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shown in Fig. 3; Table 2: U–Th–Pb isotop
multiple collector-ICP-MS shown in Fig.
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Precise zircon U–Pb age determinations have been made on Plešovice zircon using laser ablation-multiple

ion counting-inductively coupled plasma-mass spectrometry (LA-MIC-ICP-MS). To achieve high precision

and high spatial resolution age determination, multiple ion counting using six electron multipliers was

employed. The intensities of Hg–Pb–U isotope (202Hg, 204(Hg + Pb), 206Pb, 207Pb, 208Pb, and 238U)

signals were monitored simultaneously without mass scanning. In static acquisition mode, the resultant
238U–206Pb concordia age for Plešovice was 336.3 � 1.9 Ma, demonstrating improved precision over

that achieved using a magnetic sector-based single-collector-ICP-MS, which was 340.3 � 3.5 Ma for

Plešovice. A high duty cycle can be achieved, along with a short integration time or a small sample

volume for analysis, allowing high spatial resolution. More importantly, downhole fractionation can be

reduced with a shallow ablation pit. To take full advantage of the setup, a one-second LA analysis

(8 laser shots with an 8 Hz repetition rate) was adopted for U–Pb age determination. The resultant

concordia age for Plešovice was 339.5 � 6.7 Ma, demonstrating that the repeatability and laboratory bias

precision of the resultant age data were comparable to conventional ablation with a single-collector-

ICP-MS. The depths and crater diameters of the ablation pits were, respectively, about >1 mm and 25 mm.

The data presented herein demonstrate clearly that multiple ion counting-ICP-MS can become a fast

and user-friendly tool for use in U–Pb zircon geochronology.
Introduction

Zircon has been widely used to decode both the geochemical
and geochronological backgrounds of samples.1,2 Conventional
bulk dating using isotope dilution thermal ionization mass
spectrometry (ID-TIMS) has been widely used.3–8 It is widely
recognized that the U–Th–Pb isotopic data obtained using the
TIMS technique can become the benchmark data for most of
the calibration protocols used in many analytical techniques.
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Along with this benet, it is true that some zircon grains can
have complex textures or heterogeneous distribution of U–Pb
isotopes. Schmitt et al. reported that the U–Th–Pb age deter-
mined from an overgrown thin layer of a zircon crystal was
signicantly less than that determined from the core of the
zircon.9 This result is explainable either by the secondary
growth of the rim through a magmatic process, or by the delay
of the start of a U–Th–Pb chronometer attributable to the
isotopic diffusion caused by decompression or by rapid cooling
in the host magma.9,10 This explanation suggests that the
chronological data obtained from the in situ or thin-outer layer
can provide information related to conditions of a magma
chamber or the chronological constraints on the magmatic
processes. In fact, many pioneering studies have revealed that
an in situ U–Th–Pb isotopic analysis can provide reliable chro-
nological information. Another analytical problem associated
with the TIMS technique is that the technique requires both
high analytical skills and longer analysis time. Recent applica-
tions have demonstrated that an age histogram based on large
amounts of zircon U–Pb age data provides key information
related to the geological settings of the sample.11,12 To achieve
this, a U–Pb isotopic analysis can be conducted by the appli-
cation of a probing technique such as secondary ion mass
J. Anal. At. Spectrom.
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spectrometry (SIMS),13–16 or ICP-MS along with laser ablation
sampling (LA-ICP-MS).17–19

This study used LA-ICP-MS combined with a multiple-
collector system setup to improve the precision and the spatial
resolution of the in situ U–Pb isotopic analysis. Using the
multiple collector system setup, the analytical precision of the
isotope ratio measurements can be improved even from very
unstable or transient signals.20–22 However, it is noteworthy that,
even with the multiple collector system, the resulting precision
and accuracy of isotope ratio measurements can be degraded
under the large contribution of signal spikes. The contribution
of the signal spikes, which are widely found in signal intensity
proles obtained using the LA sampling technique, can be an
important source of analytical errors.23–25 In fact, the resulting
precision in the isotope ratio measurements achieved by the LA
technique is generally poorer than that achieved using the
solution introduction technique. This poor precision can be
attributed to the slow response of the Faraday ampliers.8,26–28

To minimize the contribution of the unstable signal inten-
sity prole, a signal smoothing device is applicable to obtain
further precise isotope data.29 Despite marked success in
achieving high precision in isotope ratio measurements, the
application of multiple-Faraday collectors can be retarded by
the lower sensitivity of the collectors. To achieve further high
spatial resolution of the analysis, the MC-ICP-MS system
equipped with a multiple ion counting system is expected to be
an effective approach. Johnston et al. reported precise in situ
U–Pb isotopic ratio data obtained using a multiple-ion counting
system applied to the ICP-MS technique.30 Bühn et al. reported
precise U–Pb isotopic data using the multiple-ion counting
system.31 Despite considerable success in achieving higher
precision in the Pb isotopic ratio measurements, the depths of
the resulting ablation pits were 4–40 mm, suggesting a restricted
analytical capability of LA-ICP-MS in U–Pb dating from the outer
thin-layer region.

Recently, precise U–Pb isotopic ratio data from zircons using
MC-ICP-MS equipped with multiple Faraday cups have been
reported.27,28 To enhance the Faraday detector sensitivity, a 1012

ohm resistor, rather than a conventional 1011 ohm resistor, was
used to measure the U–Pb isotopic ratios.8 Because of the slow
response of Faraday ampliers, the ion signal stability is a key
factor in realizing precise isotopic ratio measurements using
the 1012 ohm resistor. To achieve higher stability, a large abla-
tion pit (30 mm diameter, 20 mm depth) for U–Pb isotopic
analysis was adopted.27 Despite better precision of the Pb/U
isotope ratio measurements, the analytical capability of this
technique for U–Pb dating for small zircon grains is expected to
be limited mainly by deeper ablation pits, which can enhance
the risk of laser ablation of secondary inclusions, and by the
large contribution of down-hole fractionation. With the larger
aspect ratio craters, the measured Pb/U ratios can be suscep-
tible to down-hole fractionation (i.e., time-dependent and
matrix-dependent). Therefore, careful correction must be
applied to obtain reliable U–Pb age determinations. Cottle et al.
reported precise U–Pb isotopic ratio data from zircon using one-
shot LA.19 The resulting ablation pit depth is as little as 1 mm.
Therefore, high-resolution depth proling can be achieved. This
J. Anal. At. Spectrom.
method has a high spatial resolution in depth but a low spatial
resolution in diameter. For this study, to improve the high
spatial resolution of U–Pb dating, a multiple ion counting-ICP-
MS technique using six high-gain electron multipliers (MIC-
ICP-MS) was used to achieve both high-precision U–Pb isotope
ratio measurements and improved spatial resolution.

Experimental
ICP-MS and laser

The MIC-ICP-MS instrument used for this study was a multiple
collector ICP-MS (Nu Plasma II; Nu Instruments Ltd., Wrexham,
UK). Six full-size electron multipliers were used for the simul-
taneous detection of ion signals: 202Hg, 204(Hg + Pb), 206Pb,
207Pb, 208Pb, and 238U. The type of multipliers used for this
study was an ETP discrete dynode electron multiplier (ETP
model 14144; SGE Analytical Sciences/Trajan Scientic Aus-
tralia Pty. Ltd., Australia). Ion-counting mode was used
throughout this study.

For comparison, a U–Pb isotope analysis was conducted in
a single-collector-ICP-MS system. The ICP-MS instrument used
for this study (Nu AttoM High-Resolution ICP-MS; Nu Instru-
ments Ltd., Wrexham, UK) supported electrostatic scanning to
monitor 202Hg, 204(Hg + Pb), 206Pb, 207Pb, 208Pb, and 238U
signals.

The LA systems used for this study were the ESI NWR femto
(ESI New Wave Research Inc., Oregon, USA) and the ESI
NWR193 for one second ablation. A two-volume cell (TV1) was
used throughout this study. Fluence is a key factor related to the
minimization of the elemental fractionation during laser abla-
tion.32 Lower uence and lower repetition rates were useful for
reducing elemental fractionation in the Pb/U ratio measure-
ments. Moreover, down-hole fractionation can be minimized
with the laser ablation with shallower crater depth. In this
study, a uence of about 2.0 J cm�2, a repetition rate of 8 Hz,
and 20 laser shots were used. An ablation pit size of 25 mm was
used for all analyses. To reduce the Hg background, a charcoal
lter was applied to the Ar carrier gas.32,33 Commercially avail-
able charcoal granules designed specically for Hg adsorption
were packed in the lter (Shirasagi No. 4, Activated Carbon;
Japan Envirochemicals Ltd., Osaka, Japan).

Aer the samples were set into the LA cell, He gas was
ushed into the sample cell for at least 2 h. This step is
extremely important for stabilizing UO+/U+ and mass fraction-
ation factors for U–Pb isotopes. Before the U–Pb isotopic anal-
ysis, one-shot cleaning was used to remove the possible surface
contamination of analytes through mineral separation,
mounting, and polishing procedures.34

The ICP-MS operational settings were optimized by maxi-
mizing the 238U signal obtained from LA using National Insti-
tute of Standards and Technology Standard Reference Materials
(NIST SRM) 612. Aer the optimization of the torch position
and ion lens setting, the ow rate of the He carrier gas was
adjusted to lower the ThO+/Th+ ratio to around 0.2% or less.
This step is critically important for achieving a lower UO
production rate for Pb/U ratio measurement by decreasing UO+

and increasing U+.
This journal is © The Royal Society of Chemistry 2016
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Because of the large contribution of signal spikes, the signal
intensity prole obtained in the rst 1 s was not used for
calculations. The details of the instrumentation and opera-
tional settings are presented in Table 1 (20-shot dating).
Dead time correction of the ion counters

The dead time for each ion counter was ascertained by moni-
toring the counting losses of Ba, Lu, andW ion signals obtained
Table 1 Instrumentation and operational settings for 20-shot age deter

Laser ablation system
Make, model & type
Ablation cell
Laser wavelength (nm)
Pulse width (ns)
Fluence (J cm�2)
Repetition rate (Hz)
Ablation duration (s)
Spot diameter (mm)
Sampling mode
Carrier gas

Cell carrier gas ow (L min�1)

ICP-MS Instrument (Multiple collector-ICP-mass spectrometer)
Make, model & type
Sample introduction
RF power (W)
Make-up gas ow (L min�1)
Detection system
Monitored isotopes
Integration time per peak times (ms)
Total integration time per reading (s)
Detector

IC dead time (ns)

ICP-MS Instrument (Single collector-ICP-mass spectrometer)
Make, model & type
Sample introduction
RF power (W)
Make-up gas ow (L min�1)
Detection system
Monitored isotopes
Integration time per peak times (ms)
Total integration time per reading (s)
Detector

IC dead time (ns)

Data processing
Gas blank
Calibration strategy
Data processing package used

Common-Pb correction
Uncertainty level & propagation

Normalization

This journal is © The Royal Society of Chemistry 2016
through solution nebulization. Isotopic ratios (132Ba/137Ba,
130Ba/137Ba, 176Lu/175Lu, and 180W/182W) were measured using
a combination of electron multipliers and Faraday collectors.

Fig. 1 presents the collector arrangement for ion counting
system measurements. To measure the dead time values for
IC0, IC1, and IC2, the deviations in 180W(IC0, IC1, and
IC2)/182W(Faraday) ratios were monitored by introducing W
standard solutions of various concentrations. To measure the
dead time values for IC3 and IC4, the deviations in
mination

ESI/New Wave Research, NWR femto
Two volume cell
260 nm
<130 fs
2.0 J cm�2

8 Hz
2.5 s
25 mm
Static spot ablation
He in the cell, Ar make-up gas combined using a T-piece
along the sample transport line to the torch
0.60 L min�1

Nu Instruments, Nu Plasmall HR-MC-ICP-MS
Ablation aerosol
1300 W
0.70 L min�1

Mixed Faraday-multiple ion counting array
202Hg, 204(Hg + Pb), 206Pb, 207Pb, 208Pb, 232Th, 238U
200 ms for each isotope
3 s
Six full size multipliers (IC) and one Faraday cup (H):
IC0 for 208Pb, IC1 for 207Pb, IC2 for 206Pb, IC3 for 204(Hg + Pb),
IC4 for 202Hg, IC5 for 238U and H8 for 232Th
17.4, 22.1, 10.4, 12.6, 12.6 & 9.1 ns IC0, IC1, IC2, IC3, IC4 & IC5 resp.

Nu Instruments, NuPlasma AttoM ICP-MS
Ablation aerosol
1300 W
0.70 L min�1

Ion counting mode and ion-attenuated mode
202Hg, 204(Hg + Pb), 206Pb, 207Pb, 208Pb, 232Th, 238U
1 ms for each isotope
5 s
One full size multiplier (IC): 202Hg, 204(Hg + Pb), 206Pb, 207Pb,
208Pb, 232Th and 238U
12.2 ns for IC

30 s on-peak zero subtracted
91500 and NIST SRM 610 used as primary reference material
Spreadsheet for data normalization, uncertainty
propagation and age calculation
No common-Pb correction applied to the data
Both the repeatability of the ratio measurements and counting
statistics of the measured isotope signals were propagated35
206Pb/238U ¼ 0.17917 (zircon 91500)36
207Pb/206Pb ¼ 0.9096 (NIST SRM 610)37
238U/235U ¼ 137.818 (zircon 91500)38
238U/235U ¼ 137.803 (Plešovice)38

J. Anal. At. Spectrom.
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Fig. 1 ICP-MS collector arrangements for the determination of dead
times for individual collectors.
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132Ba(IC3)/137Ba(Faraday) and 130Ba(IC4)/137Ba(Faraday) ratios
were monitored by introducing the Ba solution. Finally, the dead
time for IC5 was calculated according to changes in the 176Lu(I-
C5)/175Lu(Faraday) ratios through the introduction of the Lu
solution. The dead time of the ion counting system was deter-
mined by analyzing the regression of the data points based on
a non-paralyzed type of dead time correction.39 The resulting dead
time values for the ve ion-counting systemswere 17.4� 1.2 ns for
IC0, 22.1 � 0.4 ns for IC1, 10.4 � 0.9 ns for IC2, 12.6 � 1.7 ns for
IC3, 12.6 � 0.9 ns for IC4, and 9.1 � 0.5 ns for IC5 (uncertainties
are 2SD calculated based on the sum of total deviations for each
data point from the regression lines). Based on the format of
Horstwood et al., these dead times are presented in Table 1.40
Data reduction

Instrumental mass bias, including the effect of oxide/metal ion
yield of UO+/U+ on 206Pb/238U, was corrected externally by
normalizing 206Pb/238U as 0.17917 for the Nancy standard
zircon (Nancy 91500).36 The gains of the multipliers and mass
J. Anal. At. Spectrom.
biases on the 207Pb/206Pb for the 207Pb/206Pb ratio measure-
ments (IC1/IC2) were calibrated externally by monitoring the
207Pb/206Pb ratio through the laser ablation of NIST SRM 610
(207Pb/206Pb ¼ 0.9096).37 Data acquisitions for all primary
reference materials and samples were conducted under iden-
tical analytical conditions.

The analytical session included one gas blank measurement
for 30 s, three-time-repeated U–Pb isotope analyses for NIST
SRM 610 and Nancy 91500 zircons, and 15-time repeated U–Pb
analyses from 15 spots on the same zircon grain. The signals
obtained from laser ablation were integrated. The averaged
206Pb/238U and 207Pb/206Pb of Nancy 91500 zircon and NIST SRM
610 were used for both gain calibration between ion counters
and the correction of Pb/U and Pb/Pb fractionation during laser
ablation. The background counts were calculated by averaging
two gas blank counts obtained before and aer the measure-
ments of the Nancy 91500 zircon. In addition, a blank
subtraction correction was conducted by interpolating the two
averaged background counts. In this study, the signal intensity
of 235U in Nancy 91500 zircons was calculated based on the
signal intensity of 238U by normalizing the 238U/235U ratio as
137.818.38 Uncertainties from the Pb/U and Pb/Pb isotopic ratio
measurements for the primary reference material and the
counting statistics for each analyte were used to estimate
the overall uncertainties for the resulting age data. We used the
equations of Sakata et al. to calculate error propagation in the
206Pb/238U and 207Pb/235U ratios.35 The U–Pb concordia age was
calculated using the Isoplot 3.75 program of Ludwig.41

Results and discussion
Mid-term stability of the ion counter

To evaluate the mid-term stability of the multiple ion counting
system, the 206Pb (IC2)/238U (IC5) ratio was monitored for 1000
min, or approximately 17 h. The 206Pb/238U ratio was obtained
every 10 min using laser ablation of Nancy 91500. The resultant
206Pb and 238U signals were integrated for 10 s. The 206Pb/238U
ratios obtained using single collector-ICP-MS and MIC-ICP-MS
are shown against the elapsed time (Fig. 2). No correction for
the mass bias factor was made for either the single-collector-
ICP-MS or MIC-ICP-MS measurements. With the single-
collector-ICP-MS, the overall changes in the measured
206Pb/238U ratios were 6%. This change is almost comparable to
the uncertainties in the 206Pb/238U measurements. For MIC-ICP-
MS, the variation of the individual 206Pb/238U measurement is
remarkably smaller than that found in the single collector
instrument. Despite this, the 206Pb/238U ratio increased
systematically to 5% through the analysis sequence. The
observations indicate that the improved repeatability in
multiple ion counting revealed amid-term dri of Pb/U perhaps
because of instrumental dri. Systematic dri in UO+/U+ yield
and mass fractionation in Pb isotopes were reported by Kimura
et al. using multiple Faraday-ICP-MS.28 This study conrmed
the dri even with the low UO+/U+ setting. Based on the data
obtained here, the calibration of the Pb/U ratio should be con-
ducted every 1–2 h to minimize the contribution from these
factors.
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Medium-term stability in the measured 206Pb/238U ratio ob-
tained by (a) single collector-ICP-MS and (b) multiple collector-ICP-
MS.

Fig. 3 Plot of 206Pb/238U versus 207Pb/235U ratios (concordia diagram)
for Plešovice zircon obtained by the femtosecond LA-ICP-MS
technique.
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U–Pb age determination using 20-shot laser ablation

In this study, the U–Pb ages were obtained for a zircon material.
This material is Plešovice zircon collected from metamorphic
rocks in the BohemianMassif (Plešovice, Czech Republic).42 The
238U–206Pb age was 337.13 � 0.37 Ma (weighted average), as
determined by ID–TIMS.42

The U–Pb isotopic data obtained using the single-collector-
ICP-MS, combined with the femtosecond laser ablation system,
are depicted in Fig. 3(a). All the U–Pb isotopic data were ob-
tained from identical grains for Plešovice throughout this study.
Despite the slight scattering of the resultant U–Pb isotopic data,
the measured 206Pb/238U and 207Pb/235U ratios fell close to the
concordia curve. The resultant concordia age was 340.3 �
3.5 Ma (RSD ¼ 1.0%, n ¼ 15, MSWD ¼ 2.2) for Plešovice. The
U–Pb isotopic data obtained by MIC-ICP-MS using the multiple
ion counting system are shown on the concordia diagram
(Fig. 3(b)). The measured concordia age was 336.3 � 1.9 Ma
(RSD¼ 0.6%, n¼ 15, MSWD¼ 0.35) for Plešovice. The resultant
uncertainties in the 206Pb/238U and 207Pb/235U ratio measure-
ments are signicantly smaller than those found in the U–Pb
isotopic data obtained using the single-collector-ICP-MS. The
measured concordia age for Plešovice shows excellent agree-
ment with age data obtained both by present single-collector-
ICP-MS analysis (340.3 � 3.5 Ma) and the reported ID-TIMS
(337.13 � 0.37 Ma). The U–Pb age data for Plešovice clearly
demonstrate the feasibility of both the system setup and the
calibration protocol adopted for this study.

The spatial resolution achieved in this study was 25 mm in
diameter and >1 mm in depth, whereas Cottle et al. used the
condition of 35 mm diameter and 0.13 mm depth.43 Along with
the lower spatial resolution achieved here, the precision of the
weighted mean 238U–206Pb age (0.5%, 2SE, MSWD ¼ 0.06) was
signicantly better than that obtained by Cottle et al. (0.9%,
2SE, MSWD ¼ 1.3).43 This lower precision by Cottle et al.43 is
attributable mainly to the slow response of the Faraday ampli-
er used for monitoring 238U. For better analytical precision
and high spatial resolution, the multiple ion counting (MIC)
system setup can become another exible approach for in situ
U–Pb isotope ratio measurements.
This journal is © The Royal Society of Chemistry 2016
U–Pb age determination using 1 s laser ablation

The aspect ratio of depth against diameter of a crater formed by
LA is an important parameter to control elemental fractionation
during the LA.44 Therefore, when longer LA is employed, the
crater can have a higher aspect ratio, which introduces uncer-
tainties in the Pb/U ratio measurement. In contrast, the fewer
laser shots in the U–Pb isotope ratio measurement improve the
spatial resolution and reduce the elemental fractionation
during the analysis. Moreover, the U–Pb isotope analysis from
the shallower ablation pit can provide key information related
to U–Pb ages for the outer thin layers of the zircon grains.9 We
have tried to obtain U–Pb age data with a smaller laser shot
number. In this study, a total LA time of 1 s was employed to
obtain the U–Pb isotope ratio data from 15 spots on a single
grain of Plešovice; the total number of laser shots, 8, corre-
sponds to the repetition rate of 8 Hz. To achieve very thin layer
sampling, an ArF Excimer laser (NWR Ex ESI Portland, US),
operating at a wavelength of DUV 193 nm, was used in this
measurement. For 206Pb and 207Pb, we used Daly detectors
instead of multipliers. The details of instrumentation and
operational settings are presented in Table 2 (1 s dating).

With the signal smoothing device adopted in this study, the
duration time was about 3 s. Because of the large contribution
of signal spikes, the signal intensity prole obtained in the rst
1 s was not used for additional calculations. Aer discarding the
signals of the rst 1 s as a preablation, a total of 3 s signals were
used for calculations, suggesting that the overall duty cycle
achieved in 1 s ablation was higher than 70%.

Aer U–Pb age determination using 1 s laser ablation, the
diameter and depth of the resulting ablation pit were 25 mm and
<1 mm, respectively, as estimated using a high-magnication
microscope with 2000� magnication (Leica DVM5000 HD
digital microscope; Leica Microsystems, Germany). The U–Pb
isotope ratio values were calculated in the same manner as that
used for 20-shot dating. The U–Pb isotope ratio data obtained
with 1 s ablation is shown in the concordia diagram (Fig. 4). The
resultant U–Pb concordia age for Plešovice is 339.5 � 6.7 Ma
(RSD ¼ 2.0%, n ¼ 15, MSWD ¼ 0.65). This is consistent with
both the data from the literature (337.13 � 0.37 Ma)42 and those
obtained from conventional continuous LA (336.3 � 1.9 Ma;
Fig. 3(b)). The resultant uncertainties obtained with 1 s ablation
for Plešovice (RSD ¼ 2.0%) are signicantly poorer than the
J. Anal. At. Spectrom.
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Table 2 Instrumentation and operational settings for 1 s age determination

Laser ablation system
Make, model & type ESI/New Wave Research, NWR Ex
Ablation cell Two volume cell
Laser wavelength (nm) 193 nm
Pulse width (ns) <4 ns
Fluence (J cm�2) 1.5–1.6 J cm�2

Repetition rate (Hz) 8 Hz
Ablation duration (s) 1 s
Spot diameter (mm) 25 mm
Sampling mode Static spot ablation
Carrier gas He in the cell, Ar make-up gas combined using a T-piece

along the sample transport line to the torch
Cell carrier gas ow (L min�1) 0.53 L min�1

ICP-MS Instrument
Make, model & type Nu Instruments, Nu Plasmall HR-MC-ICP-MS
Sample introduction Ablation aerosol
RF power (W) 1300 W
Make-up gas ow (L min�1) 0.70 L min�1

Detection system Mixed Faraday-multiple ion counting array
Monitored isotopes 202Hg, 204(Hg + Pb), 206Pb, 207Pb, 208Pb, 232Th, 238U
Integration time per peak times (ms) 200 ms for each isotope
Total integration time per reading (s) 3 s
Detector Four full size multipliers (IC), two daly detectors (D) and one faraday

cup (H): IC0 for 208Pb, D1 for 207Pb, D2 for 206Pb, IC3 for 204(Hg + Pb),
IC4 for 202Hg, IC5 for 238U and H8 for 232Th

IC dead time (ns) 15.8, 20.0, 8.6, 14.7, 18.9 & 20.0 ns IC0, D1, D2, IC3, IC4 & IC5 resp.

Fig. 4 206Pb/238U and 207Pb/235U ratio data for Plešovice zircon ob-
tained by the multiple ion counting-ICP-MS technique involving 1 s
laser ablation using ArF excimer laser ablation.
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0.6% achieved using conventional continuous LA (Fig. 3(b)).
This poorer result is attributable to the large contribution of the
counting statistics for 206Pb and 207Pb signals. Although the
spatial resolution in depth is lower than that reported by
Schmitt et al.,9 this method might decode some volcanic activity
and be applicable to younger zircons. The precision of the U–Pb
age determination achieved by 1 s LA was comparable to that
obtained using the single collector-ICP-MS system combined
with the continuous LA for 20-shot dating (Fig. 3(b)).
Conclusion

In this study, six U–Pb isotopes' signals, 202Hg, 204(Hg + Pb),
206Pb, 207Pb, 208Pb, and 238U, were obtained from the LA of
J. Anal. At. Spectrom.
zircon materials. These isotopes were measured simultaneously
using a multiple ion counting system with six full-sized ion
multipliers equipped on a magnetic sector-based ICP-MS. With
the present multiple ion counting system, uncertainties in the
U–Pb age determination showed signicant improvements over
those achieved using the single-collector system setup.

The MC application remarkably intensied the overall duty
cycle collection efficiency of the ion signals, which suggests that
each isotope can be analyzed even under a shorter ablation
time. In fact, a shorter ablation time (e.g., 1 s) can produce
a shallower ablation pit depth. The precision of the U–Pb con-
cordia age for Plešovice (RSD ¼ 2.0%) was signicantly poorer
than that achieved using conventional continuous LA (RSD ¼
0.6%). With the shorter ablation time, signal intensities for the
analyses are expected to become very small. Moreover, the
smaller ion beam size produced by the shorter ablation time
can induce a large contribution of the counting statistics orig-
inating from the small total number of analytes produced
through the LA of a small sample volume. It is noteworthy that
the uncertainty obtained from 1 s ablation is comparable to that
achieved by the single collector-ICP-MS system setup combined
with conventional continuous LA.
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