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Introduction

The supporting information includes details of the U-Th/Pb and “°Ar/**Ar methodologies, x-
ray maps of all monazite grains analyzed in this study, “°Ar/*°Ar step heating inverse isochron
plots, and U/Pb, U-Th/Pb, trace element, and “°Ar/**Ar step heating data tables. Methods are as
described in the main text. The data tables (captions below) are available as separate Microsoft
Excel files.



Supplemental Figure 1. Photomicrographs of specimens TK09B (top) and TK46 (bottom).
Photomicrographs shown are halved between crossed polarized light (left) and plane
polarized light (right). ms — muscovite, bt - biotite, pl - plagioclase, qtz - quartz, afl — alkali
feldspar



Supplemental Text 1: U-Th/Pb Geochronology Methods

Zircon from specimens PK051 and TKO9A and TK09B were analyzed by LA-MC-ICPMS at the
University of California in Santa Barbara. Full details of the analytical procedure can be found
in Cottle et al. [2012; 2013]. U-Th/Pb analyses were conducted for 30s each using a spot
diameter of 15 um, a frequency of 4 Hz, and 1.2 J/cm? fluence (equating to crater depths of ~7
pum). Data reduction, including corrections for baseline, instrumental drift, mass bias, down-
hole fractionation, and uncorrected age calculations, and concentration calculations were
performed using lolite version 2.5. Full details of the data reduction methodology can be
found in Paton et al. [2010] and Cottle et al. [2012]. Age data were plotted using Isoplot v.3.7
[Ludwig, 2003] and Redux version 2.20.39 [Bowring et al., 2011].

Monazite from specimen PK199 was analyzed using the same LA-MC-ICPMS setup described
above, except that a portion of the analyte was directed to an Agilent 7700S Quadrupole
ICPMS to measure trace element abundances. Full details of the ‘LASS’ analytical procedure
can be found in Kylander-Clark et al. [2013]. U-Th/Pb analyses on monazite were conducted for
20s each using a 7 um diameter spot, a frequency of 3 Hz, and 0.75 J/cm? fluence (equating to
crater depths of ~8 um). Isotope ratio data were reduced as outlined above for zircon. Trace
element data were reduced using the ‘Trace Elements’ data reduction scheme in lolite version
2.5.

U/Pb zircon measurements were made over two sessions. During both sessions a primary
reference material, zircon “91500” (1065 Ma **°Pb/*2U isotope dilution-thermal ionization mass
spectrometry age [Wiedenbeck et al., 1995], was employed to monitor and correct for mass bias
as well as Pb/U down-hole fractionation. To monitor data accuracy, a secondary reference
zircon “GJ1” (601.7 = 1.3 Ma, D. Condon unpublished ID-TIMS age) was analyzed concurrently
(once every five unknowns) and mass bias- and fractionation-corrected based on measured
isotopic ratios of the primary reference material. During the first analytical session (in which
PK051 and TKO9A were run), repeat analyses of GJ-1 gave a weighted mean 2*°Pb/?*®U age of
596 + 3 Ma, mean square weighted deviation (MSWD) = 1.9. In the second session (in which
TKO9B was run) repeat analyses of GJ-1 gave a weighted mean 2**Pb/**®U age of 600 + 3, MSWD
=1.1.

For U-Th/Pb monazite data, a primary reference material, “44096” (424 Ma Pb/U isotope
dilution-thermal ionization mass spectrometry age [Aleinikoff et al., 2006]) was employed to
monitor and correct for mass bias as well as Pb/U and Pb/Th down-hole fractionation. To
monitor data accuracy, a secondary reference monazite “FC-1" (55.7 = 1 Ma 2*Pb/?*®U, ID-TIMS
ages [Horstwood et al., 2003], was analyzed concurrently (once every five unknowns) and mass
bias- and fractionation-corrected based on measured isotopic ratios of the primary reference
material. During the analytical period, repeat analyses of FC-1 gave a weighted mean

205pp /238y age of 53.7 + 0.5 Ma, mean square weighted deviation (MSWD) = 1.9,and a
weighted mean 2°®Pb/?**Th age of 57.0 = 1.0 Ma, MSWD= 1.6 (20) (n = 26).

Monazite trace element concentrations were normalized to an in-house reference “Baineriera”
monazite and, based on the long-term reproducibility of multiple secondary reference
monazites, are accurate to 3-5%. All uncertainties are quoted at 26 and include contributions
from the external reproducibility of the primary reference material for the 2’Pb/?*Pb,

205pp /238y ratios, and 2°°Pb/?2Th ratios as well as trace element concentrations. The complete
U-Th/Pb data are presented in Supplemental Tables 1 and 2, while trace element data are presented in
Supplemental Table 3.
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Supplemental Text 2: “°Ar/**Ar Methodology

Mineral separation and sample preparation

“Ar/3°Ar step heat analyses

Sample preparation was carried out at the Geological Survey of Canada (GSC) in Ottawa. White
mica was separated from specimens by flaking and hand picking directly from hand
specimens. Mineral grains selected for dating ranged in size from 100-250 um (Figure 8). In all
cases the largest available grains that also passed a visual inspection in a Petri dish with ample
amounts of ultra-pure ethyl alcohol under a microscope for purity (e.g., apparent lack of
inclusions, mineral intergrowths or alteration) were selected for analysis. Individual mineral
separates were loaded into 2-3 mm-deep aluminum foil packets which were subsequently
stacked vertically into 35-mm long foil tubes and placed into the tubular holes of an aluminum
cylinder. Several flux monitor grains of Fish Canyon tuff sanidine (FCT-SAN) (28.305 + 0.036 10
Ma; Renne et al., 2010) were loaded into each sample packet. J values were interpolated for
samples situated between the spaced FCT-SAN monitor grains. GA 1550 biotite (99.77 + 0.11
10 Ma, normalized to FCT-SAN at 28.305 + 0.036 10 Ma) was used as a secondary standard to
confirm the accuracy of the interpolations (Renne et al., 2010). The prepared can, GSC
Irradiation #67, was cadmium-shielded and irradiated for 160 MWH in medium flux position 8B
at the research nuclear reactor of McMaster University (MNR) in Hamilton, Ontario, Canada.
Neutron fluence was ~0.9 x 10" neutrons/cm?operating at a 2.5 MW power level. Correction
factors for typical interference species produced by thermal neutrons during irradiation are
included in the footnote of Table DRA4.

Analytical conditions and procedures

“Ar/3°Ar step heat analyses

Following irradiation, multigrain aliquots were loaded into 1.5 mm diameter pits in a copper
planchet and placed into an all-metal, ultra-high vacuum line at the Noble Gas laboratory of
the Geological Survey of Canada (GSC), Ottawa. Individual grains were progressively heated
and analyzed using a Photon Machines Ltd. Fusion 10.6 55W CO, laser coupled to a Nu
Instruments Noblesse multicollector mass spectrometer. Between one and three aliquots of
each white mica mineral separate were step-heated over 10 heating steps, with replicates
providing a gauge of within-sample variability/heterogeneity. Neutron flux was monitored
using Fish Canyon tuff sanidine (FCT-SAN) (28.305 + 0.036 10 Ma; Renne et al,, 2010), and
interpolated for samples situated between spaced FCT-SAN monitor grains. GA 1550 biotite
(Renne et al., 2010) was used as a secondary standard to confirm the accuracy of the
interpolations. Laser energy was homogenized over a beam radius of 2 mm for a total of 40
sec, after which the released gas was exposed to SAES™ NP-10 (~400°C) and HY-STOR® 201
(room temperature) getters in the extraction line for six minutes. Following gettering, the
sample gas was expanded into the mass spectrometer. The Nu Noblesse is a single-focusing,
Nier-source, 75 magnetic sector multicollector noble gas spectrometer equipped with two
quadrupole lens arrays. Ar ions were measured with a fixed array of three ETP® discrete
dynode ion-counting multipliers. Data collection followed the measurement scheme MC-Y
detailed in Kellett and Joyce (2014). Blanks were run every 4" analysis, in an identical manner
to unknowns. Air shots were analyzed every 10™ analysis to monitor efficiency and mass
fractionation. Full results are included in Table DR4. Sensitivity of the Nu Noblesse at the time
of analyses was 7.1-7.5 Amps/mol. Data collection, reduction, error propagation, age
calculation and plotting were performed using the software MassSpec (version 7.93) (Deino,
2001) using the decay constant of Min et al. (2000).
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PK199 monazite Y (La) x-ray maps

Supplemental Figure 2. X-ray maps of all monazite grains examined in PK199. Grain labels and spot
numbers correspond to Supplemental Tables 2 and 3.

(Next Page) Supplemental Figure 3. Inverse isochron plots (ellipses are 1o ) for “°Ar/*°Ar step heating
analysis of specimens TK15, TK46, TK56, and TK40. Full data are presented in Supplemental Table 4.
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Supplemental Figure 4. Back-scattered electron images of representative muscovite grains from the
specimens dated in this study. The polish for slide TK56 is very poor making imaging
challenging. ms — muscovite; bt — biotite; qtz - quartz



Supplemental Table 1. Zircon U/Pb Geochronology Data (separate file)
Supplemental Table 2. Monazite U-Th/Pb Geochronology Data (separate file)
Supplemental Table 3. Monazite Trace Element Data (separate file)

Supplemental Table 4. “°Ar/**Ar Thermochronology Step Data (separate file)
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