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Abstract

As the internal precision of radiometric dates approaches the 0.1% level, systematic biases between different methods have become
apparent. Many workers have suggested that calibrating other decay constants against the U-Pb system is a viable solution to this prob-
lem. We test this assertion empirically and quantitatively by analyzing U-Pb systematics of zircon and xenotime on the single- to
sub-grain scale by high-precision ID-TIMS geochronology on 11 rock samples ranging from 0.1 to 3.3 Ga. Large statistically equivalent
datasets give 2°’Pb/?*°Pb dates that are systematically older than 2°Pb/?**U dates by ~0.15% in Precambrian samples to as much as
~3.3% in Mesozoic samples, suggesting inaccuracies in the mean values of one or both of the U decay constants. These data are used
to calculate a ratio of the U decay constants that is lower than the accepted ratio by 0.09% and is a factor of 5 more precise. Four of the
samples are used to augment existing data from which the U-Pb and *°Ar/*Ar systems can be compared. The new data support most
previous observations that U-Pb and 2°’Pb/?*°Pb dates are older than “°Ar/*’Ar by <1%, though scatter in the amount of offset in sam-
ples as a function of age suggests that the bias is not entirely systematic, and may incorporate interlaboratory biases and/or geologic
complexities. Studies that calibrate other decay schemes against U-Pb should include an assessment of inaccuracies in the U decay con-

stants in addition to other systematic biases and non-systematic geologic uncertainty.

© 2005 Elsevier Inc. All rights reserved.

1. Introduction

Since the discovery of radioactivity and the birth of geo-
chronology at the turn of the last century, increasingly pre-
cise dates for minerals and rocks have been used to
establish a time-line for the history of the planet. In the
past two decades, improvements in analytical techniques
and instrument design have led to an explosion of high-pre-
cision dates using many different chronometers, such that it
is now possible to explore the rates and durations of events
and processes from planetary accretion to human history at
the 0.1-0.2% level. However, such unparalleled precision
has also revealed that systematic biases between different
methods often exceed internal analytical precision, stress-
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ing the need to reevaluate the currently accepted values
and associated errors for long-lived radionuclide decay
constants (Begemann et al., 2001; Min et al., 2000; Renne
et al., 1998a; Steiger and Jéger, 1977).

It is useful to examine this intersystem bias using the U—
Pb and “’Ar/*° Ar methods because they are the most widely
applicable, precise, and broadly utilized geochronologic
techniques, primarily due to the high concentrations of U
and K in many commonly dated accessory and modal miner-
als, and the relatively long half-lives of the parent isotopes
(12 K ~ 1.25 Gyr; *%U ~ 4.46 Gyr; **>U ~ 0.70 Gyr).
Numerous studies (Min et al., 2000, 2001; Nomade et al.,
2004; Renne, 2000; Renne et al., 1998a; Schmitz and Bowr-
ing, 2001; Villeneuve et al., 2000) have noted that OAr/PAr
dates are systematically younger than U-Pb dates from
rapidly cooled rocks and do not overlap with U-Pb dates
if one ignores systematic uncertainties. Min et al. (2000),
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Renne (2000), and Renne et al. (1998a) suggest that much of
the bias can be accounted for by inaccuracies in the *°K decay
constant and physical constants, which differ by ~2% from
those used in other scientific communities. Due to the high-
precision of the U decay constant measurements (0.11 and
0.14% for **U and **U, respectively; Jaffey et al., 1971)
and because of the internal check of their accuracy provided
by the dual decay of ***U to 2*°Pb and ?**U to 2P, it has
been suggested that the “°Ar/*Ar system may be calibrated
against the U-Pb system (Begemann et al., 2001; Renne
et al., 1998a; Villeneuve et al., 2000). Similarly, decay con-
stants for several other lower-precision decay schemes
(e.g., Lu—Hf, Re-Os, and Th-Pb) have been in part derived
or tuned by comparison with U-Pb dates (e.g., Amelin and
Zaitsev, 2002; Begemann et al., 2001; Chen et al., 2002;
Scherer et al., 2001; S6derlund et al., 2004). Complicating
this practice, however, are studies suggesting that the U de-
cay constants of Jaffey et al. (1971) may be slightly inaccurate
(though within the reported errors), based on high-precision
U-Pb multi-grain zircon data from Phanerozoic samples
that have *°’Pb/?°Pb dates that are systematically older
than the 2°°Pb/?*¥U dates (Mattinson, 1994a,b, 2000). Given
that Pb-loss, inheritance, intermediate daughter product dis-
equilibria, or small inaccuracies in tracer calibration could
also produce this effect, it is crucial to generate additional
high-precision U-Pb data in order to assess the accuracy of
the U decay constants. Inaccuracies in the U decay constants
not only limit the power of the U-Pb system to resolve abso-
lute time, but also complicate high-precision intercalibration
with other decay schemes.

The purpose of this contribution is to present high-pre-
cision U-Pb zircon and xenotime data from 11 rocks whose
crystallization ages span over three billion years in order to
(1) check for systematic internal bias in the U-Pb system by
evaluating concordance of high-n statistically equivalent
datasets and (2) to compare U-Pb results from this study
and from the literature with existing OAr/*Ar or K-Ar
data. We have purposely chosen samples in which we have
resolved or eliminated the ubiquitous effects of Pb-loss and
inheritance through zircon preparation methods such as
the air-abrasion (Krogh, 1982) and chemical-abrasion
(i.e., CA-TIMS; Mattinson, 2003, 2005) techniques, and
analytical precision on single analyses is comparable to
the quoted errors on the U decay constants; only such
datasets provide the means to evaluate the accuracy of
the U decay constants quantitatively (Mattinson, 2000;
Schmitz et al., 2003). Because these samples represent over
three billion years of geologic time, systematic biases in the
U-Pb and *°Ar/*Ar dating techniques, which propagate as
a function of age, are more readily evaluated.

2. Analytical methods
2.1. Sample preparation

Minerals were extracted from rock samples by standard
crushing, Wilfley table, heavy-liquid, and magnetic separa-

tion. Fragments from large crystals and single zircons were
broken into smaller fragments with a fine-tipped steel tool.
Analyzed zircon was selected from the least magnetic frac-
tion and selected based on the absence of cracks, inclu-
sions, and surface contamination.

In order to minimize and increase the probability of con-
cordance, zircon was subjected to one or both of the fol-
lowing techniques: (1) standard air-abrasion (Krogh,
1982) and total dissolution, and (2) a modified version of
the chemical-abrasion technique (Mattinson, 2003, 2005).
Zircon that was only air-abraded was ultrasonically
cleaned in 30% HNOj; for an hour, fluxed in 30% HNO;
at ~80ript20 before being loaded into 300 pl Teflon FEP
microcapsules and spiked with a mixed >**U-**>U—"Pb
tracer. Zircon was dissolved in Parr vessels in ~120 pl of
29 M HF with ~25 pl of 30% HNO; at ~210 °C for 48 h,
dried to fluorides, and then re-dissolved in 6 M HCI at
~180 °C overnight. For the CA-TIMS technique, zircon
was placed in a muffle furnace at 900 + 20 °C for ~60 h
in quartz beakers before being transferred to 300 pl Teflon
FEP microcapsules, placed in a Parr vessel, and leached in
~120 pl of 29 M HF + ~25 pl of 30% HNO; for 12-14 h at
~180 °C. The acid solution was removed, and fractions
were rinsed in ultrapure H,O, fluxed on a hotplate at
~80 °C for an hour in 6 M HCI, ultrasonically cleaned
for an hour, and then placed back on the hotplate for an
additional 30 min. The HCI solution was removed and
the fractions were again rinsed in ultrapure acetone and
H,O0, spiked, and fully dissolved using the procedure de-
scribed above.

Xenotime was ultrasonically cleaned for an hour in
H,O, washed in 30% HNO; at ~50 °C for 10 min, and
rinsed in ultrapure acetone and H,O before being loaded
into 300 ul Teflon FEP microcapsules and spiked with a
mixed 2*U-*U-2%Pb tracer. Xenotime was dissolved in
12 M HCl at ~180 °C for 48 h in a Parr vessel, dried down,
and then re-dissolved in 6 M HCI at ~180 °C overnight. U
and Pb for all minerals were separated using an HCl-based
anion-exchange chromatographic procedure (Krogh,
1973).

2.2. Mass spectrometry and blank estimation

Most U and Pb isotopic measurements were performed
on a VG Sector-54 multi-collector thermal-ionization mass
spectrometer at MIT, but a few were analyzed with the
Isoprobe-T multi-collector thermal-ionization mass spec-
trometer at MIT. Pb and U were loaded together on a sin-
gle Re filament in a silica-gel/phosphoric acid mixture
(Gerstenberger and Haase, 1997). Pb was measured by
either peak-hopping on a single Daly detector (for smaller
beams) or a dynamic Faraday-Daly routine (F-D) that cy-
cles between placing mass 204 in the axial Daly collector
and masses 205-208 on the H1-H4 Faraday detectors to
placing mass 205 in the axial Daly and masses 206-208 in
the H1-H3 Faradays, providing real-time Daly gain cor-
rection. U isotopic measurements were made in static Far-
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aday mode or, in very low-U samples, on the Daly detec-
tor. Mass discrimination for Pb on the Daly detector was
determined to be 0.25 + 0.04%/a.m.u. over a wide temper-
ature range based on analysis of the NBS-981 common Pb
standard and spiked aliquots of NBS-983. Mass fraction-
ation and detector bias on the F-D routine was determined
to be 0.07 4 0.04%/a.m.u. for the VG Sector-54 mass spec-
trometer and 0.09 4= 0.04%/a.m.u. for the Isoprobe-T mass
spectrometer based on cross-calibration with the single
Daly detector runs on numerous samples and spiked ali-
quots of NBS-983. U mass fractionation is calculated in
real time using a >>*U-**°U double spike. All common
Pb for the zircon and xenotime analyses was attributed
to procedural blank based on frequent total analytical
blank determinations. A sensitivity test shows that the
composition of the common Pb in all minerals had no effect
on the calculated dates. U blanks are difficult to precisely
measure, but are <0.1 pg. The °’Pb/?°°Pb dates are insen-
sitive to the U blank, but variability in the U blank on low-
U samples in this study can affect discordance. Therefore, a
value of 0.1 pg + 50% was used in all data reduction, and
the consistency of the discordance in the results suggests
this is accurate.

2.3. Tracer calibration

Improvements in analytical protocols (e.g., reduction in
Pb and U blanks, improved ionization, and measurement
of U isotopes as oxide species) in routine U-Pb analysis
have led to the interpretation of high-n datasets at unprec-
edented precision and precipitated the recalibration of the
MIT mixed 2*U-?*U—2%Pb tracer solution to ensure the
accuracy of U-Pb dates. This recalibration was conducted
from September to December of 2004. The tracer isotopic
composition of U was redetermined using improved meth-
ods to control mass fractionation, including analysis as the
oxide and critical mixture methods (Hofmann, 1971; Rod-
dick et al., 1992). The isotopic composition of Pb in the
tracer was determined by a combination of Daly and F-
D analyses on large tracer aliquots and the same fraction-
ation corrections made for geologic samples were used to
correct these data. The calibration was carried out using
standard isotope dilution methods against three mixed
U-Pb gravimetric solutions prepared in independent labo-
ratories (J. Mattinson, UCSB, pers. comm., 2004; R. Par-
rish, NIGL, pers. comm., 2004; and one mixed at MIT in
Sept. 2004; these solutions are freely available for distribu-
tion through the EARTHTIME Network—visit
www.earth-time.org). The gravimetric solutions were pre-
pared by dissolving and quantitatively mixing different
Pb and U metals of certified composition (UCSB and
NIGL) and also by mixing separate Pb and U solutions
of certified composition (MIT). Mass discrimination was
calculated using internal U and Pb corrections (the MIT
solution contained only enriched 2*°Pb, providing no refer-
ence isotope for the internal fractionation correction. For
these mixtures, the 20 standard deviation of the fraction-

ation determinations from the other solutions, found to
be 0.12 £ 0.03%/a.m.u., was used). Errors on the calibra-
tion were propagated using standard techniques, and incor-
porate the uncertainties in the measured isotopic ratios of
calibration solutions (and the calculated Pb and U mass
fractionation values) and the Pb and U isotopic composi-
tions of the tracer and the gravimetric solutions. The stan-
dard error from a total of 11 experimental mixtures from
the three gravimetric solutions was calculated in two ways:
(1) by taking the weighted mean of the -calculated
205pp/233U  from the 11 experiments (2SE = 0.015%;
MSWD = 0.3; MSWD =mean square of the weighted
deviates; York, 1966, 1967), or (2) by taking the weighted
mean of the weighted means of the three solution determi-
nations (2SE = 0.015%; MSWD = 0.2). We prefer the lat-
ter method in theory, because it would robustly account
for any systematic errors arising from the weighing and
mixing of the different gravimetric solutions (those errors
were not propagated into the calculations because they
were difficult to accurately determine for all three solu-
tions). The low MSWDs of weighted means from these
determinations suggest that systematic errors between the
solutions do not exist and that we are likely overestimating
one source of error. It is important to note that the new
tracer composition used in this study differs from that used
in previous contributions from the MIT laboratory, and
the implications of this will be discussed later in the text.

2.4. Determination of reported ages and errors

Rigorous and transparent error propagation is impor-
tant for intercalibrating geochronologic data between dif-
ferent laboratories and different methods. Quantitative
discussions of error propagation and statistical analysis
for the U-Pb and *°Ar/*’Ar methods are presented else-
where (Ludwig, 1980, 1998, 2000; Mattinson, 1987; Min
et al., 2000; Renne et al., 1998a,b). We highlight aspects
of random versus systematic errors in geochronology be-
low. Sample-specific errors (often referred to as internal er-
rors) are those that result from random fluctuations in the
experimental conditions and define the precision of the
resulting measurements. For the U-Pb method internal er-
rors include counting statistics, uncertainties in correcting
for mass discrimination, and the uncertainty in the assign-
ment of a composition for various sources of common Pb
(e.g., laboratory blank versus initial Pb in the crystal; in
this study, the contribution of common Pb to the overall
uncertainty is negligible). Internal errors for *°Ar/*’Ar in-
clude analytical uncertainties and a variable neutron flux
within an individual irradiation package. One must incor-
porate internal errors when testing for the equivalency of
a given dataset, in turn allowing the quantitative compari-
son of dates relative to one another from a given
laboratory.

Systematic, or “‘external,” errors are those that affect the
accuracy of measurements, and must be evaluated and ap-
plied depending on the specific situation. For example, the
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uncertainties in the ages of standards used in *°Ar/*’Ar
geochronology only need to be incorporated when compar-
ing dates between unknowns that use a different set of flux
monitors or a different primary standard (e.g., Renne et al.,
1998b). A fundamental source of systematic error in ID-
TIMS geochronology is the Pb/U ratio of the mixed Pb-
U tracer used in isotope dilution calculations; this source
of error should be incorporated when comparing dates
measured with differing isotopic spike mixtures, for exam-
ple in different laboratories. Other systematic errors that
are necessary when comparing data from different geochro-
nologic methods include uncertainties in the decay con-
stants of *°U, #*®U, and “°K, and physical constants
such as the “°K/K ratio and the branching ratio of *°K
(Min et al., 2000; Renne et al., 1998D).

For our purposes, it is beneficial to present data at each
level of error propagation. Data reduction, age calculation,
and the generation of concordia plots use the algorithms of
Ludwig (1980) and/or the statistical reduction and plotting
program ISOPLOT (Ludwig, 1991). For efficiency, U-Pb
errors on analyses from this study are reported in the fol-
lowing manner, unless otherwise noted: £X/Y/Z, where
X is the internal error in absence of all systematic errors,
Y includes the tracer calibration error, and Z includes both
tracer calibration and decay constant errors of Jaffey et al.
(1971). For 2°’Pb/?®°Pb dates, tracer errors are negligible
and Y is not reported (so it reads £X/Z). The MSWD
(mean square of the weighted deviates; York, 1966, 1967)
of equivalence refers to the probability that a weighted-
mean population of isotopic ratios is statistically equiva-
lent and is calculated prior to the addition of systematic er-
rors (Ludwig, 1998). Concordia diagrams for the 11
samples analyzed in this study are shown in Fig. 1, data
are presented in Table 1, and U-Pb dates of weighted mean
clusters are summarized in Fig. 2. Errors in K-Ar and
“OAr/*’Ar data considered in this paper are calculated
using the methods of Karner and Renne (1998), and Renne
et al. (1998b) when not provided by the original authors.
All errors for U-Pb data are standard errors of the mean,
unless otherwise noted, and U-Pb, K-Ar, and “°Ar/*Ar
age uncertainties are presented at the 95% confidence level.

3. Sample description, previous geochronology, and U-Pb
results

3.1. Narryer complex granite (JCA-62-02)

Homogeneous, weakly foliated biotite granite in the
Narryer gneiss complex, northwestern Yilgarn Craton,
was collected immediately north of the Jack Hills adjacent
to the Sharpe Bore. Cathodoluminescence (CL) imaging
shows that most zircons are dominated by concentric oscil-
latory zoning and some have narrow weakly zoned rims.
After CL imaging, three grains that lacked obvious rims
were removed from the epoxy mount, annealed, air-abrad-
ed, and broken into 10-20 fragments, some of which were
chemical-abraded and analyzed. Four fragments from one

grain and one fragment from another grain form a statisti-
cally significant cluster (MSWD of equivalence = 0.9).
They yield a weighted mean 2*’Pb/?°°Pb date of
3313.7+£0.3/7.6 Ma (MSWD =0.7), a weighted mean
207pp/>3U  date of 3312.24+0.3/0.5/1.8 Ma (MSWD =
0.6), and a weighted mean *°°Pb/***U date of 3309.7 +
0.7/1.1/3.8 Ma (MSWD = 1.1).

3.2. Kaap Valley pluton (EKC02-51)

The Kaap Valley pluton is a tonalitic multi-phase intru-
sion from the southeast Kaapvaal craton, southern Africa.
Kamo and Davis (1994) dated six zircon and titanite frac-
tions from two compositionally distinct phases of the plu-
ton, giving a weighted mean 2°’Pb/?°°Pb date of
3227+ 1 Ma (excluding systematic errors). The equiva-
lence of titanite and zircon dates, in combination with
207pp/?°°Ph apatite dates of ~3225.6 Ma (Schoene and
Bowring, 2003), indicates a very rapid post-intrusion cool-
ing history for the Kaap Valley pluton, assuming a closure
temperature of ~600 °C for titanite (Cherniak, 1993; Corfu
and Stone, 1998; Frost et al., 2000) and ~500 °C for apatite
(Chamberlain and Bowring, 2000; Cherniak et al., 1991).
Single-grain step-heating experiments on hornblende yield
a weighted mean *°Ar/*Ar date of 3213.4+4.3
(MSWD = 0.4; internal errors, excluding 2 of 6 analyses
whose plateaus comprise <60% of total Ar released; Layer
et al., 1992) relative to the primary K-Ar standard 3GR
(aka Hb3gr) at 1071 Ma (Zartman, 1964).

Our sample was collected from a roadcut located several
kilometers east of the pass on R61 between Badplaas and
Barberton, Mpumalanga, South Africa. This phase of the
pluton is a fine-grained biotite tonalite containing abundant
zircon and apatite. Thirteen air-abraded zircons, one multi-
grain zircon fraction, and four chemical-abraded grains
were analyzed. All analyses, except for one, form a statisti-
cally significant cluster (MSWD of equivalence = 0.5). They
yield a weighted mean **’Pb/**°Pb date of 3227.2 + 0.2/
7.4 Ma (MSWD = 0.5), a weighted mean **’Pb/**°U date
of 3224.9 4- 0.4/0.5/1.8 Ma (MSWD = 0.6), and a weighted
mean *"°Pb/>®U  date of 3221.4+0.8/1.2/3.6 Ma
(MSWD =0.5).

3.3. Eglab porphyry (EGB-032)

EGB-032 is an unmetamorphosed hornblende-biotite
dacite porphyry derived from the Eglab region of the Reg-
uibath massif, west Africa (Peucat et al., 2005). Horn-
blende gives a weighted mean step-heating *°Ar/*’Ar date
of 2054.6 + 2.4 (external sources of error excluded), based
on an age of 28.02 Ma for the Fish Canyon sanidine (P.
Renne, personal comm., 2005). Of 14 analyses, four air-
abraded and seven chemical-abraded analyses form a single
discordant cluster (MSWD of equivalence = 0.2). They
yield a weighted mean 2°’Pb/?°°Pb date of 2071.6 + 0.4/
6.1 (MSWD =0.2), a weighted mean 2°’Pb/?**U date of
2069.5 & 0.4/0.5/1.7 Ma (MSWD = 0.3), and a weighted
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Fig. 1. U-Pb concordia diagrams. Gray band is the concordia curve error envelope using U decay constants and 95% confidence intervals from Jaffey
et al. (1971). Plotted with ISOPLOT (Ludwig, 1991). Error ellipses include internal errors only and are at the 95% confidence level.

mean  2%°Pb/?®U  date  of  2067.540.7/0.9/2.8
(MSWD = 0.2).

3.4. OGNG

The QGNG zircon standard is derived from a quartz-
gabbro/norite gneiss from the Eyre peninsula, southern

Australia. Black et al. (2003b) assigned a weighted mean
207pp/2%°pPh date of 1851.6 + 0.6 Ma (MSWD = 0.6) and
a weighted mean 2°°Pb/**®U date of 1842.0 + 3.1 Ma (both
exclude decay constant errors) using a subset of the most
precise, least discordant analyses that were obtained from
a single laboratory. In their dataset, the **°Pb/***U dates
show more variability (0.4%) than the 2°’Pb/**°Pb dates,



Table 1

U-Pb isotopic data

Sample f,—g: Pb. (pg) % Isotopic ratios Dates(Ma) % disc.
o e Yeerr kP Yeerr oo Yeerr  corr. kP £ £ mR +
(a) (b) (c) (d) (e) 4] ® (g) ® (2) (g coef.  (h) (i) (h) (i) (h) (@) (0)]
JCA-62-02 Granite in Narryer gneiss complex
zla* 2597 0.29 0.34 139617  0.091  0.670922  0.05 25.10333  0.07 027137 0.04 0.787 330943 133 331224 0.64 331394 063 0.14
z1b* 903  0.53 0.37 48314  0.098  0.670656  0.07 25.09321  0.08 0.27137  0.04 0.863 330840 1.84 3311.85 0.81 331394 065 0.17
zlc* 1201  0.44 0.36 64274 0.097  0.671097  0.05 25.10611  0.07 0.27133  0.04 0.789  3310.11 1.35 3312.35 0.64 331371 0.63 0.11
z1d* 943 0.32 0.35 50630  0.093  0.671272  0.06 25.11060  0.08 0.27130  0.04 0.834 331078 1.63 3312.53 0.74 3313.58 0.65 0.08
72a* 232 0.39 0.36 12420 0.097  0.670902  0.12 25.08919  0.13 027122 0.06 0.889  3309.35 3.09 3311.69 131 3313.11 096 0.11
72b* 109  0.27 0.35 5876 0.093  0.663882  0.11 24.68440  0.13 0.26967  0.07 0.820 328221 273 329582 1.27 3304.10 1.17  0.66
z3* 114 036 0.33 6172 0.087  0.668920  0.13 2498632  0.15 0.27091  0.08 0.850  3301.70 329 3307.68 147 331131 124 0.29
EKCO02-51 Kaap Valley pluton
z1 66 1.79 0.54 3508  0.144  0.648392  0.16 2296112 0.16 0.25683  0.05 0.958 322192 398 322530 1.60 3227.39 0.74 0.17
75 148  0.79 0.54 7806  0.145  0.648467  0.09 22.96530  0.10 0.25685  0.05 0.871 322221 223 322547 098 3227.50 0.78 0.16
77 53 1.06 0.46 2819  0.125  0.648074  0.16 2294685  0.18 0.25680  0.07 0.920  3220.68 4.12 322469 1.72 3227.18 1.10  0.20
28 18 1.98 0.56 959  0.149  0.648473  0.27 2295927  0.29 0.25678  0.11 0.928 322224 6.74 322522 279 3227.07 1.68 0.5
79 48 171 0.54 2530  0.145  0.648570  0.18 2297234 0.19 0.25689  0.06 0.952 322262 4.64 322577 1.88 322773 093 0.16
z10 45  1.65 0.50 2399 0.135  0.644285  0.34 2277233 0.35 0.25635  0.06 0.984  3205.84 858 321726  3.36 322440 098  0.58
z11 54 1.52 0.67 2796  0.179  0.648177  0.16 2295640  0.17 0.25687  0.05 0951  3221.08 4.13 322510 1.67 3227.60 0.83 0.20
z12 135 0.80 0.66 6953  0.176  0.648418  0.08 2295658  0.09 0.25677  0.05 0.844 322202 203 322510 0.92 3227.02 080 0.I5
z13 100 1.02 0.50 5301  0.134  0.647344  0.15 2291348  0.16 0.25672  0.05 0.949 3217.82 385 322327 1.56 3226.67 080 0.27
z14 25 095 0.45 1356 0.120  0.648286  0.25 2295805  0.26 0.25684  0.06 0970  3221.51 634  3225.17 2.51 322744 1.00 0.18
z16 174 0.77 0.47 9278  0.127  0.647780  0.22 2293461  0.22 0.25678  0.05 0974  3219.53 555 322417 219 3227.06 080 0.23
z17 64 0.74 0.26 3571 0.070  0.648292  0.12 2295085  0.13 0.25676  0.05 0.927  3221.53 3.08 322486 1.28 322694 0.78 0.17
z18 98 1.10 0.53 5159  0.143  0.647710  0.18 2293388  0.21 0.25680  0.11 0.854  3219.25 454 322414 2.04 3227.18 1.73 0.25
z19a 698  1.32 0.49 37067  0.131  0.645508  0.07 22.85424  0.08 0.25678  0.04 0.867  3210.63 1.78  3220.76  0.79  3227.06 0.64 0.51
z19b 656  1.40 0.49 34848  0.131  0.645607  0.10 22.85362  0.10 0.25674  0.04 0.920 3211.02 241 3220.73 1.01 322678 0.64 0.49
zal* 83 1.28 0.34 4548  0.092  0.648511  0.12 2295610  0.13 0.25673  0.07 0.853 322238 292 322508 1.31 322677 1.11 0.14
za3* 43 149 0.37 2347  0.100  0.648273  0.15 2295005  0.17 0.25676  0.06 0.929 322145 383 322483 1.61 322692 096 0.17
za4* 161 1.03 0.39 8720  0.106  0.648258  0.20 2294795  0.21 0.25674  0.07 0951 322140 510 322474 2.06 322681 1.03 0.17
za5* 98  1.06 0.32 5405  0.086  0.648202  0.10 2294780  0.11 0.25676  0.05 0.909  3221.17 2.55 322473 1.08 322694 0.73 0.18
EGB-032 Eglab porphyry
zl 50 0.56 0.68 2774 0.198  0.375949  0.22 6.63698  0.23 0.12804  0.07 0.946  2057.33 380 206428 2.02 2071.23 131 0.67
72 55 0.55 0.83 2985  0.239 0378150  0.11 6.67659  0.14  0.12805  0.08 0.841  2067.64 2.03 2069.53 122 207141 132 0.18
z3 62 0.61 0.51 3630 0.145  0.378797  0.12 6.70051  0.14  0.12829  0.06 0.893  2070.66  2.15 2072.69 120 207471 1.08  0.19
74 24 0.65 0.90 1310  0.259  0.378265  0.19 6.68110 0.24  0.12810  0.15 0.801  2068.17 341 2070.12 2.15 2072.07 257 0.19
75 23 0.72 0.75 1268  0.217  0.377682  0.25 6.66810  0.28 0.12805  0.12 0.907 206545 449 206840 249 2071.37 2.10 0.29
z8 50  0.62 0.76 2744  0.224  0.368262  0.22 6.50328  0.23 0.12808  0.08 0.942  2021.22 3.79 2046.34 2.05 2071.75 138 244
79 16 047 0.77 900  0.222  0.378309  0.28 6.67986  0.33 0.12806  0.16 0.866  2068.38 496 206996 290 2071.55 290 0.15
zal* 244 0.72 0.75 13410  0.215  0.378087  0.09 6.67574  0.11 0.12806  0.05 0.870  2067.34 1.64 206942 094 207148 093 0.20
za2* 83 1.20 0.74 4596  0.212  0.378056  0.10 6.67449  0.11 0.12804  0.05 0.882  2067.20 1.76  2069.25 1.00  2071.30 094  0.20
za3* 143 0.58 0.55 8194  0.159  0.378089  0.10 6.67645  0.11 0.12807  0.06 0.869  2067.35 1.76  2069.51 1.01  2071.66 1.00 0.21
za4* 67  0.58 0.74 3681  0.213  0.378271  0.10 6.68083  0.12 0.12809  0.06 0.884  2068.20 1.84  2070.09 1.05 2071.96 097 0.18
za5* 130 0.52 0.77 7117 0.222  0.378062  0.16 6.67546  0.16 0.12806  0.05 0.949 2067.22 2.76  2069.38 145 2071.53 092 0.21
za6* 32 1.08 0.77 1768  0.221  0.378236  0.20 6.67927  0.21 0.12807  0.07 0936  2068.04 349 2069.88 1.86 2071.71 130 0.18
za7* 80  0.51 0.79 4371  0.227  0.378060  0.21 6.67451  0.22 0.12804  0.07 0.955 2067.21 3.70  2069.25 194 2071.27 1.15 0.20

(continued on next page)
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Table 1 (continued)

Sample % Pb. (pg) % Isotopic ratios Dates(Ma) % disc.
iﬁj—gg iﬁi}ig ﬂ;—l’g Yoerr Z;’;—P[}’ Yoerr igZ—Eg Y%err  corr. 22032—])1}’ + 2;;751;}’ + i‘gl%; +
(a) (b) (¢) (d) (e) ® Q) (g) ® (g) ® (g coef.  (h) (@) (h) @) (h) (@) G)
QGNG
z1* 484 1.25 0.97 25374  0.283  0.331978  0.05 5.18061  0.07 0.11318  0.04 0.750 184796 0.81 184944 057 1851.10 081 0.17
2% 454 0.94 1.03 23564  0.299  0.332255  0.07 5.18714  0.09 0.11323  0.05 0.845  1849.30  1.18  1850.51 0.74 1851.86 0.84 0.14
73* 377 2.17 0.89 20179  0.258  0.332009  0.07 5.18396  0.08 0.11324  0.04 0.846  1848.11 1.14 184999 0.72  1852.10 0.81 0.22
4% 256 1.83 1.00 13358 0.290  0.332171  0.10 5.18437  0.12 0.11320  0.06 0.866 184890 1.64 1850.05 1.0l 1851.37 1.07  0.13
75* 111 4.67 1.02 5780  0.297  0.331893  0.09 5.17929  0.10 0.11318  0.05 0.889  1847.55 1.48 1849.22 088 1851.10 0.86 0.19
26.1* 759 0.47 1.00 39559 0.292  0.332313  0.05 5.18675  0.07 0.11320  0.04 0.781  1849.58  0.85 1850.44 0.58 185142 0.76 0.10
77.1% 276 1.12 1.04 14305  0.303  0.332176  0.06 5.18380  0.08 0.11318  0.06 0.723 184892 098 184996 0.72  1851.12 1.05 0.12
AS3 Duluth Complex anorthitic series
za2* 330 0.89 0.61 19172 0.185  0.185287  0.05 1.94545  0.07 0.07615  0.05 0.681  1095.79 049 1096.88 048 1099.02 1.04 0.29
zad* 823 0.40 0.71 46658 0217  0.1852838  0.05 1.94505  0.07 0.07613  0.05 0.731 109580  0.49 1096.74 0.44 1098.60 0.90  0.26
za5* 2445 0.40 0.66 140356  0.200  0.185287  0.05 1.94462  0.06 0.07612  0.04 0.747  1095.80 046 1096.59 041 1098.18  0.82  0.22
za6* 213 1.28 0.62 12347 0.187  0.185319  0.05 1.94543  0.07 0.07614  0.05 0.734 109597 0.50 1096.87 0.46  1098.65 092 0.24
za7* 195 1.11 0.56 11487  0.169  0.185367  0.09 1.94590  0.11 0.07614  0.07 0.763  1096.23  0.88  1097.03  0.77 1098.65 1.48 0.22
za8* 775 0.76 0.65 44570 0.198  0.185342  0.06 1.94598  0.07 0.07615  0.05 0.788  1096.09  0.58 1097.06 0.49  1098.98 090 0.26
za9* 635 0.91 0.61 36929  0.185  0.185313  0.05 1.94519  0.07 0.07613  0.04 0.743 109594 049 1096.79 044  1098.51 0.89 0.23
zal0* 987 0.74 0.62 57263  0.187  0.185236  0.06 1.94438  0.07 0.07613  0.04 0.797  1095.52  0.57 1096.51 047 1098.51 085 0.27
MS99-30 Palisade rhyolite
za2* 100 0.96 0.83 5545  0.252  0.184970  0.07 1.93859  0.10 0.07601  0.07 0.735  1094.07 0.72 1094.51 0.65 109540 0.72 0.12
za3* 79 1.25 0.89 4295 0270  0.184947  0.16 1.93919  0.20 0.07605  0.12 0.791  1093.94 1.58 1094.72 133  1096.25 133 0.21
za4* 48 0.92 0.89 2609  0.269  0.185036  0.11 1.94024  0.14 0.07605  0.08 0.806 109443 1.13  1095.08 094 109637 091  0.18
7a6* 36 1.20 0.81 2029  0.245  0.184909  0.14 1.93815  0.17 0.07602  0.09 0.837 1093.74 143 109436 1.15 1095.63 1.03 0.17
za7* 26 4.91 0.85 1435 0.259  0.185003  0.16 1.93958  0.21 0.07604  0.12 0.804  1094.25 1.65 109485 1.37 1096.07 1.34 0.17
zal0* 204 1.15 0.82 11341  0.250  0.184910  0.07 1.93813  0.09 0.07602  0.06 0.775  1093.74  0.73 1094.35 0.63 109558 0.65 0.17
z1 43 3.69 0.78 2396  0.240  0.183121  0.10 1.92213  0.13 0.07613  0.08 0.779  1084.00 1.02 1088.81  0.88 1098.42 0.90 1.31
z1.1 34 0.90 0.68 1948  0.207  0.184877  0.12 1.93883  0.21 0.07606  0.16 0.634  1093.56  1.22  1094.59 140 1096.65 1.78 0.28
72 19 3.32 0.89 1035  0.269  0.184966  0.19 1.93941  0.27 0.07605  0.18 0.743  1094.05 1.95 109480 1.79 1096.28 1.96 0.20
72.1 59 0.94 0.76 3323 0.231  0.184958  0.09 1.93930  0.14 0.07605  0.11 0.650 109400 086 1094.76 093 109628 1.16 0.21
73 77 1.51 0.85 4257 0.259  0.184996  0.07 1.93955  0.11 0.07604  0.08 0.698  1094.21 0.73  1094.84 0.72 1096.09 0.84 0.17
74 61 1.20 0.88 3340  0.266  0.185009  0.27 1.93968  0.29 0.07604  0.08 0.955 109428 276  1094.89 192 1096.09 093 0.16
74.1 55 1.37 0.83 3044  0.253  0.184936  0.08 193934  0.13 0.07606  0.10 0.620  1093.89  0.77 1094.77 0.86  1096.56  1.10  0.24
75 23 2.52 0.84 1286 0.254  0.185072  0.17 1.93971  0.21 0.07601  0.13 0.790  1094.62 1.68 109490 1.42 109544 142 0.07
75.1 27 1.27 0.86 1485  0.262  0.185096  0.17 1.94045  0.21 0.07603  0.13 0.788  1094.76  1.67 1095.16 1.43 109595 1.44 0.11
26.1 37 1.87 0.87 2036 0.265  0.184898  0.10 1.93856  0.14 0.07604  0.10 0.734  1093.68 1.03 1094.50 094 1096.14 1.04 0.22
z6 115 1.49 0.77 6421  0.236  0.182514  0.05 1.91220  0.08 0.07599  0.06 0.658  1080.70  0.53  1085.35 0.55 1094.69 0.68 1.28
77 98  11.89 0.78 5407  0.236  0.185114  0.06 1.94145  0.09 0.07606  0.06 0.713 109485 0.61 1095.50 0.58 1096.79 0.66  0.18
79 14 4.05 0.79 818  0.239  0.184908  0.29 1.93870  0.35 0.07604  0.20 0816  1093.73  2.87 1094.55 237 1096.18 224 0.22
710 39 1.70 0.82 2174 0.250  0.185107  0.41 1.94068  0.44 0.07604  0.15 0944 109482 416 109523 295 1096.04 1.59 0.11
z11 36 2.03 0.85 1978  0.258  0.185173  0.16 1.94262  0.19 0.07609  0.09 0.862  1095.17 1.62 109590 1.25 109735 1.04 0.20
91500
72 227 2.47 0.36 14093  0.108  0.179343  0.05 1.85250  0.07 0.07492  0.04 0.760  1063.38  0.49 1064.32 044 106626 087 0.27
z12 1654 0.96 035 102639  0.106  0.179348  0.06 1.85281  0.07 0.07493  0.04 0.805 106341 0.58 106443 048 1066.53 0.87 0.29
713 1058 0.84 0.36 65582  0.108  0.179354  0.05 1.85272  0.06 0.07492  0.04 0.764 106344 048 106440 042 1066.39 084 0.28
z14 1073 0.83 0.35 66606  0.107  0.179364  0.07 1.85251  0.08 0.07491  0.05 0.828  1063.50  0.66 106432  0.54 1066.02 092 0.24
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z15 389 1.72 0.34
z18 372 0.61 0.35
720 210 0.87 0.35
76413

x1k 11286 0.49 0.16
x1m 5476 0.30 0.15
x1n 5158 0.13 0.17
x1p 4623 0.16 0.17
x1q 2622 0.21 0.17
x1r 2478 0.23 0.17
xlu 2494 0.21 0.16
76266

z1 88 0.62 0.22
73 83 2.02 0.22
z7a* 165 0.55 0.22
79a* 105 0.71 0.22
z10a* 76 0.72 0.22
z12a* 288 0.39 0.22
z13a* 263 0.67 0.22
NMB-03-1 N North Mountain basalt
3 156 1.10 2.23
74 195 1.13 2.00
75 131 0.77 1.63
z8 187 0.56 2.23
z11 155 0.92 1.85
z12 136 0.80 2.29
z18 1658 0.44 2.50
z19 1967 0.38 2.36
720 283 1.34 1.86
721 345 1.41 2.42
RSES01-98 (GA-1550)

z1 185 1.22 0.38
72 205 0.64 0.70
73 72 0.85 0.34
74 154 0.83 0.67
z5 106 1.25 0.50
76 298 0.99 0.56
z7 447 1.02 0.46
79 154 0.71 0.45
z10 103 0.50 0.65
z10.5 332 0.94 0.76
z11 326 0.93 0.63
z12 96 1.17 0.49
z13 98 2.64 0.52
z15 173 0.92 0.79
z16 35 393 0.47
zl7aa 55 1.33 0.58
z18aa 137 1.27 0.53

24213
23079
13016

738065
359189
336515
301712
171135
161766
162828

5736
5426
10733
6821
4972
18719
17098

6468
8459
6078
7788
6899
5612
65403
79326
12607
13836

11716
11944
4645
9017
6530
17994
27591
9523
6051
19001
19253
5911
5955
9822
2174
3317
8328

0.105
0.107
0.107

0.049
0.045
0.050
0.050
0.051
0.051
0.050

0.068
0.069
0.069
0.069
0.069
0.069
0.069

0.720
0.642
0.526
0.714
0.596
0.733
0.804
0.764
0.597
0.776

0.121
0.222
0.109
0.215
0.159
0.178
0.148
0.145
0.209
0.245
0.203
0.158
0.166
0.254
0.151
0.187
0.171

0.179388
0.179444
0.179364

0.167425
0.167455
0.167439
0.167422
0.167379
0.167410
0.167436

0.090650
0.090634
0.090652
0.090621
0.090633
0.090641
0.090597

0.031713
0.031711
0.031718
0.031713
0.031703
0.031718
0.031728
0.031710
0.031719
0.031713

0.015496
0.015499
0.015501
0.015499
0.015484
0.015577
0.015488
0.015491
0.015498
0.015504
0.015491
0.015496
0.015494
0.015481
0.015489
0.015456
0.015481

0.06
0.05
0.05

0.05
0.06
0.05
0.04
0.05
0.04
0.04

0.07
0.07
0.05
0.05
0.06
0.05
0.05

0.06
0.05
0.05
0.06
0.05
0.06
0.05
0.05
0.07
0.04

0.05
0.05
0.06
0.05
0.06
0.05
0.05
0.05
0.05
0.06
0.05
0.06
0.06
0.05
0.10
0.10
0.05

1.85331
1.85335
1.85330

1.67321
1.67389
1.67358
1.67329
1.67275
1.67331
1.67344

0.73602
0.73566
0.73565
0.73559
0.73593
0.73539
0.73512

0.21948
0.21939
0.21955
0.21939
0.21944
0.21944
0.21959
0.21956
0.21950
0.21941

0.10266
0.10268
0.10273
0.10271
0.10261
0.10320
0.10262
0.10262
0.10306
0.10283
0.10273
0.10279
0.10267
0.10258
0.10284
0.10252
0.10266

0.07
0.07
0.08

0.07
0.07
0.07
0.06
0.07
0.06
0.06

0.11
0.10
0.07
0.08
0.10
0.08
0.07

0.10
0.08
0.09
0.11
0.09
0.11
0.07
0.07
0.09
0.07

0.07
0.08
0.10
0.08
0.09
0.08
0.07
0.08
0.10
0.08
0.08
0.09
0.09
0.07
0.16
0.15
0.08

0.07493
0.07491
0.07494

0.07248
0.07250
0.07249
0.07249
0.07248
0.07249
0.07249

0.05889
0.05887
0.05886
0.05887
0.05889
0.05884
0.05885

0.05020
0.05018
0.05020
0.05017
0.05020
0.05018
0.05019
0.05022
0.05019
0.05018

0.04805
0.04805
0.04807
0.04806
0.04806
0.04805
0.04805
0.04805
0.04823
0.04810
0.04810
0.04811
0.04806
0.04806
0.04816
0.04810
0.04809

0.04
0.05
0.06

0.04
0.04
0.05
0.04
0.05
0.04
0.04

0.09
0.07
0.06
0.06
0.07
0.06
0.05

0.08
0.07
0.07
0.09
0.07
0.09
0.05
0.05
0.06
0.06

0.05
0.06
0.08
0.06
0.07
0.06
0.05
0.06
0.08
0.06
0.06
0.07
0.06
0.05
0.12
0.11
0.06

0.789
0.688
0.615

0.789
0.826
0.736
0.716
0.723
0.716
0.702

0.610
0.698
0.639
0.707
0.667
0.648
0.701

0.625
0.596
0.607
0.618
0.618
0.597
0.712
0.696
0.796
0.624

0.669
0.640
0.649
0.633
0.621
0.633
0.680
0.599
0.569
0.697
0.693
0.648
0.704
0.654
0.637
0.697
0.639

1063.63
1063.94
1063.50

997.91
998.08
997.99
997.89
997.65
997.83
997.97

559.38
559.28
559.39
559.21
559.28
559.32
559.07

201.26
201.25
201.29
201.26
201.20
201.29
201.36
201.24
201.30
201.26

99.12
99.14
99.16
99.15
99.05
99.64
99.08
99.09
99.14
99.18
90.09
99.13
99.12
99.03
99.08
98.88
99.03

0.54
0.45
0.48

0.48
0.56
0.48
0.39
0.44
0.42
0.40

0.36
0.36
0.25
0.29
0.34
0.26
0.26

0.12
0.10
0.11
0.13
0.11
0.12
0.09
0.09
0.14
0.09

0.05
0.05
0.06
0.05
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.06
0.06
0.05
0.10
0.10
0.05

1064.61
1064.62
1064.60

998.41
998.66
998.55
998.44
998.23
998.44
998.49

560.08
559.87
559.86
559.83
560.03
559.71
559.56

201.48
201.40
201.54
201.40
201.45
201.44
201.56
201.54
201.49
201.42

99.23
99.25
99.30
99.27
99.18
99.73
99.19
99.19
99.59
99.38
99.29
99.35
99.23
99.15
99.40
99.10
99.23

0.46
0.44
0.52

0.42
0.47
0.45
0.37
0.42
0.40
0.39

0.48
0.42
0.32
0.34
0.43
0.32
0.30

0.18
0.15
0.17
0.20
0.17
0.20
0.12
0.12
0.17
0.13

0.07
0.07
0.10
0.08
0.09
0.08
0.07
0.08
0.09
0.08
0.07
0.09
0.08
0.07
0.15
0.14
0.07

1066.62
1066.02
1066.85

999.50
999.95
999.77
999.63
999.50
999.82
999.63

562.91
562.24
561.76
562.37
563.12
561.31
561.52

204.10
203.22
204.47
203.08
204.32
203.22
204.03
205.05
203.81
203.22

101.72
101.80
102.62
102.24
102.24
101.79
101.87
101.50
110.47
104.34
104.04
104.71
102.09
102.02
106.88
104.34
103.89

0.87
0.97
1.26

0.82
0.85
0.97
0.83
0.92
0.89
0.88

1.94
1.54
1.25
1.21
1.63
1.25
1.07

1.83
1.57
1.68
1.98
1.67
2.03
1.07
1.11
1.29
1.30

1.29
1.40
1.81
1.50
1.75
1.49
1.20
1.52
1.88
1.36
1.32
1.71
1.45
1.27
2.89
2.53
1.40

0.28
0.20
0.31

0.16
0.19
0.18
0.17
0.18
0.20
0.17

0.63
0.52
0.42
0.56
0.68
0.35
0.44

1.39
0.97
1.55
0.89
1.53
0.95
1.31
1.86
1.23
0.96

2.55
2.61
3.37
3.03
3.12
2.12
2.74
2.37
10.25
4.94
4.75
5.33
2.92
2.93
7.29
5.23
4.67

(continued on next page)
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Age (Ma)
[l internal error only
|:| including decay constant error (0.11%
for 238U, 0.14% for 25U )
. . 33I10 . 33'14 . 33'18 i
[ | ]| 3313.7£0.3/7.6 Ma (MSWD = 0.7)
1 3312.2+0.3/0.5/ 1.8 Ma (MSWD = 0.6)
[ THET 3309.7+0.7/1.1/ 3.8 Ma (MSWD = 1.1)
Zrc JCA-62-02
3220 3224 3228 3232
‘ |' —— | | ———— ]| 3227.2+ 0.2/ 7.4 Ma (MSWD = 0.5)
Cmd 3224.9+0.4/0.5/1.8 Ma (MSWD = 0.6)
[ || 3221.4£0.8/1.2/3.6 Ma (MSWD = 0.5)
Zrc EKC02-51
. 20'68 . 20'72 20'76
[ | | ]| 2071.6 £ 0.4/ 6.1 Ma (MSWD = 0.2)
[ | 2069.5+0.4/0.5/1.7 Ma (MSWD = 0.3)
1 2067.5+0.7/0.9/2.8 Ma (MSWD = 0.2)
Zrc EGB-032
1 8'46 . 1 8'50 . 1 8'54 .
[ || ]| 1851.5+ 0.3 /5.8 Ma (MSWD = 1.2)
] 1850.0 £0.5/0.6 /1.7 Ma (MSWD = 1.9)
[ TT 1 1848.7 £0.7/0.9/2.7 Ma (MSWD = 2.1)
Zrc QGNG
1 0.94 . 1 0.98 . 1 .02
[ | | ]| 1098.6 + 0.3 /5.0 Ma (MSWD = 0.4)
] 1096.8 £ 0.2/ 0.3/ 1.2 Ma (MSWD = 0.6)
1 1095.9+£0.2/0.3/ 1.4 Ma (MSWD = 0.5)
Zrc AS3
10|92 10.96 11|00
[ || ]| 1096.1 + 0.4 / 5.0 Ma (MSWD = 0.3)
] 1094.8 £0.2/0.3/1.2 Ma (MSWD = 0.8)
] 1094.2+£0.2/0.4/1.5 Ma (MSWD =0.7)
Zrc MS99-30
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207Pb/ 206Pb age: internal error only / including tracer calibration & decay constant errors
[ including tracer calibration error (0.014%) | 207Pb/ 235U age: internal error only / including tracer calibration error / including tracer calibration & decay constant errors
206Pp/ 238 age: internal error only / including tracer calibration error / including tracer calibration & decay constant errors

10.62 . 10.66 10.70
[ || ]| 1066.4 £ 0.3 /5.0 Ma (MSWD = 0.4)
1 1064.5+0.2/0.3/1.2 Ma (MSWD = 0.3)
I 1063.6 +0.2/0.3/ 1.4 Ma (MSWD = 0.7)
Zrc 91500
9‘::)5 . 9?9 1q03
[ || ]| 999.7 £ 0.3/ 5.0 Ma (MSWD = 0.2)
] 998.5+0.2/0.2/1.1 Ma (MSWD = 0.4)
I 997.9£0.2 /0.3/1.3 Ma (MSWD =0.3)
Xnt 26413
5.58 . 56'32 . 5f'36
| | ]| 562.00 + 0.50 / 4.59 Ma (MSWD = 0.9)
[l W 559.80 +0.13/0.18/0.76 Ma (MSWD = 1.0)
] 559.27 +0.11/0.19/0.79 Ma (MSWD = 0.7)
Zrc 26266
2(')0 2(')4 298
[ || ]| 203.97 £ 0.45 / 4.32 Ma (MSWD = 0.9)
m 201.48 + 0.05/0.07 / 0.32 Ma (MSWD = 0.7)
|I| 201.27 £ 0.03/0.06 / 0.27 Ma (MSWD = 0.7)
Zrc NMB-03-1
. 9.9 i 101 i 193 . 1(')5 .
[ || ]| 102.14 + 0.47 / 4.26 Ma (MSWD = 0.5)
m 99.24 + 0.03/0.04 / 0.17 Ma (MSWD = 0.8)
[]] 99.12+0.02/0.03/ 0.14 Ma (MSWD = 1.0)
Zrc RSES01-98

Fig. 2. Weighted mean U-Pb dates (in Ma) for equivalent data clusters. Analyses included in the weighted mean calculations are shown in Table 1 and

Fig. 1. Errors are at the 95% confidence level.

3.7. Zircon 91500

Zircon crystal 91500 is from a syenite pegmatite in Ontar-
i0, Canada (Hewitt, 1953; Wiedenbeck et al., 1995). Wieden-
beck et al. (1995) assigned a weighted mean 2°’Pb/?°°Pb date
of 1065.4 + 0.6 Ma (MSWD = 1.3) and a weighted mean
206pp/238 date of 1062.4 4+ 0.8 Ma (MSWD = 2.1) based
on data from three laboratories. Similar °’Pb/**°Pb dates
were more recently reported, but some of the analyses are
more discordant (Amelin and Zaitsev, 2002; Paquette and
Pin, 2001). Large fragments that we obtained were broken
and air-abraded. Seven fragments form a statistically signif-
icant cluster (MSWD of equivalence = 0.5). They yield a
weighted mean *°’Pb/>?°Pb date of 1066.4 + 0.3/5.0 Ma
(MSWD = 0.4), a weighted mean *“’Pb/?°U date of
1064.5 £0.2/0.3/1.2 Ma (MSWD =0.3), and a weighted
mean “°Pb/*U  date of 1063.6 4+ 0.2/0.3/1.4 Ma
(MSWD = 0.7).

3.8. Xenotime z6413

76413 is derived from a granite which contains mega-
crysts of xenotime, originally collected from within the Pur-

dy #3 Mine, Mattawan Township, Ontario, Canada (see
Stern and Rayner, 2003 for detailed description). Stern
and Rayner (2003) assigned a weighted mean 2°’Pb/**°Pb
date of 996.7 + 0.8 Ma (MSWD =0.7) and a weighted
mean “°°Pb/>**U date of 993.8 + 0.7 Ma (MSWD = 0.3).
Seven small fragments that we analyzed form a statistically
significant cluster (MSWD of equivalence = 0.2). They
yield a weighted mean *°’Pb/?*°Pb date of 999.7 + 0.3/
5.0 Ma (MSWD = 0.2), a weighted mean **’Pb/**°U date
of 998.540.2/0.2/1.1 Ma (MSWD = 0.4), and a weighted
mean “"°Pb/®U  date of 997.9 +0.2/0.3/1.3 Ma
(MSWD =0.3).

3.9. Zircon z6266

76266 is a zircon megacryst from Sri Lanka (Stern, 2001;
Stern and Amelin, 2003) for which Stern and Amelin (2003)
assigned a weighted mean 2°Pb/?°Pb date of
562.6 + 0.4 Ma (MSWD =1.2) and a weighted mean
206pp/238y date of 559.0 +0.2 Ma (MSWD = 1.1). Five
chemical-abraded and two air-abraded grains that we ana-
lyzed form a discordant cluster (MSWD of equiva-
lence = 0.8). They yield a weighted mean 2°’Pb/?°°Pb



436 B. Schoene et al. 70 (2006) 426445

date of 562.00 & 0.50/4.59 Ma (MSWD = 0.9), a weighted
mean *’Pb/?°U date of 559.80 4+ 0.13/0.18/0.76 Ma
(MSWD = 1.0), and a weighted mean 2°°Pb/>**U date of
559.27 4 0.11/0.19/0.79 Ma (MSWD = 0.7).

3.10. North Mountain basalt (NMB-03-1)

The North Mountain basalt was erupted in association
with the rifting of North America in the early Jurassic
and is part of the Newark Supergroup, Nova Scotia, Can-
ada (Hodych and Dunning, 1992). Pegmatitic lenses within
the basalt contain abundant zircon which Hodych and
Dunning (1992) assigned a 2°°Pb/**U date of
202 + 1 Ma based on two multi-grain analyses. Ten air-
abraded zircon grains (collected from the same locality)
that we analyzed form a statistically significant cluster
(MSWD of equivalence = 0.8). They yield a weighted mean
*7Pb/**°Pb date of 203.97 £ 0.45/4.32 Ma (MSWD = 0.9),
a weighted mean 2°’Pb/?*°U date of 201.48 + 0.05/0.07/
0.32 Ma (MSWD 0.7), and a weighted mean 2°°Pb/**%U
date of 201.27 4 0.03/0.06/0.27 Ma (MSWD = 0.7).

3.11. GA-1550 monzonite (RSES01-98)

The GA-1550 biotite, derived from Mount Dromedary
complex, south of Narooma, New South Wales, Australia,
is one of the few primary K—Ar standards for which an age
has been determined based on a direct calibration of its
“OAr* concentration against a known volume of air. Three
K-Ar age determinations or recalibrations have been pub-
lished: 97.9 +1.8 (McDougall and Roksandic, 1974),
98.8 + 1.0 (Renne et al., 1998b), and 98.5 + 1.6 (Spell and
McDougall, 2003) (decay constant uncertainties excluded).
Sample RSES01-98 is a recollection of the monzonite from
the original quarry that yielded GA-1550 (McDougall and
Roksandic, 1974; Spell and McDougall, 2003).

Twenty zircons were analyzed, including three chemical-
abraded grains, and all analyses except one gave
206pp/238U dates of ca. 99.1 Ma. Although they define a
clear cluster, the 19 analyses are not equivalent. In addition
to Pb-loss and inheritance, intermediate daughter product
disequilibria can explain scatter in the *°’Pb/*°U (i.e., z6,
z10, z11, z12, z10.5, and z16) and *°°Pb/***U (z5, z15,
zl7aa, and z18aa) ratios, and these possibilities for zircon
discordance will be discussed in detail in the following sec-
tion. While analytical inaccuracies could also create the ob-
served scatter in the results, the consistency of the analyses
from other samples in this study suggests otherwise.
Regardless of the cause of the scatter, the 10 analyses that
form a statistically significant cluster (MSWD of equiva-
lence = 0.7) and are closest to concordia are likely to rep-
resent the crystallization age of the rock. The 10
equivalent analyses yield a weighted mean >°’Pb/?°°Pb date
of 102.14 +0.47/4.26 Ma (MSWD =0.5), a weighted
mean *'Pb/*’U date of 99.24 +0.03/0.04/0.17 Ma
(MSWD = 0.8), and a weighted mean 2°°Pb/*>**U date of
99.12 £ 0.02/0.03/0.14 Ma (MSWD = 1.0).

4. Discussion
4.1. Interpretation of systematic discordance of U-Pb data

Assigning high-precision absolute crystallization ages to
the samples is complicated because the *°’Pb/>°°Pb dates
do not agree within internal error of the 2*°Pb/>*®U dates
(Figs. 1 and 2). Explanations for the data include: (1) inter-
mediate daughter product disequilibria, (2) Pb-loss, (3) sys-
tematic analytical inaccuracies, and (4) decay constant
inaccuracies.

The incorporation of *'Pa and **°Th outside of secular
equilibrium during mineral crystallization results in either
an excess or deficiency of their respective daughter prod-
ucts, 2°’Pb and 2°°Pb, (Anczkiewicz et al., 2001; Mattinson,
1973; Mortensen et al., 1992; Parrish, 1990; Scharer, 1984).
If this phenomenon were important in shifting mineral
dates below concordia, as is observed in this study, it neces-
sitates a preferential exclusion of Th or a preferential inclu-
sion of Pa in the crystal lattice compared to the magma.
Evaluating the magnitude of such effects is difficult because
it requires some knowledge of the ratio of the Th/U (or Pa/
U) in the crystal to the Th/U (or Pa/U) in the host magma.
20Th disequilibrium is more easily dealt with in this case
because there is a limit of —108 kyr in the *°°Pb/?**U date
caused by Th deficiency (Parrish, 1990). Therefore, the po-
tential effect of 2*°Th disequilibrium is a strong function of
the age of the sample compared to the amount of discor-
dance observed. For example, in the youngest sample,
RSESO01-98, the discordance of the weighted mean dates
is 2.96 + 0.45% and with a maximum correction for °Pb
deficiency, the discordance becomes 0.27 4+ 0.47% and is
concordant within errors. For the second youngest sample,
the North Mountain Basalt, the discordance shifts from
1.32 £+ 0.22 to 0.68 + 0.22% discordant, which is significant
but not enough to explain the discordance. The effect be-
comes increasingly insignificant, such that for the oldest
sample, JCA-62-02, the discordance only shifts from
0.121 £ 0.023 to 0.117 = 0.023%. **'Pa excess is more diffi-
cult to quantify because there is no theoretical limit to its
magnitude, very little is known about the distribution coef-
ficient of Pa between minerals and magmas, and the oxida-
tion state of the magma and therefore the valence of Pa
may play a large role in its compatibility in zircon and
xenotime. Qualitative arguments for compatibility of Pa
into zircon show that in the tetravalent state, Pa*" is likely
to be less compatible that Zr**, and would cause a small
deficiency in 2°’Pb and therefore cannot explain our data-
sets (Barth et al.,, 1989; Mattinson, 1973; Schmitz and
Bowring, 2001). In the pentavalent state, Pa>" is likely to
be more compatible in zircon and may be responsible for
documented examples of excess °’Pb (Anczkiewicz et al.,
2001; Mattinson, 1973; Mortensen et al., 1992) and may
also be the cause for subtle scatter in many U-Pb datasets
(Amelin and Zaitsev, 2002). While we speculate that excess
207pb may be partially responsible for the observed scatter
in 2°’Pb/?*>U dates in sample RSES01-98, we find it
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exceedingly unlikely that it would affect each analyzed zir-
con from a sample equally and as a function of age such
that older samples show systematically larger absolute off-
set. Such systematic discordance is likely derived from a
systematic source.

Numerous studies have shown that U-Pb systematics in
zircon are usually complicated by an obvious or subtle
combination of multi-stage Pb-loss and inheritance, which
results in discordant data (e.g., Corfu et al., 2003; Pidgeon
and Aftalion, 1978; Wetherill, 1956). In fact, discordance is
observed so frequently in zircons from both young and old
igneous and metamorphic rocks such that seeking out con-
cordant zircons based on geologic context is nearly impos-
sible. However, nearly all processes that produce
discordance are highly unlikely to affect all grains from a
sample equally. In the case of Pb-loss, a common interpre-
tation is that the upper intercept of a discordia or a weight-
ed mean *°’Pb/?°°Pb date (for samples with recent Pb-loss)
is the best approximation of a crystallization age (see re-
views in Davis et al., 2003; Ireland and Williams, 2003; Par-
rish and Noble, 2003). Either interpretation hinges on
zircon discordance being a result of a single stage of Pb-loss
and the observation that such open-system behavior is
unlikely to affect every zircon from a population equally.
Discordant data produced from a mixture of two or more
domains of different ages are also unlikely to affect every
zircon from a sample equally. Because our data consist of
statistically equivalent, high-n, datasets from samples of
various ages, neither open-system behavior nor inheritance
is a viable explanation for the systematic discordance ob-
served. Instead, these data suggest that such factors, if pres-
ent, were eliminated through rigorous grain pre-treatment
including air-abrasion and/or chemical-abrasion.

The most important sources of systematic experimental
inaccuracies involve Pb mass fractionation and the calibra-
tion of the **Pb—>**U-?**U tracer solution. We are confi-
dent that Pb mass fractionation is accurate to within the
quoted errors (+0.04%/a.m.u.), and a sensitivity test shows
that reasonable changes in those values change all U-Pb
and 2°’Pb/?**°Pb dates of a given sample, but do not signif-
icantly change the amount of discordance. The best way to
address any inaccuracies in Pb mass fractionation for geo-
chronology, which will become increasingly important in
high-precision U-Pb geochronology, is through the use of
a 2?Pb—""Pb double spike (Todt et al., 1996).

The *Pb—>**U-***U tracer solution used in this study
was recently calibrated through a total of 11 experimental
isotope dilution mixtures (see analytical details). We note
that the new tracer calibration used in this study differs
from previous calibrations, and a notable example is that
the 2°°Pb/?*®U date from sample AS3 in this study differs
from that of Schmitz et al. (2003) by ~0.25%, largely from
differences in tracer calibration. Schmitz et al. (2003) sug-
gest based on concordant zircon data from that study that
the U decay constants need no revision, but note that be-
cause the magnitude of systematic uncertainties of the trac-
er calibration approaches that of the reported errors in the

U decay constants, their ability to quantitatively evaluate
the accuracy of the U decay constants is limited. The pres-
ent tracer calibration is more precise than previous calibra-
tions and we also believe it to be more accurate for several
reasons: (1) decreased U blank in tracer calibration exper-
iments through oxide analysis of U; (2) the isotopic compo-
sition of U in the tracer was determined by multiple
methods including critical mixtures (Hofmann, 1971; Rod-
dick et al., 1992) and standard isotope dilution with mass
fractionation corrected by referencing multiple standard
U solutions; (3) measurement of the Pb/U ratio in the trac-
er was conducted against three mixed U-Pb gravimetric
solutions that were prepared in independent laboratories
(see description in the analytical methods). The high level
of internal agreement of the resulting Pb/U ratio of the
tracer (2SE = 0.015%) ensures that any systematic errors
that resulted from mixing, weighing, dilution, distribution,
or the initial isotopic composition and concentrations of
the gravimetric solutions were very small relative to the
magnitude of observed discrepancies between U-Pb and
207pb/2%Pb dates.

Multiple recent ID-TIMS U-Pb studies from other lab-
oratories with independent mixed Pb-U tracers also ob-
serve slight discordance in weighted mean clusters of
zircons with 2°7Pb/**°Pb dates that are older than
206ph/238Y dates by ~0.3-0.6%. Datasets acquired at the
Royal Ontario Museum from samples Temora 1 (Black
et al., 2003a), QGNG (Black et al., 2003b), R33 (Black
et al., 2004), and z6266 (Stern and Amelin, 2003) all plot
slightly below the concordia curve. Data from z6266 ac-
quired at the Geological Survey of Canada show similar re-
sults (Stern and Amelin, 2003). We stress that continued
high-precision analysis of zircon standards by multiple lab-
oratories is the best way to provide an external check for
tracer calibration and other resolvable analytical problems
that result in interlaboratory variability.

Given that we rule out geological and analytical expla-
nations for the discordance in our datasets, the only viable
explanation for our data is that there is a systematic inac-
curacy, albeit within the stated uncertainties, in the pres-
ently accepted values of the U decay constants.

4.2. Assessing inaccuracies of the U decay constants

The >*U and ?*°U decay constants are the most precise-
ly known of those used in geochronology, with assigned
95% confidence interval uncertainties of 0.107 and
0.136%, respectively, based on the alpha-counting experi-
ments of Jaffey et al. (1971). That study included four
experiments on two separate batches of high-purity **U
and two experiments on one batch of high-purity >*°U.
All four experiments on >**U produced results that agree
within error and showed no indication of systematic errors
or drift in the experiments. The ***U experiments were
more precise than the ***U experiments, but were shown
to have an unknown source of systematic drift over the
course of the measurements, such that the two sequential
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experiments did not agree within error. To account for this,
Jaffey et al. (1971) multiplied the counting errors of the
25U activity results by 1.5 and propagated those into the
quoted errors for the study. Finally, Jaffey et al. (1971) con-
cluded that if further systematic errors exist, they “will no

Zrc 3310 Ma (JCA-62-02)
Zrc 3221 Ma (EKC02-51)
Zrc 2068 Ma (EGB-032)
Zrc 1848 Ma (QGNG)
Zrc 1096 Ma (AS3)
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more than double the quoted errors.” Because of this,
Mattinson (1987) suggested that the stated errors of the
238U and **°U decay constants should be inflated by a fur-
ther 50% for realistic use in geochronology.

Because individual U-Pb analyses of zircons in this
study approach the precision of the decay constants and
weighted means of equivalent populations are well within
those errors, it is possible to validate the accuracy of the
Jaffey et al. (1971) counting experiments empirically and
quantitatively (Begemann et al., 2001; Mattinson,
1994a,b, 2000). We believe that the analyses presented in
this study, which consistently plot below the concordia
curve (Fig. 1), are indicative of a systematic inaccuracy in
one or both of the U decay constants. Mattinson (2000)
reached a similar conclusion based on multigrain analyses
of <200 Ma zircon that yield **’Pb/?*°Pb dates that are sys-
tematically older than the 2°°Pb/>**U dates by 2 Myr (with
uncertainties of <1 Myr). Based on the assumption that the
238U decay constant is correct, Mattinson (2000) calculated
a >¥U decay constant of 9.857 x 1071 yr~! that is within
the error of the Jaffey et al. (1971) value but 0.09% higher
than the mean value.

We are now in a better position to quantitatively evalu-
ate the accuracy of the U decay constants using large data-
sets of single grains or grain fragments that span over three
billion years. The discrepancy between *°’Pb/**°Pb and
206pK/2381 in our data is, in fact, identical within errors
to that documented by Mattinson (2000) (Fig. 3), and if
we make the assumption that the >*®*U decay constant is
correct, we calculate a **U decay constant of 9.8569 +
0.0017/0.0110 x 107" yr~! (without/with error of Jsss;
Fig. 3). On the other hand, if we make the assumption that
the *>U decay constant is correct, we calculate a >**U de-
cay constant of 1.54993 = 0.00026/0.00219 x 10~ "% yr™!
(without/with error of A,3s; Fig. 3). Both numbers are with-
in error of the Jaffey et al. (1971) values, but 0.09% different
than the mean value. The most robust and precise calcula-
tion provided by our data, and the number that determines
whether or not a datum is concordant, is the ratio between
the 2*®U and the 2*°U decay constants (0.15738 + 0.00003;
Fig. 3), because it involves no assumption about the
absolute values of either decay constant and therefore we
need not propagate their errors. We should note that the

<

Fig. 3. U decay constants calculated from our U-Pb data (sample
numbers shown across the top), compared against values of Jaffey et al.
(1971) and Mattinson (2000) (the latter does not include errors in A,33). (A)
Calculated ***U decay constant, assuming the value >**U decay constant is
correct. (B) Calculated *®U decay constant, assuming the value 2*°U
decay constant is correct. (C) Calculated ratio of the U decay constants,
making no assumptions about their absolute values. Errors are at the 95%
confidence interval and are calculated using standard error-propagation
techniques and by assuming concordance of weighted mean 2°°Pb/>*$U
and 2°’Pb/**U ratios of statistically significant clusters and calculating the
weighted mean decay constant values and errors. Decay constant errors of
35U and 28U from Jaffey et al. (1971) are propagated after weighted
mean decay constants of 2381 and 23U, respectively, are calculated.
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equivalence of the different datasets as shown in Fig. 3 fur-
ther supports the assertion that factors such as intermedi-
ate daughter product disequilibrium or Pb-loss are not
likely to be an important cause for the discordance. The er-
ror in the calculated decay constants without incorporating
uncertainties of the counting experiments from Jaffey et al.
(1971) (but with tracer uncertainties) is 0.017%, but
increases to 0.110 and 0.138% for the calculated ***U and
238U decay constants, respectively, with the systematic
addition of those errors. Therefore, the precision of the ra-
tio of the decay constants can be increased with additional
U-Pb data, but the ultimate precision of either decay con-
stant individually cannot be better than the error of the
most precise counting experiment.

The thorough discussion of the potential errors and
sources of those errors in Jaffey et al. (1971) suggests that
if only one of the decay constants is inaccurate, it is most
likely *°U. For this reason, some workers have suggested
recalibrating the 2*°U decay constant to that of 2*%U
(e.g., Mattinson, 2000), with the goal of improving its accu-
racy and precision. Although this intercalibration reduces
the uncertainty on the **°U decay constant by ~20%, fur-
ther refinement through intercalibration is limited by the
precision of the 2*®U decay constant. Therefore, we join
others (Begemann et al., 2001; Schoén et al., 2004) in sug-
gesting that for the purposes of high-precision geochronol-
ogy and the attainment of a highly robust, internally
consistent geologic time-scale calibrated by multiple dating
methods, the best way to address the issue of decay con-
stant inaccuracies is to repeat the alpha-counting experi-
ments of Jaffey et al. (1971). Without this, high-precision
intercomparative geochronology from multiple dating
methods beyond the 0.1% level is precluded.

Acceptance of inaccuracy in one or both of the U decay
constants raises the question of which date(s) should be
used to for establishing high-precision benchmarks in the
geological time-scale. *°°Pb/?*U, 2’Pb/*°U, and
207pp/?°°Ph cannot be compared accurately without prop-
agating decay constant errors, and in fact, the concept of
an “absolute age” is difficult to defend. For problems that
calculate durations of events or depositional sequences,
however, it is the relative differences in dates that are most
crucial. In these cases, the most precise of the three systems
is the best date to use, given the sample-specific caveats of
Pb-loss and intermediate daughter product disequilibria.

4.3. Comparison of U-Pb dates with *° Ar*° Ar dates

Several recent studies have pointed out the systematic
offset between U-Pb and “°Ar/*Ar dates (Chambers
et al., 2005; Kamo et al., 2003; Min et al., 2000, 2001; No-
made et al., 2004; Renne, 2000; Renne et al., 1998a; Sch-
mitz and Bowring, 2001). Table 2 and Fig. 4 summarize
the data discussed in those papers, other pertinent data
from the literature, and also the data from the four samples
that we analyzed. The assumption underlying each of these
comparisons, which is often discussed in the original stud-

ies, is that both the U-Pb dates and *°Ar/>*°Ar dates record
the same geologic event (e.g., crystallization from a mag-
ma). Magma residence time in young plutonic and volcanic
systems may invalidate that assumption and possibly affect
the U-Pb data from the Fish Canyon Tuff (Reid and
Coath, 2000; Reid et al., 1997; Schmitz and Bowring,
2001) and other young igneous rocks. Intermediate daugh-
ter product disequilibria in zircon are difficult to address
but may be significant in U-Pb dates from rocks
<100 Ma (see previous discussion). Problems associated
with magma residence time and intermediate daughter
product disequilibria are more easily overcome in older
rocks, because their absolute effects likely become negligi-
ble as a percentage of the age and associated uncertainty.
Another source of complication arises from the post-crys-
tallization thermal histories of the rocks in question and
the fact that the different phases analyzed for U-Pb and
YOAr/*Ar have different closure temperatures and are in-
volved in a suite of different metamorphic reactions. For
example, it is unclear whether currently published
“OAr/*Ar, U-Pb, and Pb-Pb dates from the Bushveld
Complex and the Acapulco meteorite represent cooling
or metamorphic ages (Table 2, Figs. 4 and 5; Buick et al.,
2001; Nomade et al., 2004, Renne, 2000), though (U-
Th)/He data from the meteorite are consistent with rapid
cooling (Min et al., 2003). The data from the Kaap Valley
pluton are difficult to compare because of a complicated
low-temperature thermal history and the potential for
alteration in hornblende and apatite over three billion
years (Layer et al., 1992; Schoene and Bowring, 2003).
When comparing U-Pb and *°Ar/*°Ar dates, these prob-
lems are heightened by potential inaccuracies in the U de-
cay constants (discussed above) and also in comparing
YOAr/*Ar dates determined by total fusion and step-heat-
ing experiments (e.g., McDougall and Harrison, 1999). In
many examples from the literature (Table 2, Fig. 4), certain
geologic or laboratory biases may have been negligible for
the goals of those studies, but may be important for the
purposes of high-precision intercomparative geochronolo-
gy. We choose to include all the available data in the fol-
lowing discussion to examine the problem as it exists
now, with hopes that it will emphasize the importance of
examining those concerns in future studies that compare
U-Pb and “°Ar/*°Ar data.

The intercalibration efforts cited from the literature and
presented in this study have two important aspects in com-
mon: (1) mean 4OAr/3°Ar dates are within internal errors or
systematically younger than 2°’Pb/?°°Pb, 2°’Pb/**>U, and
206pp/238Y dates (Table 2, Figs. 4 and 5), and (2) if external
sources of error are included in the age estimates, dates
from both isotopic schemes are statistically indistinguish-
able (with the exception of the Acapulco meteorite;
Fig. 4). U-Pb data from this study suggest that inaccura-
cies in the U decay constants introduce a small bias be-
tween the two dating techniques, which will change as a
function of age (Fig. 5A). Other important potential sourc-
es of bias include the decay constants and physical con-



Table 2
Summary of U-Pb and “°Ar/*Ar comparison from geologic samples
OAr/PAr date? U-Pb date®
(Ma) +°  Mineral Reference Interpretation (Ma) +*  Type Reference % difference? +°
Fish Canyon 28.02 0.06 Sanidine Renne et al. (1998b) Timing of eruption 28.478 0.024 2°°Pb/**¥U  Schmitz and Bowring (2001) 1.62 0.23
28.12  0.08 Sanidine Spell and McDougall (2003) Timing of eruption
MAC-83 Tuff 2425 0.10 Biotite Villeneuve et al. (2000) Timing of eruption 2422 0.08 2Pb/>*U Villeneuve et al. (2000) monazite —0.14 0.53
Rum complex 60.60 1.0 Phlogopite Hamilton et al. (1998) Timing of crystallization 60.53 0.08 2°°Pb/>*®U Hamilton et al. (1998) —0.21 1.67
Cuillin complex 58.10 1.2 Biotite Hamilton et al. (1998) Timing of crystallization 58.91 0.07 2°°Pb/”**U Hamilton et al. (1998) 1.34 2.11
Muck Tuff 61.54 0.19 Sanidine  Chambers et al. (2005) Timing ot eruption 61.08 0.27 2°Pb/>¥U Chambers et al. (2005) —0.75 0.53
GA1550 (K-Ar) 98.8 1.1 Biotite Renne et al. (1998b) Crystallization/cooling 102.14 0.47 2°7Pb/**Pb This study 3.38 1.23
98.5 1.6 Biotite Spell and McDougall (2003) 99.12 0.02 2°Pb/>¥U This study 0.32 1.10
97.9 1.8 Biotite McDougall and Roksandic (1974)
Siberian Traps 250.0 0.2 Sanidine  Renne and Basu (1991) Timing of eruption 2517 0.4 2°°Pb/*U Kamo et al. (2003) 0.67 0.18
251.1 0.3 2%Pp/*8U  Kamo et al. (2003) 0.43 0.14
2513 02  2%Pb/*¥U Kamo et al. (1996) 0.51 0.11
P-T boundary 2499 0.2 Sanidine, Renne et al. (1995) Bracket provided by eruption 2522 0.4  2°Pb/%U Mundil et al. (2004) 0.91 0.18
plagioclase ages above and below
the boundary
Deicke 449.8 23 Sanidine  Min et al. (2001) Timing of eruption 4545 0.5 2%Pb/?8U  Tucker (1992) 1.03 0.53
Millbrig 448.0 2.0 Sanidine  Min et al. (2001) Timing of eruption 453.1 1.3 2%Pb/8U  Tucker (1992) 1.13 0.54
Kinnekulle 454.8 2.0 Sanidine Min et al. (2001) Timing of eruption 4569 1.8 U-Pb Tucker and McKerrow (1995) 0.45 0.59
Bushveld Complex 20424 3.2 Biotite Nomade et al. (2004) Post-intrusion metasomatic ~ 2058.9 0.8  27Pb/?*°Pb Buick et al. (2001) ritanite 0.81 0.16
growth metamorphiclcooling date
Acapulco meteorite 4507 18 Plagioclase Renne (2000) Cooling date 4557 2 207pp/2%pb Gopel et al. (1992) 1.10 0.41
Palisade rhyolite 1088.4 3.6 Sanidine Min et al. (2000) Timing of eruption 1097.6 2.1 2"Pb/?°Pb Min et al. (2000) 0.84 0.38
1096.1 04  2Pb/?°°Pb This study 0.71 0.33
10942 02 2°Pb/>¥U This study 0.54 0.33
Eglab porphyry 2054.8 2.4 Hornblende P. Renne, Pers. Comm. Timing of eruption 2071.6 04  2Pb/*%Pb This study 0.81 0.12
2067.5 0.7 2°°Pb/**®U This study 0.62 0.12
Kaap Valley pluton 3218.3 6.7 Hornblende Layer et al. (1992) Cooling date 3227 1 206pp,/238ph Kamo and Davis (1994) 0.27 0.21
32272 02 2Pb/**Pb This study 0.28 0.21
32214 0.8 2°°Pb/8U This study 0.10 0.21

# Dates not in italics are normalized to FCs = 28.02 using the GA1550/FCs calibration of Renne et al. (1998b). Kaap Valley pluton data were renormalized to FCs = 28.02 using the Hb3gr/FCs
calibration of Renne (2000). Muck Tuff renormalized using FCs/Taylor Creek sanidine of Renne et al. (1998b). Date in italics is normalized using primary GA 1550 calibration and GA1550/FCs
calibration of Spell and McDougall (2003). GA-1550 dates are K-Ar primary calibrations.

® Errors are at the 95% confidence interval and exclude errors for the age of GA1550, the GA1550/FCs calibration, and external errors.

¢ U-Pb dates are all interpreted to be zircon crystallization dates except for the Acapulco meteorite, which is a Pb-Pb isochron cooling date from phosphates, the sphene metamorphic cooling date
from Buick et al. (2001) from the Bushveld complex, and the monazite date from Villeneuve et al. (2000).

4 94 difference is calculated relative to the uppermost “*Ar/*Ar or K-Ar date.
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Fig. 4. Summary diagram for U-Pb and *°Ar/*’Ar dates (in Ma). 4OAr/*Ar data are normalized to Fish Canyon sanidine = 28.02 Ma and the primary
standard GA1550 Ar*/K values of Renne et al. (1998b). Tracer calibration errors for data from this study are negligible at the shown scale and those from
other studies are not reported. References are given in Table 2. Errors are at the 95% confidence level.

stants of “°K, the K-Ar age calibration of primary stan-
dards, and the intercalibration of other OAr/*Ar second-
ary standards with primary standards. Fig. SA shows the
contribution of various sources of systematic errors in
“OAr/*Ar dates as a function of the age of the sample, cal-
culated using the techniques of Karner and Renne (1998),
Min et al. (2000), and Renne et al. (1998b). Plotted in
Fig. 5B are the offsets between U-Pb and OAr/¥Ar or
K-Ar dates, which show that in samples <2 Ga, U-Pb
and “°Ar/*°Ar dates are indistinguishable if one ignores de-
cay constant errors but includes the error of the primary
K-Ar standard (the data are relative to GA1550 of Renne
et al., 1998b and the Fish Canyon sanidine (FCs) at
28.02 Ma, and using the “°K decay constants of Steiger
and Jager, 1977), in that all of the data plot within the ex-
tent of the GA1550 primary standard uncertainties (black
dashed line in Fig. 5B is the 26 upper bounds of that cali-
bration). The offsets between U-Pb and 4OAr/3Ar dates for
the Bushveld Complex, the Eglab porphyry, and the Aca-
pulco meteorite are likely to be outside the error-bounds
introduced by the Ar*/K calibration of GA1550 from Re-
nne et al. (1998b), and therefore some of the bias must lie
in the *°K decay constant or physical constants (Fig. 5B).
Fig. 5B also shows the effect on *°Ar/*Ar dates if the data
are re-normalized to the GA1550 K—Ar date and GA1550/
FCs values of Spell and McDougall (2003); note that the

reported errors on the K-Ar date are ~60% larger than
those from Renne et al. (1998b).

Min et al. (2000) critically evaluated the selection criteria
for the “°K decay constants and physical constants (and
associated errors) used in geochronology (Beckinsale and
Gale, 1969), and concluded that the values suggested in
Steiger and Jager (1977) need to be revised. They recom-
mended new values that more closely coincide with those
from the nuclear physics and chemistry literature (Audi
et al., 1997; Endt and Van der Leun, 1973) and indicated
that larger associated errors are more realistic. Min et al.
(2000) and Renne (2000) show that using the new recom-
mended values, the bias between 2°’Pb/?°°Pb and “°Ar/*Ar
dates for the Palisade rhyolite and Acapulco meteorite dis-
appears (black solid curve in Fig. 5B; includes new values
for the “°K total decay constant, the branching ratio of the
40K decay, and the 4K /K value; we also fix the value of
GA1550 to our 2°°Pb/***U date). Kwon et al. (2002) use a
statistical regression approach to solve for the values of the
total decay constant of *°K and the age of the FCs (holding
other variables constant), using a subset of data from the lit-
erature for which U-Pb or historical dates are available (gray
solid curve in Fig. 5B; FCs = 28.269 Ma and A4 less than
Steiger and Jager, 1977 by ~1.22%). Finally, different combi-
nations of variations of the primary K—Ar standard, primary
standard/secondary standard intercalibration, and decay
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constant and physical constant uncertainties are able to pro-
duce similar offsets of U-Pb and *“’Ar/*°Ar dates, implying
that there is no unique solution to this problem if one ac-
counts for all the available variables from first principles.
For geochronology, however, this final point is unimportant
because if some combination of those variables produces
accurate dates, then our purposes are served. Several aspects
of Fig. 5 suggest that U-Pb and “°Ar/*’Ar intercalibration is
best done with older samples, if additional fresh samples can
be obtained: (1) systematic errors in “°Ar/*°Ar dates decrease
as a percentage of age (Fig. 5A), and (2) the choice of primary
standard in **Ar/*’ Ar dating is less important for older sam-
ples (Fig. 5B).

High-precision intercalibration between *°Ar/*Ar and
U-Pb data is precluded with the current dataset, as the
large errors and absolute scatter in the offset between the
two dating schemes suggest that the bias between those
data is not created by systematic errors alone (Fig. 5).
The scatter may arise from unexplored open-system behav-
ior in either method or from interlaboratory variability.
This observation highlights the importance of generating
4OAr/3°Ar and U-Pb data from the same rocks from multi-
ple laboratories and over a wide range of geologic time,
such that systematic interlaboratory errors and geologic
complexities can be distinguished from inaccuracies in the
U and “°K decay constants and physical constants.
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5. Conclusions

High-precision statistically equivalent U-Pb datasets
from this study systematically plot below the mean value
of concordia, but within its reported errors. We believe this
is indicative of inaccuracies in one or both of the mean val-
ues of the U decay constants and concur with previous lit-
erature that the bias likely resides in the currently used
decay constant value for ***U. Using U-Pb data alone,
we recalculate the ratio of the decay constants with very
high precision (£~0.02%). Recalibrating the ***U decay
constant against that of >*®U can increase the precision
of the former (from 0.14 to 0.11%), but a further increase
in precision can only be accomplished through additional
alpha-counting experiments (Begemann et al., 2001; Matt-
inson, 1994a.b, 2000).

Given tangible uncertainty in the U decay constants,
comparison of 2°’Pb/**°Pb, 2*’Pb/**U, and **°Pb/***U
dates cannot be done accurately without incorporating de-
cay constant errors. High-precision relative chronology
within any one system need not incorporate decay constant
errors, and the most appropriate system to use depends on
which is the most precise and accurate. The accuracy of a
given system for a specific sample depends on the impor-
tance of open-system behavior such as Pb-loss and interme-
diate daughter product disequilibria.

We compared U-Pb, YOAr/¥Ar, and K-Ar dates from
samples spanning a wide range of geologic time. Although
external sources of error are too large to statistically distin-
guish between high-precision U-Pb and *°Ar/*Ar dates
from any one sample, K-Ar and *°Ar/*Ar dates are sys-
tematically younger or within internal error of U-Pb dates,
which is unlikely to be explained by geologic phenomena
alone. However, these data do not form a trend that can
be explained by only systematic errors, suggesting that
interlaboratory biases or geologic complications are impor-
tant in some or all of the samples examined.

High-precision intercalibration between the U-Pb and
“OAr/*’Ar geochronology is hampered until (1) further
experiments are carried out on determination of the U de-
cay constants and (2) more datasets are generated from
which we can compare and contrast data from a wide range
of geologic time generated in a large number of laborato-
ries. This must include the selection, documentation, and
distribution of high quality accessory minerals to all labo-
ratories involved in high-precision geochronology.

Studies that rely on the determination or tuning of decay
constants for other chronometers such as Re-Os (Chen
et al.,, 2002) and Lu-Hf (Scherer et al., 2001; Séderlund
et al., 2004) by comparison to the U-Pb system must incor-
porate the effects resulting from uncertainty in the U decay
constants.
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