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a b s t r a c t

We have measured 238Ue206Pb, 235Ue207Pb, and 232The208Pb ages on Quaternary zircons by laser
ablation, single-collector, magnetic sector inductively coupled plasma mass spectrometry (LA-ICP-MS).
To obtain reliable ages for Quaternary zircons, corrections for initial disequilibrium associated with
deficits and excesses of both 230Th and 231Pa relative to secular equilibrium resulting from differential
partitioning during zircon crystallization or source melting must be made. In contrast, the 232Th
e208Pb decay system is clearly advantageous for samples affected by disequilibrium because the
232Th decay system lacks long-lived intermediate daughter isotopes. Conventionally, the initial
disequilibrium for the 238U and 235U decay series has been determined by the distribution ratio between
the melt and zircon (i.e., GTh/U ¼ (Th/U)Zircon/(Th/U)Melt and GPa/U ¼ (Pa/U)Zircon/(Pa/U)Melt). In our study,
these correction factors were determined from comparison of the measured 238Ue206Pb and 235Ue207Pb
ages with 232The208Pb ages obtained for three zircons of known eruption and, in some cases, zircon
crystallization ages (Kirigamine Rhyolite, Bishop Tuff, and Toga Pumice). The resulting correction factors
are GTh/U ¼ 0.19 ± 0.14 and GPa/U ¼ 3.66 ± 0.89 (Kirigamine Rhyolite), GTh/U ¼ 0.24 ± 0.20 and GPa/
U ¼ 3.1 ± 1.2 (Bishop Tuff), and GTh/U ¼ 0.28 ± 0.17 and GPa/U ¼ 3.04 ± 0.99 (Toga Pumice). Although the
uncertainties of these f values are relatively large, our results support the adequacy of the conventional
approach for correction of initial disequilibrium. A recent study published results that apparently show
zircon crystallization ages are younger than the eruption age of Bishop Tuff. It seems to be difficult to
eliminate these discrepancies, even if the Th/U partitioning and disequilibrium generated during partial
melting are taken into account for recalculation of its zircon age. However, magma chamber process and
history of Bishop Tuff are too complex to obtain accurate zircon ages by UePb method. To overcome this,
therefore, the ThePb zircon dating method is a key technique for understanding complex, pre-eruptive
magma processes, and further efforts to improve its precision and accuracy are desirable.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Zircon Ueseries chronometry is a keymethod for understanding
the high-temperature cooling history of magmas (Schmitt, 2011),
because it has a relatively high closure temperature (900e1000 �C;
Sakata).
Cherniak and Watson, 2001) compared with other chronometers
such as 40Ar/39Ar sanidine dating (<400 �C; Baadsgaard et al., 1961).
Hence, the precise determination of the crystallization age of
Quaternary zircons using UeThePb methods is a widely used
method of studying magmatic systems (e.g., Bacon et al., 2000;
Chamberlain et al., 2014; Oberli et al., 2004; Schmitt, 2011;
Schmitt et al., 2003; Simon and Reid, 2005; Simon et al., 2008,
2014). However, when UePb dating is applied to young zircons,
there has long been concern about the effect of initial disequilibria
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associated with intermediate nuclides in the 238U or 235U decay
series (Ludwig, 1977; Mattinson, 1973; Sch€arer, 1984; Wendt and
Carl, 1985). Without correction for the initial disequilibrium, the
resulting 238Ue206Pb and 235Ue207Pb ages will deviate systemati-
cally from the true ages. For example, in the case of the 238U decay
series, the contribution of initial disequilibrium can be corrected if
the Th/U fractionation between zircon and melt, defined by the Th/
U abundance ratio between the zircon and melt (i.e., (Th/U)Zircon/
(Th/U)Melt), is known (Sch€arer, 1984). The (Th/U)Zircon value can be
directly measured in the zircon, whereas (Th/U)Melt is estimated
from the Th/U ratio of the bulk rock (Guillong et al., 2014; Reid et al.,
1997; Schmitt et al., 2003), melt inclusions in host rocks (Crowley
et al., 2007; Schmitt et al., 2003), or glass in volcanic ash
(Matthews et al., 2015). However, it is widely recognized that Th
and U could have been heterogeneously distributed in the magma
and, moreover, that (Th/U)Melt could change with time due to the
crystallization of UeTh-bearing minerals within the melts (Amelin
and Zaitsev, 2002). These factors make it difficult to estimate the
(Th/U)Melt at the time and site of zircon crystallization.

The 238Ue230Th method is also useful for the determination of
crystallization ages of very young minerals (Fukuoka, 1974;
Fukuoka and Kigoshi, 1974; Reid et al., 1997). Using this method,
zircon ages can be determined by the isochron method through
direct measurement of 230Th. Several studies have successfully
dated Quaternary zircons by this method using secondary ioniza-
tion mass spectrometry (SIMS) or laser ablation, multiple-collector
inductively coupled plasma mass spectrometry (LA-MC-ICP-MS)
(e.g., Bacon and Lowenstern, 2005; Bernal et al., 2014; Reid et al.,
1997). Despite the obvious advantages of the 238Ue230Th method,
data from multiple analyses are required to define the isochron,
meaning that chronological information cannot be derived solely
from a single analysis, unless two point model isochrones (e.g., for
zirconemelt) can be constructed. This means that the resulting age
represents averaged information from the analyzed crystal(s), and
it is difficult to discern the potential multi-stage crystallization
history of a single crystal if, for example, Th/U in themelt is variable
(Boehnke et al., 2016). In addition, the use of 238Ue230Th dating is
limited to ages of <0.4e0.5 Ma, as beyond this the minerals reach
secular equilibrium.

In contrast, the 232The208Pb dating method is a potential
alternative to UePb dating as it does not require correction for the
initial disequilibrium effect (Harrison et al., 1995; Oberli et al.,
2004). This is because the half-lives of 232Th decay series nuclides
are significantly shorter than 10 a. The nuclide with the longest
half-life is 228Ra (t1/2 ¼ 5.75 a; Mays et al., 1962), meaning that any
state of initial disequilibrium is erased on amuch shorter time scale
than the expected precision of the measured ages. Furthermore,
this dating method has a broader range of applications than
238Ue230Th dating. In this study, we use the 232The208Pb method to
date three zircon samples separated from Quaternary volcanic
rocks and tephras, and we demonstrate the utility of this approach
for Quaternary geochronology. We also present and discuss a new
approach for constraining the effects of initial disequilibrium in the
U decay series based on a comparison between UePb and ThePb
ages.
2. Samples

In this study, three zircon samples from volcanic rocks or
tephras with relatively high uranium and thorium concentrations
were selected for analysis (Table 1), as follows.

(1) A rhyolite (obsidian) from the Wadatouge region in Kirig-
amine (“Kirigamine Rhyolite”), Nagano, Japan (Oikawa and
Nishiki, 2005) contains zircon with high uranium concen-
trations (ca. 9000 ppm). This rhyolite is a well-known
geochemical reference material distributed as JR-1 by the
National Institute of Advanced Industrial Science and Tech-
nology (AIST), Japan (Imai et al., 1995). It is also used as a
reference material for fission-track dating of glass (JAS-G1;
Balestrieri et al., 1998). An 40Ar/39Ar age of 0.945 ± 0.005 Ma
for JAS-G1 glass and a zircon fission-track age of 0.94 ± 0.08
Ma have previously been reported for this rock (Kitada and
Wadatsumi, 1995; Sugihara et al., 2009).

(2) Zircons with uranium concentrations of ca. 3000 ppm were
separated from the Bishop Tuff, collected from the same
outcrop as locality no. 1 (Inyo County, California, USA)
described by Izett et al. (1970). Only pumice clasts from the
lower part of an air-fall unit at the base of the Bishop Tuff
were used, which corresponds to unit F1 described by
Hildreth and Wilson (2007). A precisely determined
238Ue206Pb age for Bishop Tuff zircons by Crowley et al.
(2007) of 767 ± 1 ka is widely regarded as their crystalliza-
tion age. However, the Bishop Tuff is a classic zoned deposit
and, as such, it is important to relate the ages to the units the
samples were collected from. Many studies have docu-
mented the heterogeneity of zircons in the Bishop Tuff (e.g.,
Chamberlain et al., 2014; Reid and Coath, 2000; Reid et al.,
2011; Simon and Reid, 2005). Disequilibrium-corrected
UePb ages for early erupted samples of the Bishop Tuff
(766.6 ± 3.2 ka and 774 ± 10 ka for rims and cores of zircon,
respectively; Chamberlain et al., 2014) are comparable with
those reported by Crowley et al. (2007). In contrast, there are
significant differences between published 40Ar/39Ar dates of
the Bishop Tuff, with dates ranging from ca. 760 to 780 ka, as
follows: 758.9 ± 3.6 ka (Sarna-Wojcicki et al., 2000),
767.4 ± 0.4 ka (Rivera et al., 2011), 778.0 ± 7.4 ka (Renne,
2013), and 780 ± 4 ka (Simon et al., 2014). The variability is
due to differences in the calibration of the 40Ar/39Ar tech-
nique and the analytical protocols used in each study (Renne,
2013).

(3) The Toga Pumice is one of our in-house standards, for which
both sanidine 40Ar/39Ar (0.42 ± 0.01 Ma: Uto et al., 2010) and
zircon fission-track ages (0.42 ± 0.08 Ma; Kano et al., 2002)
have been reported. The Toga Pumice zircon has an average
uranium concentration of ca. 3000 ppm.

The nature of the analyzed samples, sampling localities, and
previously reported radiometric ages are summarized in Table 1.

3. Analytical method

Zircons were separated from the volcanic rocks and tephras
using standard mineral separation techniques. Most zircons from
all the samples are euhedral and generally larger than 30 � 100 mm
in size. All the zircon grains weremounted on a PFA sheet (0.25mm
thick). Prior to isotopic analysis, the surfaces of the zircon grains
were carefully polished using diamond paste (3 and 1 mm). Inesitu
UeThePb isotopic analyses were carried out using an ICP-MS
(AttoM High Resolution-ICP-MS, Nu instruments, Wrexham, UK)
coupled to an ArF Excimer laser ablation system (ESI NWR-193,
Portland, USA). The laser was operated with a repetition rate of
8 Hz and a spot size of 25e35 mm. A two-volume cell (ESI, Portland,
USA) was used throughout the measurements and ablation was
carried out in a He atmosphere, utilizing a small volume cell
(<1 cm3) to reduce samplewashout time. After the ablation cell, the
He carrier gas was mixed with Ar gas, and the laser-disintegrated
sample particles were delivered to the ICP ion source in a mix of
He and Ar. In order to reduce elemental fractionation during



Table 1
Details of samples analyzed in this study.

Sample
name

Zircon ID Approximately
concentration

Sample
locality

Reported radiometric ages
± 2s (Ma)

Th
(mg/g)

U
(mg/g)

Kirigamine
Rhyolite

KR ~9000 ~9000 Obsidian sample, perlite quarry near Wadatouge Pass, Nagano Prefecture (36�080 5600N,
138�0805700E). Same outcrop as that sampled at Loc. 011124-1A by Sugihara et al. (2009).

0.945 ± 0.005, GAr[1]
0.94 ± 0.08, ZFT[2]

Bishop Tuff BS ~2000 ~3000 Pumice lapilli from 4-m-thick air-fall unit at the base of the Bishop Tuff at the Industrial
Minerals quarry (abandoned) 10 km north of Bishop, Inyo County, California
(37�270 N, 118�210W). Same locality (Locality no.1) as that sampled by
Izett et al. (1970). See also Fig. 2 in Izett et al. (1988).

0.7589 ± 0.0036, SaAr[3]
0.7674 ± 0.0004, SaAr[4]
0.778 ± 0.0074, SaAr[5]
0.780 ± 0.004, SaAr[6]
0.767 ± 0.001, ZUPb[7]
0.7666 ± 0.0032 from zircon
rims, ZUPb[8]
0.774 ± 0.010 from zircon cores,
ZUPb[8]

Toga
Pumice

TG ~4000 ~3000 Pumice lapilli from a pumiceus bed of Facies TF4 at north side of Toga Bay, Oga
Peninsula, NE Japan. Same locality (Locality no. TOGA-5: 39�5704100N, 139�4205800E)
as that sampled by Kano et al. (2002).

0.42 ± 0.08 ZFT[9]
0.42 ± 0.02, SaAr[10]

Abbreviations: GAr, glass Ar/Ar; SaAr, sanidine Ar/Ar; ZFT, zircon fission-track; ZUPb, zircon U-Pb.
[1] Balestrieri et al. (1998), [2] Sugihara et al. (2009), [3] Sarna-Wojcicki et al. (2000), [4] Rivera et al. (2011), [5] Renne (2013), [6] Simon et al. (2014), [7] Crowley et al. (2007),
[8] Chamberlain et al. (2014) [9] Kano et al. (2002), [10] Uto et al. (2010).
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ablation, a low laser fluence (<2.5 Jcm�2) was used throughout this
study. A signal-smoothing device was also used (Tunheng and
Hirata, 2004).

The LA-ICP-MS operational conditions were optimized by the
continuous ablation of zircon 91500 reference material
(Wiedenbeck et al., 1995, 2004) and NIST SRM610 glass in order to
maximize the signal intensity of 238U. During LA-ICP-MS analysis,
interferences from dioxide ions such as YbO2

þ, LuO2
þ, and HfO2

þ on
Pb isotope masses are extremely small and typically below detec-
tion. However, signal intensities on Pb isotopes were also small in
this study. Hence, great care was taken to minimize oxide pro-
duction (232Th16Oþ/232Thþ < 1%). With an ablation spot size of
25 mm and a repetition rate of 8 Hz, typical signal intensities ob-
tained during ablation of NIST SRM610 were 4.4 � 105 cps for 206Pb
and 2.0 � 106 cps for 238U. Typical gas blank levels were 1300 cps
for 202Hg, 100 cps for 206Pb, and 80 cps for 207Pb. For young zircons
(<1Ma), counting statistics can become amajor source of analytical
error. To maximize the integration times for small Pb signals (e.g.,
207Pb < 100 cps), UePb (i.e., 206Pb/238U and 207Pb/235U ratio mea-
surements) and ThePb age determinations (i.e., 208Pb/232Th ratio
measurements) were carried out on different zircon grains (i.e., the
grains measured for UePb and ThePb dating were different, but
were from the same samples).

There are technical challenges to reliable dating of zircons with
very low radiogenic 208Pb/232Th by LA-ICP-MS. For zircons <0.5 Ma
in age, the 208Pb/232Th ratio is < 0.00003 and, therefore, an ion
detection system with a wide dynamic range covering 7e8 orders
of magnitude is required, particularly for single collector mass
spectrometry. In the case of UePb or 238Ue230Th dating, mea-
surement of the high 238U signal can be avoided bymonitoring 235U
and calculating the signal intensity of 238U from an assumed
238U/235U ratio (i.e., 137.88; Jaffey et al., 1971). Unfortunately, there
is no suitable minor isotope for measurement of Th. To overcome
this, we employed new ion counting techniques utilizing an
attenuator device, which can reduce the ion counts by a factor of 1/
450 (Sakata et al., 2014). Given that the switching time for ener-
gizing the attenuator is < 1 ms, only the specific isotopes with high
count rates can be monitored with the attenuator even at fast mass
scanning. The attenuation device allows the high signal intensity of
232Th (108 cps) to be measured without any deterioration of de-
tector linearity. We monitored 238U and 232Th by switching the
attenuation mode on and off according to the magnitude of their
signal intensity.
The possible contribution of common Pb was monitored from

the 204Pb signal throughout the measurements. However, the 204Pb
signal has an isobaric interference from 204Hg; consequently, the
contribution of 204Hg was determined from the signal intensity of
202Hg rationed to the known 204Hg/202Hg value of 0.223 (Blum and
Bergquist, 2007). With conventional UeThePb age dating using the
LA-ICP-MS technique, signal intensities for common Pb contribu-
tions to 206Pb, 207Pb, and 208Pb are calculated from the signal in-
tensity of 204Pb by scaling to common Pb ratios of 206Pb/204Pb,
207Pb/204Pb, and 208Pb/204Pb of 18.700, 15.628 and 38.63, respec-
tively (Stacey and Kramers, 1975). The measured 204Pb signals after
correction for 204Hg were typically <10 cps, showing the corre-
sponding common 206Pb, 207Pb, and 208Pb signals were similar to
the background levels. Given the very low 204Pb signal, the prop-
agated uncertainties in the calculated signal intensities for common
Pb (206Pb, 207Pb, and 208Pb) become very large, and thus analyses
with significantmeasured 204Pbwere not used for the calculation of
G factors. As such, no correction for common Pb was made when
204Pb signals were below the detection limit. Our LA-ICP-MS
technique has detection limits for 204Pb (3s of the 204Pb back-
ground signal) of 4 and 8 ng/g for a 35 and 25 mm spot size,
respectively. This suggests that small amounts of Pb contamination
during zircon separation and polishing can cause erroneous
UeThePb age determinations. In this study, pre-cleaning of the
zircons was carried out by a single pre-ablation shot at each
analytical site prior to the actual age determinations (Iizuka and
Hirata, 2004).

Elemental fractionation and instrumental mass bias on
206Pb/238U, 208Pb/232Th, and 207Pb/206Pb ratios were corrected using
the measured isotope ratios of the 91500 zircon reference material,
without a correction for common Pb. Reference values of 206Pb/238U
and 207Pb/206Pb for 91500 zircon were calculated based on the
isotopic data in ‘table 1’ fromWiedenbeck et al. (1995), whereas the
measured 208Pb/232Th ratio in ‘table 2’ of the Wiedenbeck et al.
(1995) study was used without common Pb correction. Calcula-
tion of measured isotope ratios was conducted using the 204Pb
method described by Williams (1998), assuming Pb isotope evo-
lution followed a two-stage model (Stacey and Kramers, 1975) and
an isotope composition of common Pb at 1065 Ma (i.e.,
206Pb/204Pbcommon ¼ 16.954, 207Pb/204Pbcommon ¼ 15.498, and
208Pb/204Pbcommon ¼ 36.638). After calculation of the measured
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ratios, a weighted mean for the reference value of 91500 zirconwas
obtained using ISOPLOT 4.15 (Ludwig, 2003): 0.17928 ± 0.00018 (2
sd; n ¼ 11; MSWDW ¼ 9.1) for 206Pb/238U; 0.0540 ± 0.0018 (2 sd;
n ¼ 2; MSWD ¼ 3.5) for 208Pb/232Th; and 0.07556 ± 0.00032 (2 sd;
n ¼ 11; MSWD ¼ 13) for 207Pb/206Pb. External reproducibilities of
the Pb/U, Pb/Th, and 207Pb/207Pb ratios were determined by
repeated analysis of the 91500 zircon. In all analytical sessions
involving unknown samples, UeThePb isotope data for Ple�sovice
(337.13 ± 0.37 Ma; Sl�ama et al., 2008) or OD-3 (33.0 ± 0.1 Ma by
SIMS and LA-ICP-MS [Iwano et al., 2013]; 32.853 ± 0.016 Ma by ID-
TIMS [Luk�acs et al., 2015]) zircons were acquired for use as sec-
ondary standards. Each laser ablation analysis had a duration of
10 s, which resulted in ablation pits that were ca. 5e8 mm deep.
Under these conditions, time-dependent elemental fractionation of
Pb/U and Pb/Th was insignificant. Recently, heterogeneous
238U/235U values have been reported for terrestrial uranium-
bearing minerals (Hiess et al., 2012). The measured variation in
238U/235U values of terrestrial zircons is < 1‰, which is much
smaller than the uncertainties in the Pb/U measurements achieved
in this study; hence, we neglect any possible 238U/235U variations
and apply the constant value of 137.88 (Jaffey et al., 1971). There-
fore, 207Pb/235U values were calculated based on the measured
206Pb/238U and 207Pb/206Pb values, and the assumed 238U/235U
value.

The overall uncertainties on the Pb/U and Pb/Th age measure-
ments, and GTh/U and GPa/U values were calculated based on error
propagation of: (1) the external reproducibility of the Pb/U, Pb/Th,
and 207Pb/206Pb measurements determined on 91500 zircon; (2)
counting statistics on 206Pb, 207Pb, 208Pb, 232Th, and 238U signals
obtained on the unknowns; (3) the 230Th decay constant
(l230 ¼ 9.1705 (±0.0138) � 10�6 yr�1; Cheng et al., 2013); and (4)
uncertainties on the reference values of the 91500 zircon. Calcu-
lation and propagation of the uncertainties on GTh/U and GPa/U are
discussed in Section 4.2. It should be noted that we did not incor-
porate uncertainties on the 231Pa decay, because it is insignificant
compared with the relatively large analytical error on the deter-
mination of GPa/U. UePb isotopic data for unknowns are
Table 2
Instrumentation and operational settings.

Laser ablation system

Instrument NWR-193 (ESI, Portland, US)
Cell type Two volume cell
Laser wave length 193 nm
Pulse duration 5 ns
Fluence 2.5 J/cm2

Repetition rate 8 Hz
Ablation pit size 25 mm for Kirigamine Rhyolite and 35 mm for
Sampling mode Single hole drilling, 1 pre-ablation shots
Carrier gas He gas and Ar make-up gas combined outsid
He gas flow rate 0.6e0.8 l/min
Ar make-up gas flow rate 0.6e0.9 l/min
Ablation duration 20 s

ICP mass spectrometer

Instrument AttoM (Nu Instruments, Wrexham, U.K.)
Scan mode Deflector scan mode
Sample introduction Ablation aerosol only using signal-smoothing
RF power 1300 W
Data reduction Integration of ion counts per ablation.We skip

e9 s were integrated for calculation.
Monitored mass (dwell time) and

number of sweeps

238U-206Pb and 235U-207Pb dating: 202 (1 ms),
integration time was 9.0 s.
232Th-208Pb dating: 202 (0.5 ms), 204 (0.5 ms

Detector Unattenuated pulse counting mode for < abo
Dead time 18 ns
Formation rate of 232Th16O <1%
summarized in Tables S1 and S2, and for the secondary reference
materials are in Tables S3 and S4. The resulting ages for the sec-
ondary standards show good agreement with the published values:
Ple�sovice 238Ue206Pb age¼ 335.1 ± 2.8 Ma (n¼ 20; MSWD¼ 1.12);
Ple�sovice 235Ue207Pb age¼ 339.8 ± 3.9 Ma (n¼ 20; MSWD¼ 0.78);
OD-3 238Ue206Pb age ¼ 33.04 ± 0.27 Ma (n ¼ 21; MSWD ¼ 0.74);
OD-3 235Ue207Pb age¼ 33.85 ± 0.80Ma (n¼ 21;MSWD¼ 1.4); OD-
3 232The208Pb age ¼ 33.25 ± 0.40 Ma (n ¼ 17; MSWD ¼ 0.19). All
weighted mean values and MSWD values in this study were
calculated using Isoplot 4.15 (Ludwig, 2003). Details of the analyt-
ical instrumentation and operational settings are summarized in
Table 2.
4. Results and discussion

4.1. ThePb and apparent UePb ages

Measured 232The208Pb ages for the Kirigamine Rhyolite, Bishop
Tuff, and Toga Pumice are 0.942 ± 0.013 Ma (n ¼ 23; MSWD ¼ 1.3),
0.767 ± 0.015 Ma (n ¼ 31; MSWD ¼ 1.5), and 0.4480 ± 0.0077 Ma
(n ¼ 24; MSWD ¼ 0.96), respectively (Fig. 1; Tables S1 and S2). The
calculated 232The208Pb zircon ages for the Kirigamine Rhyolite and
Bishop Tuff exhibit good agreement with their 40Ar/39Ar sanidine
ages considering analytical uncertainties. The consistency of the
232The208Pb zircon and 40Ar/39Ar sanidine ages for the Kirigamine
Rhyolite and Bishop Tuff indicates that the residence time for these
zircons in their melts was brief (i.e., <0.02 Myr). In contrast, the
measured 232The208Pb zircon age for the Toga Pumice is slightly
older than its 40Ar/39Ar sanidine age. This can be explained by the
higher closure temperature of the 232The208Pb system in zircon as
compared with the 40Ar/39Ar system in sanidine, and the possibility
of zircons being recycled from a crystal mush or other parts of a
long-lived magmatic system (e.g., Schmitt, 2011).

238Ue206Pb ages without correction for initial disequilibrium
(i.e., assuming that secular equilibrium prevailed during zircon
crystallization) are 0.8543 ± 0.0068 Ma (n ¼ 32; MSWD ¼ 0.8) for
the Kirigamine Rhyolite, 0.684 ± 0.016 Ma (n ¼ 20; MSWD ¼ 0.4)
Bishop Tuff, Toga Pumice

e ablation cell

device

ped signals at first a few seconds for waiting stabilization, and next signals during 7

204 (1 ms), 206 (1 ms), 207 (1 ms), 232 (1 ms), 238 (1 ms), and 1500 sweeps. Total

), 208 (2 ms), 232 (0.6 ms), and 2000 sweeps. Total integration time was 7.2 s.
ut 3.0 � 106 cps, attenuated pulse counting mode for > about 3.0 � 106 cps



Fig. 1. 232The208Pb, 238Ue206Pb, and 235Ue207Pb dating results for the Kirigamine Rhyolite (aec), Bishop Tuff (def), and Toga Pumice (gei). Note that no correction for initial
disequilibrium was applied to the 238Ue206Pb and 235Ue207Pb ages.
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for the Bishop Tuff, and 0.371 ± 0.017Ma (n¼ 17; MSWD¼ 0.19) for
the Toga Pumice. The uncorrected 235Ue207Pb ages are
1.079 ± 0.041 Ma (n ¼ 32; MSWD ¼ 3.6) for the Kirigamine
Rhyolite, 0.867 ± 0.053 Ma (n ¼ 20; MSWD ¼ 2.2) for the Bishop
Tuff, and 0.550 ± 0.047 Ma (n ¼ 17; MSWD ¼ 1.3) for the Toga
Pumice. The 238Ue206Pb and 235Ue207Pb ages without correction
for initial disequilibrium are significantly younger and older,
respectively, than the 232The208Pb ages (Fig. 1). This is also evident
Fig. 2. Concordia diagrams for the (a) Kirigamine Rhyolite, (b) Bishop Tuf
from the concordia diagrams (206Pb/238U versus 207Pb/235U;
Fig. 2aec) where all data points for the Kirigamine Rhyolite, Bishop
Tuff, and Toga Pumice are systematically displaced to the right of
the concordia curve plotted at secular equilibrium. The obvious
discrepancy between the measured 206Pb/238U and 207Pb/235U ra-
tios and concordia curves is attributed to the contribution of initial
disequilibrium, and deficits and excesses of 230Th and 231Pa iso-
topes, respectively. A modified TeraeWasserburg (207Pb/206Pb
f, and (c) Toga Pumice, and (d and e) resulting fTh/U and fPa/U values.
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versus 238U/206Pb) concordia diagram has been proposed that can
account for initial disequilibrium of 234U, 231Pa, 230Th, and 226Ra
(Richards et al., 1998; Wendt and Carl, 1985). However, for the case
of UeThePb dating of zircon, we now present simplified correc-
tions for disequilibrium and demonstrate their viability.
4.2. Simplified disequilibrium corrections

In a state of radioactive secular equilibrium, the product of
radiogenic nuclides (Ni) and their decay constants (li) for all decay
series nuclides is constant (i.e., Nili ¼ constant). Initial disequilib-
rium results from preferential redistribution of decay series nu-
clides during crystallization of minerals, including zircon (Fukuoka,
1974; Fukuoka and Kigoshi, 1974; Rubatto and Hermann, 2007).
Due to this initial disequilibrium (i.e., Nili s constant), the growth
rates of radiogenic 206Pb and 207Pb isotopes deviate from those
under secular equilibrium. In the case of the 238U decay series,
elemental fractionation of 230Th from 238U during zircon crystalli-
zation in a melt can cause the initial disequilibrium. The same is
true for the 235U decay series, where preferential incorporation of
231Pa relative to 235U in zircon can cause initial disequilibrium (e.g.,
Schmitt, 2007, 2011). The contribution of other nuclides is negli-
gible, because of the shorter half-lives of the other decay series
nuclides. The magnitude of the initial disequilibrium in the
238Ue206Pb and 235Ue207Pb decay systems can be estimated from
the ratio of the distribution coefficients for Th/U (DTh

Zircon/Melt/
DU

Zircon/Melt) and Pa/U (DPa
Zircon/Melt/DU

Zircon/Melt), respectively.
Hence, the correction factors for the initial disequilibrium on
238Ue206Pb and 235Ue207Pb decay series can be defined as follows:

fTh=U ¼
DTh
Zircon=Melt

DU
Zircon=Melt

¼ ðTh=UÞZircon
ðTh=UÞMelt

(1)

fPa=U ¼
DPa
Zircon=Melt

DU
Zircon=Melt

¼ ðPa=UÞZircon
ðPa=UÞMelt

: (2)

Given that the distribution coefficients (DZircon/Melt) can vary
depending on the chemical composition, oxygen fugacity, pressure
or temperature of the melts (Blundy and Wood, 2003; Luo and
Ayers, 2009; Rubatto and Hermann, 2007) and the crystallization
rate (Trail, 2014), GTh/U and GPa/U values can deviate from unity. This
suggests that initial equilibrium is generally not expected to exist
for magmatic zircons. Ludwig (1977) and Wendt and Carl (1985)
formalized the contribution of initial radioactive-daughter
disequilibrium to UePb decay systems. This was followed by a
practical correction technique for initial disequilibrium using GTh/U
values (Sch€arer, 1984), which is, however, oversimplified. Using the
correction technique of Sch€arer (1984), the resulting UePb dates
are only sufficiently accurate for zircons >0.5 Ma. However, these
disequilibrium effects on young zircon ages (<0.5 Ma) must be
carefully corrected for. To overcome this problem, equations for the
correction of initial disequilibrium are derived here by simplifying
the original equations of Wendt and Carl (1985), and by reasonably
assuming that: (a) the state of secular equilibrium for the UeThePb
decay series was achieved in the melt from which the zircons
crystallized (e.g., Condomines and Sigmarsson, 1993); (b) the
234U/238U ratio did not change due to zircon crystallization; (c) the
initial Pb (204Pb, 206Pb, 207Pb, and 208Pb) in the zirconwas negligible
(i.e., Pb0 ¼ 0); and (d) the effect of initial disequilibrium on 226Ra
(t1/2 ¼ 1600 a) and other nuclides with shorter half-lives can be
ignored.

Under these conditions, the following relationships between
238U, 234U, and 230Th activities are valid:
238U
Crystl:
Melt l238 ¼ 234U

Crystl:
Melt l234 ¼ 230Th

Crystl:
Melt l230 (3)

where 234U, 238U, and 230Th denote the number of atoms and lm
(m ¼ 238, 234 and 230) are the decay constants for 238U, 234U, and
230Th, respectively, and Crystl. represents the timing of the zircon
crystallization. For the 238U and 234U nuclides, it is reasonable to
assume that radioactive equilibrium is maintained, as isotope
fractionation between 234U and 238U during high temperature
crystallization is negligible and, hence, the ratio of their distribu-
tion coefficients (D234-U/D238-U) will be unity. Thus, we derive the
following relationship between the number of nuclides (234U and
238U) and their decay constants:

238U
Crystl:
Zirconl238 ¼ 234U

Crystl:
Zirconl234 (4)

Given that Pb is highly incompatible in zircon, we assume that
the content of initial Pb (non-radiogenic Pb) is zero:

206Pb
Initial
Zircon ¼ 0 (5)

The temporal changes in the 206Pb and 230Th nuclides are
expressed as follows:

d230ThZircon
dt

¼ 234UZirconl234 � 230ThZirconl230 (6)

and

d206Pb
*
Zircon

dt
¼ 230ThZirconl230; (7)

where Pb* represents radiogenic Pb. Using reasonable approxima-
tions (l230 e l238 ~ l230; l231 e l235 ~ l231), the ingrowth of the
206Pb/238U ratio with time can be calculated as follows:

 
206Pb

*
Zircon

238UZircon

!
¼
�
el238t � 1

�
þ l238
l230

�
fTh=U � 1

��
1� e�l230t

�
el238t

(8)

In an identical fashion, the equation for the ingrowth of
207Pb/235U can be derived:

 
207Pb

*
Zircon

235UZircon

!
¼
�
el235t � 1

�
þ l235
l231

�
fPa=U � 1

��
1� e�l231t

�
el235t

(9)

These formulae are the basis for the correction of 238Ue206Pb
and 235Ue207Pb ages from measured (206Pb/238U)Zircon and
(207Pb/235U)Zircon and two correction factors (GTh/U and GPa/U)
defined in Equations (8) and (9). The correction factors fTh/U and fPa/
U can be represented as follows:

fTh=U ¼
l230

n
R206=238 �

�
el238t � 1

�o
l238

�
1� e�l230t

�
el238t

þ 1 (10)

fPa=U ¼
l231

n
R207=235 �

�
el235t � 1

�o
l235

�
1� e�l231t

�
el235t

þ 1 (11)

where R206/238 and R207/235 represent 206Pb/238U and 207Pb/235U
ratios in the zircon, respectively. Equations (8)e(11) are mathe-
matically equivalent to those published by Wendt and Carl (1985)
with the exception that we neglect the initial disequilibrium of
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234U and 226Ra. Propagation of uncertainties on fTh/U and fPa/U can be
calculated using the following equations:
s2fTh=U ¼
 

l230
l238

�
1� e�l230t

�
el238t
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þ
0
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h
� l238el238t

�
1� e�l230t

�
�
�
R206=238 þ 1� el238t

�n�
� l230e�l230t

�
þ
�
1� e�l230t

�
l238

oi
l238

�
1� e�l230t

�2el238t
1
A

2

s2t

þ
0
@
�
R206=238 � el238t þ 1

��
1� e�l230t � l230te�l230t

�
l238

�
1� e�l230t

�2el238t
1
A

2

s2l230 (12)

s2fPa=U ¼
 

l231
l235

�
1� e�l231t

�
el235t

!2

s2R207=235

þ
0
@l231

h
� l235el235t

�
1� e�l231t

�
�
�
R207=235 þ 1� el235t

�n�
� l231e�l231t

�
þ
�
1� e�l231t

�
l235

oi
l235

�
1� e�l231t

�2el235t
1
A

2

s2t

þ
0
@
�
R207=235 � el235t þ 1

��
1� e�l231t � l231te�l231t

�
l235

�
1� e�l231t

�2el235t
1
A

2

s2l231 (13)
In Equations (12) and (13), sR206/238 and sR207/235 are the un-
certainties on (206Pb/238U)Zircon and (207Pb/235U)Zircon, respectively.
Similarly, uncertainties on the age (t), and 230Th and 231Pa decay
constants are represented as st and sl, and are propagated as a
source of error, whereas errors on the 238U and 235U decay con-
stants are ignored. In the case of LA-ICP-MS zircon dating, the
analytical uncertainties are typically a few percent, and the
contribution to the final error from the error of the 230Th decay
constant (l230 ¼ 9.1705 (±0.00138) � 10�6 yr�1; Cheng et al., 2013)
is trivial compared with the analytical uncertainties. Hence, the
uncertainty on l230 can be ignored (i.e., sl230 ¼ 0) in LA-ICP-MS
studies.

Fig. 3 illustrates the growth curve for the (206Pb/238U)Zircon ratio
calculated as a function of GTh/U values. For comparison, the growth
curves for (206Pb/238U)Zircon proposed by Sch€arer (1984) and the
conventional growth curves without any correction for initial
disequilibrium (i.e., 206Pb/238U ¼ elt e 1) are also shown. The
magnitude of the systematic difference in the measured age (t)
with and without correction of initial disequilibrium is ~100 ka
(e.g., GTh/U ¼ 0.1); thus, reliable G -values are required for the ac-
curate correction of initial disequilibrium. It is impossible to
calculate GTh/U and GPa/U from direct comparison of measured
206Pb/238U and 207Pb/235U ratios and time (t) defined by zircon
fission track (FT) or 40Ar/39Ar ages for the same volcanic event. This
would be erroneous because UePb, FT, and 40Ar/39Ar ages have
markedly different closure temperatures: ca. 250 �C for zircon FT
dating (Hurford, 1986; Tagami et al., 1996), <400 �C for 40Ar/39Ar
dating (e.g., sanidine; Baadsgaard et al., 1961), and 900e1000 �C for
zircon UeThePb ages (Cherniak and Watson, 2001). Moreover,
zircon commonly crystallizes significantly before eruption (e.g.,
Simon et al., 2008). To overcome this, we have determined
empirical GTh/U and GPa/U factors based on a comparison of the
206Pb/238U and 207Pb/235U ratios with the measured 232The208Pb
ages for the Kirigamine Rhyolite, Bishop Tuff, and Toga Pumice (e.g.,
Oberli et al., 2004). These solutions for f are based on the fact that
the 232The208Pb decay series is not significantly affected by initial
disequilibrium effects because the half-lives of 232Th -decay series
nuclides are <5.75 a (228Ra; Mays et al., 1962), meaning that any
disequilibrium is erased on a much shorter time scale than the
corresponding analytical uncertainties on 232The208Pb ages.
4.3. G value determination

In this study, GTh/U and GPa/U values in Equations (10) and (11)
were calculated from the measured 206Pb/238U and 207Pb/235U ra-
tios and the 232The208Pb ages. Fig. 2d and e illustrate the resulting
GTh/U and GPa/U values obtained from our three zircon samples. The
resulting correction factors are GTh/U ¼ 0.19 ± 0.14 and GPa/
U ¼ 3.66 ± 0.89 for the Kirigamine Rhyolite, GTh/U ¼ 0.24 ± 0.20 and
GPa/U ¼ 3.1 ± 1.2 for the Bishop Tuff, and GTh/U ¼ 0.28 ± 0.17 and GPa/
U ¼ 3.04 ± 0.99 for the Toga Pumice (2 sd absolute; Fig. 2d and e;
Table S2). Amongst our three studied zircon samples, the Bishop
Tuff has been the subject of the most previous studies to constrain
the degree of initial disequilibrium (i.e., determine GTh/U). Crowley
et al. (2007) determined a precise 238Ue206Pb ages for Bishop
Tuff zircons by ID-TIMS, using 2.81 ± 0.32 (2s) as the Th/U value in
the melt for estimating GTh/U. This value was derived from data in
Anderson et al. (2000) who analyzed of melt inclusions in quartz
phenocrysts that were shown to be uniform throughout the entire



Fig. 3. 206Pb/238U growth curves in zircon calculated using Equation (8).
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Bishop Tuff eruptive cycle. The data in Crowley et al. (2007) can be
inverted to calculate a GTh/U value for Bishop Tuff zircon on Equa-
tions (10) and (12). This yields fTh/U ¼ 0.1949 ± 0.0078 (2s; n ¼ 19;
MSWD ¼ 2.0). Alternatively, Th/U melt values of the Long Valley
volcano system,which is the source of the Bishop Tuff (Hildreth and
Wilson, 2007; Simon et al., 2014), combined with Th/U zircon data
from Crowley et al. (2007), yield GTh/U values between 0.11 and 0.21.
The GTh/U value estimated in this study (GTh/U ¼ 0.24 ± 0.20) is
consistent with these previous studies considering the un-
certainties. However, the magnitude of the uncertainty is too large
to rigorously evaluate differences between the approaches for
estimating GTh/U; i.e., from Th/U melt values, or combination of
ThePb ages and radiogenic Pb/U in the zircon.

Unfortunately, there are no previous studies that allow us to
constrain GTh/U in zircons from the Kirigamine Rhyolite and Toga
Pumice. Typically, reported GTh/U values of zircons that crystallized
from silicic magmas range from ca. 0.15 to 0.25 (e.g., Charlier and
Zellmer, 2000; Farley et al., 2002; Guillong et al., 2014; Schmitt,
2011; Schmitt et al., 2003; Simon et al., 2009). Experimentally
determined distribution coefficients for Th and U (DTh and DU) in a
zirconemelt system have been determined, and from these, GTh/U
(i.e., DTh/DU) can be calculated to be ca. 0.16 to 0.25 at 750e800 �C
(Rubatto and Hermann, 2007; Watson and Harrison, 1983).
Compared with these accepted values for GTh/U, the values obtained
in our study (GTh/U ¼ 0.19 ± 0.14 for the Kirigamine Rhyolite; GTh/
U ¼ 0.28 ± 0.17 for the Toga Pumice) have similar or slightly higher
values which overlap within uncertainty. The precision of GTh/U
achieved in this study is insufficient for identifying the best
approach to quantifying the degree of initial 230Th disequilibrium,
but the results indicate that estimation of GTh/U using whole-rock or
melt inclusion chemistry is consistent with our independent
approach of using ThePb ages.

There have only been limited investigations of the magnitude of
Pa/U partitioning in the zirconemelt system (i.e., GPa/U). Although
direct experimental constrains on GPa/U are lacking, Schmitt (2007)
measured the 231Pa/235U ratio and calculated initial 231Pa/235U in
natural zircons from the continental rift Salton Buttes rhyolite.
Schmitt (2007) estimated that the GPa/U value of zircon is ca. 0.9 to
2.2. Subsequently, Schmitt (2011) determined the initial 231Pa/235U
ratio in zircon crystals from the Late Pleistocene China Hat rhyolite
by measuring 230Th/238U and 231Pa/235U ratios by SIMS. Given that
the initial 231Pa/235U ratio in the melt of the zircon was also
measured by glass analysis (Heumann, 2004), a GPa/U value of ca. 3.8
could be calculated (Schmitt, 2011). The GPa/U values determined for
natural zircon samples in our study (ca. 3.0 to 3.7) are in good
agreement with those of Schmitt (2011) considering the un-
certainties. These values agree with those estimated from ID-TIMS
zircon data where disequilibrium corrected 206Pb/238U ages were
compared to 207Pb/235U ages (Rioux et al., 2015).

However, we have to deal with an urgent problem associated
with the age of Bishop Tuff, if our estimation of Th/U and Pa/U
partitioning in zircon-melt system supports the conventional
approach for correction of initial disequilibrium.
4.4. Is the 767 ka zircon date the age of the Bishop Tuff?

Recent studies of the age of the Bishop Tuff have led to con-
troversy regarding the differences between the eruption age
determined by 40Ar/39Ar methods on sanidine and the crystalliza-
tion age determined by UePb methods on zircon. The weighted
mean zircon UePb age of 767 ± 1 ka (2s; n ¼ 17/19) determined by
Crowley et al. (2007) has been widely accepted and is consistent
with the slightly younger 759 ± 4 ka (2s; n¼ 70) 40Ar/39Ar eruption
age of Sarna-Wojcicki et al. (2000). However, this 40Ar/39Ar age
changes significantly depending on the calibration strategy
(Channell et al., 2010; Renne, 2013; Renne et al., 1998, 2011; Rivera
et al., 2011; Simon et al., 2014). Simon et al. (2014) precisely
determined an eruption age of 780 ± 4 ka (2s) using the calibration
method of Renne et al. (2011), which agrees with that of Sarna-
Wojcicki et al. (2000) recalculated using the same calibration, and
shows good reproducibility from a large number of analyses
(n ¼ 120) of multiple samples from the Bishop Tuff. Therefore, we
consider that an age of 780 ± 4 ka (2s) is one of reliable de-
terminations of the eruption age of the Bishop Tuff. However, if one
accepts this eruption age, then the younger zircon crystallization
age (767 ± 1 ka; 2s) determined by Crowley et al. (2007) becomes
problematic. Simon et al. (2014) suggested that this was because
the estimation of the Th/U ratio of the host melt by Crowley et al.
(2007) was erroneous and, as a result, the correction for initial
disequilibrium on 230Th was incorrect. Crowley et al. (2007)
adopted a Th/U melt value of 2.81 ± 0.32 (2s), whereas Simon
et al. (2014) suggested that this value is higher. For example, if
the average Th/U melt value of 3.5 estimated by Hildreth and
Wilson (2007) or a value of 4.5 determined from late-erupting
pumice is used instead, then the age of Crowley et al. (2007) can
be recalculated to be 771e775 ka. Nevertheless, this recalculated
age still appears to be younger than the eruption age. Here, we
would like to explore another explanation for this inconsistency in
these ages and assess if the scenario is realistic.

Many recent studies have highlighted that the typical intervals
between major silicic eruptions are, surprisingly, longer than the
periods in which the melts can remain in a molten state (Druitt
et al., 2012; Reid, 2008; Reid and Coath, 2000; Simon and Reid,
2005; Simon et al., 2008, 2009), whereas Tierney et al. (2016)



Fig. 4. Recalculated zircon 238Ue206Pb ages of Bishop Tuff when the Th/U partitioning and disequilibrium generated during partial melting are taken into account. For calculation,
isotopic data of zircon grains in Crowley et al. (2007) is used. Here, fTh/U(p.m.) and fTh/U are the fractionation factor of Th/U at the time of partial melting or zircon crystallization,
respectively, T is the pre-crystallization magma residence time (i.e., the time between partial melting and zircon crystallization). Three fTh/U values are calculated by procedures
described in text.
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show that long melt presence (>400 kyr) is possible under realistic
condition of magma fluxes. Hence, melt disequilibrium (or equi-
librium) of Bishop Tuff should be a valid concern. If a state of secular
equilibrium was not reached in the melt of the Bishop Tuff, then
assumption (a) in Section 4.2 is no longer correct. In this case, the
equation for the 238Ue206Pb age can be modified using distribution
coefficients for TheU in solideinitial melt at the time of partial
melting (i.e., DTh

Solid/Initial Melt and DU
Solid/Initial Melt), and zir-

conemelt (i.e., DTh
Zircon/Melt and DU

Zircon/Melt) systems as follows:
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(15)

where fTh/U(p.m.) and fTh/U are the fractionation factor of Th/U at the
time of partial melting or zircon crystallization, respectively, T is the
pre-crystallization magma residence time (i.e., the time between
partial melting and zircon crystallization), and t is the zircon
crystallization age. (Th/U)Solid and (Th/U)Initial Melt are the Th/U
values of the magma source, such as continental crust, depleted
mantle, or older magmatic intrusions, and the initial melt at the
time of partial melting, respectively. Equation (14) shows that the
disequilibrium-corrected age becomes older as T becomes shorter.
Furthermore, the corrected age is also older if the fractionation
factor for Th/U in the solideinitial melt system (fTh/U(p.m.)) is less
than unity. It is difficult to precisely determine the pre-
crystallization magma residence time of the melt of Bishop Tuff,
but we can estimate that the value is < 70 kyr, if we accept a pro-
posed model of magma chamber history of Long Valley caldera by
Simon et al. (2014). Hence, we can calculate the amount of melt
disequilibrium (fTh/U(p.m.)) required to bring eruption and crystal-
lization ages to concordance. In this discussion, three different
cases are considered. In first scenario, the magnitude of disequi-
librium in zirconemelt system (fTh/U) is fixed to be weighted
average of fTh/U values calculated from isotopic data in Crowley et al.
(2007) and 2.81 ± 0.32 (2s) as the melt Th/U value (Anderson et al.,
2000): fTh/U ¼ 0.195. In second and third scenarios, fTh/U values are
calculated to be 0.162 and 0.126 using the melt Th/U value of 3.5
(Hildreth and Wilson, 2007) and 4.5 from late-erupting pumice
(Simon et al., 2014), respectively. To bring zircon crystallization
ages (t) recalculated using these parameters (i.e., fTh/U, T) to be older
than the eruption age of Simon et al. (2014), the melt disequilib-
riumvalues (fTh/U(p.m.)) corresponding to three fTh/U values must be
smaller than 0.41, 0.49, or 0.63, respectively, even if the pre-
crystallization magma residence time (T) is assumed to be zero
(Fig. 4). Here, Bishop Tuff can be classified into rhyolitic rock (e.g.,
Hildreth and Wilson, 2007), and rhyolites that are sufficiently
young to directly measure U-series isotopes are typically close to
equilibrium (Boehnke et al., 2016; Condomines and Sigmarsson,
1993), unless the Th concentration of melt is relatively low
(<2 ppm, Condomines and Sigmarsson, 1993). It would be unreal-
istic to consider that a strong melt disequilibrium (fTh/U(p.m.) <0.41,
0.49, or 0.63) existed at the timing of partial melting because the
melt Th concentration of Bishop Tuff is relatively high (>10 ppm,
Simon et al., 2014).

However, in general, the processes involving the intrusion of
silicic magmas are more complex than the simplified model
assumed above. For example, the Long Valley caldera has experi-
enced multiple intrusions of silicic magma from 2500 to 100 ka
(Bailey et al., 1976; Heumann and Davies, 1997; Metz and Bailey,
1993; Simon et al., 2014) and, therefore, robust estimation of fTh/
U(p.m.) and T is difficult. Therefore, our approach using zircon
ThePb ages has some important advantages over other methods for
correcting for initial disequilibrium. This is because no assumptions
need to be made regarding elemental fractionation in solideinitial
melt and zirconemelt systems or complex magma chamber pro-
cesses. We have determined a ThePb age for Bishop Tuff zircons of
767 ± 15 ka (n ¼ 31; MSWD ¼ 1.5), which is within uncertainties of
the eruption ages by Sarna-Wojcicki et al. (2000) and Simon et al.
(2014). Although it is difficult to confirm which eruption age is
reliable from the point of view of our ThePb age of Bishop Tuff
zircons, this method still provides a critical constraint on the timing
of zircon crystallization. To determine ThePb ages more precisely
using LAeICPeMS methods, several technical advances remain to
be achieved. These include development of reliable secondary
reference materials of young age for 208Pb/232Th measurements,
enhanced instrument sensitivity, and improvement of common Pb
correction. As such, we do not consider our ThePb age as the best
constraint on the crystallization age of Bishop Tuff zircons, given
the large uncertainty associated with it. However, it is clear that



Fig. 5. Systematic errors in 207Pb/206Pb ages dependent on the initial disequilibria of
230Th and 231Pa in the case of a zirconwith an age of 4.5 Ga. The difference between the
conventional (assuming secular equilibrium) and disequilibrium-corrected ages was
calculated as follows: (corrected 207Pb/206Pb age) e (conventional 207Pb/206Pb age).
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ThePb dating can contribute to the investigation of complex
magma chamber processes and, therefore, developing improved
techniques for ThePb dating is an important area for future
research.
4.5. Effect of initial disequilibrium on 207Pb/206Pb ages

A failure to account for initial disequilibrium causes an apparent
offset in 238Ue206Pb and 235Ue207Pb ages. This implies that initial
disequilibrium can cause systematic age errors for ancient zircons
where precisions of <0.1 Myr are sought on measured ages.
Moreover, this is also the case for 207Pb/206Pb ages, which are
widely used to define ages for older zircons (>500 Ma). We have
evaluated the effect of initial disequilibrium for a hypothetical
zircon that is 4.5 Ga in age (Fig. 5). Using typical correction factors
for silicic magmas (fTh ¼ 0.2 and fPa ¼ 3.5), the difference between
207Pb/206Pb ages calculated with and without correction for initial
disequilibrium is ca. 0.2Myr (Fig. 5). This is equivalent to systematic
errors in 207Pb/206Pb ages resulting from documented variations in
238U/235U (Hiess et al., 2012). The timescale for planetary accretion
and differentiation in the early Solar System is < 3Myr (e.g., All�egre
et al., 1995; G€opel et al., 1994), and this also highlights the impor-
tance of assessing systematic errors resulting from initial disequi-
librium when high-resolution chronology based on 207Pb/206Pb
ages is required to investigate planetary processes.
5. Concluding remarks

We have determined 238Ue206Pb, 235Ue207Pb, and 232The208Pb
ages on three Quaternary zircon samples by LA-ICP-MS, providing
novel insights into methods used to constrain initial disequilibrium
effects on UePb and PbePb dating. Themain outcomes of our study
are as follows.

(1) 232The208Pb ages for the Kirigamine Rhyolite, Bishop Tuff,
and Toga Pumice are determined to be 0.942 ± 0.013,
0.767 ± 0.015, and 0.4480 ± 0.0077 Ma, respectively.

(2) We propose a simplified correction model for initial
disequilibrium effects on 230Th and 231Pa in UePb zircon
dating based on the mathematical framework of Wendt and
Carl (1985).

(3) Through comparison of 238Ue206Pb (or 235Ue207Pb) and
232The208Pb zircon ages, correction factors for initial
disequilibrium are calculated to be 0.19e0.28 for fTh/U and
3.0e3.7 for fPa/U, which are consistent with those determined
previously using Th/U or Pa/U values in zircons and their
melts.

(4) Discrepancies in the eruption and zircon crystallization ages
of the Bishop Tuff is difficult to be reconciled by taking into
account a disequilibrium correction model using Th/U par-
titioning in zirconemelt and solideinitial melt systems.
Although our newly obtained ThePb zircon age of 767 ± 15
ka is not precise enough to strongly constrain the sanidine
40Ar/39Ar eruption age of Bishop Tuff, ThePb dating can be a
key method to determine the timing of zircon crystallization
in Quaternary timescales.

(5) Systematic errors in 207Pb/206Pb zircon ages arising from
initial disequilibrium effects are ca. 0.2 Myr for 4.5 Ga zircon,
assuming typical Th/U and Pa/U partitioning in a zir-
conemelt system. This may be significant for early Solar
System time scales, highlighting the importance of consid-
ering and correcting for initial disequilibrium when high-
resolution chronologies are required.

In summary, zircon ThePb dating is not only an important tool
for age determinations, but also a novel approach to investigating
Th/U or Pa/U partitioning in magmatic systems.
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