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Recent eruption history inferred 
from eruption ages of the two latest lava flows 
using multi‑dating at Yokodake Volcano, Japan
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Abstract 

Reconstruction of the eruption history of an active volcano is necessary to elucidate its volcanic activity and to assess 
the probability of its volcanic eruption. Yokodake volcano in central Japan is the only active volcano among the Yatsu-
gatake volcano group. It has effused nine lava flows, most of which have not been dated. For this study, we ascer-
tained the eruption ages of the latest lava (Y9) and second most recent lava (Y8) using radiocarbon (14C), thermolu-
minescence (TL), and paleomagnetic dating methods. Results revealed the eruption ages of the two lava flows and 
the recent eruption history of Yokodake volcano. Yokodake volcano effused its Y8 lava flow at ca. 3.4 ka, ejected NYk-2 
tephra with explosive eruption at ca. 2.4–2.2 ka, and effused the Y9 lava flow associated with Y9-T tephra at ca. 0.6 ka. 
Magma eruption rates of Yokodake at 34 ky and 3.4 ky were estimated as about 9 × 10−3 km3/ky and 1 × 10−2 km3/ky, 
indicating a stable eruption rate maintained during the past 34 ky. This result suggests that Yokodake volcano retains 
some potential for eruption, although the volcanic activity of the Yatsugatake volcanoes (10−1–10−2 km3/ky) has 
weakened over time.
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Introduction
Reconstruction of a volcano’s eruption history is funda-
mentally important not only to elucidate its past volcanic 
activity, but also to prepare for future eruptions and to 
mitigate their damage. Understanding the latest activi-
ties of an active volcano in terms of their eruption styles, 
frequencies, and vent locations is particularly important 
for assessing risks of future volcanic activity. The radio-
carbon (14C) dating is frequently used for eruption age 
determinations of volcanic materials within the past few 
tens of thousands of years. Nevertheless, outlier dates 
can arise from the inclusion of contaminants such as mil-
dew, mold, and fungus in samples, causing complicated 

interpretations of dating results. Moreover, it is often dif-
ficult to collect organic materials in volcanic contexts for 
14C dating.

Paleomagnetism can yield age indications directly from 
the eruptive materials. The volcanic material can acquire 
stable thermoremanent magnetization (TRM) during 
initial cooling from magmatic temperatures, which are 
usually higher than the Curie temperatures of magnetic 
minerals in the material. The eruption age of lava can 
be estimated (e.g., Alva-Valdivia et  al. 2019; Pérez-Rod-
ríguez et  al. 2019; Risica et  al. 2019) by comparing the 
paleosecular variation (PSV) curve with the paleodirec-
tion and paleointensity inferred from TRM. One inherent 
shortcoming of the method, however, is that the paleo-
magnetic age is not always uniquely identifiable because 
several candidates for age can be inferred from paleo-
magnetic data even if the paleodirection and paleoin-
tensity can be ascertained with high accuracy. Therefore, 
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in most cases, paleomagnetic dating needs other dating 
techniques (Shitaoka et al. 2019).

Thermoluminescence (TL) dating, an alternative 
method for such direct dating, has been used widely 
for archaeological studies (Kondopoulou et  al. 2015; 
Kharfi et  al. 2019). Recently, TL method has been 
adopted to assess volcanic materials containing quartz 
or feldspar for age determination, thereby contributing 
to the establishment of detailed volcanic stratigraphic 
records (May et al. 2018; Sears et al. 2018).

Yokodake volcano is the only active volcano of the 
Yatsugatake volcano group in central Japan. Ear-
lier geological studies revealed that the volcano was 
formed mainly as the result of nine lava flows, des-
ignated as Y1–Y9 (Kawachi 1974). The eruption ages 
of most flows have not been reported. The latest lava 
flow (Y9) is at the southern foot of the volcano. The 
second most recent (Y8) is at the eastern foot. Using 
14C dating, the eruption age of Y9 lava was estimated 
earlier as 2.35–2.15  cal  ka BP (Okuno and Kobayashi 
2010). However, that age was inferred not from the Y9 
lava flow directly, but from NYk-2 tephra distributed 
at the Y9 lava flow periphery. Actual correlation of 
NYk-2 tephra to Y9 lava, therefore, remains ambigu-
ous. For that reason, the eruption age of the Y9 lava 
flow merits re-examination. The Y8 lava age has not 
been determined, but the eruption of Y8 lava appar-
ently occurred earlier than that of Y9 lava because the 
vegetation covering the Y8 lava was well developed 
and dense, whereas only poorly developed vegetation 
covered the Y9 lava.

Reconstruction of Yokodake volcanic activity is 
important not only for understanding the genesis and 
evolution of volcanic activity, but also for support-
ing more accurate prediction and characterization of 
its next likely activity. Because Yokodake has a rope-
way operated year-round, the summit area has been a 
popular tourist destination, attracting about 300,000 
people per year. That area includes the Y9 lava area. 
In fact, the summit ropeway station is located within 
1 km of the expected crater region around the summit. 
The next volcanic disaster might be occurred even if 
the eruption is a small phreatic eruption as happened 
at Mt. Motoshirane of Kusatsu-Shirane volcano in 
2018 (Ogawa et al. 2018).

As this report describes, we used 14C, TL, and paleo-
magnetic methods to ascertain the eruption ages of the 
Y8 and Y9 lava flows for Yokodake volcano. Based on 
those results, we reconstructed its recent eruption his-
tory. Then, we discuss the eruption rate of Yokodake 
and present a comparison with the long-term eruption 
rate of other Yatsugatake volcanoes to evaluate the vol-
canic activity of Yokodake.

Geological setting
Geology of Yokodake volcano
The Yatsugatake volcanoes, which are located at the 
northern end of the Izu–Mariana arc, comprise a vol-
canic chain extending about 21 km along a NNW–SSE 
axis (e.g., Nishiki et  al. 2007; Fig.  1). The volcanoes of 
this group can be subdivided into two sub-groups: the 
volcanoes south of the Natsuzawa Pass (southern Yat-
sugatake volcanoes) comprise several stratovolcanoes 
and lava domes of basalt and andesite, whereas the 
volcanoes north of the pass (northern Yatsugatake vol-
canoes) include stratovolcanoes consisting mainly of 
andesite and lava domes of rhyolite. The Yatsugatake 
volcanoes started their activity from about 0.5 Ma, but 
creation of most of the volcanic edifices occurred dur-
ing ca. 0.4–0.2 Ma. Although the activity of the south-
ern Yatsugatake volcanoes abated after 0.1  Ma, the 
northern Yatsugatake volcanoes have remained active 
(Nishiki et al. 2011). The total volumes of southern and 
northern Yatsugatake volcanoes have been estimated, 
respectively, as 102.4  km3 and 37.6  km3 (Nishiki et  al. 
2011).

Yokodake volcano (2480 m above sea level, 36° 5′ 14′′ 
N, 138° 19′ 13′′ E), located among the northern Yatsu-
gatake volcanoes, is a Quaternary stratovolcano that has 
formed from nine lava flows (Y1–Y9; Kawachi 1974); it 
also has three volcaniclastic materials (Yt-Pm4 tephra, 
Oishi and Suzuki 2004; NYk-1 and NYk-2 tephra, Okuno 
1995). Yokodake volcano consists of mostly andesites 
(58–63  wt% SiO2) except for its Y1 rhyolitic lava flow 
(69.7 wt% SiO2; Nakamura 1991). Although the onset age 
of the volcanic activity is unknown, the magmatic activ-
ity which produced Y9 lava flow occurred within the last 
10,000 years. Therefore, Yokodake volcano is classified as 
an active volcano. The total volume of Yokodake volcano 
is estimated as ca. 1.1 km3, as reported by Kawachi et al. 
(1978) and Oishi and Suzuki (2004).

Description of recent Yokodake ejecta
The Y8 lava, an andesite block lava flow at the eastern 
foot of the volcano, forms steep-sided mounds and ridges 
with thickness of at least 40  m. The lava block includes 
phenocrysts of plagioclase, orthopyroxene, clinopyrox-
ene, Fe–Ti oxide, and hornblende; its groundmass crys-
tallinity is high. The Y9 lava, an andesite block lava flow 
at the southeastern foot of the volcano, flows along the 
small valley with thickness of about 10–20  m. The lava 
block includes phenocrysts of plagioclase, orthopyrox-
ene, and clinopyroxene, but phenocryst of Fe–Ti oxide is 
absent. The groundmass crystallinity is lower than that of 
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the Y8 lava. The Y8 lava flow is covered by thick paleosol 
of more than about 30  cm, which supports well-devel-
oped vegetation, whereas most of the blocky lava surface 
of the Y9 lava flow remains exposed.

Around the volcano summit lies a fine-grained light-
gray volcanic ash deposit with thickness of ca. 2–4  cm, 
hereinafter designated as the Y9-T tephra. Within 
the distribution of Y9 lava, Y9-T tephra directly cover 
Y9 lava. They are covered by paleosol of ca. 3–6  cm 

Fig. 1  a Index map of the Japanese islands showing Yokodake volcano. b Simplified geological map around Yatsugatake volcanoes referred from 
work by Nishiki et al. (2011). c Simplified geological map of the summit area of Yokodake volcano modified from that presented by Kawachi (1974). 
Distributions of Y8 and Y9 lava are shown. Circles, crosses, and squares, respectively, denote sampling locations for paleomagnetic dating, TL dating, 
and radiocarbon dating
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thickness. The Y9-T tephra contains plagioclase, orthopy-
roxene, clinopyroxene, Fe–Ti oxide, hornblende, volcanic 
glass, lithic fragments, and altered fragments. Okuno 
(1995) reported light-gray fine-grained thin volcanic 
ash layer (NYk-1) that was distributed outside of the Y9 
lava flow. From paleosol immediately below the NYk-1 
tephra, its 14C age estimated as ca. 0.9–0.7  ka. Okuno 
(1995) also reported volcanic ash deposits which appar-
ently correlate to NYk-1 tephra were observed above the 
Y9 lava within the distribution of Y9 lava. However, he 
concluded that the deposits did not correlate to NYk-1 
tephra because geological occurrence of the deposit was 
obscure as a tephra layer and 14C age of paleosol imme-
diately below the deposit was inferred as modern. Okuno 
and Kobayashi (2010) finally discarded NYk-1 tephra 
from Yokodake ejecta. The Y9-T tephra correlation with 
NYk-1 tephra is discussed later.

Underlying Y9-T tephra, a dark gray lapilli deposit with 
thickness of more than several tens of centimeters was 
identified around the summit. Although the deposit was 
observed above the Y8 lava, it was not found within the 
distribution of Y9 lava. It contains plagioclase, orthopy-
roxene, clinopyroxene, Fe–Ti oxide, hornblende, lithic 
fragments, and altered fragments. Lithic fragments are 
abundant. Volcanic glass is absent. These characteris-
tics resemble those of NYk-2 tephra reported by Okuno 
(1995). Therefore, we correlate the deposit with NYk-2 
tephra and call it as NYk-2, hereafter.

Eruption ages of volcanic materials from Yokodake
Information related to eruption ages of volcanic materials 
from Yokodake volcano is scarce. Among the 12 volcanic 
materials known to exist, only three tephra layers have 
been dated in earlier studies. The age of Yt-Pm4 tephra, 
which erupted between the Y5 and Y6 lava eruptions 
(Oba and Kawachi 1997), has been inferred from 14C dat-
ing as 34 cal ka BP (Oishi 2015). Okuno (1995) reported 
the 14C age for NYk-1 tephra, which first thought to be 
accompanied Y9 lava outflow, as ca. 0.9–0.7  ka. Okuno 
and Kobayashi (2010), however, revised the tephra 
accompanying the Y9 lava from NYk-1 to NYk-2 because 
NYk-1 did not show specific geological occurrence as a 
tephra layer and NYk-2 tephra seemed to be ejected from 
the crater located at the southern part of the summit, 
where Y9 lava flowed out. They inferred the eruptive age 
of Y9 lava, which is 2.35–2.15 cal ka BP, from the 14C age 
found for NYk-2 tephra.

Methodology
Radiocarbon dating
At two localities, we collected paleosol samples just 
above Y9-T tephra (Fig.  1c). Using accelerator mass 
spectrometry (AMS), 14C dating was conducted on 

request by the Institute of Accelerator Analysis Ltd., 
Kanagawa, Japan. Samples were cleaned chemically 
using acid treatment. The δ13C obtained using the AMS 
were subsequently used to correct carbon isotopic frac-
tionation when calculating conventional 14C ages. Cali-
bration to calendar years was based on IntCal13 using 
the 14C calendar year calibration curve (Reimer et  al. 
2013) and a calibration program (OxCal v4.3; Bronk 
Ramsey 2009). We adopted two standard deviations 
(2σ) of calibrated 14C age to evaluate the reliability of 
the results.

TL dating
We used rock samples of approximately 200  g from Y8 
lava for this study (Fig. 1c). The surface layer of the rock 
sample, which had been exposed to sunlight, thereby 
reducing its luminescence, was removed using HF treat-
ment. The sample was sieved using a crusher and stand-
ard sieves into a fraction of > 50  μm, which was then 
crushed to fine silt (ca. 10–50 μm). The silt was then sep-
arated using Stokes’ law of settling in acetone. The sieved 
sample was treated initially with 20% HCl for 90 min.

The TL measurement was performed using the origi-
nal TL/OSL reader (NRL-99-OSTL2-KU; Shitaoka et al. 
2015) at Rissho University. Samples were heated from 
100 to 500 °C at a rate of 5 °C/s in a nitrogen atmosphere. 
The TL signal of 310–440  nm (FWHM) from a sample 
was guided to a photomultiplier tube (H7360-02; Hama-
matsu Photonics KK) through two condensing lenses and 
optical filters (BG39; Schott AG and Corning 7-59; Hoya 
Corp.). Additive doses were administered using a small 
X-ray tube.

A standard multiple aliquot additive dose (MAAD) 
protocol (Aitken 1985) was applied to the treated sample. 
In the MAAD protocol, after TL was measured for both 
the natural sample and additive dose sample (artificially 
irradiated samples), the samples were divided into 11 
fractions. Subsequently, some fractions were exposed to 
6, 12, and 18 Gy at a dose rate of ca. 5 Gy/min. The equiv-
alent dose (ED in Fig. 2) of the sample can be estimated 
by fitting the data assuming linear dose dependence. To 
correct the nonlinear portion in the low-dose region (Δ 
in Fig. 2), TL was measured using samples after the first 
glow measurement. Then ED and Δ were calculated by 
dividing the intercept by the slope.

The annual dose (dose rate) measurements were taken 
using a gamma-ray spectrometer. The U, Th, and K con-
centrations in the sample were analyzed using a Ge 
gamma-ray detector (7229P-7500S-2019; Canberra Japan 
K.K.). The annual dose was calculated using dose-rate 
conversion factors (Guérin et al. 2011; Rees-Jones 1995). 
Contributions of the cosmic dose rate to the annual dose 
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were assumed according to methods described in earlier 
reports by Prescott and Hutton (1994) and by Shitaoka 
et al. (2009).

Paleomagnetic dating
Paleomagnetic samples were collected from 18 out-
crops for the Y8 and Y9 lava (Fig. 1c). Using a magnetic 
compass and, if possible, a sun compass, 59 lava sam-
ples were oriented. Specimens of 25  mm diameter and 
22  mm height were cut from the oriented lava clasts at 
Shinshu University. The natural remanent magnetiza-
tion (NRM) of each specimen was then measured using 
a spinner magnetometer (Re-Mag; Natsuhara-Giken). 
Specimens were demagnetized thermally using an elec-
tric furnace (TDS-1; Natsuhara-Giken). Progressive 
thermal demagnetization (PThD) was conducted up to 
580–620 °C in air. Demagnetization results are shown on 

vector end-point diagrams (Zijderveld 1967). Using the 
diagrams, we determined the components of remanent 
magnetization and applied principal component analysis 
to each component (Kirschvink 1980). A stable magnetic 
component was defined as follows: (1) a linear segment 
consisting of more than three vector end points and (2) 
maximum angular deviation (MAD) of less than 10°. The 
mean direction of magnetization was calculated using 
Fisher statistics (Fisher 1953).

Paleointensity experiments were performed using 40 
samples (Y8: 21, Y9: 19) that were selected based upon 
the PThD results. The samples had one stable magnetic 
component with little or no low-temperature magnetic 
component. Double heating IZZI-Thellier methods 
(Tauxe and Staudigel 2004; Yu et  al. 2004) with pTRM 
checks (Coe 1967) were used. A field of 50  μT was 
applied during in-field heating treatments. Results of 
the experiments were analyzed using Arai plots (Nagata 
et al. 1963) with software (Thellier-Tool 4.22; Leonhardt 
et al. 2004). To assess the reliability of the results, we used 
ThellierTool A sets of selection criteria, as defined by Pat-
erson et al. (2014).

Results
Radiocarbon dating
The 14C ages of paleosols above Y9-T tephra obtained for 
samples from localities 1 and 2 were dated as 350 ± 20 yr 
BP and 510 ± 20 yr BP, which, respectively, correspond to 
calendar 14C ages of 485–420 and 411–315 cal yr BP (2σ) 
(535–470 and 461–365 yrb2k) and to 550–510 cal yr BP 
(2σ) (600–560 yrb2k) (Table 1).

TL dating
The equivalent dose was estimated by extrapolation of 
the linear trend in diagrams of TL growth vs. dose. The 
temperature region of 415–425  °C satisfied the plateau 
test (Aitken 1985). The method for estimating nonlin-
earity correction was analogous to that of the equivalent 
dose (Fig. 2). The paleodose of the sample was calculated 
as the sum of the equivalent dose 14.7 ± 2.8 Gy and the 
nonlinear correction − 6.8 ± 0.99  Gy. The annual dose 
was obtained as the sum of alpha, beta, gamma, and 

Fig. 2  TL growth curves for the equivalent dose (1) and nonlinear 
correction (2)

Table 1  Results of radiocarbon dating

Calibrated ages were calculated using Intcal13 (Reimer et al. 2013). We adopted the 2σ of calendar 14C age

Sample IAAA 
ID

Loc. Material Chemical 
pretreatment

14C age 
(yr BP)

δ13C (‰) δ13C-converted 
14C age (yr BP)

pMC (%) Calendar 14C age (cal yr BP) 
[probability (%)]

18YK1-1 182379 1 Paleosol HCL 330 ± 20 − 24.13 ± 0.29 350 ± 20 95.77 ± 0.27 1σ 464–428 [27.9] 378–320 [40.3]

2σ 485–420 [39.3] 411–315 [56.1]

18YK2-1 182380 2 Paleosol HCL 500 ± 20 − 24.35 ± 0.25 510 ± 20 93.79 ± 0.25 1σ 539–520 [68.2]

2σ 550–510 [95.4]
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cosmic dose rates. The TL age divides the paleodose in 
the annual dose. The paleodose, annual dose, and TL 
age are presented in Table 2. The TL age of Y8 lava was 
obtained as 3.3 ± 1.2 ka.

Paleodirections
All specimens were found to have one or more stable 
magnetic components (Fig.  3). Four samples showed 
single magnetic components that decay linearly to the 
origin (Fig.  3a). Fifty-one samples included two com-
ponents. Sixteen samples had a small low-temperature 
component for which the direction was distributed 
randomly (Fig.  3b). Therefore, we interpreted the high-
temperature component as primary TRM, whereas the 
low-temperature component origin was inferred as sec-
ondary magnetization such as viscous remanent mag-
netization (VRM). Thirty-five samples showed a steadily 
low-temperature component that was separated sharply 
from the high-temperature component, for which the 
direction was well grouped (Fig.  3c). High-temperature 
components of these samples were scattered in direction, 
indicating that the lavas were adversely affected by a cer-
tain degree of rotation during or after lava emplacement. 
Low-temperature components acquired after emplace-
ment of the lava were primary TRM in origin, with 
direction parallel to the geomagnetic field. Four samples 
comprised more than three components (Fig.  3d). The 
lowest-temperature components were well grouped. In 
these samples, low-temperature components probably 
originated from TRM acquired after emplacement.

The paleodirection of each sample was extracted using 
principal component analysis (Table  3). Most samples 
showed better grouping of the direction. The overall 
mean directions of Y8 and Y9 samples were Dec = 6.0°, 
Inc = 49.3°, α95 = 4.6°, k = 48.4, and Dec = 7.1°, Inc = 51.4°, 
α95 = 3.5°, k = 43.9. Some samples, however, showed a 
widely scattered direction, probably because of rotation 
during or after emplacement of the lava (Fig.  4). Using 
the outlier test of McFadden (1982), one sample for Y8 
and three samples for Y9 were identified as outliers. They 
were ignored in calculations of the mean paleodirection. 
Consequently, mean paleodirections of Y8 (Dec = 5.1°, 
Inc = 50.6°, α95 = 3.9°, k = 70.0) and Y9 (Dec = 6.1°, 
Inc = 52.4°, α95 = 2.3°, k = 109.8) samples were obtained. 
The value of k in the Y8 results is not so good for young 
volcanic rocks. This scatter is probably attributable to 

failure to eliminate rotations during or after emplace-
ment of the lava because most samples were obtained 
from the eastern slope of the lava (Fig. 1c). In addition, 
Y8 lava shows higher crystallinity than Y9 lava does. Y9 
lava lacks phenocrysts of Fe–Ti oxide, indicating that the 
dominant grain size of magnetic mineral in Y8 samples 
is greater than that in Y9 samples. This might be another 
reason for the lower k value in Y8 results and might lead 
to the lower success rate of paleointensity experiments 
for Y8 lava, as discussed in “Paleointensities” section.

Paleointensities
Paleointensity experiments were conducted for 21 Y8 
samples and 19 Y9 samples. Samples from which suc-
cessful results were obtained showed linear decay in 
Arai plots (Fig.  5a, b). Some samples showed a straight 
line until moderate temperatures were reached, but the 
pTRM checks failed at high temperatures (Fig. 5c). Oth-
ers had a low-temperature component that showed no 
linear decay, probably because of VRM (Fig.  5d). For 
these samples, paleointensities were calculated using 
data with straight decay. Some samples showed fail-
ure in pTRM checks and showed zigzag patterns or a 
nonlinear line throughout the experiments. They were 
rejected from consideration for paleointensity estima-
tion (Fig. 5e, f ). Consequently, 10 and 13 paleointensities 
were obtained, respectively, from Y8 and Y9 lava flows 
(Table 4). Success rates were 48% and 68% from Y8 and 
Y9 lava flow samples. The higher success rate of Y9 lava 
is probably attributed to the smaller dominant grain size 
of magnetic minerals in Y9 lava than that in Y8 lava. The 
estimated paleointensity values were well concentrated. 
Mean paleointensities of Y8 and Y9 lava were found to 
be 54.7 ± 2.8 and 54.0 ± 3.4 µT, which, respectively, cor-
respond to virtual axial dipole moment (VADM) of 
98.3 ± 5.0 × 1021 and 97.0 ± 6.1 × 1021 Am2.

Discussion
Age determination of Y8 lava
The TL age of Y8 lava was inferred as 3.3 ± 1.2 ka, indi-
cating the eruption age of Y8 lava as ca. 5.0 ka to 2.0 ka. 
However, the age might be older than the obtained TL 
value because of effects of anomalous fading of feldspar. 
Consequently, the paleomagnetic age was estimated by 
comparing our results to PSV data for the period of 7.0–
2.0 ka. In this study, PSV data of paleointensity obtained 
from eastern Asia (Cai et al. 2017) were adopted because 
they represent the latest archaeointensity reference curve 
for eastern Asia combined with recently published data 
for Japan (Yu 2012), South Korea (Hong et al. 2013), and 
China (Cai et al. 2014, 2015). The paleointensity age was 
determined as a period in which each mean value of our 
data and PSV is shown within the error bars. As a result, 

Table 2  Results of TL dating for Y8 lava

Paleodose 
(Gy)

U (ppm) Th (ppm) K (wt%) Annual 
dose 
(mGy/a)

TL age (ka)

8.3 ± 2.97 1.09 ± 0.11 4.19 ± 0.54 1.20 ± 0.08 2.53 ± 0.28 3.3 ± 1.2
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three periods were selected as paleointensity ages: ca. 
3.75–3.50 ka, 3.45–3.20 ka, and 2.80–2.50 ka (Fig. 6d).

Based on paleointensity ages, the paleodirection result 
was compared to Holocene PSV data for 4.0–2.0 ka from 
Lake Biwa sediments (Ali et al. 1999) because Lake Biwa 

is geographically close to our study area and because 
the directional PSV has high temporal resolution for the 
past 10  ky. In comparison with PSV, the paleodirection 
of Y8 lava was recalculated as the values in Lake Biwa by 

Fig. 3  Typical Zijderveld plots for PThD experiments. Solid and open circles, respectively, denote the horizontal and vertical projection. a One 
magnetic component with smooth decay to the origin. b Two magnetic components with a small low-temperature component. c Two magnetic 
components with a steady low-temperature component. d Multi-magnetic components
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assuming a geocentric dipole field. The paleodirection 
age was estimated as ca. 4.0–3.4 ka (Fig. 6a).

Combining the paleointensity age with the paleodi-
rection age, two paleomagnetic ages of 3.75–3.50  ka 
and 3.45–3.40 ka were inferred (Fig. 7). Considering the 
mean value of the TL age (ca. 3.3 ka), the age of 3.45–
3.40 ka is suitable as the eruption age. We conclude that 
the eruption age of Y8 lava is ca. 3.4 ka.

Age determination of Y9 lava
The 14C ages of paleosols immediately above the Y9-T 
tephra indicate the eruption age of the Y9-T tephra as 
older than 0.55  cal  ka BP. No soil layer exists between 
Y9-T tephra and Y9 lava, which indicates a lack of a long 
time interval between the two events. Petrographic fea-
tures of Y9-T tephra resemble those of Y9 lava, and dif-
fer distinctively from those of Y8 lava and NYK-2 tephra: 
in fact, Y9 lava shows low crystallinity and Y9-T tephra 
contains volcanic glass. These findings suggest that Y9-T 
tephra and Y9 lava erupted, in geological terms, virtually 

Table 3  Paleodirection results

Y8 lava Paleodirections Remark

Loc. Sample Dec (°) Inc (°) MAD (°) T (°C) Comp.

a 1 19.8 46.4 0.7 400–600 2

2 14.7 50.2 1.1 500–600 2

b 1 0.2 38.3 0.2 540–600 2

2 8.9 48.8 0.3 540–600 2

c 1 30.7 54.4 1.6 150–250 2

2 19.4 54.1 1.9 100–200 2

3 16.4 44.7 4.3 100–350 2

d 1 1.0 51.6 4.2 100–450 2

2 14.5 49.9 5.4 150–250 2

3 − 4.5 40.0 1.6 150–250 >3

4 − 15.6 40.7 7.9 100–300 2

5 8.9 55.6 5.4 100–400 2

6 0.0 56.6 7.8 100–300 2

e 1 − 8.3 58.9 0.6 400–620 2

2 − 8.1 54.2 0.3 500–620 2

3 − 7.9 51.6 0.3 500–620 2

f 1 11.6 52.0 2.0 150–600 1

2 − 6.5 55.1 2.2 350–600 2

3 12.8 45.1 3.6 200–300 2

4 18.0 20.7 1.1 100–600 1 *

5 − 4.0 51.8 1.4 150–600 1

Mean n/N Dec (°) Inc (°) α95 (°) k

1 21/21 6.0 49.3 4.6 48.4

2 20/21 5.1 50.6 3.9 70.0

Y9 lava Paleodirections Remark

Loc. Sample Dec (°) Inc (°) MAD (°) T (°C) Comp.

a 1 19.6 47.4 5.8 100–400 2

2 − 6.8 49.9 4.8 200–300 2

3 19.0 44.4 7.6 200–400 2

b 1 13.1 39.9 5.8 150–250 2

2 8.3 21.0 6.3 150–250 2 *

3 10.1 40.1 8.2 100–200 2

c 1 18.1 49.2 2.7 150–250 2

2 11.5 59.9 9.1 100–350 2

d 1 1.8 56.9 8.3 300–400 2

2 1.5 54.8 7.4 350–450 2

3 4.1 56.0 2.9 100–200 2

e 1 − 29.3 64.4 9.8 100–250 2 *

2 31.2 61.6 9.2 100–200 > 3

3 45.9 16.6 4.6 100–400 2 *

f 1 21.2 54.2 2.2 100–400 2

2 18.9 58.6 3.0 100–450 > 3

3 − 11.8 47.7 7.9 100–300 2

g 1 − 1.0 55.6 2.4 520–580 2

2 5.6 58.6 0.3 520–580 2

h 1 − 7.9 54.4 3.4 100–300 > 3

Dec, declination; Inc, inclination; MAD, maximum angular deviation; T, 
unblocking temperature range for the magnetic component from which 
paleodirection was obtained; Comp., number of magnetic components; *, 
rejected sample using the outlier test of McFadden (1982); N, total number 
of samples measured; n, number of samples used for calculation of the mean 
direction; α95, 95% confidence angle; k, precision parameter; Mean 1, overall 
mean direction; Mean 2, mean direction of the accepted samples

Table 3  (continued)

Y9 lava Paleodirections Remark

Loc. Sample Dec (°) Inc (°) MAD (°) T (°C) Comp.

i 1 0.1 52.2 3.2 300–450 2

2 11.3 62.3 2.6 300–450 2

3 3.7 52.9 7.9 150–450 2

j 1 5.3 55.5 7.1 100–400 2

2 7.2 50.9 5.8 150–250 2

3 4.0 47.0 8.1 100–250 2

4 0.9 48.7 4.6 250–350 2

k 1 1.2 39.5 1.0 400–600 2

2 8.8 54.3 1.7 400–600 2

3 5.7 50.6 0.9 500–600 2

4 0.5 56.5 0.4 450–600 2

5 3.1 53.2 0.3 450–600 2

6 0.4 51.2 1.0 450–600 2

l 1 10.3 49.6 0.9 100–580 1

2 4.5 52.4 4.2 200–400 2

3 2.4 54.3 4.5 250–450 2

4 − 0.1 49.9 4.7 300–400 2

5 2.5 51.6 5.4 250–350 2

Mean n/N Dec (°) Inc(°) α95(°) k

1 38/38 7.1 51.4 3.5 43.9

2 35/38 6.1 52.4 2.3 109.8
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simultaneously. Consequently, the eruption age of Y9 
lava is older than 0.55  cal  ka BP. In addition, thickness 
of the paleosol above the Y9-T tephra suggests that the 
paleosol of 3–6 cm can develop during 600 years, even in 
a snowy and windy mountain environment. This possibil-
ity implies that the eruption age of Y9 lava is not much 
greater than 0.55 cal ka BP. Consequently, the paleomag-
netic age was estimated by comparing our results with 
PSV data during 1.6–0.6 ka.

The paleodirection obtained from the Japan Archeo-
magnetism Database (Hatakeyama and Shibuya 2012) was 
adopted as PSV because the database holds high-resolution 
PSV data established from archaeomagnetic data with high 

reliability. The PSV data were recalculated as the values in 
Yokodake by assuming a geocentric dipole field. Y9 lava 
coincides well with that of the paleodirection at ca. 0.60 ka: 
the latter is within the 95% confidence circle of the former 
(Fig.  6b). The PSV of eastern Asia in the last 1.6–0.6  ka 
(Cai et  al. 2017) was adopted for paleointensity age esti-
mation, as with Y8 lava. The VADM value from the PSV at 
ca. 0.60 ka is almost identical to that from Y9 lava (Fig. 6c). 
This age is consistent with 14C results (Fig. 7). In fact, the 
eruption age is older than 0.55 cal ka BP, but it is not much 
older than 0.55 cal ka BP. We therefore conclude that the 
eruption age of Y9 lava is ca. 0.6 ka.

Fig. 4  Equal area projection of the paleodirection results for Y8 (a) and Y9 lava (b). Solid and open circles, respectively, represent projections onto 
the lower and upper hemisphere. The dashed circle is the rejection circle of McFadden (1982). Rejected results are denoted by crosses. Squares 
represent the mean direction with a 95% confidence circle, which is filled in as gray, after application of criteria by McFadden (1982)
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Correlation of tephra layers and consistency 
of the estimated ages
Our results indicate that the eruption ages of Y8 and Y9 
lava are, respectively, ca. 3.4 ka and 0.6 ka. The Y8 age is 
a new result. The Y9 age is about 1.8–1.6 ky younger than 
values reported from earlier works (NYk-2 tephra, 2.4–
2.2  ka) by Okuno and Kobayashi (2010). The Y9 age is 

also approximately equal to the age of NYk-1 tephra (0.9–
0.7  ka) reported by Okuno (1995). It is suggested that 
Y9-T tephra, which accompanied the effusion of Y9 lava, 
correlates to NYk-1 tephra. The 14C age of 0.9–0.7 ka was 
slightly older than our value of 0.6  ka. It probably indi-
cated that there is small age gap between the tephra and 

Fig. 5  Typical Arai plots of accepted (a–d) and rejected (e, f) specimens obtained from IZZI-Thellier experiments. Circles represent the normalized 
NRM vs. pTRM data with best-fit lines marked in gray. pTRM checks are shown as triangles. Zijderveld plots of the experiments are also shown as 
inset figures. Paleointensity analysis was conducted using ThellierTool (Leonhardt et al. 2004)
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the 14C sample, although it was obtained from immedi-
ately below the tephra layer, whereas the value found in 
the present study was based upon the paleomagnetic age 
obtained directly from the lava.

The petrographic features and the distribution of the 
tephras both indicate that Y9-T tephra correlates not 
to NYk-2 tephra but to NYk-1 tephra. Whereas NYk-2 
tephra comprises coarse thick lapilli layers characterized 
by abundant lithic fragments and lack of volcanic glass, 
Y9-T tephra and NYk-1 tephra are light-gray fine-grained 
thin volcanic ash layers containing volcanic glass. Also, 
Y9 lava shows low crystallinity. These findings collectively 
suggest that Y9-T tephra is identical to NYk-1 tephra. 
Within the distribution of Y9 lava, Y9-T tephra can be 
observed above the Y9 lava, but NYk-2 tephra can not 
be similarly observed. Furthermore, NYk-2 tephra is dis-
tributed outside of the Y9 lava flow. Our results revealed 

that Y9 lava was effused about 1.8–1.6 ky after the NYk-2 
tephra eruption. Consequently, the tephra was covered 
by Y9 lava within the distribution of Y9 lava, which led to 
the absence of the tephra layer above Y9 lava.

In addition, our results were consistent with the differ-
ing development of vegetation found above the two lava 
flows. The thin paleosol of about 3–6  cm found above 
Y9 lava is consistent with sparse vegetation, whereas 
the thick paleosol of more than about 30  cm accumu-
lated during about 3000 years above Y8 lava is capable 
of supporting well-developed vegetation. The average 
sedimentation rates of paleosol above both lava flows 
are estimated as similar values of ca. 9 cm/ky for Y8 and 
5–10 cm/ky for Y9. These values are nearly equal to the 
average sedimentation rate of paleosol in Japan (10 cm/
ky; Hayakawa 1995).

Table 4  Paleointensity results

Selection criteria are listed in the first row. T, temperature used to ascertain the paleointensity; N, number of points included in the linear best-fit; β, ratio of standard 
error of the slope of the selected segment in the Arai plot to the absolute value of the slope; f, fraction of the NRM used for best-fit; q, quality factor; MADanc, 
anchored maximum angular deviation; α, angular difference between anchored and non-anchored best solution; δCK, relative check error; δpal, cumulative check 
difference; Pl ± σ, paleointensity and standard deviation

Sample T (°C) N β f q MADanc (°) α (°) δCK (%) δpal (%) Pl ± σ (µT)
Selection criteria ≥ 5 ≤ 0.1 ≥ 0.35 ≥ 5 ≤ 6 ≤ 15 ≤ 7 ≤ 10

Y8 lava
a-3 200–510 7 0.04 0.54 10.33 0.55 0.64 2.16 9.26 52.7 ± 2.0

a-4 400–580 7 0.02 0.69 28.85 1.63 2.02 2.06 2.80 60.4 ± 1.2

c-1 0–580 11 0.02 0.91 38.79 0.82 0.75 1.99 4.85 49.6 ± 1.0

c-5 0–580 11 0.02 0.88 42.21 1.15 1.54 3.68 9.96 54.9 ± 1.0

d-1 0–510 8 0.05 0.35 5.26 0.74 1.95 1.49 7.70 54.4 ± 2.9

e-1 150–580 9 0.02 0.90 47.74 0.93 0.99 2.10 1.32 55.5 ± 0.9

e-4 200–500 6 0.04 0.58 10.68 0.66 1.06 4.75 9.95 53.6 ± 2.2

e-5 0–600 12 0.01 0.96 60.99 0.89 0.76 1.88 4.97 54.1 ± 0.8

e-6 0–520 8 0.02 0.55 19.00 0.92 2.39 2.40 9.90 54.4 ± 1.3

e-8 200–520 7 0.05 0.56 9.83 0.72 1.16 2.90 9.65 57.0 ± 2.6

Mean 54.7 ± 2.8

Y9 lava
d-2 250–580 10 0.01 0.90 111.27 1.41 1.10 3.96 9.75 49.4 ± 0.3

e-3 400–550 8 0.02 0.78 25.84 0.60 0.50 1.32 2.23 61.0 ± 1.5

g-1 0–590 12 0.01 0.98 101.24 0.76 0.36 1.07 0.61 53.0 ± 0.4

i-2 100–560 11 0.02 0.94 41.00 0.83 0.71 1.22 4.45 58.4 ± 1.1

i-3 0–580 11 0.02 0.98 41.15 0.52 0.33 2.57 6.31 53.2 ± 1.1

i-4 0–400 6 0.02 0.81 13.82 1.26 1.46 0.52 0.10 53.7 ± 1.2

i-5 0–580 11 0.01 0.97 60.27 0.90 0.59 2.90 7.19 52.6 ± 0.7

j-4 200–580 10 0.01 0.95 70.51 0.54 0.36 3.21 0.68 57.5 ± 0.6

k-2 400–580 9 0.01 0.88 144.84 1.16 0.71 3.38 8.38 51.2 ± 0.3

k-4 0–580 11 0.01 0.97 61.42 0.42 0.09 3.11 1.41 55.4 ± 0.7

k-5 400–580 9 0.01 0.87 79.32 1.60 0.60 1.54 1.54 52.8 ± 0.5

k-6 400–580 9 0.01 0.90 65.27 0.75 0.46 4.31 0.37 54.2 ± 0.6

l-4 400–590 9 0.01 0.88 80.48 0.47 0.24 4.75 9.25 49.3 ± 0.4

Mean 54.0 ± 3.4
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We conclude that Y9-T tephra correlates with NYk-1 
tephra and that Yokodake erupted three times after the 
Y8 eruption inclusive: Y8 lava was effused at ca. 3.4 ka. 

NYk-2 tephra was ejected at ca. 2.4–2.2  ka. The latest 
eruption at ca. 0.6 ka produced Y9 lava and Y9-T tephra.

Eruption rate
The magma eruption rate of Yokodake volcano was 
estimated based upon our results and upon earlier 
data related to age and volume. Five lava flows (Y1–Y5; 
Kawachi 1974) that occurred at the early stage of the 
volcano have not been dated. In fact, Yt-Pm4 tephra is 
the oldest volcanic material for which the age has been 
estimated. Therefore, the eruption rate after the ejection 
of Yt-Pm4 tephra can be discussed. The estimated age, 
volume, and eruption rate are presented in Table 5. The 
dense rock equivalent (DRE) volume and age of Yt-Pm4 

Fig. 6  PSV record during the past 4.0–2.0 ka (a) and 7.0–2.0 ka (d) for Y8 lava and 1.6–0.6 ka for Y9 lava (b, c) and our paleomagnetic results. 
Paleodirection obtained from Lake Biwa sediments (Ali et al. 1999) and that from the Japan Archeomagnetism Database (Hatakeyama and Shibuya 
2012) were adopted, respectively, as PSV to paleodirection age estimation for Y8 (a) and Y9 (b) lava. Paleointensity data obtained from eastern 
Asia (Cai et al. 2017) were adopted as PSV for paleointensity age estimation (c, d). Mean paleodirections of Y8 (a) and Y9 (b) lava and their 95% 
confidence angles are shown, respectively, as open squares and gray circles. Estimated VADM values of Y9 (c) and Y8 (d) lava and their standard 
deviations are shown, respectively, as bold lines and gray bars

Fig. 7  Comparison of 14C, TL, paleodirection, and paleointensity age 
results. 14C ages are shown as years before AD 2000 (yrb2k) (2σ). Mean 
value of TL age (3.3 ka) is denoted by open triangles. Time ranges in 
which paleomagnetic datings were carried out were marked in gray
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tephra were estimated, respectively, as about 0.2  km3 
(Oishi and Suzuki 2004) and 34 ka (Oishi 2015). After the 
Yt-Pm4 tephra eruption, four lava flows (Y6–Y9) were 
effused (Oba and Kawachi 1997). The volumes of Y6, Y7, 
Y8, and Y9 lava were estimated, respectively, as about 
0.03, 0.04, 0.03, and 0.003 km3 (Kawachi et al. 1978). The 
eruption ages of Y8 and Y9 lava were estimated as about 
3.4 ka and 0.6 ka from the present study, whereas Y6 and 
Y7 lava did not date. The DRE volumes of NYk-2 and 
Y9-T tephra were estimated as about 8 × 10−4  km3 and 
5 × 10−4 km3, respectively, assuming linear change of the 
deposit thickness and a simple cone shape.

The magma eruption rate of Yokodake after ejection of 
Yt-Pm4 tephra was estimated for the past 34 ky as about 
9 × 10−3 km3/ky (Fig. 8). The eruption rate after the effu-
sion of Y8 lava for the past 3.4 ky was estimated as about 
1 × 10−2 km3/ky, which is similar to the rate estimated for 
the past 34 ky. The long-term eruption rates of Yatsuga-
take volcanoes and northern Yatsugatake volcanoes were 
estimated, respectively, as about 2.8 × 10−1  km3/ky and 
7.5 × 10−2  km3/ky using the values of ages and volumes 
estimated by Nishiki et al. (2011) (Fig. 8b).

The long-term eruption rates of Yatsugatake volca-
noes are comparable to those of other active volcanoes 
in Japan: the average eruption rates of active volcanoes 
in Japan were estimated as about 0.1–1  km3/ky (Ono 
1990). The eruption rate of Yokodake is about one order 
of magnitude lower than that of the entire volcano group, 
suggesting that the volcanic activity of Yatsugatake vol-
canoes became weaker. This result is consistent with the 
shrinking active region at Yatsugatake volcanoes during 

the past 0.5  Ma. Their peak of activity occurred during 
ca. 0.4–0.2 Ma. Southern Yatsugatake volcanoes became 
calm after 0.1 Ma; only Yokodake volcano has remained 
active in the Holocene (Nishiki et al. 2011). Although the 
volcanic activity of all Yatsugatake volcanoes has weak-
ened over time, our results indicate that the eruption rate 
of Yokodake volcano has not declined during the past 
34  ky, suggesting that the volcanic activity of Yokodake 

Table 5  Age and  volume of  eruptive products 
and  estimated eruption rate of  Yokodake during  the  last 
34 ky and 3.4 ky

DRE volumes of tephras were calculated by assuming deposit density of 1.0 g/
cm3 and dense rock density of 2.5 g/cm3. Eruption rates during the last 3.4 ky 
(Total 1) and 34 ky (Total 2) were estimated. N.D. signifies no data available

Data were referred from the following sources: a Kawachi et al. (1978), b Okuno 
and Kobayashi (2010), c Oishi (2015), d Oishi and Suzuki (2004)

Unit Age (ka) Volume (DRE, 
km3)

Span (ky) Eruption 
rate (km3/
ky)

Y9-T tephra 0.6 5 × 10−4

Y9 lava 0.6 3 × 10−3 a

NYk-2 tephra 2.4–2.2b 8 × 10−4

Y8 lava 3.4 3 × 10−2 a

Total 1 3.4 × 10−2 3.4 1.0 × 10−2

Y7 lava N.D. 4 × 10−2 a

Y6 lava N.D. 3 × 10−2 a

Yt-Pm4 tephra 34c 2 × 10−1 d

Total 2 3.04 × 10−1 34 9.0 × 10−3
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Fig. 8  a Cumulative magma volume derived from Yokodake volcano. 
Dotted and dashed lines, respectively, indicate the eruption rate 
at 34 ky and 3.4 ky. b Estimated magma eruption rate of Yokodake 
volcano, northern Yatsugatake, and all Yatsugatake volcanoes 
obtained using our data and earlier results (Kawachi et al. 1978; Oishi 
and Suzuki 2004; Okuno and Kobayashi 2010; Nishiki et al. 2011; Oishi 
2015). Circles represent the eruption rate of Yokodake during the past 
34 ky and 3.4 ky. The triangle and square, respectively, represent the 
eruption rates of northern Yatsugatake and Yatsugatake volcanoes 
during a 0.5-My period
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might continue for some time into the future with an 
eruption rate of about 10−2 km3/ky.

Conclusions
The recent eruption history of Yokodake volcano was 
elucidated using multiple dating techniques, with 
application of 14C, TL, and paleomagnetic methods to 
the two most recent lava flows (Y8 and Y9) of the vol-
cano. Results have yielded volcanic activity estimates 
as presented below. The Y8 lava flow distributed at the 
eastern foot of the volcano was effused at ca. 3.4  ka. 
Explosive eruption without lava effusion occurred at 
ca. 2.4–2.2  ka, which led to ejection of NYk-2 tephra. 
The last activity, which occurred at ca. 0.6  ka, led to 
development of Y9 lava flows on the southern slope of 
the volcano, which were associated with Y9-T tephra. 
Magma eruption rates of Yokodake in 34 ky and 3.4 ky 
were estimated, respectively, as about 9 × 10−3  km3/
ky and 1 × 10−2  km3/ky. Recent eruption rates are 
about one order of magnitude lower than the long-
term eruption rates of the Yatsugatake volcano group 
(10−1–10−2  km3/ky), suggesting a decrease of the vol-
canic activity of the entire Yatsugatake volcano group. 
Recent eruption rates during two periods have been 
estimated as approximately equal values of about 
10−2 km3/ky. Volcanic activity at Yokodake might con-
tinue for some time into the future, although the erup-
tion rate is not high. This study demonstrated the use 
of multiple methods of dating as an effective tool for 
determining the age of young volcanic deposits. The 
reconstructed eruption history of Yokodake volcano is 
more active than that reported earlier. Substantial lava 
effusion at ca. 0.6 ka indicates that Yokodake is not an 
active volcano with low activity. It retains some poten-
tial for eruption, thereby spurring our recommenda-
tion that preventive measures against volcanic disasters 
be modified and reinforced at Yokodake, as it is a very 
popular tourist destination.
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