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Abstract
Vulcanian activity is one of the most common eruption styles of arc andesitic volcanism on Earth. It ejects and deposits volcanic bombs around the source crater. Although paleomagnetic studies of volcanic bombs are limited, such studies can potentially provide more opportunities for high-resolution paleomagnetic dating of volcanic activity. In this study, paleomagnetic dating was applied to large (> 1 m) volcanic bombs around active craters in the Azuma volcano group, NE Japan. Oriented samples were collected from the interior parts of five large volcanic bombs situated on gentle slopes, a few hundred meters from the source crater. More than six core samples were collected from each bomb and all samples were subjected to a range of rock magnetic experiments, including anisotropy of magnetic susceptibility (AMS) and thermal/alternating field demagnetization (THD/AFD) analyses. The Characteristic Remanent Magnetization (ChRM) directions for specimens from all bombs were well-defined, have small α95 (< 2.5º), and are in close agreement with each other. Comparing our measured overall mean direction (Dm = 355.5º, Im = 49.8º, α95 = 1.6º) with modeled geomagnetic field estimates and a reference secular variation curve for this area (using MATLAB-based archaeomagnetic dating tool), we suggest that the volcanic bombs were produced in the historical Meiji period (1893–1895 CE) eruption. In addition, a combination of the data of ChRM, AMS, thermomagnetic analyses, hysteresis measurement, and XRF analysis indicates that the volcanic bombs were derived from a plug of lava in the conduit under the solidification point (ca. 800 °C), but above the Curie point of the titanomagnetite remanence carrier (around 300 °C). We show that volcanic bombs can be powerful for paleomagnetic dating if certain sampling conditions, such as quantity, situation, size and portion are satisfied.
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Introduction
In recent decades, paleomagnetic dating has been increasingly applied to volcanic rocks, such as lava and welded tuff. Eruption ages can be estimated by comparing measured paleomagnetic directions and intensities of volcanic rocks with paleosecular variation (PSV) curves (e.g.,Böhnel et al. 2016; Greve and Turner 2017). Furthermore, the resolution of PSV curves, recording the past few thousand years, has highly improved in recent studies (e.g.,Tanguy et al. 2003; Arrighi et al. 2006; Speranza et al. 2008; Hatakeyama 2013; Roperch et al. 2015; Turner and Corkill 2023). Considering geomagnetic direction changes of 0.05–0.20°/year, eruption ages with a time resolution of a few tens of years can be obtained when the mean ChRM direction of a volcanic rock is determined with a small α95 (< 3.0°). In a recent study (Hasegawa et al. 2023), we acquired precise (α95 < 3.0°) paleomagnetic directions from unconsolidated (non-welded) tephras, including air fall deposits. The applicability of paleomagnetic dating for volcanic rocks is expanding to ash layers with this technique (Hasegawa et al. 2023). Paleomagnetic dating can yield not only the eruption age but also the duration of a single eruptive event and intervals (time gaps) of successive eruptions (e.g., Pivarunas ta al. 2022; Hasegawa et al. 2023; Kósik et al. 2023).
On the other hand, the traditional 14C dating method has also usually been applied to determine the age of young (< 60 ka) eruption episodes. The resolution of 14C dating can be higher (less than tens of years) than that of paleomagnetic methods (e.g., 14C wiggle-match method: Kojo et al. 1994). However, the 14C method requires suitable organic materials, such as charcoal and paleosol, that are rarely found within lavas and volcanic bombs. One of the advantages of the paleomagnetic method is that we can use eruption products directly. To establish a tight age constraint of volcanic activity consisting of various eruption styles, combining the paleomagnetic and 14C methods would be effective.
Vulcanian eruptions are one of the most common eruption styles on Earth, especially from andesitic volcanoes that eject and deposit volcanic bombs around the source crater. Only a few paleomagnetic studies focusing on volcanic bombs have been published (e.g.,Cañón-Tapia 2017; Cole et al 2019), and these studies were aimed at investigating formation mechanisms and emplacement conditions, such as temperature. Difficulties of using volcanic bombs for paleomagnetic dating include the possibility of in-flight cooling and secondary movement after the acquisition of thermal demagnetization. However, if we can obtain appropriate paleomagnetic data from volcanic bombs, it can provide more valuable opportunities to date the volcanic activity that produced the bombs.
Here, we show how careful sampling and analysis of large volcanic bombs can provide reliable paleomagnetic ages. The samples were obtained from historical eruption products from the Azuma volcano group, which is one of the most active volcanoes in NE Japan. As a result of careful sampling and paleomagnetic analyses, the volcanic bomb samples yielded useful data that enabled us to re-define the historical eruption age. Although the main dating results have been reported elsewhere (Hasegawa et al. 2023), in the current study we have added the results of alternating field demagnetization (AFD), anisotropy of magnetic susceptibility (AMS), thermomagnetic analyses, hysteresis measurement, and XRF analysis to investigate the carrier magnetic minerals, and the magnetization acquisition processes of the volcanic bombs. Moreover, the MATLAB-based archaeomagnetic dating tool of Pavón-Carrasco et al. (2011) allowed us to obtain quantitative estimates of the age and its probability distribution. These new results are presented in this paper.

Azuma–Jododaira volcano
The Azuma volcano group consists of E–W-trending composite cones located in the central part of the volcanic front of NE Japan. The eastern part of the volcano group is composed of several volcanic peaks, such as Mt. Issaikyozan (elevation 1,949 m), Maedaiten and Higashiazumayama (Fig. 1). An amphitheater-like large (> 2 km in diameter) depression surrounded by these volcanic peaks, named Jododaira, forms and opens to the east. In Jododaira, pyroclastic cones, such as Azumakofuji and Okenuma, as well as multiple craters (Fig. 1) were generated during the Holocene (Yamamoto 2005). The Holocene volcanic area within Jododaira is generally referred to as “Azuma–Jododaira volcano” and is defined as an active volcano in Japan (Yamamoto 2005; Matsumoto, et al. 2018). The Ohana and Tsubakurosawa craters are located on the southeastern flank of Mt. Issaikyozan (Fig. 1) and are the most active with notable continuous fumarolic activity today (Fig. 2).[image: ]
Fig. 1Index map of Azuma–Jododaira volcano after Hasegawa et al. (2023). The base slope gradation map is provided by the Geospatial Information Authority of Japan (GSI) as a part of the GSI Tiles collection. A dot and circle with blue labels (A ~ E) are the locations of oriented sampling for large breadcrust bombs (see Fig. 2). Tb Tsubakurosawa craters, Oh Ohana crater, Iw Iwodaira–Minami crater. Triangles: peaks of strato-cones consisting of eastern Azuma volcano group. Inset shows the volcanic front of NE Japan and the situation of Azuma volcano group

[image: ]
Fig. 2Aerial photo of Tsubakurosawa craters from southeast (after Hasegawa et al. 2023). Five bombs for oriented sampling (A–E) are marked by circles. Note the authors near bombs C for scale. Monument: monument for Mr. Miura and Mr. Nishiyama. Insets shows close-up of the volcanic bombs. Note that these bombs are embedded in the ground with their interior parts partly exposed due to disintegration of the breadcrust surface


Mount Issaikyozan lava (Issaikyo lava) shows a wide range of K–Ar ages from 500 to 180 ka (Matsumoto, et al. 2018). The age and formation process of Jododaira has not been clearly defined (Furukawa et al. 2018). Azumakofuji, the most prominent cone of Azuma–Jodododaira volcano is composed of lava flows, strombolian ejecta, and vulcanian tephra that give 14C and tephrochronologic ages of 6–5 ka (Yamamoto 2005). Subsequent activity related to multiple craters, including Iwodaira-Minami, Ohana, and Tubakurosawa craters, have been geologically studied by Yamamoto (2005) and Imura et al. (2021). However, the detailed stratigraphy and ages are still unclear.
Based on the summary of historical accounts by Yamamoto (2005), the oldest eruption occurred in the Kamakura period (1333 CE) from Ohana crater. The next was the Edo period eruption around 1711 CE (Yamamoto 2005), followed by the Meiji period eruption of 1893–1895 CE that occurred at the Tsubakurosawa craters (Fig. 1). There is no geophysical observation record, but many detailed field surveys and eyewitness accounts of the Meiji period eruption exist (e.g.,Omori 1893; Yokoyama 1893). Two investigators, Mr. Miura and Mr. Nishiyama from the Japan Geological Survey were killed during their field survey of the 7th June, 1893 eruption. After the Meiji period eruption, phreatic eruptions were recorded and observed several times at the Ohana crater, such as in 1914, 1950 and 1977 CE. In the current study, we sampled volcanic bombs distributed mainly around the south of the Ohana and Tsubakurosawa craters. Based on 14C ages of organic materials in the underlying phreatic eruption deposit, Yamamoto (2005) suggested that one of the bombs is from the Kamakura period (1331 CE) eruption. However, there has been no direct dating data for the volcanic bombs and the exact age remains unclear.

Sampling and analytical methods
Sampling and petrological analysis
Huge and glassy-breadcrust bombs containing large olivine phenocrysts are characteristically recognized at the surface south of Ohana and Tsubakurosawa craters of Azuma–Jododaira volcano (Fig. 2). For paleomagnetic studies, we carefully selected and sampled five bombs (A, B, C, D and E), avoiding steep slopes, or any evidence of secondary movement after their emplacement. All the bombs were more than 1 m in diameter and embedded in the ground (Fig. 2). The breadcrust parts of all the bombs except D fell apart exposing the interior portion (Fig. 2). Six oriented cores (2.54 cm in diameter) were collected from the massive (non-cracked) interior portions of each bomb (Additional file 2: Table S1). The bombs are olivine pyroxene andesite, with slight variation of whole rock compositions (SiO2 = 58.35 ~ 60.04 wt.%, FeO*/MgO = 1.55 ~ 1.89 wt.%, and K2O = 1.48 ~ 1.97 wt.%) (Additional file 2: Table S2). In this study, the whole-rock chemistry was analyzed by X-ray fluorescence (XRF: RIGAKU PRIMUS II system, Ibaraki University) and the samples were prepared using the glass beads method of 1:2 dilution described by Hasegawa et al. (2019).

Magnetic analyses
Magnetic analyses carried out at Ibaraki University Japan, included measurement of the anisotropy of magnetic susceptibility (AMS) and natural remanent magnetization (NRM) prior to and following progressive thermal (THD) or alternating field (AFD) demagnetizations. AMS measurements were conducted using an AGICO Kappabridge KLY-3, with the aim of constraining the magnetic fabric of each bomb. Most samples were subsequently subjected to stepwise THD using a TD-48, ASC Scientific furnace up to a peak temperature of 630 ºC. Alternating field demagnetization was conducted on samples from one volcanic bomb (bomb “D”) using an AGICO LDA-5 AF demagnetizer to a peak alternating field of 100 mT for checking coercivity and magnetic carrier minerals and consistency with the results of THD. Remanences were measured by an AGICO JR-6A. Characteristic remanent magnetization directions (ChRM) were calculated using principal component analysis (PCA) (Kirschvink 1980). Datapoints for ChRM calculation were selected from the most stable component trending towards the origin of the vector component plot. As a result, the maximum angular deviations (MAD) for THD samples (without bomb D) were less than 2.1º (Additional file 2: Table S1). The MAD values for bomb D were relatively larger, especially for AFD samples, but less than 8.4º (Additional file 2: Table S1). Unit (site) mean directions and 95% confidence intervals (α95) were calculated from individual specimen ChRM directions using Fisher statistics (Fisher 1953).
Thermomagnetic curves were measured on 3–6 chip samples of ∼10–100 mg for each bomb except D using a magnetic balance in Kochi University (NMB-89, Natsuhara Giken). For the measurement, induced magnetization was continuously monitored during a temperature cycle between room temperature and 700 ºC under a field of 300 mT with vacuum condition (1–10 Pa). Hysteresis measurements were also conducted on 3–6 sister chip samples of ∼10–100 mg for each bomb except D by a vibrating sample magnetometer (MicroMag 3900 VSM, Lake Shore Cryotronics Inc., USA). A so-called Day plot (Day et al. 1977) was drawn based on the resultant key hysteresis parameters, namely, saturation magnetization (Ms), saturation remanent magnetization (Mrs), coercive force (Bc), and coercivity of remanence (Brc). To characterize magnetic domain state in more detail, a chip sample of the bomb A was subjected to a measurement to construct a first-order reversal curve (FORC) diagram (Pike et al. 1999; Roberts et al. 2000, 2014) to map the distributions of coercivity (Hc) and magnetostatic interaction (Hu) at room temperature using the vibrating sample magnetometer. Calculation and analysis of the FORC diagram were performed using the FORCinel software version 3.08 released in 2022 (Harrison and Feinberg 2008).


Results and interpretations
Anisotropy of magnetic susceptibility (AMS)
Anisotropy of magnetic susceptibility data are summarized in Additional file 2: Table S1 and Fig. 3. T-Pj plots show a relatively low degree of anisotropy (Pj < 1.051), and a weak trend towards more oblate shapes with increasing Pj value. Each Kmin, Kint and Kmax is well-grouped within a single bomb (Fig. 3). The Kmin axes of bomb “B” are almost vertically oriented. However, the mean directions of Kmin and the lineation (clustering of Kmax orientations) for five bombs, including B, are randomly distributed.[image: ]
Fig. 3Lower-hemisphere stereographic projections of the principal axes of magnetic susceptibility (AMS) for each unit. Black: Kmax, blue: Kint, red: Kmin. Red square represents site mean direction of Kmin axes with the 95% confidence ellipses. Bottom right box shows the plot of anisotropy degree (Pj) versus shape parameter (T) for all data



Rock magnetic experiments
The thermomagnetic curves all show a single Curie temperature (Tc) mainly of ~ 260 to 320 ºC and only minor differences are observed between the heating and cooling curves (Fig. 4). These suggest that the main magnetic carriers are titanomagnetites (TMs) with moderate Ti content that have not suffered from low-temperature oxidation (weathering). Of these, bombs A and B show a slightly lower Tc of ~ 260 ºC (Fig. 4a, b) compared to the Tc of ~ 320 ºC for bomb C (Fig. 4c), while bomb E exhibits intermediate characteristics between them (Fig. 4d). These behaviors seem consistent with the fact that bombs A and B were taken from adjacent and nearly identical locations, bomb C from a short distance away, and the bomb E from a point midway between these locations (Fig. 2).[image: ]
Fig. 4Thermomagnetic curves of the chip samples from bombs A (a), B (b), C (c), and E (d). Red (blue dashed) lines indicate heating (cooling) cycle


The hysteresis data are distributed slightly to the right of the theoretical mixing curve for single-domain (SD) and multi-domain (MD) magnetite particles (Dunlop 2002) in the Day plot, with the volume fraction of MD being greater than ~ 90% in most cases (Additional file 1: Fig. S1a). Because the theoretical curve for Ti-rich TM moves towards the upper-right-hand region of the Day plot (Dunlop 2002), the distribution is consistent with the dominant presence of TMs with Tc of ~ 260 to 320 ºC as the main magnetic carrier. A large contribution of MD-like remanence carriers is confirmed from the FORC diagram (Additional file 1: Fig. S1b), as open MD-like contours are clearly recognized for the ranges of Bc from 0 to ~ 20 mT and Bu from ~ −50 to ~ 50 mT. This is consistent with the AFD result that a large reduction in NRM is observed by ~ 20 mT (see next section: Fig. 5f). However, a central ridge along the Bc axis of the FORC diagram, extending to ~ 60 mT at Bu ∼0 is also recognizable, which is the indication of the presence of some noninteracting SD-like magnetic particles. In the AFD result, the characteristic remanence component is extracted from the coercivity interval between 20 and 60 mT (Additional file 2: Table S1), and this is considered to be carried by SD-like magnetic particles.[image: ]
Fig. 5Orthogonal vector end-point plots for thermal demagnetization results of NRM for representative specimens from each site. Solid blue and open red symbols are projections onto horizontal and vertical planes, respectively. D4b was subjected to alternating field demagnetization (AFD)



Demagnetization behavior and remanent magnetization directions
From THD experiments, all the samples show a single stable component of magnetization that decreases linearly towards the origin of the vector component plot, after removal of the secondary viscous component. In most cases, the ChRM directions can be resolved from the temperature intervals above 100–200 °C and main reduction in the natural remanent magnetization (NRM) are observed below ~ 260–320 ºC which are the estimated Curie temperature of main phase (Additional file 2: Table S1; Fig. 5a–e). During AFD, samples lost ca. 90% of their remanence intensity at applied peak fields lower than 45 mT (Additional file 2: Table S1; Fig. 5f). These data support the result of rock magnetic experiments that the main carrier magnetic mineral is titanomagnetite (TM) with relatively low coercivity. The ChRM directions of the AFD experiment (on 3 samples from bomb D) are almost consistent with those of THD. We then combined the ChRM directions of both AFD and THD to calculate the site mean of remanent magnetization direction for bomb D. The ChRM directions for specimens from all 5 bombs (A, B, C, D and E) are well-grouped with α95 values 2.5º or less. The mean directions for the bombs show good agreement with the range in declination from 351.9 to 356.8º, and in inclination from 48.8 to 51.4º and are not different with the 95% confidence limit from each other (Table 1; Fig. 6). Based on these data, it is suggested that all the five volcanic bombs landed at or above unblocking temperature (~ 200 to 480 °C) and were not moved nor re-heated after the emplacement. The overall mean paleomagnetic direction (all-site mean direction an average over the 5 means for each bomb: total number of specimens N = 33) is Dec = 355.5°, Inc = 49.8° with a 95% confidence of 1.6°, updated from the values of Hasegawa et al. (2023).Table 1Site mean ChRM direction for each volcanic bomb (A–E) together with their overall (all-site) mean direction at the south of Tsubakurosawa craters


	Bomb (site)
	Dm (deg)
	Im (deg)
	α95 (deg)
	k
	N
	Coordination

	A
	356.1
	50.1
	1.0
	4367.0
	6
	37°43ʹ16.4ʺN, 140°14ʹ57.8ʺE

	B
	356.0
	49.4
	1.5
	1962.7
	6
	37°43ʹ16.5ʺN, 140°14ʹ57.6ʺE

	C
	351.9
	48.8
	2.5
	721.6
	6
	37°43ʹ17.0ʺN, 140°14ʹ56.7ʺE

	D
	356.8
	51.4
	2.5
	438.1
	9
	37°43ʹ19.7ʺN, 140°14ʹ47.6ʺE

	E
	357.0
	49.4
	1.3
	2558.7
	6
	37°43ʹ16.4ʺN, 140°14ʹ56.9ʺE

	All-site mean
	355.5
	49.8
	1.6
	 	5*
	 

Dm, Im, α95, k and N indicate mean declination, mean inclination, 95% confidence limit angle, precision parameter, number of specimens used to determine the site-mean, respectively. Data of other than site D are from Hasegawa et al. (2023). Those of D are updated from Hasegawa et al. (2023)
*The all-site mean direction an average over the 5 means for each bomb


[image: ]
Fig. 6Equal area projection of mean characteristic remanent magnetization (ChRM) directions for each volcanic bomb (A ~ E) collected at the south of Tsubakurosawa craters (after Hasegawa et al. 2023). Symbols (circle, triangle, and square in different color) indicate the individual mean directions, while ellipses denote their 95% confidence limit angles (α95)




Discussion
Paleomagnetic dating
The ChRM directions of samples from the five volcanic bombs show an overall good agreement as evidenced by overlap of their mean directions at the 95% confidence level (Fig. 6; Table 1). The overall mean direction (updated by adding the result of AFC experiment from Hasegawa et al. 2023) is defined as Dec = 355.5°, Inc = 49.8° with 95% confidence of 1.6°. Although the five bombs have slight variations both in rock magnetic properties and chemical compositions, they provide very consistent paleomagnetic directions, as would be expected if they record the geomagnetic field when the bombs were emplaced and cooled. Hasegawa et al. (2023) suggested that the five bombs are from Meiji period eruption based on the correlation between the mean ChRM direction and the available paleosecular variation (PSV) curve. Here, we quantitatively verify the result based on the updated mean direction and reasonable field models with mathematic computation tool.
Based on the global historical geomagnetic field model “gufm1” (Jackson et al. 2000), the magnetic field direction at the Azuma–Jododaira volcano (Lat. = 140.25E, Long. = 37.72N, Alt. = 1581 m) in 5th June 1893 CE is Dec = 355.13° and Inc = 51.36°. The gufm1 is a time-dependent field model from an extensive compilation of historical records, observatory annual means, and satellite observations of the magnetic field during 1590–1990 CE (Jackson et al. 2000). Our overall mean direction well matches the model field direction by gufm1 within the 95% confidence interval. Next, we conducted paleomagnetic dating by comparing the overall mean direction to the locally constructed paleosecular variation (PSV) curve for Japan, as the JRFM2K.1 (Hatakeyama 2013). The JRFM2K.1 is compiled from several thousands of archaeomagnetic data mainly obtained from buried kilns and baked earths, reconstructing the geomagnetic secular variation model for the past 2000 years in Japan (Hatakeyama 2013). We used the directional record from 400 to 2000 CE as the accuracy and precision of the PSV curve for 1 to 400 CE is particularly low due to the sparse data for this time period. Our overall mean direction was matched to the JRFM2K.1 model using the MATLAB-based dating tool of Pavón-Carrasco et al. (2011) after relocation to 140.25°E and 37.72°N (Azuma–Jododaira volcano). The combination of probability density functions of declination and inclination (95% confidence) yields two matching age ranges estimated: 400–498 CE, and 1829–1900 CE (Fig. 7). The younger matched age range encompasses the 1893–1895 CE of Meiji eruption. The older matched age range (400–498 CE) shows stronger peak comparing to younger one. However, recent geological studies (Yamamoto 2005, Furukawa et al. 2018; Imura et al. 2021; Hasegawa et al. 2023) reported no eruption deposits around 400–500 CE. In addition, Yamamoto (2005) obtained many 14C ages of around 1300 CE from organic materials in the phreatic eruption deposit that underlies the volcanic bombs in this area. Moreover, the volcanic bombs we sampled were situated on the current surface and not covered by any young ash. Consequently, it is concluded that the olivine-rich and large, breadcrust bombs at the south of Tsubakurosawa craters were formed during the Meiji period (1893–1895 CE) eruption. Based on the 14C ages of underlying phreatic eruption deposits as mentioned above, Yamamoto (2005) suggested that the huge (4 m in diameter) bombs in this area are from the Kamakura period (1331 CE) eruption. However, it should be noted that the14C ages are not directly from the bomb samples. More detailed geological description, deciphering historical documents, and discussions are reported in Hasegawa et al. (2023).[image: ]
Fig. 7Result of paleomagnetic dating using MATLAB archaeomagnetic dating tool (Pavón-Carrasco et al. 2011), based on the paleosecular variation (PSV) curve reference model (JRFM2K.1 by Hatakeyama 2013). PSV curve for the declination, inclination (every 50 years) are shown as thick red lines (thin red lines for the associated α95% level estimated as 2° for convenience), together with the probability density curves (in orange-shade below each PSV curve). Paleomagnetic declination, inclinations of our samples (relocated to Azuma–Jododaira as 140.25E and 37.72N) are shown in the PSV curve graphs as blue straight lines; the green dashed lines above and below are the associated α95% levels. The final combined probability density curves are shown in light blue-shade (the 95% confidence levels are shown as a green line). Preferred palaeomagnetic age estimates (1829–1900 CE) is arrowed and shown by red color



Eruption style inferred from the emplacement condition of volcanic bombs
Vulcanian eruptions are interpreted as rupturing of a cap rock (plug) from the uppermost part of a volcanic conduit (Wright et al. 2006). Vulcanian eruption products are generated as a result of explosion and fragmentation of the lava plug in the conduit system. Breadcrust bombs with andesitic chemical composition are some of the typical products of vulcanian eruptions (Wright et al. 2006), suggesting that the bombs we analyzed are the products of vulcanian activity. In this section, we discuss the processes and style of the Meiji period eruption on the basis of the paleomagnetic data that was not presented in Hasegawa et al. (2023).
Anisotropy of magnetic susceptibility (AMS) fabrics are often used for investigating the flow directions of continuous magmatic fluid, such as lava flow. The Kmax–Kint plane is generally parallel to the flow-related fabrics of a fluidal lava flow or dike intrusion (Kapawar et al. 2021). The AMS plots showing vertically clustered Kmin and horizontally distributed Kmax and Kint, like that of bomb B in this study (Fig. 3), are typically observed in cases of fluidal lava flows (Herrero-Bervera et al. 2002; Zhu et al. 2003; Nagaraju and Parashuramulu 2019; Kapawar et al. 2021). In this case, the direction of Kmax tends to represent the flow alignment of lava (and dike). It was difficult to identify flow textures in the volcanic bombs in the field due to the massive and glassy lithology. However, the random distribution of Kmin (perpendicular to the Kmax–Kint plane) of the five bombs (Fig. 3) suggests that each bomb was derived from a solidified plug of lava in the conduit, and it was fragmented and ejected in pieces by vulcanian explosions (e.g., Iguchi et al. 2008). The AMS fabric of the lava plug was frozen-in below the solidification point, which is generally 800–1000 °C at 1 atm for andesitic to basaltic magma (Lambert and Wyllie 1974; Stern et al. 1975). After that, each fragmented piece of the bomb was rotated during the flight and landed at the surface, resulting in random Kmin orientations. However, they were still hot at the landing, and it is considered that the ChRM direction of each bomb was blocked during cooling from above their Curie temperature of ~ 260 to 320 °C to ambient temperature, after the emplacement. The AMS feature of bomb B showing almost vertical Kmin axes would not be from gravitational compaction and deformation at (or after) the landing but just a coincidence, because the anisotropy degree Pj of bomb B is not so large and not different from that of other bombs (Pj = 1.029–1.051) (Additional file 2: Table S1).


Concluding remarks
Hasegawa et al. (2023) already estimated the eruption age of the volcanic bombs around the Tsunakurosawa craters based on paleomagnetic dating by the THD experiment. However, this paper further improves the technique and results by combining data from the thermomagnetic analysis, hysteresis measurements, AMS and AFD experiments, XRF chemical analysis, and MATLAB-based archaeomagnetic dating. The results of this paper validate the utility of volcanic bombs for further paleomagnetic research. It can be a powerful paleomagnetic tool if we can access the area around the source craters and safely perform oriented sampling of the volcanic bombs. The effective sampling technique of volcanic bombs for paleomagnetic dating can be summarized as follows. At first, collection of multiple samples from at least four to five (A to E in this study) bombs is essential to obtain reliable paleomagnetic data. It should be checked if the petrological features, such as petrography, mineral assemblage, and chemical composition, are common for these samples (bombs). Furthermore, the sampling sites and conditions of each bomb should be carefully selected to avoid the possibility of secondary movement (tilting and rotation). Large bombs embedded in the ground have very low possibility of the secondary tilting and rotation. Samples from the interior parts of large volcanic bombs would be ideal, because they are likely to have cooled more slowly and had a greater chance to acquire stable thermal magnetization at higher temperatures. The AMS measurement is also helpful in evaluating the temperature conditions at the time of ejection, which is decisive for eruption style. Finally, a well-established paleo secular variation curve and a combination with geological data and 14C age are required for high-resolution constraints on the paleomagnetic dating method.
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