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Abstract Specific tuffs including chevkinite and monazite were found in Oligocene to Miocene
formations on the Boso Peninsula in central Japan. In the Japanese Islands, chevkinite is found
only in a granitoid, whereas monazite is found more commonly in granitoids, high-grade metamor-
phic rocks and sandstone. The occurrence of monazite as phenocrysts found in tuff is the first
observations in the islands. Chevkinite was found in a greenish tuff in Hegurinaka quarry. Mona-
zite was found in the tuffs at both the Hegurinaka and Shirataki areas of the Boso Peninsula. Ages
of the tuffs were obtained from coexisting zircons by Laser Ablation Inductively Coupled Plasma
Mass Spectrometry (LA-ICP-MS) and Sensitive High Resolution Ion Microscopy (SHRIMP). The
SHRIMP age of the chevkinite-bearing tuff from Hegurinaka is 22.9 £0.1 Ma. The LA-ICP-MS
age of the monazite tuff from Shirataki is 22.2 = 1.5Ma similar to the LA-ICP-MS age of the chev-
kinite tuff, 22.1 = 0.8 Ma. Volcanic activity from 20Ma to 25Ma occurred mostly along the coast
of the Sea of Japan. Detrital monazite with an age of more than 1800 Ma in the Hegurinaka chevki-
nite tuff shows that it was derived from the continental side, i.c. the present Japanese Islands or the
Asian continent. Hence, it is probable that the specific tuffs were derived from the area around the

present Sea of Japan just before opening.
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Introduction

Chevkinite, (Ce,La,Ca),(Fe** ,Mg),(Ti,Fe’"),
S1,0,,, is a rare mineral occurring as an acces-
sory mineral in granitoid, pegmatite, and air-fall
ash deposits (Michell, 1966; Izett et al., 1968;
Sokolova et al., 2004; Platt et al., 1987; Macdon-
ald et al., 2012). In the Japanese Islands, chevki-
nite has only been found in a Middle Miocene
granitoid from Cape Ashizuri on Shikoku Island
(Imaoka and Nakashima, 1994). Monazite,
(Ce,La,Nd,Th)PO, occurs mostly as an accessory
mineral in granitoid and high-grade metamorphic
rock, and it is rarely found in a tuff (Das et al.,
2009). Recently, monazite has become one of the
most important minerals for age analyses and
provenance studies because it is commonly

chevkinite, LA-ICP-MS, SHRIMP, zircon, monazite

found as detrital grains in river and beach sands
and in sandstone (e.g. Yokoyama ef al., 2010).
Neither of these (Rare Earth Element) REE min-
erals has been reported previously in volcanic rocks
on the Japanese Islands. In this paper, we describe
tuffs with chevkinite and monazite phenocrysts that
were found on the Boso Peninsula of Honshu
Island in Japan, and we discuss the analyzed chemi-
cal compositions of the minerals and ages of the
tuffs through Electron Probe Micro-analysis
(EPMA), Sensitive High Resolution Ion Micros-
copy (SHRIMP), and Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS).

Geological setting

The Boso Peninsula consists mainly of the
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Middle Miocene to Quaternary volcaniclastic
sequence Miura and Kazusa groups (Mitsunashi
et al., 1978). Peridotite (mostly in the form of
serpentinite), gabbro, and basalt occur at the
southern part of the peninsula (Fig. 1), and are
considered to be a part of an ophiolite sequence.
Pelagic sediments such as limestone and chert
occur locally and are associated with basaltic
rock. They are also a member of the ophiolite
sequence and occur discontinuously along ser-
pentinite bodies with an east-west trend. Basic
schist was found at the eastern end of the penin-
sula but has no clear contact relationships with
serpentinite because of a poor exposure, although
it is probably a member of the sequence. All
these rocks occur as tectonic blocks and are asso-
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ciated with sandstone and shale. Both the ophiol-
ite sequence and the sedimentary rocks belong to
a member of the Mineoka Belt. The belt is
mostly in fault contact with the early Miocene
volcaniclastic sequence the Hota Group. The
ophiolite sequence and sedimentary rocks con-
tinue to the northwest and are treated as a part of
the eastern end of the Shimanto Belt, which is
composed totally of a subduction complex. Many
microfossil ages and isotope ages were deter-
mined from the constituents of the Mineoka Belt.
K-Ar ages of the igneous and metamorphic rocks
range from 14Ma to 94Ma (e.g. Yoshida, 1974;
Hiroi, 1995; Saito, 1992). Microfossils in the
sedimentary rocks such as limestone, chert, and
siliceous shale range from Eocene to Early Mio-
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cene. It is not still clear whether each block
belongs to a member of the sedimentary rocks of
the Shimanto Group, an ophiolite sequence, or a
later stage volcaniclastic sequence.

Greenish tuffs occur in the tectonic block at
the Hegurinaka quarry and the Shirataki area.
Both of these locations were discussed in detail
by many authors (e.g. Saito, 1992; Takahashi,
1994; Mohiuddin and Ogawa, 1996, 1998 a and
b; Hirano et al., 2003). In the Shirataki area, a
greenish tuff apparently occurs within the lime-
stone-chert sequence (Fig. 1). Saito (1992) sum-
marized data of planktonic foraminifers, radiora-

lian fossils, and calcareous nannofossils and
concluded that the limestone-chert sequence
belongs to the Middle to Upper Eocene. On the
other hand, Mohiuddin and Ogawa (1998a)
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found planktonic foraminifers with an age from
the Early Miocene. There is no direct contact
between the limestone-chert and tuff.

In the Hegurinaka quarry, several tuff layers
occur intercalated with shale (Fig. 2). Takahashi
(1994) described these rocks as a glauconite-rich
shale zone. A limestone-chert sequence and
basaltic rock occur below the shale-tuff
sequence. Mohiuddin and Ogawa (1996, 1998b)
studied planktonic foraminifers in the limestone-
chert sequence and obtained an age from the
Early Eocene to Middle Miocene. Unfortunately,

the limestone-chert sequence had been excavated
and was no longer exposed. Radioralian fossils
from the shale-tuff sequence show the earliest

Miocene ages or show the boundary between the

Oligocene and Miocene (Saito, 1992). Whole

rock Ar—Ar age data of the basalt was obtained

by Hirano et al. (2003). The age was determined
to be 19.6 £0.9, Early Miocene. In the shale-tuff
sequence, a tuff layer is more than 1meter in
thickness and usually greenish in color (Fig. 3A).

The other tuff layers are also mostly greenish,

but less than 20cm in thickness. Dark green

sandy tuff occurs above the thick greenish tuff

(Figs. 2 and 3A).
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Fig. 2. Columnar
sequence at the Hegurinaka quarry.

In the Shirataki area, three greenish tuff sam-
ples were collected. S-4 tuff occurring along a
stream is a grassy tuff, depleted in crystal frag-
ments (Fig. 3B). S-5 tuff is rich in fragments
(Fig. 3C). S-6 tuff contains a moderate amount of
fragments. Under microscopic observation, crys-
tal fragments are mostly quartz and plagioclase.
Mafic minerals except for biotite have been
totally replaced or resolved. Ilmenite is partly
replaced by anatase. Grassy parts of all the tuffs
are totally altered into clay minerals. A calcite
vein develops locally in most of the tuff samples.
As an accessory mineral, zircon and monazite
occur. They are usually ultrastable minerals and
are treated as magmatic in origin. Glauconite,
chlorite, pyrite, and galena are found as second-
ary minerals. Both zircon and monazite are
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Fig. 3. Outcrop, A, of the thick greenish tuff at the Hegurinaka quarry and photomicrographs of the tuffs from
Hegurinaka and Shirataki. B: grassy tuff, S-4, from Shirataki. C: fragment-rich tuff, S-5, Shirataki. D: grassy
tuff, H-16, from Hegurinaka. F: fragment-rich sandy tuff, H-15, from the Hegurinaka quarry.
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Fig. 4. Back-scattered image of chevkinite, monazite and allanite in the tuffs. A: euhedral chevkinite in a heavy
fraction of the samples H-18. B: Monazite in the thin section of the samples S-5 from the Shirataki area. C:
detrital monazite in the thin section of the samples H-18. D: allanite in a thin section of the samples H-21.

30-100microns in size less than or approxi-
mately equal to quartz and plagioclase. Zircon is
the most common accessory mineral in these
tuffs. Several monazite grains are found in a thin
section of the S-5 tuff. They are subhedral to
euhedral in shape (Fig. 4B). It is considered that
such monazite grains were crystallized as a phe-
nocryst in the magma along with zircon.

In the Hegurinaka quarry, more than ten tuff
layers occur. Among them, ten tuffs are observed
microscopically under thin sections. In all the
tuffs, quartz and plagioclase are common frag-
ments with subordinate amounts of biotite and
ilmenite, similar to those from the Shirataki area.
The heavy fraction, specific gravity >3.3, of all
the tuffs are collected for more detailed analyses
under Energy Dispersive Spectrometry. As an

accessory mineral, zircon was found in all the
samples. A thin tuff, H-21 occurring at the bot-
tom of the sequence, contains allanite as com-
mon as zircon (Fig. 4D). Chevkinite is a common
mineral occurring in the heavy fractions of the
thickest tuff, samples H-16 to H-18 (Fig. 4A).
The mineral is confirmed even in thin section.
Monazite occurs in the H-15 crystal-rich tuff.
Chevkinite is found from the heavy fraction in
the H-15 tuff, but is far less common than mona-
zite. In some samples, rounded monazites are
found (Fig. 4C). As a secondary mineral, calcite
occurs as a vein mineral. Glauconite, chlorite,
and clay minerals are also common, probably
replacing mafic minerals and glass. Sulfide min-
erals such as pyrite and galena are present in
most of the samples.
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Table 1. Chemical compositions of chevkinite and monazite in the tuffs from Hegurinaka and Shirataki.
Chevkinite Monazite
Hegurinaka quarry Hegurinaka Shirataki Hegurinaka quarry
sample H-18 sample H-15 S-5,6 H-18 H-18 H-18
No. No.
average lo average lo average lo detrital detrital detrital
SiO, 20.76 0.28 P,0; 29.38 0.56 29.20 0.65 30.11 26.48 27.93
TiO, 18.32 0.70 SiO, 0.46 0.12 0.71 0.21 0.59 2.83 1.91
Nb,O; 0.40 0.10 La,0, 14.24 0.78 15.68 2.20 9.73 10.00 12.18
Ta,O4 0.06 0.08 Ce,04 30.46 0.62 30.43 1.32 24.60 27.06 31.25
AL O, 0.55 0.10 Pr,0, 342 0.06 343 0.13 3.58 3.78 4.06
FeO 10.63 0.22 Nd,0, 12.00 0.24 10.85 0.68 13.43 13.92 12.96
CaO 3.02 0.39 Sm, 0, 1.24 0.13 0.95 0.33 2.00 2.12 1.56
ThO, 1.48 0.61 Gd,0, 0.96 0.12 0.75 0.34 1.69 1.48 0.72
La,0, 11.48 0.64 Dy, 04 0.29 0.06 0.26 0.20 0.26 0.52 0.22
Ce,0, 21.44 0.53 Y,0, 1.16 0.22 1.15 0.76 0.52 0.63 0.34
Pr,0, 2.12 0.18 uo, 0.05 0.02 0.01 0.01 1.08 0.32 0.13
Nd,0, 7.57 0.36 ThO, 5.68 0.56 4.08 1.66 9.83 11.04 7.45
Sm,0, 0.77 0.11 PbO 0.01 0.00 0.00 0.01 1.14 0.04 0.02
Gd,0, 0.41 0.30 CaO 0.85 0.11 0.92 0.44 2.17 0.06 0.03
Dy, 0, 0.24 0.07 Total 100.20 1.12 98.40 1.29 100.74 100.29 100.77
Total 99.26 1.02 age 27 £9Ma 21 £15Ma 1874 Ma 82Ma 73 Ma
. oge o o 10
Chemical compositions of chevkinite, I
monazite, and whole rock 28
z
. . .. S °
Chemical compositions of both chevkinite and 8 G'W%:.—l".—'f
monazite were analyzed by a JEOL electron EP e «®
microprobe analyzer. Accelerating voltage and 3 ’%(Xxf)é( x paT—
current were 15KV and 20nA for chevkinite, %2 % % x_ Shirataki
respectively. More detailed analyses were done 0
. . . . . 0 0.02 0.04 0.06 0.08
for monazite age estimation which was described UO2(wt%) content in monazite
in detail by Santosh et al. (2006). The following ) . . )
Fig. 5. Compositional variations of monazites from

synthetic and natural materials were used as stan-
dards: wollastonite for Si and Ca; anatase for Ti;
sillimanite for Al; Mg,SiO, for Mg; Fe,SiO, for
Fe; rhodonite for Mn; albite for Na; YP;O,, for
Y; LaP,O,, for La; CeP,O,, for Ce; PrP;O,, for
Pr; NdP;O,, for Nd; SmP,0,, for Sm; GdP;0O,,
for Gd; DyP,O,, for Dy; FeNb,O, for Nb;
MnTa,O, for Ta; UO, for U; and ThO, for Th.
Chevkinite is mostly homogeneous under back-
scattered electron imaging, but monazite is
sometimes a zoned crystal.

Average chemical compositions of chevkinite
and monazite are shown in Table 1. The crystal
structure of chevknite is described by Miyawaki
et al. (2012). Chemical compositions of mona-
zites from Shirataki are different in ThO, and
UO, contents from those found at the Heguri-

the tuffs at Shirataki and Hegurinaka.

naka quarry as shown in Fig. 5. The former is
depleted in UO,, with less than 0.02wt%, and
variable in ThO, content, with 1wt% to 8 wt%,
whereas the latter has a narrower range of ThO,
content, with 4wt% to 7wt%, and is rich in UO,
content, 0.02wt% to 0.08 wt%. Although age
estimation for young monazite is less sensitive
than the zircon age method described later, both
the Shirataki and Hegurinaka monazites show
average ages of 21Ma=* 15Ma and 28 £ I0Ma
(Table 1), respectively, which indicates a Tertiary
age. Rounded grains occur in the Hegurinaka
chevkinite tuff (Fig. 4C). They are 73 Ma, 82 Ma,
and 1870Ma in age (Table 1). Such old mona-



LA-ICP-MS and SHRIMP ages of zircons in chevkinite and monazite tuffs from the Boso Peninsula, Central Japan 21

zites are detritous in origin and are not a pheno-
cryst related to Tertiary volcanism, and they were
derived from the continental side.

Bulk chemical compositions of chevkinite tuff
and allanite tuff from the Hegurinaka and mona-
zite tuff from the Shirataki were obtained by the
following method. They were broken in an iron
mortar, sieved to 2—5mm size chips, and washed
ultrasonically- twice in alcohol and twice in dis-
tilled water. The cleaned chips were dried for
>12hr in an oven at 110°C and then ground to
powder in an agate mill. The powders were ana-
lyzed by X-ray fluorescence (XRF) analysis
(Rigaku RIX1000) at National Museum of
Nature and Science for major elements and some
trace elements. Before the major element analy-
sis, ~0.4g of powder was weighed on a Metler

Table 2. Bulk chemical compositions of chevki-
nite, monazite and allanite tuffs from Heguri-
naka and Shirataki.

Hegurinaka Shirataki Hegurinaka rhyolite

phenocryst chevkinite monazite allanite JR-1
SiO, (wt%)  79.91 74.10 70.91 75.45
TiO, 0.15 0.23 0.16 0.11
AL O, 11.56 12.82 11.63 12.83
Fe,0, 2.18 1.88 1.53 0.89
MnO 0 0.03 0.04 0.099
MgO 0.64 0.4 0.3 0.12
CaO 0.3 0.92 3.11 0.67
Na,O 5.02 4.04 6.16 4.02
K,0 1.23 3.00 0.34 4.41
P,0, 0.03 0.09 0.04 0.021
LOI n.d. 2.99 5.92 1.16
Total 101.02 100.50 100.14 99.78
Rb (ppm) 106 78 23 257
Ba 189 413 139 50.3
Nb 30 7.2 10.8 15.2
Pb 17 19 19.3
Sr 27 122 79 29.1
Y 101 35 45 45.1
Zr 401 175 216 99.9
Ce 144 56.5 80.8 472
Cr 1 7 5 2.83
Ni 22 16 14 1.67
Co 4 3 2 0.83
\% 4 24 7 7
Th 17 13 15 26.7
Cu 108 46 48 2.68
Zn 146 56 90 30.6
S 118 20 281 13.3

Toledo dual balance system and ignited at
1025°C for 4 hours in an electric muffle furnace
to determine loss-on-ignition (LOI). Replicated
analysis of several samples showed that uncer-
tainty on LOI is 0.03wt%. After the LOI deter-
mination, glass beads containing lithium tetrabo-
rate flux (10 to 1 dilution of sample) were
prepared. For the trace elements analysis, ~4.0g
of powder was pressed into a pellet by a 12 ton
force from a hydraulic press.

The bulk chemical compositions of three tuffs
are listed in Table 2 in addition to that of the rep-
resentative rhyolite in the Japanese Islands. The
chevkinite, monazite, and allanite tuffs are higher
in Ce content that the representative rhyolite.
But, in spite of abundances of chevkinite and
monazite in the heavy fractions, the differences
are less than what was expected.

Zircon age-LA-ICP-MS measurements

Analytical methods

The zircon grains for analysis were hand-
picked from heavy fractions of the Hegurinaka
chevkinite tuff and Shirataki monazite tuff as
well as those for SHRIMP analyses. Zircon
grains from the two samples, the zircon standard
FC1 (**Pb/**U=0.1859; Paces and Miller,
1993), and NIST SRM 610 standard glass were
mounted in an epoxy resin and polished until the
surface was flattened with the center of the
embedded grains exposed. Backscattered elec-
tron and cathodoluminescence images were used
to select the sites for LA-ICP-MS analysis. After
the SEM observations, the sample mount was re-
polished in order to remove the carbon coating
and was washed with pure water in an ultrasonic
bath. Height of the sample mount as well as the
height of the sample holder was fixed at 5mm to
stabilize the flow of the carrier gas in the two-
volume cell. This procedure is basically the same
as sample preparation for SHRIMP analysis.

The experiments were carried out using LA-
ICP-MS installed at the National Museum of
Nature and Science. The quadrupole ICP-MS
used in this study was an Agilent 7700x. The
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laser ablation system was an ESI NWR213. A
Nd-YAG laser with a 213nm wavelength and 5
ns pulse were used for the machine. The operat-

ing parameters are given in Table 3. A 25 um spot
size and 4-5J/cm? laser power were adopted in
this study. He gas was used as the carrier gas

Table 3. ICP-MS and Laser ablation operating parameters.

ICP-MS Agilent 7700x

Plasuma power 1350W

Ar gas flow rate
Prasuma 15.01/min
Auxiliary 0.91/min
Make up 0.9 1/min

He gas flow rate

Scanning mode

Detector mode

Minitored nuclides

Caliblation standard for 2°°Pb/**U ratio

Caliblation standard for U and Th consentrations
and Pb isotope ratios

590-620 ml/min
Time resolved analysis
Pulse counting
29gj 202g 204p}, 206pp, 207pp, 208ppy 232 238y
FC-1
206pp/2381 = 0.1859 (Paces and Miller, 1993)
NIST SRM610
U: 461.5 ppm
Th: 457.2 ppm
206pp204ph = 17.051 £ 0.061
207pp/2%ph = (0.9096 = 0.0008
208pp206ph = 2.1670 £ 0.0018

Laser ablation ESINWR213
Laser source Nd-YAG
Wavelength 213nm
Spot size 25um
Pulse energy 4-5J/cm?
Repetition rate SHz
_________ NWR213 system _______ ___
I/ ) '
I Sample cell Ablation cup !
I
| | KSR
! ! > 2
\ Luser bearh 1 < % Q'b
| | ‘i\e e\)Q
) [¢ — = | 00 'b\‘“
X — | For ICP-MS
1
I

S e mfm - - - A s
Epoxy cemented
samples (1 in. dia.)

Sample holder

p4

Glass Bﬁbbler

(dry)

Fig. 6.

Carrier gas out|
(He + aerosol)

(He +aerosol + Ar)

— >

Figure of eight
tubing

Schematic diagram of the LA-ICP-MS system at National Museum of Nature and Science.

(Walder et al., 1993)
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instead of Ar gas to enhance a higher transport
efficiency of ablated materials (e.g. Eggins ef al.,
1998). The flow rate of the He carrier gas and the
Ar makeup gas were 580—-620 ml/min. and 900 ml/
min., respectively. Pure (>>99.9999vol.%) He and
Ar gases were used in this study to avoid con-
tamination. Before each analysis, the surfaces of
the samples were cleaned by shooting the laser
several times in order to avoid contaminations
from adhered materials. To obtain a stable profile
of 2%Pb/*8U and Pb isotopes ratios, we attempted
to attach a glass babbler between the exit of the
sample cell and the junction with the Ar make-up
gas. This would have an advantage similar to the
stabilizer of Tunheng and Hirata (2004). More-
over, to encourage mixing between the carrier
and make-up gases, the sample tube between the
junction point and the ICP torch is ~2m in
length in a figure-eight configuration (Fig. 6).

All measurements were carried out using time
resolved analysis. For U-Pb dating, the *’Si,
202g 204ppy (204 g), 206pp, 207ppy, 208pp, 232Th and
2381 peaks were monitored. The integration times
for 2Si, 202Hg, 204py, (204Hg), 208pp, 22Th and
238U were 10ms, 30ms for 2°Pb, and 40ms for
27pPb. The time for one analysis was 55s. The
first 20s with the laser off was for the gas blank
and the other 35s for laser ablation. The total
data acquisition time was 20s in a 35s laser abla-
tion period because ~10s was necessary to
begin counting once the laser was turned on and
the isotope ratios were stabalized.

U and Th concentrations were calibrated by
using »Si as an internal calibrant and NIST SRM
610 standard glass as the reference material.
Th/U ratio is calculated using calibrated concen-
trations of U and Th. Pb isotope ratios
(**Pb/?*Pb and *°*Pb/*"°Pb) are also calibrated
using NIST SRM 610 as reference material.
205ph/238U ratios are calibrated using FCI stan-
dard These correction factors were
applied to each sample in order to correct for
instrumental mass bias and time dependent ele-
mental and isotopic fractionations. Common Pb
corrections for the concordia diagrams and each
age were made using *Pb and *"’Pb, respec-

zircon.

tively (Williams, 1998), on the basis of the
model for common Pb compositions proposed by
Stacey and Kramers (1975). The pooled ages
presented in this study were calculated using the
Isoplot/Ex software (Ludwig, 2003).

Zircon dating of chevkinite and monazite tuffs

To confirm the validity of the U-Pb age ana-
lyzed by the NMNS LA-ICP-MS, the U-Pb ages
of samples that were examined by SHRIMP or
TIMS were compared- Narukawa granite
(87.2+0.4Ma; 1o, Watanabe et al., 2000), Oto-
dani granodiorite (191.1 =0.8Ma; 95% conf,;
Horie, 2012), Hikami granite (442.0=*3.5Ma;
Watanabe et al., 1995), AS3 (1099.0 =0.7 Ma;
95% conf.; Paces and Miller, 1993), and QGNG
(1842.0 =3.1Ma; 95% conf. Black et al., 2003).
The weighted mean *U->"Pb* ages measured
by NMNS LA-ICP-MS were 86.2+2.4Ma,
189.3£1.6Ma, 442.0+3.5Ma, 1102.2 £8.1 Ma,
and 1847 = 13 Ma, respectively (Figs. 7 and 8).
Table 4 lists zircon data of age-known samples.

Table 5 lists zircon data of tuffs from the
Mineoka Belt obtained by LA-ICP-MS. All
errors are 1 sigma level. Almost all zircons in the
samples show rhythmic oscillatory and/or sector
zoning on backscattered electron and/or cathodo-
luminescence images (Figs. 9 and 10) which is
commonly observed in igneous zircons (Corfu et
al., 2003), and their higher Th/U ratios (>0.1)
also support that they are igneous in origin (Wil-
liams and Claesson, 1987; Schistte et al., 1988;
Kinny et al., 1990; Hoskin and Black, 2000).
Fig. 11a shows Tera—Wasserberg concordia dia-
gram for all analyzed spots from zircons of the
Hegurinaka chevkinite-bearing tuff obtained by
LA-ICP-MS. All zircon age data (10 spots from
8 grains) cluster in the range from about 19.5Ma
to 22.9Ma and the weighted mean age yields
22.1+0.8Ma (95% conf.). The zircons in Shirat-
aki monazite tuff (28 spots from 28 grains) indi-
cate two ages, 22.2* [.5Ma and 25.1 £1.6Ma
(1o; Fig. 12). The younger age is considered to
indicate the depositional age or eruption age of
magma for the Shirataki tuff.
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Fig. 7. Tera—Wasserburg U-Pb concordia diagrams and age distribution plot of result of LA-ICP-MS mesure-
ments of age-known zircon samples from Narukawa Granite (a), Unazuki Granodiorite (b), Hikami Granite
(), AS3 (d) and QGNG (e). *’Pb™ and **°Pb* indicate radiometric **’Pb and **°Pb, respectively.
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Fig. 9. Cathodoluminescence image of zircons
from the Hegurinaka chevkinite-bearing tuff.
Circles indicate analyzed pit by LA-ICP-MS.
Numbers correspond to Table 5.

Zircon age of chevkinite-bearing tuff
SHRIMP measurement

The zircon grains for Sensitive High Resolu-
tion Ton MicroProbe (SHRIMP) analysis and the
zircon standard AS3 (*Pb/**U=0.1859; Paces
and Miller, 1993) were mounted in an epoxy resin
and polished. Backscattered electron and cath-
odoluminescence images were used to select the
sites for SHRIMP analysis. U-Pb dating of the
samples was carried out using the SHRIMP II
installed at the National Institute of Polar
Research (NIPR), Japan. The experimental con-
ditions and the procedures followed for the mea-

surements were based on Williams (1998). The
spot size of the primary ion beam was approxi-
mately 25um. The U-Pb data were reduced in a
manner similar to that described by Williams
(1998), using the SQUID Excel macro written by
Ludwig (2001). Common Pb corrections for the
concordia diagrams and each Phanerozoic ages
were made using *™Pb and *’Pb, respectively
(Williams, 1998), on the basis of the model for
common Pb compositions proposed by Stacey
and Kramers (1975). The pooled ages presented
in this study were calculated using the Isoplot/Ex
software (Ludwig, 2003). The uncertainties in
the mean *Pb*/>*U ages are within the 95%
confidence limits and include the uncertainty in
the Pb/U calibration for each analytical session.
All age data of zircons in the Hegurinaka chevki-
nite tuff (10 spots from 8 grains) cluster in a
range from about 22.1Ma to 23.6Ma (Table 6)
and the weighted mean age yields 22.9 0.1 Ma
(95% conf; Fig. 11b).

Discussion

In the Japanese Islands, chevkinite is a scarce
mineral which has previously only been reported
in a granitoid from Ashizuri, Shikoku (Imaoka
and Nakashima, 1994). Even though an enor-
mous quantity of studies about volcanic ashes
and tuffs in the islands have been conducted (e.g.
Machida and Arai, 1992; Takahashi et al., 2001),
neither chevkinite nor monazite has previously
been reported as a phenocryst. Such a rare min-
eral was found in a thick tuff layer from the
Hegurinaka quarry, Boso Peninsula. Chevkinite
was observed in thin section, along with zircon.
Monazite is also a rare phenocryst mineral,
although it was found at two localities: Heguri-
naka quarry and the Shirataki area. Age of the
chevkinite-bearing tuff was determined to be
229+0.1Ma by SHRIMP analyses and
22.1*0.8Ma by LA-ICP-MS analyses, which
corresponds at the earliest to the Miocene or near
the boundary between the Oligocene and Mio-
cene similar to the results obtained by microfos-
sils (Saito, 1992). On the other hand, monazite
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Table 4. LA-ICP-MS analyzed data of age-known samples and calculated ages.

206Pb a U Th 23gu/ 238U/206Pb* 238U/206Pb* 207Pb*/206Pb*
Labels . c ( m) ( m) Th/U 206Pb*(1) 207Pb*/2061)b*(|) age(l) age(2) age(l)
(o) P TP (Ma) (Ma) (Ma)

Narukawa Granite

IKO1 0.11 230 71  0.32 74.73£1.39 0.0491+0.0059 85.7+1.6 85.5+1.6 —
1K02 0.20 166 70  0.43 73.42+1.73 0.0475+0.0079 87.2+2.0 87.242.0 —
1K03 0.00 181 88  0.50 74.81£1.59 0.0450+0.0049 85.6+1.8 85.6+1.8 —
IK04 0.28 155 68  0.45 75.68+£1.96 0.0472+0.0088 84.6+2.2 84.6+2.1 —
1K05 0.00 359 210 0.60 73.40+1.18 0.0466=+0.0030 87.2+1.4 87.2+1.4 —
1K06 0.00 203 138 0.69 73.59+1.37 0.0563+0.0039 87.0£1.6 86.0+1.6 —

Unazuki Granodiorite

OTO01 0.01 316 200 0.65 32.79+0.39 0.0501+0.0036 193.7+2.2 193.5+£2.2 —
OT02 0.04 497 310 0.64 33.27+0.42 0.0502+0.0030 190.9+2.4 190.7+2.3 —
OT03 0.01 465 394 0.87 32.90+0.41 0.0500+£0.0034 193.0+2.4 192.9+2.3 —
OT04 0.14 462 342 0.76 33.30+0.39 0.0503+£0.0030 190.7+2.2 190.5+2.1 —
OTO05 0.03 314 227 0.74 33.11+0.45 0.0517+£0.0040 191.8+2.6 191.3+£2.5 —
OT06 0.09 416 361 0.89 33.90+0.42 0.0498+0.0036 187.4+2.3 187.3£2.2 —
OTO07 0.00 400 309 0.79 32.97+0.40 0.0507+0.0037 192.6+2.3 192.4+2.2 —
OTO08 0.10 412 318 0.79 33.37+0.42 0.0492+0.0035 190.4+2.3 190.5+£2.3 —
OT09 0.05 239 150 0.64 33.65+0.53 0.0500+0.0042 188.8+£2.9 188.7+2.8 —
OT10 0.05 492 405 0.84 33.57+0.42 0.0509+0.0037 189.2+2.3 188.9+2.2 —
OT11 0.02 306 216 0.72 33.89+0.44 0.0499+0.0043 187.5+2.4 187.4+£2.3 —
OT12 0.02 408 316 0.79 34.25+0.38 0.0497+0.0036 185.5+2.1 185.5£2.0 —
OT13 6.09 427 385 093 33.10+0.58 0.0481+0.0105 191.9+3.3 192.3+3.3 —
OT14 0.22 570 53 0.10 33.54+0.37 0.0486+0.0015 189.4+2.1 189.7+2.1 —
OT15 0.02 330 241 0.75 33.54+0.41 0.0507+£0.0040 189.4+2.3 189.1£2.2 —
OT16 0.02 414 333 0.83 33.48+0.40 0.0505+0.0035 189.7+2.2 189.6+2.2 —
OT17 0.19 485 412 0.87 33.72+0.41 0.0499+0.0034 188.4+2.3 188.3+2.2 —
OTI18 0.00 553 486 0.90 33.19+0.39 0.0525+£0.0015 191.4+2.2 190.7+£2.2 —
Hikami Granite

HKO1 0.76 677 522 0.79 14.19+0.15 0.0541+£0.0021 439.0+4.4  439.5+4.3 376+88
HK02 0.17 213 70 034 13.9440.18 0.05224+0.0025 446.7+5.6  447.1£5.6 2944108
HKO3  0.00 859 460 0.55 13.99+0.12 0.0559+0.0009 445.2+3.7  444.8+3.7 450+37
HKO04 028 799 454 0.58 14.08+£0.14 0.0546+0.0018 442.2+4.4  442.544.3 395+74
HKO5 0.13 394 151 039 14.17£0.13 0.0555+0.0019 439.6+4.0  439.4+4.0 432+75
HKO06  0.03 600 187 0.32 14.06£0.14 0.0538+0.0014 443.0+4.2 442.9+4.1 361+58
HKO07 0.69 771 281 037 14.04+0.13 0.0570+0.0017 443.7+£3.9  442.9+39 491+65
HKO08  0.04 783 344 045 14.17+0.12 0.0554+0.0014 439.6+3.6  439.6+3.5 427457
HKO09 0.27 428 114 0.27 14.14+0.14 0.0567+0.0017 440.6+4.2  439.9+4.2 482+64
HK10 0.03 337 217 0.66 14.08+0.14 0.0559+0.0027 442.3+4.3 442.0+4.3 448+106
AS3

ASO1 0.39 159 83 0.53 5.40+0.06 0.0730+0.0021 1094.5+10.6 1097.4+10.6 1013+58
AS02 0.12 562 393 0.72 5.37+0.04 0.0755+0.0014 1101.5£8.5 1101.8+8.4 1082438
AS03 0.02 239 164 0.70 5.31+0.05 0.0761+£0.0019 1111.9+9.1 1111.249.1 1098+49
AS04 0.00 248 173 0.72 5.35+0.05 0.0768+0.0013 1105.0+9.2 1103.6+9.3 1115+34
AS05 0.03 215 166 0.79 5.40+0.06 0.0764+0.0020 1095.8+10.5 1095.6+10.4 1106+51
AS06 0.03 264 227 0.88 5.38+0.05 0.0764+0.0021 1098.6+£8.9 1099.1+8.8 1105+55
AS07 0.01 370 284 0.79 5.34+0.04 0.0763+£0.0019 1105.7+8.4 1106.0+8.3 1103+50
AS08 0.02 142 72 0.52  5.31+0.06 0.0768+0.0025 1112.4+10.9 1112.1£10.9 1115+66
AS09 0.12 132 62 049 536+0.06 0.0771+0.0020 1102.5+11.2 1101.7+11.2  1124+52
AS10 0.00 98 36 0.38  5.43+0.06 0.0794+0.0019 1090.1+11.1 1085.9+11.3  1182+46
OGNG

QGO1 0.02 179 186 1.06 3.01+0.03  0.1123+0.0027 1849.0+14.8 1851.6+14.6  1837+43
QG02 0.00 218 238 1.12 3.02+0.03 0.1161+0.0025 1846.1£16.5 1841.8+16.2  1898+38
QG03 0.02 170 150 091 3.00£0.03 0.1148+0.0023 1854.6=15.4 1853.1£15.3  1877+£37
QG04 0.00 189 187 1.02  3.02+0.04 0.1156+0.0025 1841.8£19.7 1835.7£19.5 1888+40
QGO5 0.36 179 161 0.92 3.04+0.03 0.1101+£0.0024 1831.9+16.4 1835.6£16.2 1801+£39
QG06  0.00 213 240 1.16 298+£0.03 0.1167+£0.0023 1865.1£17.2 1856.8£17.0  1906£36
QG07 0.04 215 228 1.09 3.04+0.03 0.1116+£0.0022 1834.9+15.4 1833.4+15.3 1826435
QGO8  0.00 252 273 1.11 2.99+0.03 0.1161+0.0021 1862.5+15.2 1855.1+15.1 1897+32
QG09  0.01 176 162 095 2.99+0.03 0.1139+0.0022 1858.4+18.0 1855.1+17.9  1862+35

Errors are 1-sigma; Pb, and Pb* indicate the common and radiogenic portions, respectively.
(1) Common Pb corrected by assuming 2°Pb/*¥U-2"*Pb/?*Th age-concordance
(2) Common Pb corrected by assuming 2°°Pb/>*¥U-2""Pb/**U age-concordance
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Table 5. LA-ICP-MS U-Pb data and calculated ages of zircons in the tuff samples from the Mineoka Belt.

wipp O U ™ B8 206pE 238()206pp*

Labels o ¢ Th/U 28y A0epp*M 207pp*206pp*(1) ageV age®
( °) (ppm) (ppm) (Ma) (Ma)
Hegurinaka chevkinite-bearing tu]f
HRO1.1 1.04 152 1.21 286.49 £15.32 0.0475%0.0321 22.5%1.2 224%1.1
HRO02.1 0.59 370 353 0.98 290.04 =8.88 0.0445*0.0137 222%0.7 222%0.6
HR02.2 0.82 583 718 1.26 297.32+8.42 0.0494+0.0128 21.6*0.6 21.6%0.5
HRO03.1 031 1135 937 0.85 289.38+5.33 0.0462 £0.0063 222+04 222+0.4
HRO04.1 0.30 291 343 1.21 291.55*+11.25 0.0475*0.0228 22.1£0.9 22.0%0.7
HRO5.1 1.68 142 231 1.66 298.89+17.45 0.0441 £0.0394 21.5%13 21.6%1.1
HRO05.2 10.73 167 263 1.62 306.84 £19.34 0.0506 £0.0506 21.0%1.3 209%1.0
HRO06.1 0.03 273 385 1.45 290.06 =12.41 0.0474 £0.0259 222%09 22.1+0.8
HRO07.1 0.71 278 207 0.76 296.55+10.03 0.0440+0.0149 21.7%0.7 21.8%0.7
HRO08.1 2.81 162 192 1.21 280.51+15.67 0.0426 £0.0345 22913 23.0£1.0
Shirataki monazite-bearing tuff

STO1 3.39 145 167 1.19 244.74*15.03 0.0422£0.0361 263=*1.6 264=*1.5
ST02 2.71 266 201 0.77 241.23+11.07 0.0433 £0.0254 26.7%1.2 26.8+1.2
STO03 8.09 133 128 0.98 290.63 +20.51 0.0242 £0.0498 22.1%1.6 22.8%1.5
ST04 2.84 132 122 0.95 24336*14.54 0.0381*0.0338 264=*1.6 26.7*1.5
STOS 1.74 518 488 0.97 253.64+7.58 0.0420+0.0132 254%0.8 25.5%0.7
ST06 1.93 276 293 1.09 261.77+11.99 0.0475%0.0209 246+ 1.1 245%1.1
STO07 091 153 234 1.57 282.91+18.20 0.0495£0.0395 227%15 226*13
STOS 4.73 127 126 1.02 254.01£17.36 0.0541 £0.0467 253%1.7 25.1%1.5
ST09 0.06 346 702 2.08 259.90+11.39 0.0467 £0.0297 24.8%+1.1 24.7£0.7
ST10 0.22 309 185 0.61 242.55+8.53 0.0474=0.0175 26.5£0.9 26.5£0.9
STI11 2.25 149 122 0.84 287.68 £17.06 0.0500 £ 0.0346 224%+13 222%1.2
STI12 2.70 113 109 0.99 263.66 = 18.23 0.0431 £0.0444 24417 245%1.6
ST13 0.32 727 567 0.80 249.23+5.87 0.0489 =0.0093 25.8%0.6 25.7%0.6
ST14 0.59 567 433 0.78 258.59+6.25 0.0452 £0.0098 24.9%0.6 249%0.6
ST15 1.98 113 100 0.91 273.11£17.95 0.0425 £0.0443 23.6*1.5 23.7%1.5
ST16 0.49 344 293 0.87 254.84+7.37 0.0470=0.0140 252=%0.7 252%0.7
ST17 18.99 159 151 0.98 278.77*24.11 0.0558 £0.0796 23.1%2.0 22.8*1.7
ST18 2.10 168 145 0.88 282.62+14.43 0.0406 £0.0318 22.8%1.2 229%1.1
ST19 4.36 164 163 1.02 287.88+14.91 0.0528 £0.0347 224%12 222%1.1
ST20 1.69 248 329 1.36 267.70 £12.27 0.0408 £0.0263 24.0%1.1 242%0.9
ST21 3.58 106 70 0.68 292.14+20.69 0.0567 £0.0387 22.0%1.6 21.7%1.5
ST22 4.90 147 154 1.07 261.14*17.31 0.0406 =0.0503 246=*1.6 248*1.4
ST23 3.74 131 108 0.84 260.79 £16.30 0.0468 £0.0394 247%1.5 24.7%1.5
ST24 1.20 112 96 0.88 250.96 £ 15.47 0.0475*0.0381 25.6*1.6 255%1.5
ST25 16.15 104 75 0.74 297.76+22.14 0.0407 =0.0647 21.6*1.6 21.7%+1.6
ST26 1.69 127 114 0.92 286.06 = 17.45 0.0453 £0.0340 22.5%1.4 225%13
ST27 3.06 98 74 0.78 278.11£21.21 0.0462 £0.0486 23.1%1.8 23.1%1.6
ST28 7.32 267 502 1.93 274.71+14.13 0.0484 =0.0377 234=*12 233%09

Errors are 1-sigma; Pb, and Pb* indicate the common and radiogenic portions, respectively.
(1) Common Pb corrected by assuming ***Pb/**U-2%Pb/>*>Th age-concordance

(2) Common Pb corrected by assuming 2°°Pb/>$U-2"Pb/***U age-concordance

tuff from the Shirataki area shows two ages of
22.2*1.5Ma and 25.1 = 1.6 Ma by LA-ICP-MS.
The younger age should be the depositional age
of the tuff, but the older age is probably due to
accidental fragments derived from the wall rock
or cap rock at an eruption. The mixture of essen-
tial and accidental fragments is not uncommon in
ash and tuff (e.g. Yokoyama et al., 1997). The
age 22.2*1.5Ma for the tuff is consistent with
results by planktonic foraminifers in the associ-

ated limestone-chert sequence (Mohiuddin and
Ogawa, 1996).

The Mineoka Belt at the southern part of the
Boso Peninsula is composed of many tectonic
blocks which are not continuous with each other.
Although microfossil ages of sedimentary rocks in
the tectonic blocks are relatively narrow in range
from the Eocene to early Miocene, isotope ages of
whole rock and minerals, mostly determined by
the K—Ar method, are variable from 14Ma to
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%180 15kV 120802 Shirataki

Fig. 10. Cathodoluminescence image of zircons from Shirataki monazite-bearing tuff. Circles indicate analyzed
pit by LA-ICP-MS. Numbers correspond to Table 5.
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Tera—Wasserburg U-Pb concordia diagrams and age distribution plot of Hegurinaka tuff sample ana-

lyzed by LA-ICP-MS (a) and SHRIMP (b) *’Pb* and ***Pb* indicate radiometric **’Pb and **°Pb, respectively.

207ppy*/206ppy*

Relative Probability

data-point error ellipses are 68.3% conf.

e
2
o
on
<
180 220 260 300 340 380
238(J/206pp*
8 T T T
Probability distribution curve
—— Fitted by multipeak Gauss fitting
~ ~ - Resolved Peaks
6 _251+16Ma .
4 222+15Ma .
N
2 4
0 T T T
15 20 25 30 35
Age (Ma)

28

26

24

22

20

Fig. 12. Tera—Wasserburg U-Pb concordia diagram (a), age distribution plot (b) and age distribution diagram (c)
of Hegurinaka tuff sample analyzed by LA-ICP-MS. *’Pb* and *°°Pb* indicate radiometric **’Pb and **°Pb,
respectively. The zircons in the Shirataki tuff is composed with two age components; 22.2+1.5Ma and
25.1*1.6Ma(lo).
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Table 6. SHRIMP U-Pb data and calculated ages of the Hegurinaka chevkinite-bearing tuff sample from the
Mineoka Belt.
238 ] 206ppy* 2385206 ppy
Labels ZOGPbc(l) U Th Th/U 238U/206Pb*(1) 207Pb*/206Pb*(1) age(l) age(z)
(%) (ppm)  (ppm) Ma) Ma)

KY1-01.1 0.00 83 562 2.30 284.24*6.33  0.0466 £0.0036 22.6%0.5 22.6*0.5
KY1-02.1 0.35 791 216 0.73 282.43+1.99  0.0462*0.0019 22.8%+0.2 22.8%0.2
KY1-02.2 1.76 273 150 0.82 285.77%3.79  0.0510%0.0061 22.5%0.3 224%0.3
KY1-04.1 0.00 108 1352 0.99 278.50+4.84  0.0472+0.0028 23.1+04 23.1*04
KY1-05.1 0.00 1549 271 0.90 278.66*1.37  0.0463 +0.0007 23.1%0.1 23.1%0.1
KY1-06.1 2.99 115 226 2.45 271.93£8.07  0.0471£0.0103 23.7%0.7 23.6*0.7
KY1-07.1 0.00 124 191 1.88 281.78£4.89  0.0468 £0.0028 228*+0.4 228*0.4
KY1-08.1 1.14 221 1774 0.89 280.30+3.80  0.0453 £0.0054 23.0*0.3 23.0%0.3
KY1-08.2 0.42 1164 1649 1.57 281.161.56  0.0467£0.0013 22.9%0.1 229%0.1
KY1-09.1 0.55 1911 1012 0.89 281.08*+1.25  0.0463£0.0013 229=*0.1 22.9+*0.1
KY1-10.1 0.16 1077 164 0.97 278.40*1.82  0.0472*0.0029 23.1%+0.2 23.1%0.1
KYI1-11.1 2.24 206 1513 0.82 286.20+3.85  0.0470 +=0.0055 22.5*0.3 22.5%0.3
KY1-12.1 1.66 1735 202 0.90 284.60*+2.49  0.0468 =0.0079 22.6%*0.2 22.6%*0.2
KY1-13.1 3.28 169 109 1.24 286.77+7.08  0.0462+0.0167 224*0.6 22.4%0.3
KY1-14.1 3.13 112 320 1.01 288.71£5.94  0.0473+0.0107 223%0.5 22304
KY1-15.1 0.00 360 273 0.92 277.97%2.99  0.0466+0.0017 23.1+0.2 23.1%0.3
KY1-16.1 0.00 323 136 0.88 283.84*3.07  0.0482*0.0018 22.7%+0.2 22.6*0.2
KY1-17.1 0.07 187 1910 0.75 276.33£7.96  0.0505*0.0201 23.3%0.7 23.2%0.3
KY1-17.2 0.29 2395 312 0.82 281.80*1.51 0.0463 £0.0014 22.8%*0.1 22.8%*0.1
KY1-18.1 1.36 282 286 1.14 274.07+4.45  0.0456 +=0.0084 23.5*+04 23.5%0.3
KY1-19.1 1.40 262 1469 1.13 284.56*+3.95  0.0467 =0.0069 22.6*0.3 22.6%=0.3
KY1-20.1 0.32 1860 1037 0.82 282.38*1.44  0.0464=*0.0011 22.8%0.1 22.8*0.1
KY1-21.1 0.39 1265 162 0.85 277.86 £1.88  0.0444 +0.0032 23.2%0.2 23.2%0.1
KY1-22.1 0.00 83 366 2.00 290.54 £8.01 0.0465 £0.0034 22.1%0.6 22.1%0.6
KY1-23.1 2.42 123 950 3.08 288.787.40  0.0481*0.0136 223%0.6 222%0.5
KY1-24.1 0.47 1173 243 0.84 279.94+1.67  0.0462*0.0018 23.0*0.1 23.0*0.1
KY1-25.1 0.18 247 30 1.02 278.83*14.19  0.0470*0.0062 23.1%+0.3 23.1%0.3

Errors are 1-sigma; Pb, and Pb* indicate the common and radiogenic portions, respectively.

(1) Common Pb corrected using measured 2**Pb.

ommon correcte assumin, — age-concoraance.
2)C Pb dby ing 2°Pb/B8U-27Pb/ 35U ag d

94Ma. It is usually inevitable when using the
K—Ar age technique to discuss the alteration or
metamorphism of each sample. On the other
hands, zircon is an ultrastable mineral that is not
casily metamorphosed or altered, as closure tem-
perature of zircon is more than 900°C. With the
SHRIMP and LA-ICP-MS methods, many zircon
grains are analyzed, and then multiple events can
be discussed from complex age data. Age by
SHRIMP or LA-ICP-MS cannot be obtained from
a zircon-free sample. However, the age data
obtained from zircons are the most plausible and
contribute to the geotectonic reconstruction of the
blocks in the Mineoka Belt very well.

Chevkinite and monazite tuffs from the Boso
Peninsula are specific to the Japanese Islands.

They were formed at the latest Oligocene to
Early Miocene. The Japanese Islands are mostly
composed of rocks older than Oligocene and
younger than Early Miocene. Geological forma-
tions showing the Oligocene—Miocene boundary
is rare on the islands (e.g. Geological Survey of
Japan, 2011), and mostly occurs along the Sea of
Japan (e.g. Yoshikawa et al., 2002; Ozaki et al.,
2006; Kano et al, 2011). Siliceous volcanic
rocks with ages of 20-30Ma developed in the
formations along the coast and they are usually
terrigenous in origin and formed just before the
opening of the Sea of Japan at 20—15Ma. The
chevkinite-bearing tuff contains monazite with
an age of 1874 Ma clearly derived from the conti-
nental side. Although details on heavy mineral
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and age analyses of the volcanic rocks are neces-
sary to pursue their provenance, the coastal zone
of the Sea of Japan is one of the most probable
candidates for the provenance of the chevkinite
and monazite tuffs.
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