those obtained using a 2-D regression
(anchored or unanchored). The 3-D isochron method additionally in-
corporates a broader set of Pb—Pb and U—Pb isotopic constraints (i.e.,
inclusion of 2°*Pb/ 2°°pb), enabling a more complete evaluation of
whether the U—Pb isotopic system was a closed or open system in
apatite. The treatment of U—Pb apatite data in this way may further
reveal complexities that ultimately reflect key aspects of the geological/
thermal histories of interest. For these reasons, we propose that the 3-D
isochron be the preferred method for high-resolution apatite U—Pb
studies (e.g., Schoene and Bowring, 2006; Chew et al., 2011; Paul et al.,
2021).

The 3-D isochron method applied to the new ID-TIMS and LASS data
sets yields isochrons with MSWDs larger than acceptable for a single age
population (Wendt and Carl, 1991), highlighting complexities in the
U—Pb systematics of these samples. The overdispersion in the U—Pb
data could be analytical and/or geological in origin. In the ID-TIMS data
set, we rule out the former issue based on the reproducibility of high-
precision U—Pb ET100 standard measurements made during the same
analytical period as the apatite crystals. In the LASS data set, we dismiss
an analytical origin for overdispersion based on repeat analyses of other
secondary reference apatites (i.e., BRZ-1, MRC-1, and McClure Moun-
tain), which yield isochrons with MSWDs that are consistent with single
age populations (Table 3). The propagated ~2% analytical uncertainty
thus adequately accounts for secular variation in LASS analyses (Figs. 2,
4). The large MSWDs associated with FCT, MD, TEM2, and AS apatite
therefore most likely reflect geologic variability.

The overdispersion in the U—Pb data sets indicates a protracted
crystallization period, partial Pb loss during slow cooling, and/or
volumetric mixing of different age domains in the apatites. Experimental
diffusion data suggest a nominal thermally-mediated volume diffusion
closure temperature of 350-550 °C for Pb in apatite, depending on grain
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Fig. 3. Chondrite-normalized rare earth element patterns in apatite. In general, all apatite samples are LREE enriched and exhibit negative Eu anomalies. A) Fish
Canyon apatite. B) Mount Dromedary apatite. C) TEMORA 2 apatite. D) Duluth anorthosite apatite.
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Fig. 4. Comparison of 2°*Pb/2%Pb ratios produced by ID-TIMS and LASS. The LASS 2°Pb/2°°Pb values match the range of ID-TIMS values, confirming the robustness
of our 2°*Pb/2%°Pb determinations. A) Fish Canyon Tuff apatite. B) Mount Dromedary apatite. C) TEMORA 2 apatite. The five 204p}, /206D, yvalues below 0.03 are

those plotting closer to concordia (Fig. 2C). D) Duluth anorthosite apatite.

size, temperature, and cooling rate (Dodson, 1973; Cherniak et al.,
1991). This temperature range is typically below igneous crystallization
temperatures relevant to the samples analyzed here. As such, the minor
scatter about an isochron may reflect Pb closure of different size grains
during cooling (Fig. 1) (e.g., Chamberlain and Bowring, 2001; Schoene
and Bowring, 2007; Cochrane et al., 2014; Ibanez-Mejia et al., 2018).
The two younger apatite samples analyzed in this study, FCT and MD,

yield dates that are coeval with previously published zircon dates within
uncertainty (Fig. 5A, B). The CL images of these samples do not reveal
obvious overgrowths or alterations (Fig. 1A, B), suggesting the apatite
U—Pb dates reflect instances of rapid cooling in an igneous system
(although FCT apatite is likely affected by heterogeneous common-Pb,
discussed below). By contrast, the TEM2 and AS apatites yield 3-D iso-
chrons that are younger than their corresponding zircon U—Pb dates
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Fig. 5. Comparisons of calculated apatite U—Pb ages with previously published ID-TIMS U—Pb zircon ages. A) Both the LASS and ID-TIMS Fish Canyon apatite ages
overlap within uncertainty the zircon dates of Wotzlaw et al. (2013). B) Mount Dromedary apatite ages all overlap the zircon ID-TIMS age reported in Schoene et al.
(2006). C) Depending on the common-Pb correction method, TEMORA 2 apatite does (not) overlap the zircon ID-TIMS age reported in Schaltegger et al. (2021). Note
that utilizing a Stacey and Kramers model Pb composition produces ages that are older than or equivalent to the zircon age (LASS) or overlaps or post-dates it (ID-
TIMS). D) The LASS Duluth anorthosite apatite overlaps the zircon ID-TIMS age reported in Schoene et al. (2006) whereas the ID-TIMS age is equivalent to or post-

dates the zircon age depending on common Pb correction method.

beyond 2 s uncertainty, based upon a TEMORA 2 zircon U—Pb CA-ID-
TIMS age of 417 Ma (Schaltegger et al., 2021) and a Duluth anortho-
site zircon U—Pb CA-ID-TIMS age of 1096 Ma (Schoene et al., 2006).
The differences between zircon and apatite ages in these samples are
consistent with protracted cooling and/or later resetting by fluid-
mediated processes. Based on CL images that show overgrowths on
otherwise homogeneous grains (Fig. 1C), we infer that TEM2 apatite
likely underwent post-crystallization resetting. This is consistent with
the mottled textures observed in some TEM2 apatite crystals that are
reminiscent of patchy textures observed in metasomatized zircon (e.g.,
Corfu, 2003). The CL images of Duluth anorthosite apatite show faint
sector zonation and no textural evidence for post-igneous crystallization
alteration (Fig. 1D). The AS apatite dates may therefore record pro-
tracted Pb loss during slow cooling following emplacement of the >10-
km-thick mafic intrusion (Swanson-Hysell et al., 2021; Hartel et al.,
2023). A more detailed assessment of the controls on U—PDb heteroge-
neity in the apatites would ultimately require additional petrological
and microtextural information. Nonetheless, the implementation of 3-D
isochrons serves to reveal nuances in the U—Pb data that can help
inform geological/thermal histories.

4.2. Limitations of deriving common-Pb compositions from U—Pb apatite
analyses

Constraints on common-Pb compositions are necessary for accurate
isochron determinations in high Pb. phases, but they can also reveal
information about the Pb reservoir from which the phase (re)crystallized
(Bellucci et al., 2011; Kirkland et al., 2018; Roberts et al., 2020; Paul
et al., 2021). In the case of apatite, U—Pb dates are commonly obtained
by regressions with an upper intercept pinned by an assumed bulk
evolutionary Pb model composition (e.g., Chew et al., 2014). However,
many igneous, metamorphic, and hydrothermal minerals show devia-
tion from these types of evolutionary models, acting as tracers of
geologic processes associated with parental sources (e.g., Riciputi and
Johnson, 1990; Pettke et al., 2010; Kirkland et al., 2017, 2018; Roberts
et al., 2020; Zametzer et al., 2022; Rosera et al., 2023). For instance,

during metamorphism, minerals can (re)crystallize via breakdown of
highly radiogenic phases (e.g., Bea and Montero, 1999; Chu et al., 2009;
Kirkland et al., 2018) or via reactions with metasomatic fluids (e.g.,
Glorie et al., 2019; Dusséaux et al., 2022). Therefore, identifying if
igneous/metamorphic systems have heterogeneous Pb. compositions or
derive from reservoirs with different evolutionary histories is key to
unraveling complex petrogenetic processes.

Regressions of the LASS U—Pb apatite data in this study produce
common-Pb compositions that overlap within uncertainty of the nomi-
nal Stacey and Kramers (1975) model compositions for rocks of their
ages (Fig. 6). However, the higher precision ID-TIMS data for the apa-
tites yield common-Pb compositions that deviate from the model Pb
compositions. Given the lower precision associated with modeled Pb,
compositions from Stacey and Kramers (1975), utilizing this composi-
tion does not necessarily compromise the accuracy of the U—Pb date
from either data set (Fig. 5C-D). We therefore suggest that future work
be careful before making significant interpretations of Pb, intercepts for
petrogenetic studies of U—Pb bearing phases on lower precision tech-
niques, as these data demonstrate that they may not properly delineate
different Pb isotopic reservoirs.

Samples with isotopic heterogeneity also present a significant hurdle
for age interpretations. The FCT serves as an excellent example of this, as
both LASS and ID-TIMS datasets do not generate clear linear relation-
ships in 2-D U—Pb space nor planar relationships in 3-D U—PDb space, as
demonstrated by their high MSWDs (Table 3). The CL images of FCT
apatite show discrete mantles and cores present in various grains
(Fig. 1A). Previous interpretations of the petrology of the FCT have
suggested that its minerals record some duration of upper crustal crys-
tallization during pre- and syn-caldera forming phases of the magmatic
system, with zircon U—Pb geochronology interpreted to record over 440
kyr of crystallization (e.g., Lipman et al., 1978; Bachmann et al., 2007;
Wotzlaw et al., 2013; Morgan et al., 2019). Apatite may have undergone
significant Pb diffusion during this interval, as Pb mobility occurs be-
tween temperatures of 400-550 °C (Cherniak et al., 1991), well within
the range of conditions considered for pre-eruptive magma storage (e.g.,
Barboni et al., 2016; Rubin et al., 2017). Assuming that the Pb
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Fig. 6. Comparisons of (2°7Pb/2°5Pb)i from 2-D and 3-D isochron regressions compared to Stacey and Kramers (1975) (horizontal grey bar). A) Common-Pb
compositions determined from 2-D and 3-D regressions through Fish Canyon apatite U—Pb data exhibit large uncertainties that overlap with Stacey and Kram-
ers. B) 2-D and 3-D regressions through Mount Dromedary apatite U—Pb data produce common Pb compositions consistent with Stacey and Kramers. C) Regressions
through the TEMORA 2 apatite LASS U—Pb data produce common Pb compositions that overlap Stacey and Kramers, but regressions through the ID-TIMS U—Pb data
yield compositions that are more radiogenic. D) Regressions through the Duluth apatite LASS U—Pb data produce common Pb compositions that overlap Stacey and
Kramers. 2-D and 3-D regressions through the ID-TIMS U—Pb data yield common Pb compositions that are more radiogenic than Stacey and Kramers.

diffusivities reported in Cherniak et al. (1991) are valid for radiogenic
Pb, as opposed to lattice bound Pb,, apatite crystals with a 50 pm radius
could preserve different age domains at maximum temperatures of
550 °C for 500 kyr; greater temperatures are permissible with shorter
durations of heating. As a result, significant Pb diffusion should have
occurred in apatite until the period of eruption and subsequent cooling,
producing an apatite U—Pb date duration shorter than that of zircon.
This dispersion is unlikely to be resolved by the currently available
analytical techniques. It is further improbable that the apatite U—Pb
dates were reset following eruption, as these rocks do not exhibit sig-
nificant alteration and were not buried to a significant depth, further
supported by the consistent sanidine Ar—Ar geochronology of this unit
(e.g., Kuiper et al., 2008; Renne et al., 2010, 2011; Morgan et al., 2014).

Given the <1 Myr pre-eruptive magmatic history of the FCT, it is
likely that the U—Pb dispersion present within the FCT apatite data is
also driven by heterogeneous Pb. compositions. This interpretation is
supported by previously reported initial Pb isotopic compositions of
feldspars from the FCT (2*’Pb/2%Pb of feldspars ranging from 0.842 to
0.844, 0.05% 20 uncertainty), which indicate that individual crystals
did not crystallize from a homogeneous magmatic fluid (Lipman et al.,
1978; Schmitz and Bowring, 2001). Anchoring the ID-TIMS U—Pb data
to an eruption age of 28.2 Ma for the FCT (Kuiper et al., 2008; Rivera
et al., 2011) suggests variable (2°’Pb/2%Pb); compositions ranging from
0.845 + 0.001 to 0.856 + 0.001. This range is greater and more radio-
genic than published feldspar Pb isotopic data (e.g., Lipman et al., 1978;
Schmitz and Bowring, 2001). We therefore conclude that the apatite
crystallized from a heterogeneous Pb reservoir. If on the other hand
apatite and feldspar were in equilibrium prior to eruption of the FCT, the
relatively unradiogenic feldspar Pb isotopes would suggest dates
younger than determined from 3-D isochrons and from sandine Ar—Ar
geochronology (e.g., Kuiper et al., 2008; Renne et al., 2010, 2011;
Morgan et al., 2014) and would imply post-eruption disturbances to the
U—PD system in apatite.

The FCT apatite serves as an example of a system with Pb. compo-
sitions that deviates from a Stacey-Kramer model composition but yields
new insights into the thermal history associated with the parental
magma system of these crystals. We therefore suggest that future U—Pb
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geochronology of Pb. bearing phases consider the possibility that scatter
in U—PD be related to Pb. heterogeneity and not just age variability.
More broadly, our data corroborate previous studies that indicate the
use of a Stacey and Kramers Pb evolution model may not always be valid
for apatite and other Pb, bearing phases (Schoene and Bowring, 2006;
Paul et al., 2021). Furthermore, given the difference in the Pb. compo-
sitions between the FCT apatite and feldspar crystals, these data also
serve as an example of potential pitfalls and inaccuracies that can be
raised by using a Pb. generated by analyzing a different cogenetic low
U/Pb mineral phase in a rock of interest. Considering these discrep-
ancies, we again emphasize the advantages of unanchored regressions in
generating the most accurate and precise apatite U—Pb dates.

4.3. Viability of reference apatites

The complexities described above notwithstanding; it is useful to
establish reference ages for the analyzed apatite samples so that future
studies can assess the accuracy of in situ apatite U-Pb data. For reasons
already stated, we use the 3-D isochron of the ID-TIMS data as the basis
for the reference ages. We assign a reference age of 26.9 + 1.7 Ma to FCT
apatite but recognize potential heterogeneity in the common-Pb isotopic
composition of this sample. The reference age for MD apatite is 98.4 +
0.5 Ma (Table 3), in agreement with the 3-D isochron calculated using
the LASS data (Fig. 5A, B). The reference age of TEM2 apatite is 402 + 7
Ma. Notably, the LASS data includes six radiogenic U—Pb analyses (i.e.,
those with the highest 2381y /206pp (T g. 2C) and lowest 204py, /206py,
(Fig. 4C)) that are not represented in the ID-TIMS data set. These
radiogenic domains were either not sampled by the seven ID-TIMS an-
alyses or, more likely, due to the larger volume of the single TIMS an-
alyses relative to LASS spot analyses, were averaged with the
volumetrically dominant less-radiogenic domains. Nevertheless, the 3-D
U—Pb isochrons determined for TEM2 using the ID-TIMS and LASS data
sets do overlap (Fig. 5C). Lastly, we assign a reference age of 1077 + 9
Ma for AS apatite based on the ID-TIMS 3-D isochron, within uncertainty
of the 3-D isochron age determined from LASS analyses (Table 3).

Whether the relatively high MSWDs invalidate the samples as viable
RMs is a matter of precision of the analytical method employed as the
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ability to resolve scatter is a function of individual analysis uncertainty
and degree of scatter (e.g., Gaynor et al., 2022). The typical analytical
uncertainty of LA-ICP-MS (on the order of 1-2%) may be unable to
resolve the variability observed in the ID-TIMS data (typically <1%).
With increased precision of in situ methods, future studies should be
cognizant of the isotopic heterogeneity in the apatites before employing
them as monitors of precision. The ID-TIMS data clearly demonstrates
variability in the apatite crystals, such that future high-precision studies
should not have the expectation of a single age population in their an-
alyses. The FCT, MD, TEM2, and AS apatites are most useful as sec-
ondary RMs for evaluating the efficacy of different common-Pb
correction strategies, in particular by providing robust 2°*Pb data for the
implementation of 3-D isochrons (e.g., Horstwood et al., 2003; Gilbert
and Glorie, 2020).

5. Conclusions

We report new U—Pb and trace element data for apatites from Fish
Canyon Tuff, Mount Dromedary, TEMORA 2, and Duluth Complex
anorthosite using ID-TIMS and LASS-ICP-MS and implement multiple
common-Pb correction schemes to establish reference ages and common-
Pb compositions. The 3-D 238yy,/206p},-207pp, /206ph-204ph, /296ph isochrons
determined from ID-TIMS and LASS analyses agree, and we recommend
implementation of this method to produce the most accurate and precise
U—Pb dates.

Based on the 3-D isochrons of the ID-TIMS data, three of the four
analyzed apatites may be suitable as secondary RMs for in situ U—Pb
analyses. The reference age of FCT apatite is 28.8 + 3.7 Ma with
(3%7pb/2%°pb); = 0.851 + 0.021. Given the likely heterogeneity in Pb in
the sample, FCT apatite is unlikely to be a viable U—Pb reference apatite
for high-precision U—Pb studies. Mount Dromedary apatite has a
reference age of 98.4 + 0.5 Ma and (2O7Pb/206Pb)i = 0.839 + 0.003,
consistent with 3-D isochrons determined from LASS analyses. TEMORA
2 apatite, with a reference age of 402 + 7 Ma and (207Pb/2°6Pb)i =0.839
+ 0.008, also shows promise as a secondary reference apatite, though its
age could be refined with targeted analyses of more radiogenic grains.
Apatite from the Duluth Complex anorthosite (from near Forest Center)
has a reference age of 1077 + 9 Ma with (207Pb/206Pb)i = 0.849 +
0.046. The common-Pb compositions of TEMORA 2 and Duluth anor-
thosite apatites deviate from a bulk Pb evolution model, emphasizing
that unanchored isochron regressions should be the method of choice for
generating the most accurate and precise apatite U—PDb dates. In the case
of TEMORA 2 and Duluth anorthosite, the available apatite and zircon
U—PDb ID-TIMS ages show resolvable differences, serving as examples
wherein using zircon U—Pb dates as reference ages for prospective
reference materials from igneous rocks is invalid.
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