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Abstract  The Towada volcano, a prominent active volcano in the Tohoku region, has played a 
crucial role in providing widespread tephras. These tephras, beyond shaping the local 
geomorphology and geology, hold increasing significance as they are discovered in sediments of 
distal regions with the importance of climate change studies. The major element composition of 
volcanic glass shards, constituting the tephra, serves as a vital indicator for identifying these layers 
far from the source volcano. This study comprehensively measures the chemical compositions of 
major tephras of the Towada volcano from the late Quaternary to the present. While the chemical 
composition of each tephra exhibits similarities, distinctive characteristics are evident. Notably, 
SiO2 values in the Holocene show an increasing trend from older to more recent eruptive events, 
suggesting a shift toward more felsic tephras. In the Pleistocene, though less pronounced, 
variations and challenges in identification persist, emphasizing the importance of considering 
multiple information, such as stratigraphy, volcanic glass morphology, refractive index, mineral 
composition, and other chronological markers. 
 
Keywords: volcanic glass, Towada volcano, major element composition, Holocene, Pleistocene 
 
 
1. Introduction 
 
   The Towada volcano, situated in the northern part of northeast Japan (Fig. 1), commenced 
activity around 220 ka (Kudo et al. 2019). Its volcanic history unfolds in three phases: precaldera 
(220–61 ka), caldera-forming (61–15.5 ka), and postcaldera (15.5 ka to the present) (Hayakawa 
1985; Kudo et al. 2019). Throughout these periods, substantial tephra emissions covered extensive 
areas and have been identified as widespread tephras (Machida and Arai 2003). Recent discoveries 
in the varve sediments of Lake Suigetsu (McLean et al. 2018) and international identifications 
(Bourne et al. 2016; Sun et al. 2021) emphasize the global significance of these tephras beyond 
their role as age markers. However, the similarities in characteristics among tephras from a single 
volcano necessitate a comprehensive analysis and comparison for proper identification and 
differentiation. This study focuses on the major element compositions of volcanic glass shards in 
late Quaternary tephras from the Towada volcano. The samples selected have existing data on 
volcanic glass morphology, heavy mineral composition, and refractive index of volcanic glass 
shards (Table 1; Ishimura et al. 2014; Miyazaki and Ishimura 2018). Additionally, two 
uncorrelated samples from the Pacific coast of the Tohoku region were analyzed and correlated 
with tephras from the Towada volcano. 
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Fig. 1  Location map of sampling sites. See Table S1 (downloadable from the GR website) for 
more information on samples. 

 
 
2. Material and Method 
 
Tephra samples 
   Holocene tephras of the Towada volcano in the proximal area have been previously 
documented by Oike (1972) and Hayakawa (1985). A more recent and systematic analysis by 
Kudo and Sasaki (2007), Kudo (2008), and Kudo (2010) has detailed the tephrostratigraphy and 
eruption ages of these Holocene tephras. The Towada volcano’s recent eruption history, 
categorized as episodes A to G (Hayakawa 1985), has also been extensively covered by Kudo and 
Sasaki (2007), Kudo (2008), and Kudo (2010). This study focuses on measuring glass 
geochemistry within To-a (episode A), To-b (episode B), To-Cu (episode C), Herai ash (episode 
D'), Oguni pumice (episode D), and To-Nb (episode E) in the Holocene period (Table 1). The 
chemical composition of To-Cu, consisting of Utarube ash, Kanegasawa pumice, and Chuseri 
pumice from the youngest to the oldest (Hayakawa 1985), has been previously reported by 
Ishimura and Hiramine (2020) and is used for comparison with other Holocene tephras in this 
study. Additionally, two uncorrelated tephra samples from different outcrops were analyzed. One, 
labeled Sample No. 31, is a 20 cm thick tephra composed of yellow pumice lapilli, situated about 
1 m below the surface at Loc. 13 (Fig. 1), within black to brown soil. The second sample, labeled 
Sample No. 5, is from an outcrop facing the coast at Loc. 16 (Fig. 1), where a brown volcanic ash 
layer is situated approximately 1.5 m below the surface, overlain by soil, talus deposits, and 
rounded gravel deposits. Both are considered Holocene tephras based on their depth from the 
surface and stratigraphy. 
   Given the extensive coverage of the Towada volcano’s Pleistocene tephras on the marine 
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Table 1  Holocene and Pleistocene tephras from the Towada volcano  
 
 
 
 

Names of eruptive episodes and tephras in the Holocene are from Hayakawa (1985) and Kudo (2010).
Tephra names in the Late Pleistocene are from Machida and Arai (2003). *: Machida and Arai (2003), **: 
Kudo and Sasaki (2007), ***: McLean et al. (2018), ****: Kudo (2008), *****: Ito et al. (2017).

terraces in the Kamikita Plain (Koike and Machida 2001), studies on these tephras have evolved in
tandem with chronological investigations of the terraces (Table 1; Tohoku Region Quaternary
Research Group 1969; Oike et al. 1970; Miyauchi 1985; Kuwabara 2010). Petrological
characteristics of the Pleistocene tephras in the Kamikita Plain have been elucidated (Machida and 
Arai 2003; Kuwabara 2010). Ito et al. (2017) conducted optical stimulated luminescence dating of 
sediments covering marine terraces, providing age estimates for the Towada volcano tephras 
(Table 1). For Pleistocene tephras, this study measured To-H, To-HP, To-BP2, To-Of, To-G, To-Kb, 
To-Ok2, To-AP, To-CP, and NP tephras. Chemical compositions of NP, To-CP, To-AP, and To-Ok2

were previously reported by Miyazaki and Ishimura (2018) and are included in this study for 
comparative analysis with other Pleistocene tephras. However, chemical compositions for other 
tephras, though information on the refractive index of volcanic glass shards and heavy mineral 
composition is available (Miyazaki and Ishimura 2018), were not previously measured. This study
fills that gap by measuring the chemical compositions of To-H, To-HP, To-BP2, To-Of, To-G, and 
To-Kb tephras. Sample locations are depicted in Figure 1, and detailed sample information, 
including tephra names, coordinates, and references, is available in Table S1 (downloadable from 
the GR website).

SEM-EDS analysis
The tephra analysis utilized the 62–120 μm fractions, previously rinsed and sieved as outlined 

in prior studies. From December 2016 to July 2021, an energy dispersive X-ray spectrometer 
(EDAX GENESIS APEX2 and JEOL JSM-6930) was employed to measure the major element 
composition of volcanic glass shards, following the method and analysis conditions detailed by
Suzuki et al. (2014). Volcanic glass shards of Aira-Tn tephra (AT) (Machida and Arai 2003) were 
used as a working standard for assessing data reproducibility and instrument stability. Chemical
compositions reported in Miyazaki and Ishimura (2018) and Ishimura and Hiramine (2020) were 
measured using the same instruments and procedures applied in this study.
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Fig. 2  Characteristics of the major element composition of volcanic glass shards. Rock types are classified 

based on Le Bas et al. (1986). 
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Table 2  Mean and standard deviation of the major element composition 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Number on the upper line is the mean value and that on the lower line is the standard deviation. Measured 
values were recalculated to 100％ on a water-free basis. *: Total iron oxide as FeO. **: raw data before 
recalculations to 100 % on a water-free basis. 
 
 
3. Result and Discussion 
 
   The dataset, inclusive of individual data, mean values, and standard deviations for the major 
element composition of individual volcanic glass shards determined via SEM-EDS analysis, is 
presented in Table 2 and S2 (downloadable from the GR website). Diagrams illustrating 
SiO2–FeO, SiO2–Na2O, SiO2–Al2O3, and SiO2–Na2O + K2O relationships are shown in Fig. 2. 
 
Holocene tephras (To-a~To-Nb) 
   Except for the Herai and Utarube ashes, the Towada volcano’s Holocene tephras are 
predominantly rhyolitic (SiO2–Na2O + K2O in Fig. 2) and exhibit distinct, individually identifiable 
patterns (Fig. 2). 
   The To-Nb tephra shows one of the lowest SiO2 content (72.7–74.1 wt%) among the Holocene 
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tephras. Positioned between the To-Nb and To-Cu tephras, the Oguni pumice exhibits SiO2 values 
of 73.1–77.7 wt%, FeO values of 1.9–2.9 wt%, and slightly higher Al2O3 (11.6–14.8 wt%) than 
the To-Nb and To-Cu tephras. The Herai ash demonstrates SiO2 ranging from 70.0–79.5 wt%. The 
To-Cu tephra presents similar chemical compositions for Kanegasawa and Chuseri pumice, 
differing from Utarube ash. Kanegasawa and Chuseri pumice exhibit SiO2 values of 71.0–75.9 
wt% and FeO values of 1.8–2.9 wt%. Utarube ash, while variable, predominantly features higher 
SiO2 values than Kanegasawa and Chuseri pumice. The To-b tephra shows one of the highest SiO2 
contents (76.2–78.4 wt%) among Holocene tephras, similar to the To-a tephra, but with slightly 
lower FeO (1.3–1.9 wt%) and Al2O3 (12.9–13.7 wt%) than the To-a tephra. The To-a tephra, with 
the highest SiO2 content (75.6–77.6 wt%) among Holocene tephras, is divided into four units in 
the proximal area, all exhibiting similar chemical compositions. 
   Based on the results of the chemical compositions, the tephra at Loc. 13 (Sample No. 31) is 
correlated with To-Nb, and the tephra at Loc. 16 (Sample No. 5) is correlated with To-a. Both 
tephras are expected to be fallout tephras at the outcrop sites according to existing studies (e.g., 
Machida and Arai 2003). The recent identification of Oguni pumice at distal sites by Ishimura et al. 
(2014) is supported by chemical composition analyses. Holocene tephra data reveal a gradual 
increase in SiO2 values from To-Nb to To-a. 
 
Pleistocene tephras (To-H~NP) 
   The Towada volcano’s Pleistocene tephras exhibit dacitic composition in the To-Kb tephra, 
dacitic to rhyolitic composition in the To-Ok2 and To-CP tephras, and are predominantly rhyolitic 
in the rest, as indicated by the SiO2–Na2O + K2O relationship in Fig. 2. In contrast to Holocene 
tephras, the Pleistocene counterparts show significant SiO2 variation even within single tephra. 
Individual characteristics of these Pleistocene tephras are detailed below. 
   The NP tephra shows one of the highest SiO2 contents in the Pleistocene, ranging from 75.5 to 
77.9 wt%. This tephra exhibits low FeO (1.5–2.0 wt%) and high Al2O3 (13.0–13.9 wt%) 
compared to other Pleistocene Towada tephras, aligning closely with the characteristics of the 
To-H and To-Of tephras discussed below. The To-CP tephra stands out among Pleistocene tephras, 
positioned in the dacitic to rhyolitic range. Notably, it showcases high FeO (3.6–4.2 wt%) and low 
Na2O (3.8–4.1 wt%). The To-AP tephra shares similarities with the To-G tephra but features 
slightly higher FeO (1.8–3.1 wt%) and lower Al2O3 (12.8–14.1 wt%) than the To-G tephra. 
Characterized by SiO2 variation from 70.8 to 79.3 wt%, the To-Ok2 tephra is notably diverse. The 
To-Kb tephra, previously mentioned as dacitic, exhibits a trend on diagrams akin to the To-CP 
tephra. The To-G tephra demonstrates lower SiO2 content (70.4–75.3 wt%) than Pleistocene 
tephras subsequent to the To-Of tephras. However, its trend on the diagrams is similar to them. 
Although To-Of, To-BP2, To-HP, and To-H exhibit similar chemical compositions, To-Of 
(75.2–77.7 wt%) and To-H (75.6–78.1 wt%) show minimal SiO2 variation, while To-BP2 
(73.0–79.1 wt%) and To-HP (72.7–79.1 wt%) exhibit substantial SiO2 variability. 
   For Pleistocene tephras beyond the To-Of tephra, chemical composition similarities make 
geochemistry-based correlation challenging. However, those predating To-Of can be individually 
identified, except for the NP tephra. Consequently, additional information such as stratigraphy, 
volcanic glass morphology, refractive index, heavy mineral composition, and age information is 
deemed necessary for a comprehensive discussion on tephras from To-Of to To-H. The 
significance of including hornblende as a heavy mineral in distinguishing To-H and To-Of tephras 
has been emphasized (Machida and Arai 2003). However, it was also noted that the To-Of tephra 
also contains a small amount of hornblende, and the need for more precise chemical analysis 
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(LA-ICP-MS) was mentioned (Furusawa 2017). Identifying Pleistocene tephras from the Towada 
volcano requires a holistic interpretation incorporating not only chemical compositions but also 
other pertinent information. Moreover, since many tephras older than the To-Ok2 tephra have lost 
their volcanic glass shards due to weathering, characteristics like heavy minerals prove valuable 
for correlation (Miyazaki and Ishimura 2018). Comparing Holocene and Pleistocene tephras, the 
Pleistocene exhibits a larger variation in chemical composition. The connection of this difference 
to eruption style, size, or the caldera formation process warrants further examination. 
 
 
4. Conclusions 
 
   This study undertook the measurement of major element compositions of volcanic glass shards 
in Late Pleistocene to Holocene tephras originating from the Towada volcano. The findings reveal 
consistent chemical composition trends across this timeframe, yet the subtle variations in values 
enable the identification of numerous tephras. In contrast, for those with similar compositions, 
reliance on additional information beyond chemical composition enhances the reliability of 
identification and correlation. Additionally, since this study was not able to measure samples from 
multiple sites for a single tephra, future analyses encompassing multiple sites and units would 
contribute to more robust identification and correlation. 
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