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Abstract: LA-ICP-MS U-Pb and fission-track (FT) dating were performed for detrital zircons in two
felsic tuff samples (KTO1 and KT02) in order to estimate the depositional age of the Takikubo Formation
(Izumi Group) in the Kan-onji district, eastern Shikoku, southwestern Japan. Total 30 grains analyzed for
each sample indicated that the U-Pb ages composed of multiple populations chiefly of younger (75-85
Ma) and older (85-95 Ma) clusters. The concordia ages calculated by grains in the younger clusters were
78.3+0.5 Ma (20) for KT01 (number of accepted grains # = 23) and 80.8+0.7 Ma (20) for KT02 (n = 9).
The U-Pb ages of KTO1 are comparable with 797 Ma (26) of the FT age from the same sample. The
U-Pb ages of KTO1 could constrain the maximum depositional age near the basal part of the Takikubo
Formation, which was middle of the Middle Campanian (polarity chron C33n in the magnetostratigraphy).
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1. Introduction

The Izumi Group is forearc basin deposits of the Late
Cretaceous, which is narrowly distributed from western
Shikoku to the Kii Peninsula along the northern side of
the Median Tectonic Line. Macro-fossils (ammonoids and
inoceramids) and micro-fossils (radiolarian assemblages)
show that the depositional age of the Izumi Group are
Campanian to Maastrichtian, Late Cretaceous (Suyari,
1973; Bando and Hashimoto, 1984; Yamasaki, 1987,
Hashimoto et al., 2015). Those paleontological studies
indicate that the depositional ages are younging toward
the east. On the other hand, the paleocurrent directions
in the main facies suggest the sediment derivation was
mainly from east-northeast to west-southwest (Suyari,
1973; Miyata, 2004), as opposed to the younging direction
of the depositional ages. These facts imply that the
sedimentary basin of the Izumi Group had been developed
in association with strike-slip fault activities (Ichikawa
et al., 1981; Miyata, 1989; Noda and Toshimitsu, 2009).
Progressive fault displacements along the pull-apart basins
could migrate the basin depocenters (e.g., Noda, 2013).

Recently, details of the Late Cretaceous volcanic

activities in the Sanyo Belt, which is situated at the north
of the Izumi Group, were revealed by using U-Pb ages
of igneous zircon grains in the felsic volcanic rocks and
welded tuff beds (Sato, 2016; Sato ef al., 2016a, b) (Fig.
1A). Therefore, radioisotope geochronological data in the
Izumi Group may be useful to compare with the volcanic
activities in magmatic fronts and to discuss temporal and
spatial evolution of the sedimentary basin during the Late
Cretaceous time. Although there are a few fission-track
ages reported from the Izumi Group of Shikoku Island
and the Kii Peninsula (Fig. 1A), no FT and U-Pb age data
have been reported from eastern Shikoku to date.

This paper reports LA-ICP-MS U-Pb and FT ages of
zircons in two felsic tuff beds of the Takikubo Formation
(Yamasaki, 1986; Matsuura et al., 2002), which is the
lower most formation of the main facies in the Izumi
Group, eastern Shikoku. It is unclear whether or not
the Takikubo Formation is an equivalent to the strata
distributed in the Niihama district, central Shikoku (Fig.
1A). The depositional age of the Takikubo Formation was
estimated to be of the lower Upper Campanian based on
the radiolarian assemblages (Hashimoto et al., 2015; Noda
and Kurihara, 2016).
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Fig. 1 A: Index map with U-Pb and fission-track (FT) ages (20) previously reported. FT ages include data obtained from the external
detector method using internal surfaces (ED1) and external surfaces (ED2). The geological map is reproduced from the Seamless
Digital Geological Map of Japan (Geological Survey of Japan, AIST, 2015). MTL means the Median Tectonic Line. References:
[1] Sato et al. (2009), [2] Noda et al. (2010), [3] Miyata (2004), [4] Seike et al. (2013), [5] Sato et al. (2016a), [6] Sato et al.
(2016b), and [7] Sato (2016). Asterisks (x) denote fission-track ages recalculated from the original data using the decay constant
of Ap=1.55125%107" yr! instead of 1.480x10""°yr'. B: Localities of felsic tuff samples (KTO1 and KT02) for U-Pb and FT
age analyses. Geological map of the Izumi Group is based on Noda et al. (in press). Shaded topography is from the GSI Maps
(http://maps.gsi.go.jp/). Thick lines indicate the area of extent of the Kan-onji district.

2. Materials and methods

Two samples (KTO1 and KT02) were obtained from
felsic tuff beds in the Takikubo Formation of the Izumi
Group, the western margin of the Sanuki Mountains (Fig.
1 and Table 1). The tuff bed of KTO1 was intercalated
within a mudstone-dominated sequence in the Minoura
Sandstone and Mudstone Member which is the lowest
member of the Takikubo Formation (Noda et al., in press).
KTO1 was collected from a very thick (more than 15 m in
thick) felsic tuff bed composed of thin- to thick-bedded
tuffaceous mudstones and siltstones with normal grading

or parallel laminations (Fig. 2A). It was classified to vitric
or crystal tuff showing light gray in color and silt- to fine
sand-grained in size (Fig. 2B).

The sample KT02 was collected from a tuff bed in the
Ebisukui Mudstone Member which is the third member
of the Takikubo Formation. KT02 was obtained from a 7
m thick tuff bed which was composed of thin- to medium-
bedded vitric tuff including fine- to coarse silt grains (Fig.
2C and D). The tuff bed included very fine sand-sized
carbonaceous fragments parallel to the laminae. Although
both samples of KTO01 and KT02 were fine-grained, they
contained euhedral to semi-euhedral zircon grains.
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Table 1 List of samples analyzed. Longitude and latitude are based on WGS84 coordinate system.

Sampleno. ID  Longitude Latitude Date Locno. Lithology GSJ reg. no.
KTO01 3499 133.63601  34.05375 2011-03-11 12 Felsic tuff  R108418
KT02 3287 133.67383 34.01164 2011-03-06 11 Felsic tuff R108419

Fig. 2 A: Photograph of outcrop of the felsic tuff bed continued from the sampling locality of KTO01.
Wada, Toyohama-cho, Kan-onji, Kagawa. Length of the hammer is 33 cm. B: Photomicrograph of
KTO1 (crossed polar). C: Outcrop of KT02. Nakashita, Shimokawa-cho, Shikoku-Chuo, Ehime.

D: Photomicrograph of KT02 (open polar).

The zircon grains were extracted from the samples;
about 400 grains from 700 g for KTO01 and 3,000 grains
from 300 g for KT02. They were mounted on a PFA Teflon
sheet with external natural surfaces exposed and etched by
KOH-NaOH eutectic melts (KOH:NaOH = 1:1) at 225°C
during 19 hours. Because the zircon grains were very
fine-grained, the measurements had to been conducted on
the external surfaces of them instead of the internal ones.
Spontaneous track density measurement was performed
for 30 grains which were randomly selected using a high-
resolution touch-monitor screen through a digital camera
and an optical microscope (Danhara and Iwano, 2009).

U-Pb dating was performed on the same zircon grains
with the track density counted ones by using LA- ICP-MS

system installed in the Division of Earth and Planetary
Science of Kyoto University, Japan (Table 2). The LA-
ICP-MS system was a Nu Instruments (Wrexham, UK)
AttoM high-resolution magnetic sector field ICP-MS (e.g.,
Yokoyama et al.,2011). The forward power of the ICP-MS
was 1300 W (Iwano et al., 2013). Helium gas was used as
the carrier gas inside the ablation cell and was mixed with
argon gas before entering the ICP-MS. Signal intensities
for *?Hg, **(Pb+Hg), 2*Pb, 27Pb, **Th, and **U were
obtained from 30 zircon crystals on each sample. The laser
ablation system was a New Wave Research NWR-193 ArF
laser-ablation system (Fremont, CA 94538, USA; e.g.,
Sakata et al., 2014). The experimental conditions about
the laser ablation include the wavelength (193 nm), the
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Table 2 ICP-MS and laser operating conditions and data
acquisition parameters.

Parameters Value/Description

Laser ablation
Model New Wave Research NWR193
Laser type (Wave length) Excimer ArF (193 nm)

Energy density 2.2 J/em?

Crater size 15 um

Repetition rate 10 Hz

Carrier gas He

ICP-MS

Model Nu Instruments AttoM
ICP-MS type Magnetic sector field
Forward power 1300 W

Carrier gas Ar

Ar gas flow rate 0.90 L min™’

He gas flow rate 0.68 L min"
Scanning mode Deflector jump

Data acquisition protocol Batch

Integration time 8s

22y, 204py, W06pp, W7py, 22qy, 238y
Primary standard 91500 (U-Pb), Fish Canyon Tuff > (FT)
Secondary standard oD-3"

*! Wiedenbeck et al . (1995); *? Danhara and Twano (2013); " Twano
etal.(2013)

Monitor isotopes

ablation pit size (15 pm), and the repetition rate (10 Hz).

The possible contribution of common Pb was monitored
from 2*Pb signal with (or plus) ***Hg as an isobaric
interference. The abundance of 2*Hg was calculated
from blank-corrected 2*?Hg on the basis of the natural
202Hg/?“Hg ratio, which in turn was subtracted from 204
total to yield **Pb. We applied one-shot cleaning on the
sample surfaces before the analysis in order to reduce the
risk of contamination of common Pb. Instrumental bias for
the unknown 2°°Pb*/?8U ratio (asterisk denotes radiogenic)
was corrected using a 91500 zircon standard (Wiedenbeck
etal., 1995).

The resultant U-Pb isotopic ratios and errors were used
to calculate and plot concordia diagrams and histograms
by Noda (2017). Details of the calculation for U-Pb ages
and their errors are shown in Noda (2017). We excluded
data whose error ellipses (20) do not overlap the concordia
curves in the concordia diagrams as discordant data.

We also approximated FT ages for each grain by means
of the 28U signal data without internal standard correction
based on Si or Zr. Age calibration was based on the zeta
approach (Hurford, 1990a, b; Hasebe et al., 2013) using
the age standard Fish Canyon Tuff with the absolute FT
age being 28.4+0.2 Ma (Danhara and Iwano, 2013) and
{=44.0£6.0 for 91500 zircon as a uranium standard.

3. Results

3.1 U-Pb ages
The 2%Pb*/#8U, 2"Pb*/?5U, and *’Pb*/?*Pb* ages of

zircons were calculated from analyzed isotopic ratios and
decay constants.

KTO01 The results of KTOl sample show a bimodal
distribution whose ranges were roughly 75-85 Ma
and 85-95 Ma; the younger population has a more
conspicuous peak in the histogram (Fig. 3D; Table 3).
We accepted grains whose error (3c) of 2°Pb*/>¥U ages
includes the range of error (36) of the weighted mean
of those in the younger cluster (Fig. 3C). By using the
grains in the younger cluster (n = 23), the calculated ages
are nearly consistent among the conventional concordia
(*7Pb*/*U—2Pb*/>*#U), Terra—Wasserburg concordia
(B8U/%PH*—YPb*/?%Pb*), and the weighted mean of
206ph*/238U ages, which are 78.3+0.5 Ma (20) of the
concordia ages and 78.2+0.5 Ma (20) of the weighted
mean of 2Pb*/>*#U ages (Fig. 3).

KTO02 Most of the single grain ages in KT02 sample
are concentrated in the older population of 85-95 Ma,
but a small amount of grains are recognized within the
younger one of 75—-85 Ma (Fig. 4; Table 4). Because it
is difficult to divide the clusters clearly by the dates, we
chose grains in the same way as KT01 based on the error
(30) of the weighted mean of 2°°Pb*/*#¥U ages (Fig. 4C).
The grains in this cluster (n = 9) yield 80.8+0.7 Ma (20)
of the concordia ages (Fig. 4A and B) and 81.0+0.8 Ma
(20) of the weighted mean of *Pb*/**U ages (Fig. 4C).
Because of the smaller numbers of accepted grains, these
ages of KT02 show larger errors and MSWDs than those
of KTO1.

3.2 FT ages

KTO01 Individual FT ages were much more variable
with larger errors than the U-Pb ages (Table 5). The
weighted mean of the FT ages of 79+7 Ma (20), which
was consistent with that of 2%°Pb*/2*8U age (78.2+0.5 Ma)
of the same sample, was calculated with basically the
same grains (n = 22) in the younger population of the U-Pb
dating, except for one grain whose FT age was more than
doubled the U-Pb age (Grain# 3 in Table 5).

KTO02 The FT ages of zircon grains in the sample KT02
were also dispersed similar with KTO1 (Table 6). The
weighted mean of the FT ages was calculated by the
selected grains (n = 8) in the younger population of the
U-Pb age, except for one grain whose FT age was more
than doubled the U-Pb age (Grain# 29 in Table 6). It was
69+10 Ma (26), which was younger than that of 2°°Pb*/>%U
ages (81.0+£0.8 Ma) of the same sample.

4. Discussion

Because of the larger number of accepted grains and
smaller errors and MSWDs, the U-Pb ages of KT01 are
appropriate to constrain the maximum depositional age
for the Minoura Sandstone and Mudstone Member in
the Takikubo Formation. The lithology and sedimentary
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Fig. 3 Results of U-Pb dating of KT01. A: 27Pb*/>U-?*Pb*/?**U concordia diagram (Wetherill, 1956). Black solid and gray solid
ellipses represent 26 errors of accepted and excluded data points, respectively. Blue ellipse is a 95% confidence region of
the two-dimensional weighted mean. Solid square shows the concordia age. N and »n are numbers of total and accepted
grains, respectively. B: Tera—Wasserburg concordia diagram (Tera and Wasserburg, 1972). Legends are same with A. C:
one-dimensional weighted mean of 2°°Pb*/>¥U ages (blue line) and its error of 3o (gray band). Black and white circles with
error bars (30) are accepted and excluded grains from the calculation, respectively. D: plots of Th/U ratios (right-hand
vertical axis) with accepted (black circles) and excluded (white circles) data, and stacked histograms of °Pb*/**U ages
(left-hand vertical axis) with accepted (blue bars) and excluded (white bars) data, respectively.

structures of the tuff beds, such as grading and parallel
laminations, suggest the deposits were derived from
volcaniclastic subaqueous gravity currents that transported
pre-existing non-welded pyroclastic detritus from the
land or shallow sea area (cf., Trofimovs et al., 2013). It
means that the dates obtained from the zircon grains in
the tuff beds do not indicate the depositional age directly.
However, based on the very thick sediments in the Takikubo
Formation (Noda et al., in press) and high productivity of
pyroclastic detritus in the Sanyo Belt during this time
(Sato et al., 2016a), it is probable that the zircon grains
were transported from the source and deposited in the
basin without a large time lag after the crystallization.
Therefore, we approximate the depositional age of the
Minoura Sandstone and Mudstone Member to 78.3+0.5
Ma (20) of the concordia ages or 78.2+0.5 Ma (26) of the
weighted mean of 2°°Pb+/**U ages for the younger cluster
in KTO1, which corresponds to middle Middle Campanian

and the polarity chron C33n in the magnetostratigraphy
(Gradstein et al., 2012).

On the other hand, the U-Pb ages of KT02 from the
Ebisukui Mudstone Member are older than those from
KTO1, although the tuff bed of KTO02 is stratigraphically
higher than that of KTOl. Because tuff beds are
considered to be not primary (pyroclastic) but secondary
(volcaniclastic) deposits, the sample KT02 contained more
recycled (older) grains. However, the depositional age of
the Ebisukui Mudstone Member is at least younger than
80.8+0.7 Ma (26) based on the concordia ages of KT02.

FT ages of zircon grains are ideally equal to or younger
than the U-Pb ages of them, if those crystals are supplied
from volcanic eruptions. However, some FT ages in
KTO01 and KT02 show older ages than the U-Pb ages of
the same grains. This discrepancy may be explained by
two possibilities. The first is concentration of uranium
measured in small spots (15 pm) by the LA-ICP-MS was
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Fig. 4 Results of U-Pb dating of KT02. The discordant grain is represented by gray dashed ellipses (A and B), gray circle
(C and D), and gray bar (D). Other legends are same with Fig. 3.

assumed to be the average concentrations of uranium in
the grains. Because density of fission tracks in a grain
depends on the average concentration of uranium in
addition to duration of cooling, we might overestimate or
underestimate the U concentrations for some grains. In
the case of underestimation, apparent ages become older
than the true ages, and vice versa.

The second is external effects of uranium outside or
near the external surfaces of zircon grains, which mean
contamination of fission-tracks originated from adjacent
grains outside or enrichment of uranium along the external
surfaces of the grains (Suzuki, 1988; Danhara et al., 1991).
Because we used the external surfaces for the FT analysis,
such effects might lead to older FT ages than the true ages.

5. Conclusions

The analyzed samples of KTO1 (Minoura Sandstone
and Mudstone Member) and KT02 (Ebisukui Mudstone
Member) from tuff beds of the Takikubo Formation,
Izumi Group, in the Kan-onji district contain multiple
populations composed chiefly of younger (75-85 Ma) and
older (85-95 Ma) ages. By using grains in the younger

populations, the U-Pb ages of KT01 (n = 23) were
78.3+0.5 Ma (20) for the concordia ages and 78.2+0.5
Ma (20) for the weighted mean of 2°°Pb*/2**U ages. Those
of KT02 (n = 9) were 80.840.7 Ma (20) and 81.0+0.8
Ma (20), respectively. The FT ages were 79+7 Ma (20)
for KTO1 (n = 22) and 69410 Ma (20) for KT02 (n = 8).
Given intensive magmatisms during the Late Cretaceous
in the Sanyo Belt, the depositional ages of the basal
part of the Takikubo Formation could be constrained
by the U-Pb ages of KTO1, which is middle Middle
Campanian, corresponding to the polarity chron C33n in
the magnetostratigraphy.
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Table 5 Preliminary results of fission-track dating of zircon samples in KT01 based on uranium data from LA-ICP-MS U-Pb dating.

Fission Track Data LA-ICP-MS-FT Age
Sample KTO01 N, A Ps U Age (Ma)
Grain# (10°m®) (10°cm®)  (ppm) trr +20
1 130 16.6 7.85 269 94 + 30
2 51 5.5 9.24 276 108 £ 42 *
3 87 14.7 591 56 336 £ 117 **
4 53 5.5 9.60 345 90 £+ 35 *
5 45 7.4 6.11 322 62 £ 25
6 37 5.5 6.70 271 80 = 34
7 111 8.3 13.41 380 114 £ 38 *
8 49 7.4 6.66 194 111 £ 44 *
9 59 5.5 10.69 218 158 £ 60 *
10 22 5.5 3.99 140 92 £+ 47 *
11 94 16.6 5.68 163 112 £ 38
12 37 5.5 6.70 285 76 £ 33
13 79 9.2 8.59 309 90 + 32
14 41 9.2 4.46 103 139 £+ 58
15 42 11.0 3.80 148 83 + 34
16 35 3.7 9.51 277 111 £ 48
17 43 5.5 7.79 295 8 £ 35
18 106 9.2 11.52 353 105 £ 35
19 44 6.4 6.83 302 73 £ 30
20 45 7.4 6.11 288 69 £ 28
21 49 7.4 6.66 336 64 £ 25
22 47 4.6 10.22 273 121 £ 48
23 54 7.4 7.34 402 59 £ 23
24 23 3.7 6.25 287 71 £ 35
25 44 5.5 7.97 348 74 £ 30
26 12 1.8 6.52 216 98 + 63
27 47 83 5.68 209 88 £ 35 *
28 33 3.7 8.97 354 82 + 36
29 28 3.7 7.61 296 83 £ 39
30 31 4.6 6.74 319 68 + 31
Weighted mean (n = 22): 79 + 7

N; Number of spontaneous fission tracks counted
A Counting area
ps Spontaneous track density (= N/A)
U Uranium concentration in ppm
FT age ter= (1/Ap)In(1+Aplusgps/m; ) (see Hasebe et al., 2013)
Ap: Total decay constant of By (=1.55125 x 10" y'l)
Cwms: Zeta calibration factor determined by LA-ICP-MS
Custlo=44.0+6.0
g: Geometry factor (=1)
m; = (238U/2‘)Si)sample/(mSU/ZQSi)Standard for zircon grain i
29q: _ 29
Slsamule - Sl91500 standard Was supposed.
The count-area-corrected ***U signal intensity was used.
Age standard Fish Canyon Tuff (28.44+0.2 Ma: Danhara and Iwano, 2013)
Uranium standard Nancy 91500, 74 ppm U
* Rejected data by U-Pb dating
** Manually excluded datum as an outlier
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Table 6 Preliminary results of fission-track dating of zircon samples in KT02 based on uranium data from LA-ICP-MS U-Pb dating.

Fission Track Data LA-ICP-MS-FT Age
Sample KT02 N; A Ps U Age (Ma)
Grain# (10 °cm®) (10°cm™) (ppm) FT +20
1 88 9.2 9.57 231 134 £ 46 *
2 131 16.6 7.91 250 102 £ 33 *
3 41 7.4 5.57 105 171 £ 71 *
4 30 5.5 5.43 188 94 £ 43 *
5 24 3.7 6.52 263 80 + 39 *
6 41 5.5 7.43 224 107 £ 44 *
7 244 27.6 8.84 329 87 £ 26 *
8 103 8.3 12.44 285 141 £ 47 *
9 83 83 10.02 208 155 £+ 54 *
10 97 7.4 13.18 357 119 £ 41 *
11 47 5.5 8.51 302 91 £+ 37
12 20 3.7 5.43 137 128 £ 67 *
13 33 3.7 8.97 133 217 £+ 97 *
14 40 5.5 7.25 192 122 £ 51 *
15 28 5.5 5.07 173 95 £ 44 *
16 74 5.5 13.41 645 67 £ 24
17 41 7.4 5.57 205 88 + 37 *
18 44 5.5 7.97 341 76 £ 31
19 74 7.4 10.05 551 59 £ 21
20 28 2.8 10.14 303 108 £ 51 *
21 109 9.2 11.85 394 97 £+ 32 *
22 16 5.5 2.90 74 126 £ 72
23 127 13.8 9.20 506 59 £ 19
24 73 11.0 6.61 282 76 £ 27 *
25 51 5.5 9.24 192 155 + 61 *
26 39 7.4 5.30 210 82 + 34
27 38 7.4 5.16 208 80 + 34
28 36 3.7 9.78 489 65 £ 28 *
29 74 8.3 8.94 144 199 £ 71 **
30 61 83 7.37 166 143 £+ 54 *
Weighted mean (n = 8): 69 + 10

N; Number of spontaneous fission tracks counted

A Counting area

ps Spontaneous track density (= NJ/A)

U Uranium concentration in ppm

FT age tpr= (1/Ap)In(1+ApGysgps/m; ) (see Hasebe et al., 2013)

Ap: Total decay constant of **U (=1.55125 x 107" y'l)
Cums: Zeta calibration factor determined by LA-ICP-MS
Custlo=44.0+6.0
g: Geometry factor (=1)

2387 1 29 2387 1 29 - . ..
m; = (U7 SDgampte/ (7 U/ Si)gtandarg fOr zircon grain i

ZQS~ _ 298- d
1sample - 191500 standard WaS SUpPpoOSsed.

The count-area-corrected >*U signal intensity was used.
Age standard Fish Canyon Tuff (28.4+0.2 Ma: Danhara and Iwano, 2013)
Uranium standard Nancy 91500, 74 ppm U
* Rejected data by U-Pb dating
** Manually excluded datum as an outlier
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LA-ICP-MS IC& B U-Pb ERKET s va - Iy IER

FH B-EF # 2FEH- FEES

=
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EKT02)IZDWT, LA-ICP-MSIZ KA EEEY L a v TFOUPVFERET 4 vy a Yy - Ty o (FD)HEREHIEL -
BRI DNV, FhZN30K T #WE L 2R, £ OERMmIEIITEHVFERER (75-85 Ma) & O FRER (85-95
Ma) 2 SAER X N5 Z LW o7 HOEREMIIES 3y a—7 41 74E/RIE, KTo1 GRER 78 n=23) T1378.3+0.5
Ma (26), KTO02(n=9) Ti 80.8+0.7 Ma(26) TdH »7=. F72, KTO1DU-PbHIL, [E UK 112 & 579+7 Ma (26) DFTHA
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