
Quaternary caldera-forming
eruptions at the Sanzugawa
caldera, NE Japan, revealed by
zircon U-Pb geochronology

Hisatoshi Ito*

Sustainable System Research Laboratory, Central Research Institute of Electric Power Industry, Abiko,
Japan

Recent application of zircon U-Pb geochronology has contributed to

deciphering the evolution of caldera systems worldwide. However, in the

Tohoku region, NE Japan, this is not the case, although it is well studied as a

typical island arc subduction system. Here, U-Pb dating of zircon suggests that

the Sanzugawa caldera, the largest caldera in Tohoku since late Miocene,

initiated its caldera-forming volcanic activity at ~7 Ma and culminated its

activity in late Pliocene to Quaternary (3.0–1.5 Ma). This is contrary to a

previous notion that the caldera developed in late Miocene to Pliocene

(6–3 Ma) based on mainly whole-rock K-Ar dating results. This finding may

also question a current hypothesis of relatively subdued volcanism at

3.5–1.5 Ma in NE Japan and thus shows the need to date other calderas in

the Tohoku regionwith zirconU-Pb and/or Ar-Armethods to better understand

the magmatic history of this region.
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1 Introduction

In the past 2–3 decades, zircon U-Pb dating as well as sanidine Ar-Ar dating has been

extensively used to decipher the history of Neogene-Quaternary caldera-forming

eruptions (e.g., Long Valley caldera: Crowley et al., 2007, Mark et al., 2017; Toba

caldera: Mark et al., 2014, Ito, 2020; Taupo Volcanic Zone: Milicich et al., 2013,

2020). The Tohoku region, NE Japan, is an archetypal island arc, where the Pacific

Plate has been subducting beneath the Eurasian Plate at a rate of 8–9 cm/yr with a

relatively shallow dip angle of about 30° since at least 2 Ma (Acocella et al., 2008; Yoshida

et al., 2014). The resulting volcanism and tectonism have been well documented in the

Tohoku region (e.g., Acocella et al., 2008; Yoshida et al., 2014, Yoshida et al., 2020). In

essence, in this island arc tectonic setting, numerous (>80) calderas were formed under

NE-SW compression during late Miocene-Pliocene, and subsequently a larger volume of

andesite (mainly stratovolcanoes) was erupted under E-W compression during the

Quaternary (Acocella et al., 2008) (Figure 1). Nevertheless, geochronological data for

these Neogene caldera-forming eruptions are mostly based on whole-rock K-Ar and
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partly zircon fission-track (FT) (e.g., Takeno, 1988; Yamamoto,

1992; Kondo et al., 1998, 2004) with some exceptions (e.g.,

Takashima et al., 2020). The K-Ar method has a fundamental

caveat that it is difficult to differentiate essential and detrital

materials for dating caldera-forming pyroclastic deposits, leading

to a calculated age which is older than the “true” eruption age.

Although zircon FT method can circumvent this problem by

analyzing on a grain-by-grain basis, it tends to offer larger

uncertainty than the zircon U-Pb method for young (<5 Ma)

grains. Therefore, the chronology of caldera-forming eruptions

in the young Tohoku Arc should be reexamined using zircon

U-Pb and/or Ar-Ar dating. The chronologies generated by

reexamining eruptive products will help test current

hypotheses about volcanism in the region over the last 5 Ma.

For example, a hiatus in volcanic activity in NE Japan from 3.5 to

1.5 Ma was hypothesized (Kimura et al., 2015; Mahony et al.,

2016), which seems unlikely considering that a compressive

environment and likely increased crustal thickness have

promoted favorable conditions for the accumulation of large

volumes of silicic magma over the last 3–2 Ma (Mahony et al.,

2016). In fact, Fujioka (1983, 1985) recognized more frequent

large-scale felsic volcanism at 5–2 Ma in the Tohoku region than

at 1–0 Ma using a marine core sediment drilled off the Tohoku

region in the Pacific Ocean, whereas Mahony et al. (2016)

FIGURE 1
Distribution of the lateMiocene toQuaternary volcanoes in the Tohoku regionmodified from Yamamoto (2009). Most volcanoes are situated in
the Ou Backbone, an uplifted area of the central mountainous range. Inset map shows Japan and its corresponding area.
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recognized no intense volcanism at 4–2 Ma using more drill core

sediments data than Fujioka (1983). This discrepancy may result

from the fact that Fujioka (1983) discarded drill cores that may

have suffered from resedimentation, while Mahony et al. (2016)

may have used them.

Here, I focus on the Sanzugawa caldera (Ito et al., 1989),

which is the largest caldera system in the Tohoku region (Yoshida

et al., 1999) (Figure 1), and reveal that the area experienced

multiple large eruptions from ~7 Ma to ~1.5 Ma with no

evidence of volcanic lull at 3.5–1.5 Ma; instead, intensive

volcanic activities occurred at 3.5–1.5 Ma in and around the

Sanzugawa caldera. This indicates the need to date other Tohoku

caldera clusters with currently available more sophisticated

dating tools (zircon U-Pb and/or Ar-Ar) and reconsider

magmatism in the Tohoku region since the late Miocene.

2 Geological setting

2.1 The Sanzugawa caldera and its
associates

The Sanzugawa caldera (also called Ogachi caldera) is

situated in the middle of the Tohoku caldera cluster

(Figure 1) with NW-SE elongation (long axis: ~30 km; short

axis: ~20 km). It is accompanied by smaller calderas: the Innai

caldera at the northwestern corner and the Onikobe caldera at

the southeastern corner (Yoshida et al., 1999) (Figure 2). The

Sanzugawa caldera is a Valles-type caldera (Smith and Bailey,

1968), because of the presence of pre-caldera “regional

tumescence” (Ou Backbone: Figure 1), the pattern of gravity

anomalies (lower gravity in the caldera), lithofacies of the caldera

fill, and the existence of resurgence and associated volcanoes

(Oki, 2016) (Quaternary volcanoes of Mt. Okumiya, Mt. Kobinai,

and Mt. Takamatsu in ascending chronological order: Figure 2).

The basement rocks, which predominantly bound the western

margin of the caldera, are Cretaceous plutonic rocks, Miocene

subaqueous volcaniclastic rocks and mudstones. The caldera fill

is over 1,400 m thick and consists of the Torageyama Formation,

the Sanzugawa Formation and post caldera volcanics (Takeno,

1988).

The Torageyama Formation consists of a thick (>1,100 m)

pile of felsic pyroclastic flows, comprising dacite to rhyolite tuff

which is partly welded. It contains abundant plagioclase and

quartz, minor pyroxene and biotite, and sparse hornblende

crystal fragments. Various kinds of lithic fragments and

pumice shreds are also abundant (Takeno, 1988; Yamada,

1988). The Sanzugawa Formation is a lake deposit with a

thick (>550 m) pile of volcanic rocks which partly fills the

collapsed Sanzugawa basin (Takeno, 1988). The post-caldera

volcanics, which are associated with resurgence, are

distributed in the central part of the caldera.

Takeno (1988) considered that the caldera-forming eruption,

forming the Torageyama Formation, occurred in two episodes

FIGURE 2
Geologicalmap in and around the Sanzugawa calderamodified from Seamless digital geological map of Japan 1: 200,000 (Geological Survey of
Japan, AIST). Sample names and zircon U-Pb ages are shown. Black triangles are Quaternary volcanoes (O: Mt. Okumiya, K: Mt. Kobinai, T: Mt.
Takamatsu).
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(6–5 Ma and 4–3 Ma) based on whole-rock K-Ar dating, which

has been widely accepted up until now (Nunohara et al., 2021)

(Figure 3). Takeno (1988) also assumed that the uppermost part

of the Torageyama Formation is contemporaneous with the

Sanzugawa Formation. Therefore, the Torageyama Formation

encompasses both caldera-forming and post-caldera ignimbrites.

Oki (2016) found 7 pyroclastic flow units (each unit consisting of

the following 5 lithofacies: eutaxitic, massive lapilli-tuff; massive

lithic breccia; cross-stratified lapilli-tuff; parallel-stratified tuff;

diffuse-stratified lapilli-tuff) in the Torageyama Formation and

hypothesized that the Sanzugawa caldera was formed by repeated

(>7 times) ignimbrite-forming eruptions. The post-caldera

Sanzugawa Formation was dated at ~3 Ma by zircon FT (Ito,

2001).

The Innai caldera adjacent to the northwest of the Sanzugawa

caldera is hypothesized to have been formed at ~4 Ma based on

whole-rock K-Ar dating (Takeno, 1988; Kondo et al., 2004). It is

also assumed as a Valles-type caldera (Aizawa and Yoshida,

1999) and the caldera-fill volcanics are called the Innai

Formation (Aizawa and Yoshida, 1999). The Onikobe caldera

next to the southeast of the Sanzugawa caldera and the Naruko

(or Narugo) caldera further to the southeast are believed to have

been formed <1 Ma based on K-Ar, zircon FT, and

thermoluminescence methods (Tsuchiya et al., 1997). The

Akakura caldera to the south of the Sanzugawa caldera is

thought to have been formed at ~3–1.4 Ma based on whole-

rock K-Ar and zircon FT (Otake, 2000). The Mukaimachi

caldera, west of the Akakura caldera, is thought to have been

formed after the Akakura caldera formation (Otake, 2007).

Finally, the Hanayama caldera to the east of the Onikobe

caldera is hypothesized to have been formed during the late

Miocene (Tsuchiya et al., 1997; Yoshida et al., 2020).

2.2 Samples

Five samples (two are from a single drilling site) from the

Torageyama Formation, one sample from the Sanzugawa

Formation and one sample from the Innai Formation were

used for U-Pb dating (Figure 2). All the samples were

originally collected for the FT dating in 1990’s by the Author.

2.2.1 Torageyama Formation
Two drilling samples (sample names: AY2-100 and AY2-

755) at depths of ~100 m and ~755 m, respectively, were

collected from a wellbore (N8-AY-2; shown as AY2 in

Figure 2) in the western basin of the Sanzugawa caldera. The

N8-AY-2 was drilled for a geothermal exploration project to a

depth of ~1650 m and a granitic basement was encountered at a

depth of ~1140 m. From that depth to ~50 m in depth, the

Torageyama Formation was encountered (Ito, 2000a) (Figure 3).

AY2-100 and AY2-755 were obtained as cuttings and a drill core,

respectively. They are both dacite lapilli tuff (Figure 4A). In

between the two samples, several andesite lavas at depths of

182 m, 255 m, 280 m–300 m, and 330 m–340 m and a siltstone at

a depth of 355–368 m were encountered (Ito, 2000a). Therefore,

FIGURE 3
Lithostratigraphy related to caldera-forming eruptions in the Sanzugawa and Innai calderas. Sample names and zircon U-Pb ages are shown at
their corresponding positions. The age of ~7 Ma of sample 990602 corresponds to the old component age. Sampling elevations are shown in
Supplementary Table S2.
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these two samples likely represent different ignimbrite sequences.

AY2-100 and AY2-755 were dated at 1.1 ± 0.4 Ma and 1.5 ±

0.4 Ma (errors are shown at the 2σ or 95% confidence level),

respectively, by zircon FT dating (Ito, 2000a).

A drill core sample (AKI4) was collected from a ~400 m

wellbore situated at ~2 km northwest from the N8-AY-2 site. The

Torageyama Formation was encountered from ~50 m to ~400 m

(the bottom of the wellbore) (Figure 3). The AKI4 sample,

composed of dacite lapilli tuff, was obtained at a depth of

~350 m. No depositional hiatus was observed from the top of

the Torageyama Formation (~50 m in depth) to the

AKI4 sampling position (Ito, 1996), and therefore, the

AKI4 seems to belong to the latest ignimbrite sequence of the

Torageyama Formation. AKI4 was dated at 1.2 ± 0.4 Ma by

zircon FT dating (Ito, 1996).

An outcrop sample (990602), composed of dacite lapilli tuff

(Figure 4B), was obtained near the western margin of the

Sanzugawa caldera. At the caldera margin, Cretaceous granitic

rocks (caldera wall) were intruded by several rhyolitic to andesitic

dykes. The 990602 sample was obtained ~500 m inside of the

caldera wall. From the outcrop observation, it was difficult to

assume whether the sampled lapilli tuff belongs to an early or a

late stage of caldera formation. The 990602 sample was dated at

1.3 ± 0.4 Ma by zircon FT dating (Ito, 2001).

An outcrop sample (861031), composed of dacite lapilli tuff

(Figure 4C), was obtained at a central part of the Sanzugawa

caldera. Takeno (1988) assumed this sample belonging to an

early stage of caldera formation although it may be difficult to

pinpoint the stratigraphic position due to a limited exposure of

the outcrop. It was dated at 6.0 ± 1.6 Ma by whole-rock K-Ar

(Takeno, 1988) and 4.6 ± 0.6 Ma by zircon FT dating (Ito, 2000b).

2.2.2 Sanzugawa Formation
An outcrop sample (990603), composed of laminated sandy

tuff (Figure 4D), was obtained at the eastern basin of the

Sanzugawa caldera. Since the sample was obtained ~5 m

below Holocene talus deposits, I assume the sample is situated

in the uppermost part of the >550 m Sanzugawa Formation. It

was dated at 3.2 ± 0.6 Ma by zircon FT dating (Ito, 2001).

2.2.3 Innai Formation
An outcrop sample (INNAI), composed of rhyolite fine tuff,

was obtained in the Innai caldera. Yoshida et al. (2020) assumed

the caldera-forming volcanic activity of the Innai caldera

occurred at 5.0–3.5 Ma.

3 U-Pb dating

Zircons prepared for FT dating at the Central Research

Institute of Electric Power Industry (CRIEPI) were used.

Zircons were handpicked and embedded in a PFA Teflon

FIGURE 4
Thin section images of representative dated samples taken in cross-polarized light. (A–C) dacite lapilli tuff, (D) laminated sandy tuff. Some lithic
fragments are encircled with dashed lines. Some plagioclases are partly altered to calcites. Abbreviations: Qtz, quartz; Pl, plagioclase; Bt, biotite.
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sheet and polished to 1 μm diamond paste finish except for some

zircons (sample name: INNAI2 and FCT20) which were

unpolished and unetched. Most zircons were etched in

NaOH-KOH eutectic etchant at 225°C for ~30–40 h to reveal

spontaneous fission tracks (Figure 5). Note that etching does not

affect U-Pb dating results (Ito et al., 2017). Zircon grains with low

spontaneous fission track density were mainly selected for further

analyses as these were expected to represent the eruption age or

the most recent magmatic event (Ito et al., 2017). Some grains

with a high spontaneous track density were intentionally selected

so as to date old zircon grains (Figure 5B).

Zircon U-Pb dating was performed at CRIEPI, using LA-

ICP-MS (on a Thermo Fisher Scientific ELEMENT XR magnetic

sector-field ICP-MS coupled to a New Wave Research UP-213

Nd-YAG laser) with experimental conditions primarily following

Ito (2020) (Supplementary Table S1). Samples were ablated in

helium gas using a 30 μm laser spot with 7–8 J/cm2 energy

density and 10 Hz repetition rate. Data were acquired in

electrostatic scanning (E-scan) mode over 1080 mass scans

during a 30 s background measurement, followed by a 30 s

sample ablation and then a 45 s background (washout)

measurement. 235U was calculated from 238U assuming 238U/
235U = 137.818 (Hiess et al., 2012). Both unknowns and

standards were measured in the same conditions.

Data for the first 10 s of ablation were omitted to avoid

surface Pb contamination and signal instability, and the

following 10 s of data were used for age calculation.

Approximately a depth of ~24 µm for 30 μm laser beam was

drilled during the 30 s laser ablation and therefore the U-Pb

isotopic data are from approximately 8–16 µm in depth within

the zircon crystal.

Individual U-Pb ages were corrected for common-Pb using a

modified 207Pb-based method (Sakata, 2018) using values from

Stacey and Kramers (1975) and measured 207Pb/206Pb. The

modified 207Pb method employs both Th/U and Pa/U

partitioning (fTh/U and fPa/U, respectively) for correcting initial
230Th and 231Pa disequilibrium in the zircon-magma system. The

fTh/U was calculated assuming the Th/U of magma was 4.0 ±

2.0 and employing individually measured Th/U of zircon. The

measured fTh/U with a 50% uncertainty and an assumed fPa/U of

3.36 ± 0.40 (Sakata, 2018) were used for all age calculations. Data

with a high (>75%) common Pb contamination (f206%) or a high

(>70%) uncertainty were excluded from further analyses (Ito,

2020) and the mean square weighted deviation (MSWD) is used

as a statistical test of validity of weighted mean ages. The

91500 zircon (Wiedenbeck et al., 2004) was used as a primary

standard with zircons of Plešovice (Sláma et al., 2008), Bishop

Tuff (Crowley et al., 2007) and Fish Canyon Tuff (Schmitz and

Bowring, 2001) used as secondary reference materials.

U and Th concentrations were quantified by comparing

counts of 238U and 232Th for the sample relative to the

standard 91500, which is assumed to have homogeneous U

and Th concentrations of 80 and 30 ppm respectively

(Wiedenbeck et al., 2004), followed by a correction relative to

NIST SRM 610 glass standard. No down-hole isotopic (Pb/U, Th/

U) fractionation correction was performed because data from the

FIGURE 5
Representative etched zircon images (A–D) with sample names and U-Pb ages. Note that the sample 990603-6 in (D) was not U-Pb dated
because of a high fission track density. Cathodoluminescence (CL) images were obtained using a Hitachi TM4000Plus electronmicroscope. Circular
craters in CL images are laser-ablated pits of ~30 μm in diameter. Scale bars in CL images are 100 μm.
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same depth range (or time span) was used for standards and

unknowns in each analysis. The results are shown in

Supplementary Table S2.

The U-Pb ages from the Plešovice, the Bishop Tuff, and the

Fish Canyon Tuff zircons were 342.1 ± 2.3 Ma, 0.77 ± 0.01 Ma,

and 28.6 ± 0.5 Ma (Supplementary Table S2), respectively, which

FIGURE 6
238U-206Pb age distributions for zircons younger than 10 Ma. (A–E) Torageyama Formation, (F) Sanzugawa Formation, (G) Innai Formation. Individual
grain ages with 2σ uncertainty are arranged in rank order. Analyses in grey represent statistical outliers and are excluded for weighted mean age
calculation. Horizontal bars representmean U-Pb ages. MSWD:mean squareweighted deviation. “RequiredMSWD” is the largestMSWD value to be a
single age population with 95% probability (Wendt and Carl, 1991).

Frontiers in Earth Science frontiersin.org07

Ito 10.3389/feart.2022.964773

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.964773


are either close to or in accordance with their reference ages of

337.13 ± 0.37 Ma (Sláma, et al., 2008), 0.767 ± 0.001 Ma (Crowley

et al., 2007), and 28.402 ± 0.023 Ma (Schmitz and Bowring,

2001).

4 Results

4.1 Torageyama Formation

A total of 51 grains were dated for the AY2-100 sample. Of

these, 26 grains passed the criteria set out in Section 3 for both the

common Pb and the uncertainty. Five grains showed >10 Ma

(150–48 Ma), which I assumed to be xenocrysts and were

discarded from further analyses. Taking the weighted mean

from the remaining 21 grain ages yields an age of 2.22 ±

0.73 Ma (MSWD = 18) excluding 2 outliers (Figure 6A). The

large MSWD of 18 implies that the weighted mean age does not

represent the eruption age and is influenced by older magmatic

activities.

A total of 30 grains were dated for the AY2-755 sample. Of

these, 23 grains passed the initial criteria. Three grains

showed >10 Ma (98–90 Ma), which were regarded as

xenocrysts and were discarded from further analyses. Taking

the weighted mean from the remaining 20 grain ages yields an

age of 2.15 ± 0.38 Ma (MSWD = 5.7) excluding one outlier

(Figure 6B). The large MSWD of 5.7 implies that the weighted

mean age does not represent the eruption age and is influenced

by older magmatic activities.

A total of 26 grains were dated for the AKI4 sample. Of these,

24 grains passed the initial criteria. Twelve grains

showed >10 Ma (104–12 Ma), which were regarded as

xenocrysts and were discarded from further analyses. Taking

the weighted mean from the remaining 12 grain ages yields an

age of 1.70 ± 0.14 Ma (MSWD = 1.2) (Figure 6C). Since the

MSWD of 1.2 is close to unity it implies that the weighted mean

age represents the eruption age.

A total of 60 grains were dated for the 990602 sample. Of

these, 57 grains passed the initial criteria. Ten grains

showed >10 Ma (97–12 Ma), which were regarded as

xenocrysts and were discarded from further analyses. Taking

the weighted mean from the remaining 47 grain ages yields an

age of 4.14 ± 0.71 Ma (MSWD = 54) (Figure 6D). The large

MSWD of 54 implies that the weighted mean age does not

represent the eruption age and is influenced by older

magmatic activities.

A total of 30 grains were dated for the 861031 sample. Of

these, 28 grains passed the initial criteria. This sample contained

no >10 Ma zircons. Taking the weighted mean from the 28 grain

ages yields an age of 4.38 ± 0.12 Ma (MSWD = 1.3) excluding

three outliers (Figure 6E). Since theMSWD of 1.3 is close to unity

it implies that the weighted mean age represents the eruption age.

4.2 Sanzugawa Formation

A total of 50 grains were dated for the 990603 sample. Of

these, 44 grains passed the initial criteria. Thirteen grains

showed >10 Ma (149–11 Ma), which were regarded as

xenocrysts and were discarded from further analyses. Taking

the weighted mean from the remaining 31 grain ages yields an

age of 4.08 ± 0.79 Ma (MSWD = 22) (Figure 6F). The large

MSWD of 22 implies that the weighted mean age does not

represent the eruption age and is influenced by older

magmatic activities.

4.3 Innai Formation

A total of 36 grains were dated for the INNAI sample. Of

these, 34 grains passed the initial criteria. Seven grains

showed >10 Ma (119–42 Ma), which were regarded as

xenocrysts and were discarded from further analyses. Taking

the weighted mean from the remaining 27 grain ages yields an

age of 3.75 ± 0.17 Ma (MSWD = 1.7) excluding three outliers

(Figure 6G). Since the MSWD of 1.7 is close to unity it implies

that the weighted mean age represents the eruption age. As for

this sample, etched (INNAI series in Supplementary Table S2)

and unetched (INNAI2) zircons were dated, yielding 3.91 ±

0.23 Ma (n = 12; MSWD = 1.3) and 3.66 ± 0.23 Ma (n = 11;

MSWD = 1.4), respectively. They are in agreement within

uncertainty, further corroborating that etching does not affect

U-Pb dating result (Ito et al., 2017).

5 Discussion

5.1 Assessment of the zircon U-Pb age

5.1.1 Torageyama Formation
According to Wendt and Carl (1991), the MSWD is useful to

detect any deviation from a single population. For n grain age

data, the calculated weighted mean age has (n - 2) degrees of

freedom (f) and the MSWD must be <1 + 2 (2/f)1/2 to be a single

population with 95% probability (Wendt and Carl, 1991;

Cocherie et al., 2009). The corresponding MSWD is shown as

“required MSWD” in Figure 6.

Except for AKI4, 861031 and INNAI, the other samples yield

MSWDs far larger than their required MSWDs. Therefore, their

weighted mean ages show ages older than the eruption age. As for

AY2-100 and AY2-755, individual grain ages increase gradually

from ~1 Ma to ~6 Ma (Figures 6A, B). The age pattern is similar

between AY2-100 and AY2-755, therefore it can be regarded that

the Torageyama Formation from 100 m to 755 m in N8-AY-

2 wellbore was deposited in a geologically instantaneous event (or

events), although different lithofacies such as andesite lavas and
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siltstones are described in between in the original wellbore

description (Ito, 2000a).

AKI4 is another wellbore sample near the N8-AY-2 wellbore,

both situated in the western basin of the Sanzugawa caldera

(Figure 2). The U-Pb age was obtained as 1.70 ± 0.14 Ma with its

MSWD of 1.2 smaller than the required MSWD of 1.9

(Figure 6C). Therefore, the age can be regarded as a single

event, most probably the eruption. This U-Pb age of 1.70 ±

0.14 Ma corresponds well with the youngest portions of the two

N8-AY-2 wellbore samples (AY2-100 and AY2-755). Therefore,

it seems that all the three samples derive from a single eruption

event (or geologically instantaneous eruption events) and the

eruption occurred at 1.70 ± 0.14 Ma. In order to check the

validity of eruption age estimate, weighted mean ages using

youngest n grains that pass the “required MSWD” are also

calculated (Supplementary Table S3). The weighted mean ages

of AY2-100 and AY2-755 are 1.62 ± 0.26 Ma (n = 14; MSWD =

1.8) and 1.42 ± 0.26 Ma (n = 5; MSWD = 1.15). These ages are in

agreement with the estimated eruption age of 1.70 ± 0.14 Ma

within uncertainty.

The sample 990602 was obtained near the western margin

of the Sanzugawa caldera, which is also situated in the western

basin that includes the above-mentioned three wellbore

samples. The U-Pb age distribution for ages <10 Ma of this

sample shows clear bimodal peaks of ~1.8 Ma and ~6.5 Ma

(Figure 7A). The “Unmix Ages” program implemented in

Isoplot 4.15 (Ludwig, 2012) calculates two age peaks of

1.88 ± 0.13 Ma and 6.60 ± 0.14 Ma. The younger peak of

1.88 ± 0.13 Ma is in agreement with the weighted mean age of

1.86 ± 0.18 Ma (n = 19, MSWD = 1.5) that passes the MSWD

criteria (Supplementary Table S3). Therefore, it is probable

that the caldera-forming volcanic activities initiated at

~6.6 Ma and ended at 1.9–1.8 Ma in the western part of the

Sanzugawa caldera. However, it may be possible that the older

age of 6.60 ± 0.14 Ma does not represent an eruption age but

an age from intrusive rocks (e.g., rhyolitic to andesitic dykes

distributed near the sampling locality). Nevertheless, it is

suggested here that this 6.60 ± 0.14 Ma represents a

caldera-forming eruption because it occupies as high as a

half proportion of <10 Ma zircon (Figure 7A) and the sample

990603 obtained in the eastern part of the Sanzugawa caldera

also contains similar zircons with the same age and quantity

(Figure 7B). This may mean coeval zircons were produced

extensively in the entire Sanzugawa caldera which likely

indicates a caldera-forming eruption happened at ~6.6 Ma.

This interpretation can also explain the age distributions from

the above-mentioned three wellbore samples. From the four

samples, it is inferred that the most recent caldera-forming

volcanic activity occurred at 1.70 ± 0.14 Ma in the western

basin of the Sanzugawa caldera.

The sample 861031 was obtained at a central uplifted part

of the Sanzugawa caldera, situated ~500 m higher than the

present Sanzugawa caldera floor. The weighted mean U-Pb

age of 4.38 ± 0.12 Ma can be regarded as the time of eruption,

because the MSWD of 1.3 is smaller than the required MSWD

of 1.6 (Figure 6E). This may also indicate a period of

resurgence. The sample contains no <2 Ma zircons, which

indicates the ~1.7 Ma eruption that occurred in the western

part of the caldera left no volcanic products in this part which

may have been already situated at a relatively higher elevation.

FIGURE 7
238U-206Pb age distributions (histogram, probability density plot) for zircons younger than 10 Ma. (A) sample 990602, (B) sample 990603. Lower panels
show the result of age peak deconvolution using Isoplot 4.15 (Ludwig, 2012).

Frontiers in Earth Science frontiersin.org09

Ito 10.3389/feart.2022.964773

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.964773


5.1.2 Sanzugawa Formation
The U-Pb age distribution for ages <10 Ma of the sample

990603 shows three peaks of ~2.2 Ma, ~3.5 Ma and ~7.0 Ma

(Figure 7B). The Unmix Ages program (Ludwig, 2012) calculates

two age peaks of 2.67 ± 0.21 Ma and 6.76 ± 0.30 Ma or three age

peaks of 2.15 ± 0.26 Ma, 3.74 ± 0.35 Ma and 6.92 ± 0.30 Ma. The

~7.0 Ma peak is indistinguishable from the ~6.6 Ma volcanic

activity that was confirmed in the western part of the caldera.

Therefore, as mentioned above, it is plausible that the entire

Sanzugawa caldera initiated volcanic activity at ~7.0 Ma. It seems

difficult to determine whether the younger two peaks reflect two

different geologic events or they should be broadly assumed as

one peak. If the former is true, the deconvolved two ages

(2.15 Ma, 3.74 Ma) may reflect the sedimentation age of the

Sanzugawa Formation and an older volcanic activity,

respectively. The weighted mean age that passes the MSWD

criteria is 2.15 ± 0.25 Ma (n = 5; MSWD = 0.92) (Supplementary

Table S3), which seems to support the former assumption

because of the agreement of 2.15 Ma. The age of 3.74 ±

0.35 Ma coincides with the age of the Innai caldera formation

(discussed below). The sample was obtained in the eastern basin

of the Sanzugawa caldera, located close to the Innai caldera

(Figure 2). Therefore, a caldera-forming eruption occurred in the

eastern part of the Sanzugawa caldera at ~2.2 Ma, creating a

collapsed basin, which deposited lake sediments of the

Sanzugawa Formation at ~2.2 Ma. The collapsed basin may

have accumulated volcanic products of ~7.0 Ma and ~3.7 Ma

derived from the Sanzugawa caldera and adjacent Innnai caldera,

respectively.

5.1.3 Innai Formation
The sample INNAI showed a weighted mean age of 3.75 ±

0.17 Ma (Figure 6G). Although theMSWD of 1.7 slightly exceeds

the required MSWD of 1.6, it is plausible that the age represents

the eruption age that formed the Innai caldera, considering that

the weighted mean age of 3.73 ± 0.16 Ma (n = 22; MSWD = 1.6)

that passes the MSWD criteria (Supplementary Table S3) is

indistinguishable.

5.2 Comparison with other dating
methods

The zircon U-Pb ages in this study are compared with some

of K-Ar and FT ages in the literature.

Ito (1996, 2000a) dated three wellbore samples (AY2-100,

AY2-755 and AKI4) by zircon FT, yielding 1.1 ± 0.4 Ma, 1.5 ±

0.4 Ma, and 1.2 ± 0.4 Ma, respectively. These 1.5–1.1 Ma ages are

in accordance with or slightly younger than the U-Pb age of

1.70 ± 0.14 Ma from AKI4 considering uncertainty. Ito (2000a)

demonstrated that the FT age of 1.5 ± 0.4 Ma from AY2-755 is

reliable even though its present wellbore temperature of ~240°C

matches the FT closure temperature of ~240°C (Hurford, 1986),

considering that the fission track length reduction from the AY2-

755 zircon is small. The FT age of 1.3 ± 0.4 Ma (Ito, 1996) from

the sample 990602 is also slightly younger than the younger

component U-Pb age of 1.88 ± 0.13 Ma. Because of a high closure

temperature of >900°C for zircon U-Pb (Lee et al., 1997), the

slightly older zircon U-Pb ages than the FT ages may indicate

they represent zircon crystallization ages in magma chamber,

which are slightly older than the eruption age. Taking the U-Pb

and FT ages into account, it seems most plausible that the

caldera-forming eruption occurred at ~1.5 Ma in the western

half of the Sanzugawa caldera. This contradicts the whole-rock

K-Ar result of Takeno (1988), which reported 6–5 Ma in the

western half of the caldera.

The sample 861031 was dated at 4.6 ± 0.6 Ma by zircon FT

(Ito, 2000b) and 6.0 ± 1.6 Ma by whole-rock K-Ar (Takeno,

1988). The U-Pb age of 4.38 ± 0.12 Ma is in agreement with the

FT age. Although the K-Ar age marginally matches the U-Pb age

considering uncertainty, its older age of 6.0 Ma may be

influenced by xenolithic materials used for dating.

The sample 990603 from the Sanzugawa Formation was

dated at 3.2 ± 0.6 Ma by zircon FT (Ito, 2001) by adopting a

pooled age for grains that pass the chi-square (χ2) test at 5% level.

The sample also yielded a pooled FT zircon age of 11.6 ± 1.4 Ma

using all the grains (Ito, 2001). The zircon U-Pb age from this

sample showed two or three age components. If the U-Pb age has

two components of 2.67 ± 0.21 Ma and 6.76 ± 0.30 Ma, the FT

age of 3.2 ± 0.6 Ma is in accordance with the younger component

of the U-Pb age. Therefore, here again, it indicates that the zircon

FT method can yield a reliable and robust age with larger

uncertainty than U-Pb.

The sample INNAI from the Innai Formation was dated at

3.75 ± 0.17 Ma by zircon U-Pb in this study. This formation was

dated by the whole-rock K-Ar method at 3.5 ± 0.4 Ma (Takeno,

1988) and at 3.9 ± 0.6 Ma, 4.0 ± 0.8 Ma, and 4.1 ± 0.6 Ma (Kondo

et al., 2004), which are in agreement with the U-Pb dating result.

In summary, unlike whole-rock K-Ar, zircon FT can yield

reliable ages for pyroclastic sediments including those affected by

present geothermal activity if proper handling is performed (χ2
test, track length measurement etc).

5.3 Magmatic activity in and around the
Sanzugawa caldera

From the literature and the U-Pb dating results in this study,

caldera-forming volcanic activity in and around the Sanzugawa

caldera since the late Miocene is suggested to be as follows

(Figure 8).

The Hanayama caldera, the first caldera in this region since

the Miocene, was formed at ~9 Ma based on a zircon FT age of

9.2 ± 1.4 Ma using dacite breccia (Tsuchiya et al., 1997). At

~7 Ma, the first stage of a caldera-forming eruption may have

occurred at the Sanzugawa caldera (Figure 8A). Because ~7 Ma
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zircons are abundant both in the west (sample 990602) and east

(990603) of the caldera, I assume that the area of the preceding

caldera was as large as the one seen today. However, this

assumption is weak because no ignimbrite of this age

determined by U-Pb was confirmed. Sporadic volcanic

activities producing dacite lapilli tuffs ensued at 5–4 Ma at the

latest in the central part of the caldera (evidenced by sample

861031), whichmay promote a resurgent uplift for this period. At

~4 Ma, Innai caldera, to the northwest of the Sanzugawa caldera,

was formed. At 3–2 Ma, another large caldera-forming eruption

occurred in the eastern part of the Sanzugawa caldera, which

caused the thick (>500 m) lacustrine sedimentation of the

Sanzugawa Formation. From the distribution of the

Sanzugawa Formation (Takeno, 1988; Ito et al., 1989), I

assume the size of the 3–2 Ma caldera was >100 km2. The

Akakura caldera to the south of the Sanzugawa caldera was

also formed at this period (Otake, 2000) (Figure 8B). At ~1.5 Ma,

another large caldera-forming eruption occurred in the western

part of the Sanzugawa caldera evidenced by large amounts of

~2–1 Ma zircons there (samples: AY2-100, AY2-755, AKI4,

990602) (Figure 8C). In the N8-AY-2 wellbore, the

Torageyama Formation is present from ~50 m to ~1140 m in

depth, and a considerable portion of the wellbore (from <100 m
to >755 m in depth) is comprised of ~1.5 Ma eruption products.

Therefore, I assume the ~1.5 Ma eruption was voluminous and

the ~1.5 Ma caldera was equivalent to or larger than the 3–2 Ma

caldera formed in the eastern part of the Sanzugawa caldera. The

Mukaimachi caldera west of the Akakura caldera was also formed

by this time (Otake, 2007). Since then, resurgent (or post-caldera)

volcanism and uplifting probably accelerated in the central part

of the Sanzugawa caldera, creating Quaternary volcanoes there,

and the Onikobe and the Naruko calderas were formed in

succession to the southeast of the Sanzugawa caldera

(Tsuchiya et al., 1997) (Figure 8D). In summary, at least

three, early (~7 Ma), middle (5–2 Ma), and late (~1.5 Ma)

caldera-forming volcanic activities are thought to have

occurred in the Sanzugawa caldera with the western part of

the caldera being formed in the Quaternary (~1.5 Ma).

FIGURE 8
Schematics showing evolution of the Sanzugawa and nearby calderas. (A) 7 Ma, (B) 3–2 Ma, (C) 1.5 Ma, (D) present. Note that the evidence of
~7 Ma caldera is weak. Caldera-fill pyroclastic sediments in the Sanzugawa and Innai calderas are shown in purple. Lake sediments are in yellow. X, X′
show vertical cross-section positions. Abbreviations for calderas are H: Hanayama, A: Akakura, M: Mukaimachi, O: Onikobe, N: Naruko.
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5.4 Implications of the Tohoku caldera-
forming volcanic activity

The western part of the Sanzugawa caldera was assumed to

have been formed at 6–5 Ma based on the whole-rock K-Ar

(Takeno, 1988), whereas zircon U-Pb dating in this study as

well as zircon FT dating (Ito, 2000a) demonstrate that it was

mainly formed at ~1.5 Ma. In the Tohoku region, it is assumed

that a migration of volcanism of ~2 cm/yr occurred from the

back arc to the arc side since ~6 Ma (Honda and Yoshida, 2005).

Repeated caldera-forming volcanic activities since ~7 Ma to the

present in and around the Sanzugawa caldera (Figure 8) may

contradict this notion because no apparent migration occurred

there. Moreover, a volcanic lull at 3.5–1.5 Ma in NE Japan was

proposed (Kimura et al., 2015; Mahony et al., 2016). This also

seems unacceptable because a volcanic “flare-up” occurred at

3–1.5 Ma in and around the Sanzugawa caldera. Yoshida et al.

(2014) estimated the volume of volcanic products at 4–2 Ma in

the Tohoku region to be ~360 km3 per 200 km of length of the

arc. Assuming the size of the Sanzugawa caldera formed at

4–2 Ma to be ~200 km2 and the caldera collapse of 1 km, the

volume is calculated to be ~200 km3 for the Sanzugawa caldera

alone. The volume of 4–2 Ma volcanic products should have

been much larger considering volcanic products from the

nearby Innai, Akakura and Mukaimachi calderas. The Innai

and Akakura calderas are Valles-type (piston-type) calderas

(Aizawa and Yoshida, 1999; Otake, 2000), as the Sanzugawa

caldera. Assuming that the Mukaimachi caldera is also a piston-

type caldera and these three calderas collapsed >1 km,

considering their combined size of >200 km2 (Figures 2, 8),

the total volume exceeds >200 km3. Therefore, the entire

volcanic products in the Tohoku region at 4–2 Ma should

have been much larger than those estimated by Yoshida

et al. (2014). These discrepancies probably arise because

some of the K-Ar data in the literature are dubious, as they

tend to yield much older ages than eruption due to

incorporation of xenocrystic materials (e.g., Gardner et al.,

2002). Therefore, it is highly required to date other calderas

in the Tohoku region with zircon U-Pb and/or Ar-Ar to better

understand magmatic history of this region.

6 Conclusion

Zircon U-Pb dating was applied to the Sanzugawa and Innai

calderas in the Tohoku region, NE Japan, where the geochronological

framework was mostly based on whole-rock K-Ar dating results.

U-Pb dating was performed mainly on etched zircons with low

spontaneous fission track density in order to select grains that were

assumed to represent the eruption age. In summary, six pyroclastic

sediments from the Sanzugawa caldera and one from the Innai

caldera, were dated and compared with previous K-Ar and fission

track dating results. The main conclusions are as follows

(1) The Sanzugawa caldera may have initiated its caldera-

forming activity at ~7 Ma. Caldera-forming eruptions

ensued in the eastern part of the caldera at 3–2 Ma, and

in the western part at ~1.5 Ma.

(2) Intensive caldera-forming eruptions occurred in and around the

Sanzugawa caldera at 3.0–1.5 Ma, which may contradict the

notion that volcanism was subdued at 3.5–1.5 Ma in NE Japan.

(3) Further zircon U-Pb dating and/or Ar-Ar dating studies are

required to better understand magmatism in the Tohoku

region.
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