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Multi-element analysis of geological samples using ICP-MS equipped with integrated sample introduction
and aerosol dilution systems
NAKAMURA Atsunori, KUBOTA Ran and OHTA Atsuyuki 71
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Cover Photograph

Multi-element analysis of geological samples using ICP-MS

We demonstrate the experimental setup for time-efficient analysis of a large number of geological samples using an
Agilent 7900 inductively-coupled plasma—mass spectroscopy (ICP-MS) system. The ICP-MS system is equipped
with a collision/reaction cell (CRC), an ultra-high matrix introduction (UHMI) system, and a third-generation
integrated sample introduction system (ISIS3). The photograph shows the routine multi-element analysis process for
geological samples using optimized parameter settings.

(Photograph and Caption by NAKAMURA Atsunori, KUBOTA Ran, and OHTA Atsuyuki)
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UCHINO Takayuki (2023) Early Permian rhyolite within a Jurassic accretionary complex in the North
Kitakami Belt and its attribution. Bulletin of the Geological Survey of Japan, vol. 74 (2), p. 61-69, 5 figs,
2 tables and 1 appendix.

Abstract: Mega-porphyritic rhyolite, ca. 2 km long and ca.150 m wide, occurs in the Nakatsugawa
Complex of a Jurassic accretionary complex in the southwestern North Kitakami Belt, Kitakami Massif.
The rhyolite has been considered as one of the Early Cretaceous dikes occurring ubiquitously in the
massif. However, it is proved to be an early Permian body based on ca. 280 Ma obtained by zircon U-Pb
dating. Considering that the rhyolite including abundant potassium feldspar is unlikely to a component
of an accretionary complex and that many tectonic blocks such as the Ordovician ultramafic and plutonic
rocks or the Paleozoic high-P/T schists occur in the Nedamo Belt located south of the North Kitakami
Belt, the rhyolite is likewise thought to be a tectonic block emplaced into the accretionary complexes by
a post-Jurassic tectonic movement. This mega-porphyritic rhyolite is possible to be a fragment of the late
Paleozoic island-arc igneous bodies, which is almost missing in the present Japanese islands.

Keywords: rhyolite, zircon, U-Pb age, Permian, North Kitakami Belt, Jurassic accretionary complex
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Geological map of the South Kitakamai, Nedamo and North Kitakami belts in central Kitakami Massif.
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Fig. 2 Route map around the early Permian mega-porphyritic rhyolite. Gray areas show the mapped distribution of the rhyolite.
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Fig. 3 Photographs of mega-porphyritic rhyolite: (a) boulder by the outcrop; (b) polished sample; (c, d) thin section images under

cross-polarized light and open-polarized light, respectively.

Abbreviations: Kfs (potassium feldspar); o-Chl (oxide chlorite); Pl (plagioclase); Qz (quartz).
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Table 1 Operating conditions of instrumentation using a double-
focusing sector field mass spectrometry for the analysis.

Laser ablation
Model CARBIDE (Light Conversion)

Laser type Femtosecond laser
Pulse duration 290 fs

Wave length 257 nm

Laser power 30 mW

Energy density 3.8 Jlem?

Spot size 10 pm (single spot)
Repetition rate 10 Hz

Duration of laser ablation 10s

Carrier gas (He) 0.60 L/min
ICP-MS
Model Nu Plasma Il (Nu Instruments Ltd.)
ICP-MS type Multi-collector
Forward power 1300 W
Make-up gas (Ar) 0.80 L/min

ThO"/Th (oxide ratio) <1%

Data acquisition protocol ~ Time-resolved analysis

Data acquisition 16 s (8 s gas blank, & s ablation signal)
Monitor iSOtODES 202 Hg 204 Pb, 206 Pb 207 Pb, 208 Pb, 252 Th.235 U

Standards
Primary standard Plesovice |
Secondary standard 003 %% Nancy 91500° GJ-1®

*1: Slama et al. (2008); *2: Iwano et al. (2012); *3: Iwano et al. (2013); *4:
Lukécs et al. (2015); *5: Wiedenbeck et al., (1995)
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Fodk THAICKIURSATEE Y 7 X< B HTRE IS L 3 ERSECA o v 3 Y OU-Pb-ThIFEINIA T — %, 724 ) 22 (%)
354 2T =H Y b F =2 ERT.

Table 2 U-Pb-Th isotopic data for analyzed zircon from the mega-porphyritic rhyolite determined using a double-focusing sector field mass
spectrometry. Asterisk (*) indicates a discordant data.

Isotopic ratfios U-Pb age (Ma)
Grain 27pp Error 2épp Error 27pp Error 28p Error Th 2eppy Error
no. QDéPb QU 238U 20— ?35U 20 232Th 25 U 238U 20—
1 0.0521 + 0.0055 0.0436 + 0.0027 0.3137 + 0.0365 0.0122 + 0.0011 0.66 2752 = 17.7
2 0.0352 + 0.0063 0.0456 = 0.0041 0.2218 + 0.0426 0.0189 <+ 0.0020 0.60 287.6 + 264 *
3 0.0467 + 0.0049 0.0452 + 0.0027 0.2907 + 0.0336 0.0110 % 0.0010 0.68 2848 = 177
4 0.0661  0.0089% 0.0404 £ 0.0035 0.3687 * 0.0555 0.0133 = 0.0014 0.80 25546 % 225
5 0.0492 + 0.0041 0.0451 £ 0.0023 0.3065 =+ 0.0283 0.0139 = 0.0011 0.67 284.6 = 145
-] 0.0530 + 0.0034 0.0446 =+ 0.0018 0.3262 + 0.0239 0.0142 + 0.0011 0.77 2812 = 11.5
7 0.0621 + 0.0081 0.0398 =+ 0.0032 0.3412 + 0.0495 0.0116 <+ 0.0011 1.03 2517 = 207
8 0.0433 + 0.0067 0.0436 + 0.0037 0.2602 + 0.0444 0.0188 + 0.0020 0.52 2750 + 239
9 0.0660 + 0.0091 0.0491 =+ 0.0047 0.4471 + 0.0710 0.0388 £ 0.0046 0.25 308.9 + 304
10 0.0580 + 0.0048 0.0422 + 0.0022 0.3376 + 0.0314 0.0193 + 0.0016 0.47 2662 + 140
11 0.0563 + 0.0035 0.0444 + 0.0017 0.3455 + 0.0243 0.0150 + 0.0011 0.71 2803 * 11.3
12 0.0504 + 0.0083 0.0450 * 0.0044 03125 + 0.0573 0.0204 £ 0.0023 0.52 283.6 + 282
13 0.055% + 0.0050 0.0417 + 0.0023 0.3218 + 0.0322 0.0130 + 00011 0.73 2634 + 147
14 0.0505 =+ 0.0034 0.0441 £ 0.0018 0.3069 =+ 0.0236 0.0131 % 0.0010 0.66 2780 = 117
15 0.0532 + 0.0022 0.0440 £ 0.0012 0.3228 = 0.0152 0.0143 = 0.0010 0.68 2776 £ 75
16 0.0548 * 0.0032 0.0438 + 0.0016 0.3312 *= 0.0221 0.0136 =+ 0.0010 0.60 2763 = 104
17 0.0578 + 0.0043 0.0440 =+ 0.0021 0.3506 + 0.0297 0.0130 £ 0.0011 0.66 2775 = 135
18 0.0532 + 0.0042 0.0442 =+ 0.0021 0.3244 + 0.0287 0.0138 + 0.0011 0.63 2790 + 137
19 0.0530 + 0.0037 0.0445 + 0.0019 0.3251 + 0.0253 0.0118 + 0.0009 0.80 2804 *+ 122
20 0.0496 + 0.0023 0.0446 =+ 0.0013 0.3054 + 0.0161 0.0150 £ 0.0011 0.70 2813 + 83
21 0.0448 + 0.0064 0.0436 + 0.0034 0.2819 * 0.0430 0.0103 = 0.0012 0.83 2752 = 220
22 0.0541  0.0037 0.0433 £ 0.0019 0.3238 = 0.0257 0.0139 + 0.0013 0.69 2735 £ 124
23 0.0514 + 0.0045 0.0451 £ 0.0024 0.3201 = 0.0318 0.0127 £ 0.0012 .77 2845 = 154
24 0.0477 + 0.0045 0.0451 =+ 0.0025 0.2965 =+ 0.0315 0.0152 + 0.0015 0.65 2842 =+ 162
25 0.0530 + 0.0033 0.0438 £ 0.0018 0.3205 + 0.0234 0.0138 = 0.0012 0.74 27646 = 113
26 0.0542 % 0.0051 0.0421 + 0.0024 0.3151 * 0.0337 0.0119 £ 0.0013 0.55 2659 =+ 157
27 0.0553 + 0.0036 0.0431 =+ 0.0018 0.3287 + 0.0254 0.0139 + 0.0013 0.59 2721 = 118
28 0.0520 + 0.0017 0.0435 + 0.0011 0.3120 + 0.0138 0.0140 + 0.0012 0.39 2742 + 70
29 0.0562 + 0.0039 0.0440 + 0.0020 0.3408 + 0.0278 0.0134 + 0.0012 0.82 277.5 * 128
30 0.0511 + 0.0057 0.0430 * 0.0029 0.3035 + 0.0380 0.0166 £ 0.0017 0.62 2716 + 184
31 0.0536 =+ 0.0038 0.0435 £ 0.0020 0.3221 + 0.0267 0.0124 + 0.0012 0.65 2747 * 127
32 0.0560 + 0.0034 0.0427 £ 0.0017 0.3299 + 0.0239 0.0149 + 0.0013 0.72 2694 = 11.0

Ma
o056 | (@) n=32 340 | (P) n=32
276.3 + 2.2 Ma
0052 | a5 | (MSWD = 1.05)
0.048 | 300 Hi
> :
£ :
;0.044 200 [ 1}
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Fig. 4 Zircon age data from the mega-porphyritic rhyolite: (a) concordia diagram and age; (b) bar chert showing individual analyses and
weighted mean age (horizontal blue bar). Dotted line indicates discordant data. MSWD: mean square weighted deviation. The ages
and figures were shown using Isoplot/Ex 4.15 (Ludwig, 2012) , an add-on module for the Microsoft Excel.
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Appendix

1 “EPCRIAEGTEE T 5 X HEOREIC K 5 2 KEHMER OU-Pb-ThEIM (K7 — 4.

Table A1 U-Pb-Th isotopic data from secondary zircon standards using a double-focusing sector field mass spectrometry.

|sotopic ratios U-Pb age (Ma)
Grain 7pp Error 24pp, Error 2pp Error 2pp, Error Th épp Error
no. QOéPb 20 238U 20— 235u 20 232—I—h 20— U 238U 2(5
21500 1-1 0.0744 <+ 0.0021 0.1798 + 0.0062 1.8454 £ 0.0782 0.0509 + 0.0035 0.41 1066.1 £ 40.1
21500 1-2 0.0764 £ 0.0021 0.1794 £ 0.0061 1.8904 + 0.0786 0.0567 £ 0.003% 0.36 1063.7 *= 394
91500 1-3 0.0734 + 0.0021 0.1774 + 0.0080 1.7962 + 00746 0.0476 + 0.0033 0.43 1052.6 + 38.6
21500 2-1 0.0753 * 0.0026 0.1845 £ 0.0071 1.9161 + 0.1035 0.0624 £ 0.0055 0.38 1091.6 =+ 45.7
GJ1 14 0.0599 + 0.0013 0.0965 + 0.0020 0.7974 £ 0.0224 0.0318 + 0.0024 0.05 5941 % 129
GJ11-2 0.0599 =+ 0.0013 0.0970 =+ 0.0020 0.8016 =+ 0.0224 0.0219 + 0.0016 0.08 5968 =+ 129
GJ11-3 0.0597 + 0.0013 0.0976 * 0.0020 0.8038 =+ 0.0223 0.0326 =+ 0.0024 0.05 600.1 % 130
GJ1 241 0.0610 % 0.0019 0.0973 £ 0.0026 0.8190 + 0.0356 0.0294 + 0.0027 0.06 598.4 £ 16.5
oD31-2 0.0446 <+ 0.0045 0.0052 + 0.0002 0.0319 + 0.0032 0.0017 < 0.0001 1.00 333. & 1.07
oD31-3 0.0464 =+ 0.0040 0.0050 + 0.0001 0.0318 £ 0.0027 0.0017 + 0.0001 1.05 320 = 091
OoD3 1-4 0.0423 + 0.0039 0.0052 + 0.0002 0.0304 + 0.0028 0.0017 £ 0.0001 1.13 336 = 1.00
OoD3 2-1 0.0456 + 0.0043 0.0052 + 0.0002 0.0329 + 0.0032 0.0016 + 0.0001 1.15 336 + 1.5
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Multi-element analysis of geological samples using ICP-MS equipped with
integrated sample introduction and aerosol dilution systems
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samples using ICP-MS equipped with integrated sample introduction and aerosol dilution systems.
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Abstract: Advances in inductively coupled plasma mass spectrometry (ICP-MS) have facilitated multi-
elemental analyses of various geological samples. However, time-efficient measurement of high-matrix
samples is challenging. In this study, we demonstrate the experimental setup of a new ICP-MS, Agilent
7900, equipped with a collision/reaction cell (CRC), an ultra-high matrix introduction (UHMI) system,
and a third-generation integrated sample introduction system (ISIS3). The CRC effectively reduces
molecular interference. To obtain a sufficiently low background equivalent concentration and blank/
standard ratio, the He gas flow rate was set to 4.5 mL/min. The UHMI system is an aerosol dilution
system that minimizes the matrix effect, reducing the interference from doubly charged ions, element
oxide ions, plasma-based polyatomic ions, acid-based polyatomic ions, and matrix-based polyatomic ions.
The ten-fold dilution mode (HMI-8) was very effective in minimizing the formation rate of oxide ions and
matrix-based polyatomic ions. For the quantitative multi-element analysis of geochemical samples, the
matrix effect caused by the decrease in ionization efficacy owing to coexisting major elements is a severe
problem. However, the matrix effect for trace elements has not been successfully corrected using the
internal standard method for natural sample measurements. Therefore, we used a matrix-matched standard
solution prepared from JB-1a by adding Li, Be, Ni, Cu, Zn, As, Mo, Ag, Cd, Sn, Sb, Cs, T, Pb, and Bi.
The ISIS3 reduced the measurement time by approximately 80 min when measuring 42 elements in 50
samples compared with the previous sample introduction system, in which the measurement solution was
diluted with water. With the optimized setting parameters, we confirmed that the concentrations of 42
elements in the eight geochemical reference materials were comparable to their referenced values.

Keywords: multi-element analysis, time-efficient measurement, high-matrix sample, matrix effect,
isobaric molecular interference, spectral interference, doubly charged ion, oxide ion, ICP-MS

1. Introduction

Technical developments in inductively coupled
plasma mass spectrometry (ICP-MS) have contributed
to advancements in various disciplines of geochemistry.
However, measuring a large number of high-matrix
samples is still challenging (e.g., Takahashi and Yamada,
2004). Geological Survey of Japan (GSJ), National
Institute of Advanced Industrial Science and Technology,
has prepared geochemical maps to reveal the natural
background of elements on the Earth by measuring 53
elements in 3000 stream and 4900 marine sediment
samples (Imai et al., 2004; Imai et al., 2010; Ohta et
al., 2021). Currently, we have been conducting high-

resolution geochemical mapping in Kanto region, Chubu
region, Kansai region, and Okinawa Islands (Imai et
al., 2015; Imai et al., 2019). This requires time-efficient
measurements of a large quantity of high-matrix samples
(over 2000 samples).

Therefore, we recently introduced a new ICP-MS,
Agilent 7900 (Agilent Technologies, Santa Clara, USA),
equipped with a collision/reaction cell to lower spectral
interference, an integrated sample introduction system
to reduce the measurement time, an autosampler to
process a large number of samples, and an aerosol
dilution system to minimize the matrix effect. However,
the degrees of interreference and matrix effects when
combining highly sensitive Agilent 7900 and the equipped
facilities are poorly understood. In this study, we present

" AIST, Geological Survey of Japan, Research Institute of Geology and Geoinformation
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the basic performance of the system, highlighting that
the interferences and matrix effects are negligible or
sufficiently low. The settings described here are applicable
to various geological high-matrix samples.

In this study, we first evaluate the performance of a
collision/reaction cell (CRC). Second, we demonstrate the
performance of the aerosol dilution system, which reduces
interreferences by doubly charged ions, oxide ions, and
isobaric molecular ions. Third, we investigate the matrix
effect caused by a decrease in the ionization efficacy of
trace elements by coexisting major elements. We then
determine the setup parameters of the sample introduction
system to improve the time efficiency of the measurements.
Finally, we measure 42 elements in geochemical reference
materials to evaluate the fundamental performance of our
new equipment.

2. Apparatus

An Agilent 7900 mass spectrometer was equipped with
standard devices, including a glass nebulizer, a quartz
spray chamber cooled at 2°C using a Peltier cooling
system, standard nickel sampling and skimmer cones, a
quartz torch with 2.5 mm injector, x-lens, and a fourth-
generation octopole reaction system (ORS*) collision/
reaction cell. The ORS* provides fast cell gas switching
and the most effective interference removal using kinetic
energy discrimination in the He mode (McCurdy et al.,
2006). As an optional function, the ICP-MS is equipped
with an autosampler (SPS4) for rapid processing of
large amounts of sample, a third-generation integrated
sample introduction system (ISIS3) for improving the
time-efficiency of measurements, and an ultra-high matrix
introduction (UHMI) system for high-matrix analysis.

The valve system within the ISIS3 facilitates simultaneous
introduction of the solution to the ICP-MS and washing
of the tubes that are not used during the measurements
(Wilbur and Jones, 2010; Yamanaka and Wilbur, 2014).
Therefore, compared with conventional autosampler
systems, ISIS3 significantly reduces the time required
for sample switching. Figure 1 shows the schematic
illustration of the ISIS3. First, the sample solution is
rapidly introduced into the sample loop using an ISIS3
piston pump (Fig. la). Simultaneously, the carrier
solution mixed with the online internal standard solution
is nebulized. The carrier solution then passes through the
loop as the valve switches, pushing the sample solution
into the nebulizer (Fig. 1b). The rinsing of the autosampler
probe begins at the same time as the sample is injected, and
the measurement begins after the intensity stabilizes. After
data acquisition, the valve returns to the load position,
the HNO, solution pushes out any remaining sample to
waste, and the carrier solution rinses the nebulizer (Fig.
1¢). Because the unused routes are washed alternately at
each stage, the total measurement time can be significantly
shortened (Fig. 1d).

The UHMI system employs sample aerosol dilution

(a) TNebuIizer

Autosampler ISIS 3
>—

Sample
loop

Probe

Sample | Waste Carrier Internal standard

Load Wash
(b) Nebulizer
Autosampler ISIS 3 T
9
Sample
loop
[ J
Probe
\ 4 ’
HNO, Waste Carrier Internal standard
Wash Inject
(C) Nebulizer
Autosampler I1SIS 3 1
>—@ ?
Sample
loop
Probe
\4
HNO, Waste Carrier Internal standard
Wash Wash
(d)
—_ Measurement
%)
Q
o
(0]
K =
c o]
2 7]
£
Time (sec)
Mode (a) (b) (c)
— > >
Probe Load Wash Wash
Sample loop Load Inject Wash

Nebulizer Wash Measurement = Wash

Fig. I Schematic illustration of the ISIS3 (modified after
Wilbur and Jones, 2010; Yamanaka and Wilbur, 2014):
(a) sample loading, (b) sample injection, and (c) sample
loop washing. Bold lines in a—c represent active tubes
connected by the valves. Dashed lines represent off-line
tubes. (d) Change in signal intensity with respect to time.
The characters on the arrows indicate the modes of the
operation, which are shown in panel a—c. The probe and
nebulizer are washed alternatively, reducing the total
amount of time consumed for a sample.



Analyzing geological high-matrix samples using ICP-MS (NAKAMURA et al.)

Table 1 Operating parameters of the I[CP-MS.

ICP-MS parameter No gas mode He mode
Plasma mode normal mode HMI-8
RF power (W) 1,600

Spray chamber temp (°C) 2

Sampling depth (mm) 10

Plasma gas flow (L/min) 15.0

Carrier gas flow (L/min)* 0.95

Lens tune Autotune

Cell gas flow (mL/min) 4.5
Stabilization time from No gas 15

mode to He mode (s)

Energy discrimination (V) 5.0

“Total flow rate of nebulizer gas and dilution gas.

technology that uses clean argon gas and is a breakthrough
system that eliminates the potential problems of a liquid
dilution system. Previously, risks of sample contamination,
sample leaks, and dilution errors have been reported for
liquid dilution systems (Proper et al., 2020). In contrast,
the UHMI system uses a dilution gas, which is introduced
through a spray chamber. By diluting with gas rather than
water, the UHMI system can significantly reduce the
oxide interference. The dilution factor was selected from
1 to 1/100. Herein, the ten-fold dilution mode (HMI-8)
was used. The instrumental conditions, including UHMI
settings, are summarized in Table 1. The instrumental
parameters were set to achieve approximately 1.0 % of the
CeO/Ce rate and approximately 1.5 % of the Ce™"/Ce rate.

3. Experiments

3.1 Reagents

A multi-element calibration solution and an In solution
as an internal standard were prepared from a 1000 mg/L
atomic absorption standard solution supplied by Kanto
Chemical Co., Inc. Briefly, 10000 mg/L or 1000 mg/L
ICP-MS standard solutions of Na, Mg, Al, K, Ca, and Fe,
supplied by Merck Millipore, were used to evaluate the
matrix effect on the declining intensity of minor elements.
All acids, including HF, HNO,, HCI, and HCIO,, were
of atomic absorption standard grade supplied by Kanto
Chemical Co., Inc. Double-deionized water was produced
by RFD300NC (ADVANTEC Co., Inc.) and further
purified to 18.2 M() resistivity by Milli-Q Simplicity
(Merck Millipore). Geochemical reference materials
supplied by the Geological Survey of Japan (e.g. Imai et
al., 1995; Imai et al., 1996; Terashima et al., 2002; Okai,
2016; Nakamura et al., 2020) were used.

3.2 Optimization of the He gas flow rate in the
collision cell
Molecular interference arising from the matrix in the
sample solution and Ar gas is reduced by He interactions
in the collision cell. Given that the enhanced He gas flow

rate reduces both polyatomic interference and analyte
ions, we optimized the cell gas flow rate. The He gas
flow rate was increased from 0.0 mL/min to 8.0 mL/min
in steps of 0.5 mL/min. To evaluate the interference from
Y“Ar'®0O and “Ar*Ar, we measured the ion intensities of
*Fe and 7Se. For this experiment, a standard solution
containing 10 ng/mL Fe and Se was prepared.

The difference in intensity between the standard and the
blank is expressed as follows:

AI/I = (Istandard_ Iblank)/lstandard,

where Isandard and Iviank are the intensities of the standard
and blank solutions, respectively.

3.3 Interference of doubly charged (M*") and oxide
(MO) ions on analytes

The interference caused by the doubly charged ions and
element oxide ions in our system was quantified using 32
elements (Ca, Sc, V, Mn, Fe, Co, Ti, Cr, Ni, Ga, Ge, Se,
Zr, Nb, Mo, Sn, Sb, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, and Lu). In particular, we examined
the effectiveness of the UHMI system in reducing the
interference from the doubly charged ions and element
oxide ions. Table 2 shows the measured elements with
their masses, the interfered elements with their masses,
and the formation rates of the doubly charged and oxide
ions. The 32 elements were separated into 15 solutions to
avoid overlapping of the doubly charged and oxide ions
on the measured masses. Sample solutions containing 10
pg/L and 100 pg/L analytes were measured in normal
(without dilution) and in ten-fold dilution modes (HMI-8),
respectively.

3.4 Interference of isobaric molecular ions on
analytes

Five sample solutions were prepared to evaluate the

polyatomic interferences derived from the plasma and/

or aqueous matrix (Table 3). Interferences from “Ar*®Ar,

4Ar»Na, and ¥CI'°0O were evaluated for P, V, Cr, Ni, Cu,
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Table 2 Formation rates of doubly charged (M) and oxide (MO) ions.

Element M~ MO
Mass in - -
ouion cloment s dtuton ™M et mase.dition M8
44 Ca Ne 22 0.50% 0.48% Ni 60 2.7% n.d.
48 Ca Mg 24 n.d. n.d. Ni, Zn 64 n.d. n.d.
45 Sc Ni 61 0.01% n.d.
51 \% Zn 67 0.01% n.d.
55 Mn Ga 71 <0.01% n.d.
54 Fe Al 27 0.75% n.d. Ge 70 n.d. n.d.
59 Co As 75 <0.01% <0.01%
47 Ti Cu 63 5.2% n.d.
49 Ti Cu 65 0.90% n.d.
50 Ti Mg 25 n.d. n.d. Zn 66 31% n.d.
50 Cr Mg 25 <0.1% n.d. Zn 66 4.9% n.d.
52 Cr Mg 26 n.d. n.d. Zn 68 0.20% n.d.
53 Cr Ga 69 n.d. n.d.
60 Ni Si 30 n.d. n.d. Ge, Se 76 8 8
62 Ni P 31 0.15% n.d. Se 78 0.15% 0.11%
69 Ga Rb 85 0.22% 0.17%
74 Ge Cl 37 n.d. n.d. Zr 90 n.d. n.d.
77 Se Nb 93 n.d. n.d.
82 Se K 41 n.d. n.d. Mo, Ru 98 n.d. n.d.
91 Zr Ag 107 0.16% 0.07%
93 Nb Ag 109 0.11% 0.03%
95 Mo Cd 111 <0.01% <0.01%
117 Sn Cs 133 0.18% 0.06%
118 Sn Co 59 0.39% n.d. Ba 134 0.12%  <0.01%
120 Sn Ba 136 n.d. <0.01%
123 Sb La 139 <0.01% <0.01%
130 Ba Cu 65 5.1% 0.38% Nd 146 n.d. n.d.
135 Ba Eu 151 0.08% 0.01%
136 Ba Zn 68 4.1% 2.6% Sm, Gd 152 0.07% 0.05%
137 Ba Eu 153 0.05% 0.03%
138 Ba Ga 69 4.1% 2.8% Sm, Gd 154 <0.01% <0.01%
139 La Gd 155 0.23% 0.12%
140 Ce Zn, Ge 70 0.97% 0.86% Gd, Dy 156 0.28% 0.12%
142 Ce Ga 71 0.93% 0.85% Gd, Dy 158 0.46% 0.30%
141 Pr Gd 157 0.39% 0.20%
142 Nd Ga 71 0.79% 0.75% Gd, Dy 158 0.33% 0.13%
143 Nd Tb 159 0.40% 0.18%
150 Nd As 75 0.72% 0.87% Er 166 0.35% 0.14%
2 Formation rate was not determined because of interference from “’Ar*°Ar.
Zn, As, Se, and Mo. In conjunction with this experiment, 4H, and 5H were measured in the HMI-8 mode (Table 3).
we examined the effectiveness of the UHMI system,
which reduced the interference of isobaric molecular ions. 3.5 Matrix effect due to major elements
The analytes and interference species are listed in Table 4. The decrease in the ionization efficiency of trace
Solution 1 (0.35 mol/L HCI) and solution 2 (0.36 mol/L elements (Li, Be, Ni, Cu, Zn, Mo, Cd, Sn, Sb, Cs, Pb, TI,
HNO,) were measured both in the normal and HMI-8 and Bi) caused by coexisting major elements (Na, Mg, Al,
modes. Solutions 3 L, 4 L, and 5 L were measured in the K, Ca, and Fe) in the geological samples was examined.
normal mode (without dilution), whereas solutions 3H, Four solutions were prepared for this experiment (Table
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Table 2 Continued.

Element M MO
Mass in - -

souion clomentmasedtuton ™M et mase diuion M
147 Sm Dy 163 0.05% 0.03%
149 Sm Dy 165 0.04% 0.05%
150 Sm As 75 0.51% 0.55% Er 166 0.10% 0.07%
154 Sm Se 77 0.63% 0.55% Er, Yb 170 0.08% 0.04%
151 Eu Er 167 0.01%  <0.01%
153 Eu Tm 169 0.01% 0.02%
154 Gd Se 77 0.36% 0.28% Er, Yb 170 0.10% 0.05%
156 Gd Se 78 0.30% 0.28% Yb 172 0.18% 0.06%
157 Gd Yb 173 0.20% 0.10%
160 Gd Se 80 0.61% 0.36% Yb, Lu 176 0.24% 0.13%
159 Tb n.d. 0.10% Lu 175 0.10% 0.10%
160 Dy Se 80 3.1% 1.6% Yb, Lu 176 0.06% 0.02%
163 Dy Hf 179 0.16% 0.06%
164 Dy Se 82 n.d. n.d. Hf, Ta 180 n.d. n.d.
165 Ho Ta 181 0.13% 0.06%
167 Er W 183 0.17% 0.08%
170 Er Rb 85 0.49% 0.46% W 186 0.15% 0.10%
169 Tm Re 185 0.06% 0.02%
173 Yb Os 189 0.01%  <0.01%
174 Yb Rb, Sr 87 n.d. n.d. Os, Pt 190 0.01%  <0.01%
175 Lu Ir 191 0.23% 0.10%
176 Lu Sr 88 n.d. n.d. Os, Pt 192 1.1% 0.75%

5) and measured in the HMI-8 mode.

The amounts of trace elements contaminated from the
major elemental ICP-MS standard solutions (Na, Mg, Al,
K, Ca, and Fe) were calculated as follows:

Cstandard X (Iblank with matrix — Iblank without matrix)/(Istandard without matrix

- Iblank without matrix),

where Csuandara 1S the concentration of the standard solution,
Tbtank with matrix @Nd Totank without marix are the intensities of the blank
solutions with and without matrix elements, respectively,
and Istandard without marix 18 the intensity of the standard without
matrix elements.

3.6 Quantification of 42 elements in the geochemical
reference materials

Eight geochemical reference materials used in this study
were obtained from the Geological Survey of Japan: JSd-
1, JSd-2, JSd-3, JSd-4 (stream sediments), JLk-1 (lake
sediment) (Imai et al., 1996), JSO-1 (soil), JMS-1, and
JMS-2 (marine sediments) (Terashima et al., 2002). The
analytical method followed in this study was described
by Ohta (2018b). First, 0.1 g of a geochemical reference
material was weighted in a 50 mL PTFE beaker covered
with a PTFE watch glass. The sample was then digested
using a mixture containing 5 mL of HF (50%), 3 mL

of HNO, (60-61%), and 2 mL of HCIO, (60-62%) at
125°C for 2 h. After that, the temperature of the sample
was increased to 145°C, and the sample was kept at this
temperature for 1 h. The digested product was dried at 190
°C. The residue was dissolved in 5 mL of 7 mol/L HNO,.
The PTFE beaker was kept at 100°C for 15 min. The
dissolved solution was diluted to 100 mL in a polyethylene
volumetric flask using double deionized water.

A matrix-matched standard solution was prepared using
digested JB-1a (Imai, 1990; Imai et al., 1995). Because
the sediment samples of interest yielded significantly
higher concentrations of some elements than JB-1a, we
added adjustment solutions containing Li, Be, Ni, Cu,
Zn, As, Mo, Ag, Cd, Sn, Sb, Cs, Tl, Pb, and Bi to the
JB-1a standard solution. This elevated the elemental
concentration of the JB-la-based solution to a level
sufficient to obtain a calibration line. Calibration lines
were provided using the ion counts of the standard
and blank solutions. This procedure is very useful for
minimizing the matrix effect in multi-element analyses
(Imai, 1990; Ohta, 2018a; Ohta et al., 2021). Furthermore,
this method is free from contamination by trace elements
contained in the single-element AAS or ICP-MS standards
for major elements. The geochemical reference material
JB-1a is easily decomposed and its reference values are
well documented (Imai, 1990; Imai et al., 1995).
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Table 3 Concentrations of the blank and high standard solutions for elucidating the formation of isobaric molecular ions.

Solution 1~ Solution 2 Solution 3H Solution 3L Solution 4H  Solution 4L Solution SH  Solution 5L
Analyte mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
Na - - - - 100 10 100 10
Mg - - - - 100 10 100 10
K - - - - 100 10 100 10
Mn - - - - 10 1 10 1
S - - 20 2 - - - -
Acid mol/L mol/L mol/L mol/L mol/L mol/L mol/L mol/L
HNO;, 0.35 - 0.35 0.35 0.35 0.35 - -
HC1 - 0.36 - - - - 0.36 0.36
Table 4 Intensities of isobaric molecular ions measured in the normal and HMI-8 modes.
Mass Element  Abundance (%) Interference No-dilution HMI-8
cps / mg/L cps / mg/L
31 P 100 “N'0'H, N0 48 cps/0.35M HNO, 36 cps/ 0.35M HNO;
51 v 99.8 30150, 1N 1106 cps / 0.36M HCI 230 cps / 0.36M HCI
52 Cr 83.8 3Ar'%0 710 cps / 0.35M HNO; 368 cps / 0.35M HNO,
53 Cr 9.50 A% 96 cps / 0.35M HNO; 54 cps/ 0.35M HNO;
53 Cr 9.50 Y10, ¥CIPN'H 504 cps /0.36M HCI 128 cps / 0.36M HCI
60 Ni 262 PNa'cl 192 cps / Na 10 mg/L (in 0.36M HCI) 72 cps/Na 10 mg / L (in 0.36M HCI)
63 Cu 69.2 OArPNa 430 cps / Na 10 mg/L (in 0.35M HNO;) 76 cps / Na 10 mg/L (in 0.35M HNO;)
65 Cu 30.9 DA Mg 214 cps / Mg 10 mg/L (in 0.35M HNO;) 10 cps / Mg 10 mg/L (in 0.35M HNO;)
66 Zn 27.7 ‘“)ArZGMg 152 cps / Mg 10 mg/L (in 0.35M HNOs) 14 cps / Mg 10 mg/L (in 0.35M HNO;)
66 Zn 27.7 B3, 28 292¢cps /S 0.2 mg/L 46 cps /S 0.2 mg/L
75 As 100 “Ar¥cl 44 cps/0.36M HCI 24 cps/0.36M HCI
77 Se 7.63 OAC) 8 cps/0.36M HCI 14 cps/ 0.36M HCl
78 Se 23.8 OABAL 30 cps/ 0.35M HNO; 32 cps/0.35M HNO;
80 Se 49.6 A AL 30421 cps / 0.35M HNO, 33712 cps / 0.35M HNO,
90 Zr 51.5 SSMn®Cl 2263 cps/ Mn 1 mg/L (in 0.36M HCI) 1526 cps / Mn 1mg/L (in 0.36M HCI)
95 Mo 15.8 WALI0YK n.d. /K 10 mg/L (in 0.35M HNO;) n.d. /K 10 mg/L (in 0.35M HNO;)
95 Mo 15.8 YOASMn n.d./Mn 1 mg/L (in 0.35M HNO;) n.d./Mn 1 mg/L (in 0.35M HNO3)

The blank, standard, and sample solutions were mixed
with a 10 pg/L In solution and diluted ten-fold with
the UHMI system (HMI-8). The standard solution was
subjected to ICP-MS measurements periodically after
the corresponding measurements of every five samples
to correct the drift in the signal intensity. The solution
of the digested geochemical reference material JB-3 was
measured every ten samples for quality control of all
the elements. Each of the eight geochemical reference
samples was measured thrice.

The detection limit (D.L.) and quantification limit (Q.L.)
of 42 trace elements were obtained from ten repeated ICP-
MS measurements of a blank solution. D.L. and Q.L. were
calculated as follows:

DL = Cstandard X SSblank / (Istandard - Iblank),
QL = Cstandard X losblank / (Istandard - Iblank),

where Csandard, Sblank, Istandard, and Ipiank are the concentration
of'the JB-1a standard solution, unbiased standard deviation

obtained from the measurements of the blank solution,
intensity of the JB-1a standard solution, and intensity of
the blank solution, respectively.

4. Results and discussion

4.1 Optimization of a He gas flow rate

To evaluate the interference caused by *°Ar'®O and
YAr¥Ar, we measured the ion intensities of *°Fe and "*Se,
and the ion intensities of the standard and blank solutions
are shown in Figure 2. When the He cell gas flow was
increased from 0 mL/min to 8 mL/min, the ion intensity of
the standard and blank solutions increased to a maximum
value at a flow rate of 1.0 mL/min. This phenomenon
is called the ‘collisional focusing effect’ (Douglas and
French, 1992; Takahashi and Yamada, 2004; Tanner et al.,
2002). Subsequently, the ion intensity values decreased
with increasing gas flow rate owing to the interactions in
the collision cell.

The optimal He flow rate is defined as the flow rate
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Table 5 Concentrations of blank and high standard solutions for elucidating the matrix effect.

Blank solution
without matrix

Blank solution
with matrix

High standard
solution without

High standard
solution with

matrix matrix
Major elements mg/L mg/L
Na - 20 - 20
Mg - 80 - 80
Al - 150 - 150
K - 10 - 10
Ca - 100 - 100
Fe - 100 - 100
Trace elements ng/L ng/L
Li - - 40 40
Be - - 4 4
Ni - - 400 400
Cu - - 400 400
Zn - - 500 500
Mo - - 10 10
Cd - - 4 4
Sn - - 40 40
Sb - - 10 10
Cs - - 10 10
Pb - - 200 200
Tl - - 2 2
Bi - - 10 10

that achieves a sufficiently low background equivalent
concentration (BEC) and uniform AI/I. Figure 2 shows
that the BEC for >*Fe and "®Se decreased to approximately
2.0 png/L at a He gas flow rate of 4.5 mL/min. The ratios
between the signal and background levels converged to
0.8 for *Fe and 0.9 for "*Se at a He gas flow rate of 4.5
mL/min. Based on these results, the optimum flow rate
was set to be 4.5 mL/min for the measurements. While
the oxide ratio of **CeO/'*°Ce in our system was reduced
from 1.0% to 0.3-0.5% at a He flow rate of 4.5 mL/min,
no significant reduction in the double-charged ratio of
140Ce*/19Ce was observed in our system.

4.2 Interference of doubly charged (M*"), and oxide
(MO) ions

Table 2 shows the formation rates of doubly charged (M**)
and oxide (MO) ions. Overall, these rates were sufficiently
low for routine measurements of actual sediment samples.
The formation rates of doubly charged ions (M*) were
mostly less than 1 %, but were not significantly decreased
by HMI-8 dilution. The HMI-8 dilution mode effectively
decreased the M*™ ions for *°Ba*™, 1**Ba*™, and **Ba""
(interfering with %Cu, %Zn, and “Ga).

The formation of oxide (MO) ions was mostly less
than 0.5 % in the normal mode (without dilution), and
they decreased further in the HMI-8 dilution mode (Table
2). Although the formation rates of *Ca'é0, *'Ti'°O,
OTi'%0, and *°Cr'O were exceptionally in the range of
2.7-31 % for the normal mode, their formation ratios were

undetectable for the HMI-8 dilution mode. The formation
ratio of Ni'O was very high (14-15 %), irrespective of
the HMI-8 dilution mode, because of the formation of
“Ar*Ar. Therefore, the isotopes of the analytes Ge and
6Se should not be used.

4.3 Interference of isobaric molecular ions

The effectiveness of the UHMI system in reducing
plasma-, acid-, and matrix-based polyatomic ions is
shown in Table 4. The intensity of the polyatomic ions
ranged from ~10 cps to ~1100 cps, except for “°Ar*’Ar.
Moreover, “Ar'°0*K and “°Ar**Mn were not detected.
These low ion intensities were caused by the capability
of the He collision cell. The UHMI system effectively
reduced the formation of *Ar'°O, *Ar'®O'H, “°Ar**Na,
PATMg, ©Ar*Mg, 3CI1'90, and 3S**S (or *2$**S) because
the concentrations of matrix elements, such as Na, Mg,
Cl, and S, in an aerosol were diluted to one-tenth in the
HMI-8 dilution mode. In contrast, the formation rates of
N1SQ'H, 1SN'60, “Ar’’Cl, “°Ar*®Ar, and “°Ar*°Ar did not
change significantly between the no-dilution and HMI-8
dilution modes. These results suggest that the formation
rates of acid-based and plasma-based polyatomic ions
were not significantly suppressed by HMI-8 dilution.

4.4 Matrix effect due to major elements (Na, Mg, Al,
K, Ca, and Fe)

Table 6 shows that the ionization efficiency of trace

elements (Li, Be, Ni, Cu, Zn, Mo, Cd, Sn, Sb, Cs, Pb, Tl,
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and Bi) decrease due to coexisting major elements (Na,
Mg, Al K, Ca, and Fe). The amounts of trace elements
contaminated from the major elemental ICP-MS standard
solutions (Na, Mg, Al, K, Ca, and Fe) are also summarized
in Table 6. The lighter isotopes, "Li and °Be, were not
affected by matrix elements. In contrast, the intensities
of heavier isotopes were significantly reduced by 4—11 %
upon adding matrix elements to the solutions.

To overcome the matrix effect, an internal standard
solution is often added to standard and blank solutions.
In our system, “In was used as an internal standard to
observe the signal drift for a long-time measurement. The
decrease in the intensity of the analyte with the major
elements was significantly improved by ''“In correction
(Table 6). The reduction in signal intensity by matrix
elements was negligible for Mo, "'Cd, ''8Sn, ''Sb,
and '3Cs; however, a significant reduction in the signal
intensity was still observed for “Ni, “Cu, ®Zn, 2%TI,
208pp, and 2”Bi. These findings support the advantage
of using a matrix-matched calibration solution, which is
used for routine measurements. We employed a matrix-
matched calibration solution prepared from a geochemical
reference material and did not correct the data using '*In.

4.5 Determination of elemental concentrations of
measurement samples

4. 5.1 Customizing ISIS3 operation for high-matrix
samples

Based on results mentioned above, we optimized the
operation parameters for the ISIS3 to efficiently measure
a large number of samples (Table 7). A loop volume of 2.4
mL is sufficient for a measurement time duration of 200
s. The sample was drawn into a sample loop within the
load time. When a sample was injected into the nebulizer,
the signal was stabilized in 10 s. After a solution is loaded
to the sample loop, the autosampler probe of SPS4 is
washed with double deionized water (“Probe rise (MQ)”")
and then cleaned by 1 mol/L HNO, solution to minimize
contamination from a solution (“Probe rise (1 M HNO,)”).
After the measurement, the sample loop was washed with
double deionized water (“Optional loop probe wash”) and
then cleaned by 1 mol/L HNO, solution (“Optional loop
wash”).

Previously, we used an Agilent 7500 spectrometer
equipped with an ISIS system, which took 230 s to complete
a single measurement, including sample load, water
dilution, signal stabilization, and washing. In contrast, our
new system, Agilent 7900, with the ISIS3, shortened the
measurement time to 130 s. Overall, the ISIS3 reduced the
total measurement time by approximately 80 min when
measuring 42 elements in 50 samples.

These settings were optimized for geological samples
with a high matrix. When we measure precious solutions
for other studies, we unmount the ISIS3 to minimize
the consumption volume of the sample solutions (e.g.,
Nakamura et al., 2021).
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Table 6 Matrix effect of major elements reducing the intensity of trace elements.

Contamination

Intensity declination

Intensity declination with

Mass Element . . . Mode
(ug/L)* without In correction In correction

7 Li 0.26 -1.4% n.d. No gas

9 Be 0.002 1.3% n.d. No gas
60 Ni 0.80 -10% -7.1% He
63 Cu 0.31 -11% -7.6% He
66 Zn 0.35 -7.5% -4.2% He
95 Mo 0.023 -3.7% -0.3% He
111 Cd 0.008 -5.0% -1.7% He
118 Sn 0.075 -5.5% -2.2% He
121 Sb 0.40 -4.8% -1.4% He
133 Cs n.d. -4.3% -0.9% He
205 Tl 0.002 -10% -6.7% He
208 Pb 0.050 -11% -7.8% He
209 Bi 0.001 -10% -6.7% He
115 In -3.2% - He

* Contamination from ICP-MS standard solution of major elements is calculated.

Table 7 Operating parameters of the ISIS3.

ISIS 3 parameter Setting

Loop length (mm) 600

Loop tube diameter (mm) 2.18

Loop volume (mL) 2.4

ISIS 3 parameter Mode® Time (s)
Sample load (a) 25
Stabilization (b) 10
Probe rinse (MQ) (b) 20
Probe rinse (1M HNO3) (b) 20
Optional loop probe wash () 30
Optional loop wash (c) 25

* Modes of a, b, and ¢ corresponds to those of Figure 1.

4. 5. 2 Measurement conditions, D. L., and Q. L.

Table 8 summarizes the measurement conditions
(analyte, measurement mass, integration time, D.L., and
Q.L) of the 42 trace elements. The measurements of 'Li
and °Be were conducted in the no-gas mode because their
intensities were drastically reduced using the He collision
mode. The stabilization time from the no-gas mode to the
He mode was set to 15 s (Table 1). The intensities of the
three masses 206, 207, and 208 were summed to determine
the quantity of Pb in the solutions.

4. 5. 3 Determination of elemental concentrations of
geochemical reference materials
Figure 3 shows the time-series variation in ion intensities

ofLi, *°Co, ¥Y, "*In, “°Ce, and 2*T1 for the JB-1a standard
solution. After 210 min, the ion intensities increased by
1.02—1.09 times compared to the starting values.

Figure 4 shows the time-series variation in ion intensities
of "In for all samples and standards. The intensities of
"5In in the samples were higher than that of the JB-1a
standard solution and did not increase smoothly with
measurement time, indicating the presence of a non-
negligible amount of '*In in the samples (Fig. 4). The In
concentrations for JSd-3 and JB-1a were reported as 3.9
mg/kg and 0.054 mg/kg, respectively (Terashima, 2001),
which result in 3.9 pg/L and 0.054 pg/L of In in solutions,
respectively. These solutions were mixed with 10 pg/L
In internal solution and then loaded into the nebulizer.
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Table 8 Detection limit (D.L.) and quantification limit (Q.L.) calculated from the replicates of the measurement blank
solution (n=10).

Mass  Element  Mode InTtggration JB-1a A:t‘;ii:rlfh Standard  D.L.(3s) Q.L.(10s)
me ) ug/L pg/L pg/L pg/L pg/L
7 Li [ No Gas | 1 10.9 40 50.9 0.005 0.018
9 Be  [No Gas] 4.5 1.44 4 5.44 0.0002 0.001
45 Sc [ He] 45 27.9 27.9 0.020 0.065
51 \% [He] 1.5 205 205 0.016 0.053
52 Cr [He] 1.5 392 392 0.086 0.287
59 Co [ He] 3 38.6 38.6 0.003 0.011
60 Ni [ He] 3 139 400 539 0.040 0.135
63 Cu [ He] 1.5 56.7 400 457 0.054 0.181
66 Zn [He] 3 82.1 500 582 0.155 0.517
71 Ga [He] 3 17.9 17.9 0.005 0.017
75 As [ He ] 9 23 102 0.056 0.187
85 Rb [ He] 3 39.2 39.2 0.010 0.033
89 Y [ He] 3 24 24 0.001 0.005
90 Zr [He] 1 144 144 0.009 0.029
93 Nb [He] 3 26.9 26.9 0.002 0.008
95 Mo [ He ] 6 1.57 10 11.6 0.005 0.017
107 Ag [He] 12 0.041 4 4.04 0.001 0.003
111 cd [He] 18 0.1 4 4.1 0.002 0.007
120 Sn [ He] 4.5 2.24 40 422 0.049 0.164
121 Sb [He] 9 0.25 10 103 0.002 0.006
133 Cs [He] 45 1.31 10 113 0.016 0.052
139 La [ He ] 1.8 37.6 37.6 0.003 0.009
140 Ce [ He] 1.5 65.9 65.9 0.002 0.008
141 Pr [ He] 3 7.06 7.06 0.001 0.002
146 Nd [He] 3 26 26 0.003 0.011
147 Sm [He] 3 5.07 5.07 0.001 0.003
151 Eu [ He ] 3.6 1.46 1.46 0.000 0.001
157 Gd [He] 3 4.67 4.67 0.001 0.003
159 Tb [ He] 3 0.68 0.68 0.000 0.001
163 Dy [He] 3 4.06 4.06 0.001 0.002
165 Ho [He] 3 0.8 0.8 0.0002 0.001
167 Er [He] 3.6 223 223 0.001 0.002
169 Tm [ He] 3.6 0.315 0.315 0.0001  0.0005
173 Yb [ He] 3.6 2.05 2.05 0.001 0.003
175 Lu [He] 45 0.305 0.305 0.0001  0.0004
178 Hf [He] 1.5 3.41 3.41 0.002 0.008
181 Ta [ He ] 3.6 1.93 1.93 0.0002 0.001
205 Tl [ He] 6 0.087 2 2.09 0.014 0.047
206 Pb [ He] 3 6.76 200 207 0.014 0.047
207 Pb [ He ] 3 6.76 200 207 0.022 0.072
208 Pb [He] 3 6.76 200 207 0.009 0.029
206+207+208 Pb? 6.76 200 207 0.008 0.026
209 Bi [He] 75 0.016 10 10.0 0.001 0.002
232 Th [ He] 3 9.03 9.03 0.001 0.005
238 9] [He] 3 1.57 1.57 0.0003 0.001
115 In [ No Gas | 0.12 - - -
115 In [He] 0.3 - - -

 Sum of 2°°Pb, 2°’Pb, and ***Pb.
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Fig. 3 Changes in signal intensities of "Li, **Co, ¥Y, '"*In, “°Ce, and 2Tl for the JB-1a standard solution.
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Fig. 4 Changes in signal intensities of In (in the He gas and no-gas modes) through three measurement cycles.

Therefore, '"*In should not be used as an internal standard
without careful consideration of the dilution rate, signal
drift, and matrix effect in geological samples.

Overall, the concentrations of 42 elements in the
geochemical reference materials were successfully
measured and are listed in Table 9. The estimated
concentrations and repeatability errors of the elements
were comparable to those of the reference values. The
coefficients of variation for ’Li and *Be were rather high
(5-10 %) for JLk-1, IMS-1, JMS-2, and JSO-1; however,
those for the other analytes were sufficiently low (less than
5 %). The estimated recovery rates for the samples ranged
from 80 % to 110 % of the bulk compositions, with the
exception of Zr and Hf. The low recovery rates of Zr and
Hf were due to the incomplete decomposition of the heavy

mineral fraction, including zircon.

5. Summary

The experimental setup of the Agilent 7900 mass
spectrometer equipped with a CRC, UHMI, and ISIS3
for multi-element analysis of high-matrix samples was
demonstrated. The setup was intended to conduct time-
efficient measurements for a large number of geological
samples. The He gas flow rate of the CRC was set to 4.5
mL/min to sufficiently reduce the molecular interference.
The performance of UHMI was examined using the
HMI-8 dilution mode and was found to be effective
in minimizing the formation rate of oxide ions and
matrix-based polyatomic ions. Based on these results,
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Table 9 Comparison of analytical data of geochemical reference materials measured using ICP-MS and reference values.

JLk-1 JMS-1 IMS-2 JSO-1 JLk-1  JMS-1  JMS-2  JSO-1
Analayte  Ave.+1s Ave. £ Is Ave. £ 1s Ave. £ 1s ref® ref® ref® ref®
Hg/'g Hg/'g Hg/'g Hg/g ng/'g Hg/'g ng/'g Hg/g
7Li 53.0+4.0  605+45  43.1+34 10111 515 62 43 11.2
9 Be 2.89+£0.19 1.51+0.11 1.95+0.15 0.64+0.04 331 1.3 1.8 0.69
45 Sc 156+£0.5 18004  252+08  29.6+0.6 15.9 - - -
51V 118+2 128+3 1777 299+ 1 117 127 183 300
52 Cr 753+13 146 +5 528+1.9  76.7+1.6 69 133 78 71
59 Co 18702  165+0.5 229+5 322403 18 18.1 226 32
60 Ni 373+03  546+1.5 3078 37.5+0.7 35 53 311 39
63 Cu 657+0.9  89.1+2.7 451+9 158 +3 62.9 88 447 169
66 Zn 151+2 262+ 7 160+5 983+1.5 152 264 166 105
71Ga  242+07 17606  204+06  17.1+02 214 17.8 17.5 19.3
75 As 183+04  178+04  368+1.0 681023 268 18 35 8.1
85 Rb 151+2 87.6+3.5  646+25 11302 147 88 65 145
89Y 37503  22.0+0.6 273+7 22.6+0.1 40 243 254 249
90 Zr 85.9+23  746+1.6 224+6 749 £0.2 137 132 220 96
93 Nb 150+£0.1 8.62+024 293+08 235+005 158 9.1 28.1 2.95
95Mo  1.63+£0.06 2.79+0.05 23.6+07  0.60=0.03 1.75 2.7 27.9 -
107Ag  0.17£001  0.93+£0.03 0.02£0001 0.13£001  0.198 - - -
111Cd  055+£0.02  099+0.03 047001 025+£0.01  0.493 0.5 <0.5 -
120Sn 4.89+0.19 552+0.09 22+0.08 1.04+0.09 5.7 6.6 3.4 1.8
121Sb  1.83+0.04 1.13+£0.04 4.04+0.06 0.32+0.01 1.68 1.4 4.5 0.38
133Cs 12.6+0.1  620+0.19 3.16+0.1  1.51£0.02 109 5.9 3 1.5
139La  386+06  19.8+0.6 132+ 4 9.13+£0.04  40.6 1877 130.87 8.91
140Ce  844+04  424+1.1 159+4 20.0£0.1 87.9 4047 15553 19.9
141Pr  936+0.15 500+0.14 355+1.1 293+0.06  8.53 4.63 34.93 3.04
146Nd  354+04  19.6+05 150 +3 13.4+0.2 35.7 19.3 152.93  14.44
147Sm  7.42+0.12 42601 34016 347004  7.87 4.00 35.18 3.67
151Bu 120£0.02 099+0.02 839+0.15 105+0.02 127 1.05 9.1 122
157Gd  6.72+0.09 401+0.1  369+1.0 3.70+0.05  6.02 4.08 37.46 3.91
159Tb  1.01+£0.02 0.60+0.02 5.63+0.17 0.58=0.01 1.23 0.60 5.76 0.62
163Dy  6.04=0.18 3.75+0.09 357+04 3.65+005  6.57 3.64 36.9 4.01
165Ho  1.18£0.04 0.71£0.03 746+024 0.73£002  1.06 0.72 7.87 0.82
167Er  3.44%0.05 205+£0.05 21.6+05 2.14£0.04  3.59 2.06 22.51 2.34
169Tm  0.50+£0.01 029+0.01 293+£0.04 031002 0531 0.29 3.22 0.33
173Yb  330+0.11 1.95+006 189+0.6 2.09+0.04  3.99 1.84 18.65 2.07
175Lu 047+0.01 028+0.01 293+0.14 030+0.01 0571 0.28 3.14 0.32
178 Hf  2.44+0.05 1.92+0.04 4.71+0.03 197+0.04  3.78 - 15 -

181 Ta 143003 0.77£0.01 1.81£0.04 0.19+£0.01 1.57 - - -
205 Tl 1.00£0.02 0.57+0.013 2.71+0.04 0.22+0.01 1.17 - - -

Pb* 46.9+0.3 514+1.0 80.6+1.4 16.2+0.2 43.7 49 88 13
209 Bi 1.24+£0.02 097+0.03 124+0.03 0.18+0.01 1.2 1 1.33 0.22
232 Th 18.8+0.1 7.36+0.13 13.6+0.2 1.82£0.01 19.5 9.2 14.5 3
238U 361005 248+0.02 248+0.03 0.78+0.02 3.83 4.8 43 1.1

* Sum of 2**Pb, 2’Pb, and ***Pb.
® The reference values are from Imai et al . (1996), Terashima et al. (2002), and the certificate for JSd-4.
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Table 9 Continued.

Jsd-1 Jsd-2 JSd-3 JSd-4 JSd-1 Jsd-2 JSd-3 JSd-4
Analayte  Ave.=+1s Ave. £ 1s Ave. £ 1s Ave. £ 1s ref’ ref® ref® ref®
ng/'g ng/'g Hg/'g Hg/'g Hg/g Hng/'g ng'g Hg/'g
7Li 241+£07  223£03 159+5 332409 22.8 19.2 151 32
9Be 127003 096001 10.1+0.1 1.16+0.06 1.4 1.04 9.08 -
45Sc 11306  18.1+03  112+03  165+0.1 10.9 17.5 10.5 17
51V 81.0+28 132+2 764+12 153+3 76 125 70.4 152
52Cr  23.0+10  99.1+19  404+14  1300+20 21.5 108 353 1215
59Co  115+04  503+10  13.1+03  204+04 11.2 48.4 12.7 21
60Ni  7.15£02  959+13  19.8+04 1082 7.04 92.8 19.6 114
63Cu  234+08  1120£30 452+12 485+9 22 1117 426 486
66 Zn 103 +3 2080 + 40 145+3 1470 + 10 96.5 2056 136 1485
71Ga 169+10  13.7+0.6  13.8+05  147+05 17.2 153 13.5 -
75As  197+006 27.9+04 264+ 6 524+0.7 2.42 38.6 252 -
85Rb  72.1+24 27105 31547 526+0.8 67.4 26.9 285 57
89Y 154£06 16902 11202  19.5+03 14.8 17.4 14.9 21
90Zr  214+08  31.1+18 47+1.1 81.1+1.4 132 111 124 90
93Nb  11.1+05 3.79+0.04 7.18+0.12 6.61+0.19 11.1 4.56 7.8 -
95Mo  048+0.01 158+03 1.62+0.06 4.84+005 045 14.5 1.73 -
107Ag  0.03+0.01 097+0.07 283+0.19 3.15+0.14  0.036 1.04 3.38 -
111Ccd  0.17+0.01 335+0.06 1.07+0.02 6.78+0.07 0.146 3.17 1.045 -
120Sn  1.81+0.06 348+0.7  99.6+14  40.7+0.7 2.77 325 195 -
1218b  032+0.01 11.5+03  2.00+0.06 7.53+0.13 037 125 2.78 -
133Cs  2.04+0.05 1.02+001 31404 3.65+0.02 1.89 1.07 30.6 -
139La  173+04  10.6+0.1 19+0.2 159+0.2 18.1 11.3 19.8 16
140Ce  341+11 219+04 419+05 324+03 34.4 23.4 42 -
141Pr  439+0.15 293+0.03 446+0.08 3.86+£0.03 405 24 3.09 -
146Nd  17.4+04  122+02  165+03  151+0.1 17.6 13.2 15.7 -
147Sm  3.66+£0.07 2.84+0.1 326+004 331£006  3.48 2.68 3.26 -
151Eu 097+0.01 084+0.02 064001 084003 0.925 0.81 0.686 -
157Gd  3.18+0.07 283006 261+0.09 3.14+005 271 2.67 2.63 -
159Tb  046+0.01 045+0.01 037+0.01 050+0.01 0431 0.44 0.368 -
163Dy 262006 275+0.09 211+0.02 3.01+0.02 223 2.86 2.22 -
165Ho 0.49%0.03 0.56+0.01 039£0.005 0.60+001 0318 0.678 0.443 -
167Er  137£0.06 159+0.03 1.11£0.05 1.79£0.03  0.906 1.48 1.07 -
169 Tm  0.19£0.01 021£0.01 0.15+0.01 0.25+0.01 0.13 0.23 0.155 -
173Yb  123+0.05 144+0.02 1.05+0.03 1.66+0.04 1.18 1.67 1.4 -
175Lu  0.18+0.01 0.19+0.01 0.16+0.01 025+0.01  0.186 0.252 0.196 -
178 Hf  0.73+0.03 0.82+0.02 1.16+0.04 2.01+0.09  3.55 2.7 3.21 -
181 Ta  090+0.02 0.37+0.01 0.56+0.016 0.76+0.01  0.893 0.515 0.687 -
205T1  037+0.01 046+0.02 221+0.06 085+0.02 0407 0.45 2.06 -
Pb* 143+0.3 155+2 86.5+1.6 243 +3 12.9 146 82.1 240
209Bi  0.11£0.01 1.07£0.01 154+02 561002 0.106 1.36 12.8 -
232 Th  447+0.11 230+0.02 6.90+0.10 4.94+0.06 444 2.33 7.79 -
238U 0.89£0.01 091001 128+0.02 237+0.02 1 1.1 1.66 -

* Sum of **Pb, *’Pb, and ***Pb

® The reference values are from Imai et al. (1996), Terashima et al. (2002), and the certificate for JSd-4.
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we optimized the operation parameters for the ISIS3 to
efficiently measure a large number of samples. Compared
to the previous ISIS system, the ISIS3 was shortened the
time duration of a single measurement of a sample, which
includes loading, sample dilution, signal stabilization, and
washing, by approximately 100 s. For the multi-element
analysis of the geochemical samples, we employed a
matrix-matched standard solution. The standard solution
was a JB-la-based solution with added Li, Be, Ni, Cu,
Zn, As, Mo, Ag, Cd, Sn, Sb, Cs, Tl, Pb, and Bi. The
concentrations of 42 elements in geochemical reference
materials measured using the newly setup ICP-MS were
comparable to their recommended/referenced values,
indicating that the experimental setup for multi-element
and large amount of sample analyses was satisfactory.
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AT I L= TNEBASZRTLEHZAFER AT LEEHL /- ICP-MS (2L 3
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TELES T X B RNEE ICP-MS) ORIBIZ LD, X JEAMERBNOLTTEINBITONSE LSk > TE .
AL, E~ MYy 2 2B SR B 4 % 2 L3RR E L CIREEA > T, 2 ZTAIZIE, B~ b ) v
7 2B B OTE A HI & U THi 72128 A U 7z Agilent 7900 ICP-MSD/S T  — < v A &, A FEAREAE O FHHE AL R
EWET S, ICP-MSIZIZa Y Y a /)72 Y a VeI (CRC), HAHRIZKEE~ MY v o ZiBREA (UHMI) > 2 7
L, BEWKOA VTS = P YT NEAY AT L (SIS3) BRI L. £, CRCICK 2R &0 T T o ik %
HIEL C, HeHi AWM BEDOTEL AT > 72, ZDFER, 4.5 mL/minDHeH ZHEIZHEWNT, BoEA/ Ny 22757y FHEY
BEBLU TS v o/ EE S 28 TE, UHMIY 274~ 8 ) v 7 ZRREMHIL, X 52 i1 4,
BtA Ay, 75 XHROZTFA LY, BEAKOS ALY, ) 92 ZHKRDGFA 4 VI2 &k 3 FHIHNIC S
IRAERET 5. AWK TIZHMI-S € — F (10f5AR) 2 WO R ARG L, UHMIY 2 7 20384 + v &~
Y w2 ZAHRO A & v OMFNCRHCIRNTH 2 Z L 2l L7z, &k, &Y M) v o ZOMEGRHIR L T,
NIEHEIZ K B~ b)) v 7 ZZWROFMEIANTHE N, ZZTAMEE Y V) v 2 A~y F Y XEEEMAL 2. HiERk(b2E
(AR IB-1a% TC & § A VAIZ, Li, Be, Ni, Cu, Zn, As, Mo, Ag, Cd, Sn, Sb, Cs, Tl, Pb, BiZFlI§ % Z & T, fHie
TAPFBLL 2. ISIS3 WL —F Vot e L TS50 B0 42 TR %2 HE L2548, EROARFEIRIC & 2 3l hE A%
B U, R IR A5 80 04T 5 T E ST X . ICP-MSAR I & ONF D JEIEEE 120 TR TRl % sk L
8 D DHERL FAEHMED B D 42 TEHR O YTE 4T - 7245, Bl & [HFOREW 26N 5 2 & &HEGEL 7-.
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KAWAMURA Toshio and UCHINO Takayuki (2023) Zircon U-Pb ages from the Mesozoic strata of the
Ofunato area, southeastern Kitakami Massif. Bulletin of the Geological Survey of Japan, vol. 74 (2), p.
87-105, 8 figs, 4 tables.

Abstract: Mesozoic strata are distributed within three zones separated by NNW-SSE trending
major faults in the Ofunato area, southeastern Kitakami Massif, Northeast Japan. The representative
stratigraphic sections from the Triassic to the unconformably overlying Early Cretaceous strata are seen
in the western zone. We reviewed the stratigraphic divisions and examined the zircon U-Pb ages for three
strata: the Triassic Myojinmae and the Lower Cretaceous Kobosoura formations in the western zone, and
the undivided Early Cretaceous strata in the central zone.

The Triassic Myojinmae Formation is characterized by terrestrial conglomerate and reddish purple
sandstone indicating 219.2 = 4.1 Ma (Norian) as a weighted mean U-Pb age for the youngest cluster of
detrital zircons. Considering the occurrence of Monotis fossils, the formation is regarded as the Norian
deposits. Early Cretaceous strata (Ofunato Group) in the western zone consist of terrestrial conglomerate
(Hakoneyama Formation), marine deposits (Funagawara and Hijochi formations) and marine to terrestrial
volcaniclastics (Kobosoura Formation) in ascending order. A weighted mean U-Pb age of zircons for
the welded tuff in the Kobosoura Formation indicates 124.7 £ 0.6 Ma (early Aptian). Early Cretaceous
strata of the eastern zone are composed of thick volcanics (Ryori Formation) and marine to terrestrial
overlayers (Attari Formation). In the central zone, the undivided Early Cretaceous strata consisting mainly
of volcaniclastics are distributed and a weighted mean U—Pb age of the zircons for its felsic tuff indicates
121.9 £ 0.6 Ma (early Aptian).

Integrating previous studies on fossil ages, whole sequences of the Early Cretaceous strata in the
Ofunato area were formed by a transgression with andesite-dominated volcanism in the Hauterivian to
Barremian, and then by a subsequent regression with felsic volcanism in the Barremian to early Aptian.
In the early Aptian, terrigenous clastics including ejecta might have partly coevally deposited on the land
surfaces while intrusions of felsic-andesitic magma caused the Cretaceous granitoids and dyke rocks in
the Kitakami Massif.

Keywords: zircon U-Pb dating, South Kitakami Belt, Kitakami Massif, Ofunato, Iwate Prefecture,
Triassic, Early Cretaceous
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Fig.1  A: Distribution of the Lower Cretaceous rocks

in the Kitakami Massif. B: Detailed distribution of the Lower

Cretaceous rocks and of the Upper Triassic strata of the South Kitakami Belt.
Base map was referred from the Seamless Digital Geological Map of Japan (1:200,000) V2 of the Geological Survey of

Japan, AIST (2022).
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Fig. 4 A: Distribution of the Upper Triassic Myojinmae Formation in the Ofunato area. B: Correlation of route section
columns for the Myojinmae Formation.

Base topographic map is from the 1:50,000 Map of Sakari (Digital Map 50000, Geographical Survey Institute of
Japan). Fm.: Formation, c.: coarse-grained, f.: fine-grained, v.c.: very coarse-grained.
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Fig. 5 Field lithology and fossils in the sampling locality for dating of the Upper Triassic Myojinmae Formation.
A: Conglomerate (cgl) containing a conglomerate block (gb) with two intercalations of reddish purple muddy sandstone bed
(pm). Arrow shows the sampling point for dating in this study. B: Greenish gray sandstone (gs) underlying the conglomerate
of Fig. 5A. The sandstone bed contains a sandstone block (sb) yielding fossil pelecypod Monotis?. C: Monotis? fragments
obtained from a sandstone block of Fig. 5B. Road side along the Suzaki River, referring Mj4 Section in Fig. 4.
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Fig. 6 Photo-images of thin-section lithology for the dating.
A: Reddish purple muddy sandstone of the Upper Triassic Myojinmae Formation. Sand grains are K-feldspar (Kf),
plagioclase (P1), quartz (Qz), granitoids (gr) and mudstone (ms) fragments. Road side along the Suzaki River. Outcrop
for sampling is shown in Fig. 5A. B: Welded tuff of the Lower Cretaceous Kobosoura Formation. Plagioclase (P1) and
clinopyroxene (Cpx) fragments are scattered within the glassy matrix showing the eutaxitic texture. East of Hosoura
Fishing Port. C: Lapilli tuff of the undivided Early Cretaceous strata. Plagioclase (P1), pumice (pm) and felsic tuff (tf)
fragments are present in the muddy and glassy tuff matrices.
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6.1 BEFH#
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& L7=. BARENIZIE, 2Po/PUSEARA'A £ B Ma (A : 44X
i, B:20M#zE), P/ UENRACED Ma (C & F1R
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1 DUSEMAK O T HN RS A

7T A E TR E O R

Table 1 Operating conditions of instrumentations using a quadrupole and a multi-
collector inductively coupled plasma mass spectrometry for the analysis.

*1: Wiedenbeck et al., (1995); *2: Iwano et al. (2012); *3: Iwano et al. (2013); *4: Lukacs et al. (2015); *5: Slama et al. (2008); *6:

Jackson et al. (2004).

va—xvreARELI

(A+B)-(C-D)

x 100> 0 ® (1)

(C+D)—(A-B)

x100X (-1) <0 = (2)

HE L2zK o3y a—57 1 7K EUPU-""PbiFA 5

X%, v 420y 7 MEOKIEY T FExcel D 7

F4 YEY 2 =L Td Blsoplot/Ex 4.15 (Ludwig, 2012) %
FWTERC L 72,

A O HEFEE I D W\ T id, Dickinson and Gehrels
(2009) DYC20EIZfEVY, FE2 THBET L5V U
TFHEM BRI TLILE) D9 B O ERONEF-EE GR
#20) Bl 7 7 22— R L TR 72, B
KA DIARRIZ DN T, Isoplot/Ex 4.15 D[ Weighted

Average| & VY, UL VR FONIES-EE D 63K 7=,

Z DRE, [Weighted Average |INDIsoplot/Ex 4.15D ) ¥ =
o HEReE TR 3R S RIS K & < Sb 5 K
TERA L 72,

¥, VLY OGN X A FIEICIE, 1k 8V

& — F & LT10624+ 04 Ma% 75§ Nancy 91500 (Wiedenbeck
etal.,1995) & %\ £ 337.1 + 0.4 Ma% 739 PleSovice (Slama
etal,2008) # W, 2k 2 & v & —F&LTLEi2R
Bt& 610.0 + 0.9 Ma% 78 9°GJ-1 (Jackson et al., 2004) } O
33.0+0.1 Ma%/R90OD-3 (FEIEA, 2012 ;5 Iwano ef al.,
2013 ; Lukacs et al., 2015) & KHAGAR O FEERR Y 7
WREICIG U GEELGER L THOW - GE1R).

6.3 BIEHKRE
3D SERELL 723 BHC B T 2 & UL a v Ok
RO ULCPoER & 2 K~ 4RI T,

6.3.1 BAMREIBRE

HE L 22RF 8360 T, §XRTAIyIA—F Y %R
T AZE A EDRTH300 ~ 200 MalZ i L (5 8XIA),
2KRFDALFEANERT (FESXB). 200 Mak D # W
RoKTFIEEEhon, FHERERTRTOFSMmIE
MIETI AR L, 270 Mad D IZiRKE — 27 # £ (B8 IX
B). Ixti7 7 A4 —4R1$2192+4.1 Ma (MSWD : 1.0)
THy, ZOFRMEITHM - BEKITHY T 5 ESKIC).
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2k WEBMNAGHE Y 7 X BRprRiE s & 2 Wi s hofErE Y )L 3 ¥ OU-Pb-ThEN &7 — & B UU-PbHEAR.
Table 2 U-Pb-Th isotopic data and U-Pb age for analyzed detrital zircon from the sandstone in the Myojinmae Formation determined using
a quadrupole inductively coupled mass spectrometry.
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F3& “HEICREATERE T T X HENE D K B/ DIHREEICA YL 3 Y OU-Pb-ThlRIf R 7 — 2 K UU-PbAFAX.
TAZYAZIET 4 AT =LY b T —HERT.
Table 3 U-Pb-Th isotopic data and U-Pb age for analyzed zircon from the tuff in the Kobosoura Formation determined using a multi-
collector inductively coupled plasma mass spectrometry.
Asterisk indicates a discordant data.
Isotopic ratios U-Pb age (Ma)
7 7 208
G.{g!" “Pb  Error _““Pb Error “'Pb_ Emor “Pb__ Error Th Pb_ Error
208p, 20 28y 20 25y 20 221 20 U 23y 2a
1 0.0482 + 0.0031 0.0195 + 0.0006 0.1296 + 0.0091 0.0065 + 0.0005 0.88 1244 + 4.0
2 0.0457 = 0.0021 0.0197 + 0.0005 0.1244 + 0.0066 0.0065 + 0.0005 0.63 126.1 £ 3.3
3 0.0491 + 0.0024 0.0195 + 0.0005 0.1324 £ 0.0073 0.0066 + 0.0005 0.48 1246 £ 3.3
4 0.0508 £+ 0.0026 0.0204 + 0.0006 0.1428 + 0.0081 0.0068 + 0.0006 0.52 130.2+ 36
5 0.0488 + 0.0024 0.0433 + 0.0014 0.2913 £ 0.0170 0.0152 + 0.0012 0.39 2732+89
5] 0.0485 + 0.0041 0.0188 + 0.0007 0.1267 + 0.0113 0.0058 + 0.0006 0.42 1209 + 4.7
7 0.0455+ 0.0022 0.0196 + 0.0005 0.1232 + 0.0067 0.0068 + 0.0005 0.46 126.3 £ 3.3
8 0.0498 + 0.0023 0.0200 + 0.0005 0.1378 £ 0.0073 0.0071 £ 0.0006 0.65 1279+ 34
9 * 0.0548 + 0.0026 0.0196 + 0.0005 0.1478 £ 0.0079 0.0071 £ 0.0006 0.67 1249+ 3.4
10 0.0497 + 0.0029 0.0196 + 0.0008 0.1343 + 0.0087 0.0065 + 0.0005 0.67 125.0 + 3.8
11 0.0521+ 0.0023 0.0192 + 0.0005 0.1377 + 0.0070 0.0066 + 0.0005 0.51 1224 + 3.2
12 0.0438 + 0.0032 0.0200 + 0.0007 0.1207 + 0.0094 0.0065 + 0.0006 0.58 1274 £+ 4.3
13 0.0483 £+ 0.0022 0.0193 + 0.0005 0.1288 + 0.0068 0.0067 + 0.0005 0.57 123.5+ 3.2
14 0.0478 + 0.0022 0.0191 £ 0.0005 0.1261 + 0.0067 0.0066 + 0.0005 0.53 1221+ 3.2
15 * 0.0536 + 0.0024 0.0174 + 0.0004 0.1289 + 0.0065 0.0053 + 0.0004 0.83 11156+ 2.8
16 0.0495+ 0.0022 0.0195 + 0.0004 0.1336 + 0.0059 0.0066 + 0.0005 0.48 1248+ 23
17 0.0482 + 0.0025 0.0194 + 0.0004 0.1289 + 0.0066 0.0066 + 0.0005 0.48 1236+ 26
18 0.0494 + 0.0031 0.0193 £ 0.0005 0.1313 £ 0.0083 0.0062 + 0.0005 0.69 123.0 £ 3.2
19 0.0515+ 0.0039 0.0201 + 0.0007 0.1432 £ 0.0112 0.0068 + 0.0006 0.54 1286 £ 4.2
20 0.0515+ 0.0024 0.0198 + 0.0004 0.1404 + 0.0066 0.0067 + 0.0005 0.69 126.2+ 25
21 0.0487 + 0.0014 0.0195 + 0.0002 0.1312 £ 0.0038 0.0065 + 0.0004 0.94 1247+ 1.5
22 0.0486 = 0.0021 0.0197 = 0.0004 0.1318 + 0.0059 0.0062 + 0.0004 0.55 12656+ 2.3
23 0.0476 £+ 0.0025 0.0193 + 0.0004 0.1266 + 0.0067 0.0063 + 0.0005 0.46 1231 £ 26
24 * 0.0537 £ 0.0029 0.0197 + 0.0005 0.1463 + 0.0080 0.0072 £ 0.0005 0.65 126.0 £ 3.0
25 0.0480+ 0.0020 0.0195 + 0.0003 0.1291 + 0.0055 0.0065 + 0.0005 0.74 1244 + 2.2
26 0.0504 + 0.0029 0.0193 + 0.0005 0.1342 + 0.0079 0.0065 + 0.0005 0.62 123.1 £ 3.0
27 0.0483 + 0.0015 0.0196 + 0.0002 0.1305 + 0.0040 0.0065 + 0.0004 1.66 1249+ 16
28 0.0481 + 0.0023 0.0194 + 0.0004 0.1287 + 0.0063 0.0065 + 0.0005 0.64 1238+ 25
29 0.0485+ 0.0022 0.0195 + 0.0004 0.1303 + 0.0081 0.0064 + 0.0005 0.62 1243+ 24
30 0.0502 + 0.0028 0.0196 + 0.0005 0.1356 + 0.0077 0.0068 + 0.0005 0.40 1261+ 29
6.3.2 /MNEHEERRE Ma (Z&#/ — V) 7 VHIRTY) DRt o 7 2 2 — (%
HE U2k 8i330C, 27K 283y a -4 b AT ens, ZOHBERIIT —) 7 Y HDRE As

BT (HE3ER). ZLAEDOR T 130 ~ 120 MalZ
L, VR0 AK270 Mad & WAERAE 2 39 (558X
D, BE). 2 v a—&v bk r#EOmEEEERE I
124.7£0.6 Ma (MSWD : 1.3) 278 L, % FLidif ] E dfifd

IZHM§ % (GESIXIF). % ds, Isoplot/Ex 415D ¥ = ¥
M EBEIZ & 5 TRI270 MaD R FIZEIH R R 2 S st ch
T3,

6.3.3 XREXARIHIAERLERRSE

HlE L 72K 5330 TC, 8Ty a—x2Y b &
RT(4FK). 1FEAEDRTAH 125 ~ 115 MalZHEH 4
5 (E8KG, H). 2va—4 v bR FEEomEFa4E
12121.9+ 0.6 Ma (MSWD : 1.4) Z/R L, HiHIEHRLIC
M3 % (GBS, 7, Isoplot/Ex 415010 ¥ = 7
KREIC X DR 115 Mad R T iR R AR S h T 5.

7.1 PAMEIE OFARI & B

Wiehal R LSO WE OIS TE Y v a VKT, 9219

ENb. Monotisft aDPEH BT 5 &, iR O
%%ﬁﬁu/—077ﬁfﬁéT&ﬁﬁﬁ§%<,ﬁm-
%%Q%wﬁff h%btioh%ﬁ¥%¢Mﬂﬁ
%ﬁ?%i%ia¥mﬂgﬁ'ﬁméh6ﬁﬂlm
MLEG R T & Braiis & 5/ fR= X 53 & L UINEE -
W, 1958), &/ FRRGIZLPET B MonotisDH: Jg 5241
MIck->T, H—=7VHIRH~/ -V 7/ HlEEh
% (N, 1964). £7z, Okawaetal (2013)1Z&IUL,
FREOWED YL 3 Y U-PbEIZ222Ma (V=) 7V
W) L EhTh D, RBEDZ A (219 Ma) 123500,
mEFE#EE, FEE200 ~350 m T, BERREEE
LT hHETH D UNE - R, 1958), %ISR, B
W, TS EONBUHERM E AN TS (i

M, 1993). FRLOFGHFEHEE ANRA THE S Frighic
AR EIRE R B 1, RETGRLEZIES R 5N 5K

ESEBIZ PR & & e (R, 1986). € 5 L =iz Wigh
HiJE & e 2 &, WIpiiRE TROBIE /M E v, @

RKOEETAIMERTRE 2O BENHKT 2, OFH
IZRIEB AP EEND, BEEORTREL AL S

— 100 —
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Wade T EIHAES

i

¥ OU-Pb-Thlalfi k7 — & K UU-Pb4EAR.
FTAAN)ADIET A A=KV M F— 2 ERT.

Table 4 U-Pb-Th isotopic data and U-Pb age for analyzed zircon from the undivided Cretaceous strata

determined using a multi-collector inductively coupled plasma mass spectrometry.

Asterisk indicates a discordant data.

77 X H R RE S K B AR XSy R AR B A T o L o

Isotopic ratios

U-Pb age (Ma)

Grain

TN B e “Pb _ Eror _“Pb  Eror __“®Pb  Emor __Th “°Pb__ Emor
B pp 20 U 20 =5 20 BTy 20 U 28 20
1 00508 + 0.0019 00192 + 00004 01346 + 00051 00061+ 00005  0.71 1226+ 23
2% 00532+ 00020 00194 + 00004 01422 + 00054 00061 + 00005 08 1236+ 23
3 0.0495 + 0.0023 00192 + 00004 01314 + 0.0061 00061+ 00005 050 1228+ 26
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Fig. 8
tuff in the undivided Early Cretaceous strata (G-1).

U-Pb ages from concordant zircon from sandstone in the Myojinmae Formation (A—-C), tuff in the Kobosoura Formation (D-F) and

A, D, G: Concordia diagrams. Precambrian zircon is not shown in Fig. 8A. B, E, H: Age histograms. C, F, I: Bar charts showing
the selected individual analyses and weighted mean ages (horizontal moss-green bar). Zircon in Fig. 8C is from the youngest cluster.
The oldest ca. 265 Ma and the youngest ca. 115 Ma zircon eliminated by a reject function of the Isoplot/Ex 4.15 are not shown in

Fig. 8F and Fig. 8I, respectively.
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