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Abstract
Mt. Fuji is an active basaltic volcano near the Tokyo metropolitan area; future eruptions could thus have serious nationwide impacts. To better understand recent volcanism at Fuji Volcano, we here clarify temporal variations of eruption rate and magma composition since 5.6 ka based on time-series volumetric and geochemical data of eruptive products in a new stratigraphic sequence. Volcanic activity during the studied period consisted of (i) the emission of many lava flows that formed a new volcanic edifice between 5.6 and 3.45 ka, (ii) a period dominated by explosive events both at the summit and on the flanks of the volcano between 3.45 and 2.25 ka, and (iii) a period dominated by flank fissure eruptions since 2.25 ka. The eruption rate (dense-rock equivalent, DRE) was 3.5 km3 DRE/kyr during the edifice-building period, decreased to 0.8 km3 DRE/kyr during the explosive period, and then increased to 2.0 km3 DRE/kyr since 1.5 ka. Erupted magmas were dominantly basaltic and geochemically similar through time, except for increased Sr contents and decreased Ca/Sr ratios during the explosive period. Similarly, the geochemical properties of the parental magmas did not change greatly, although the Sr contents and Ca/Sr ratios of magmas erupted during the explosive period reflect the delayed fractionation of plagioclase due to the increased water contents of the parental magmas at that time.
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Introduction
Mt. Fuji is the largest active stratovolcano in Japan and has been dormant since the AD 1707 Hoei eruption (Miyaji 2011). Although there are no superficial signs of volcanic activity, deep low-frequency seismicity occurred frequently beneath Fuji Volcano between 2000 and 2001 (Ukawa 2005). An eruption of similar scale to the Hoei one, would cause great impacts nowadays, especially because of volcanic ashfall that could occur within the entire nation and especially within the nearby Tokyo metropolitan area, which is situated 100 km to the east of the volcano (Yamamoto and Nakada 2015). In response to the 2000–2001 seismicity, the Japanese Government founded the Review Committee of Volcanic Hazard Mitigation of Fuji Volcano and, in 2004, published the first edition of the hazard map based on available findings at that time. Subsequently, the Geological Survey of Japan performed field surveys and trench excavations of the entire volcanic area and revised the geological map of Fuji Volcano with new stratigraphic division of the Hoshiyama, Fujinomiya and Subashiri stages (Fig. 1; Takada et al. 2016). Based on this eruptive history, the hazard map was updated in March 2021 by the Shizuoka and Yamanashi Prefectures.[image: ../images/40623_2021_1505_Fig1_HTML.png]
Fig. 1Simplified geologic map of Fuji Volcano. There is no mappable unit for the Subashiri-a stage (8 to 5.6 ka), because this was a quiescent period without lava flows.
Modified from Takada et al. (2016). Red triangles in the index map are Quaternary volcanoes; ER = Eurasia plate, PC = Pacific plate, PS = Philippine Sea plate



Fuji Volcano is situated in the zone of the collision between the Northeast Japan and Izu-Mariana arcs (Fig. 1). Magmatic activity at Fuji results from the subduction of the Pacific slab beneath the Eurasian and Philippine Sea plates (Fujii 2007). Erupted magmas are petrologically characterized by highly differentiated basaltic magmas with FeO*/MgO ratios > 1.5 and containing abundant incompatible elements (Togashi and Takahashi 2007; Fujii 2007). Here, based on volumetric and compositional data of eruptive products from our new results (Takada et al. 2016; Yamamoto et al. 2020; Ishizuka et al. 2021), we report detailed variations of the eruption rate and the geochemistry of eruptive products since 5.6 ka, i.e., after a marked quiescence. Although the general framework for the changes in eruption rate including that period was reported by Miyaji (2007) and the chemical compositions of ejecta were described by Takahashi et al. (1991) and Kaneko et al. (2014), we here provide more detailed time-series data according to the new eruption stratigraphy (Additional file 1: Tables S1 and S2). As a result, our precise data show a more quantitative eruption history and give new insights into the relationship between the diversity of eruptive styles and magma compositions at Fuji Volcano.
Eruptive history of Fuji Volcano
Fuji Volcano has erupted basaltic magmas since its birth about 100 ka. However, the chemical compositions of eruptive products and the eruptive styles have not remained constant. For example, after 17 ka, incompatible element concentrations in the eruptive products changed (notably, the mean Zr/Y ratio increased from 2.8 to 3.3; e.g., Togashi and Takahashi 2007) and the eruptive style changed from explosive eruptions (the Hoshiyama stage) to effusion of voluminous lava flows (the Fujinomiya stage). The eruption activity decreased drastically during 8.0–5.6 ka, followed by a resumption of activity and rapid growth of a new edifice with the present summit crater (Miyaji 2007). Since 8 ka, the eruptive activity is defined as the Subashiri stage (Fig. 1), which has been divided into four substages (from -a to -d) based on the geological characteristics of the products by Takada et al. (2016) and summarized here. All eruptive products younger than 5.6 ka are listed in (Additional file 1: Table S1). The changes in the ratio of pyroclastic volume to total ejected volume shown in this study are consistent with the division of the substages (Fig. 2).[image: ../images/40623_2021_1505_Fig2_HTML.png]
Fig. 2Cumulated eruptive magma volumes and ratio of pyroclastic to all eruptive products. Because the volume of the Subashiri-b stage edifice cannot be subdivided for each eruption, the total volume is shown spanning the entire Subashiri-b stage. The eruptive volume and age of each eruption event is listed in (Additional file 1: Table S1). Blue dashed lines indicate the average eruption rate. B1 and B2 are bending points of the rate


Subashiri-a stage (8.0–5.6 ka)
This substage was a period of relative quiescence during which only small volumes of basaltic scoria fall deposits were sparsely erupted without accompanying lava flows (S-0 to S-4 scoria eruptions; Miyaji 1988). The Fuji Black Soil formed around the volcano during this stage, creating a boundary between older (> 8.0 ka) and younger (Subashiri stage) tephra (Machida 1964).
Subashiri-b stage (5.6–3.45 ka)
Eruptive activity increased after the S-5 scoria eruption at 5.6 ka, resulting in the construction of the new volcanic edifice (Sb-ud in Table A1; total volume ca. 5 km3 dense-rock equivalent, DRE), which comprises many thin basaltic lava flows emitted from the central conduit. Construction of the present summit region continued until 4.1 ka. Flank lava effusions occurred radially in all directions during this period, the largest being the Nihon-land lava flow (0.29 km3 DRE) on the southern flank at 3.8 ka. Pyroclastic materials accounted for < 10% of the total mass of eruptive products during this substage (Fig. 2).
Subashiri-c stage (3.45–2.25 ka)
Explosive basaltic sub-Plinian eruptions (S-10, Osawa, S-11, and S-12) occurred at the summit at the beginning of this substage, followed by explosive flank eruptions (Omuroyama-Katabutayama and S-13) that formed large scoria cones on the northwestern and southeastern flanks from 3.25 to 3.15 ka. Some pyroclastic fall deposits emplaced on the steep (> 34°) western flank repeatedly generated secondary basaltic pyroclastic flows (Yamamoto et al. 2005). The eastern flank of the edifice collapsed at 2.90 ka, producing the Gotenba debris avalanche. After the collapse, explosive basaltic eruptions from the summit became dominant. Conversely, explosive summit eruptions (Ginmeisui, Mishimadake, and Kengamine) from 2.60 to 2.25 ka deposited continuous agglutinate sheets on the upper flank, producing secondary rootless lava flows; the largest example was the Omuroyama-Katabutayama eruption, with a volume of 0.35 km3 DRE. Pyroclastic materials accounted for > 90% of the total mass of eruptive products during this substage (Fig. 2).
Subashiri-d stage (2.25 ka to present)
The Kengamine eruption was the last summit eruption; subsequent recent eruptions were exclusively basaltic flank eruptions restricted to within 13.5 km of the summit. The frequency of flank eruptions increased to 20–30-year intervals during 1.5 to 1.0 ka, during which time pyroclastic materials accounted for < 10% of the total mass of eruptive products (Fig. 2). The AD 864–866 Jogan eruption, the largest since 5.6 ka, occurred on the lower northwestern flank and produced the Aokigahara lava flow (1.3 km3 DRE; Chiba et al. 2007). Volcanic activity decreased from 0.9 to 0.3 ka. The Plinian AD 1707 Hoei eruption was the most recent eruption at Fuji, occurring on the southeastern flank 49 days after an M 8–9 earthquake along the Nankai trough. The volume erupted during this event was estimated at 0.68 km3 DRE (Miyaji et al. 2011), and ash reached distal areas such as Tokyo. The first material erupted was dacite pumice, followed sequentially by andesitic and then basaltic scoria; eruptive products were exclusively pyroclastic materials (Fig. 2).
Eruption rates since 5.6 ka
The DRE eruptive volumes of each eruption, since 5.6 ka (Additional file 1: Table S1) were compiled by Ishizuka et al. (2021). Using this data set, we constructed a time variation diagram of the cumulative eruption volume at Fuji Volcano (Fig. 2). We did not subdivide the volumes of the many lava flows composing the Subashiri-b stage edifice (Sb-ud), but instead report their total volume for the overall duration of the edifice-building activities. The average eruption rate during the cone-building Subashiri-b stage was 3.5 km3 DRE/kyr. Despite the change to explosive eruptions during the Subashiri-c stage, this high eruptive rate continued until 3.1 ka (B1 in Fig. 3). The eruption rate then markedly decreased to 0.8 km3 DRE/kyr, although the relatively large sub-Plinian Mishimadake and Kengamine eruptions that ejected ~ 0.2 km3 DRE each at 2.50 and 2.25 ka, respectively. Eruptive activity increased to an average eruptive rate of 2.0 km3 DRE/kyr during the Subashiri-d stage, and more specifically from 1.5 ka (B2 in Fig. 3) until the Hoei eruption. However, eruption sizes and repose intervals were uneven during that period, and it is difficult to set a constant eruption rate as in the Subashiri-b and -c stages. For example, the Jogan eruption was much larger than other eruptions of this stage, and the average eruption rate varies greatly depending on the period selected. Furthermore, the abrupt Hoei eruption was preceded and followed by about 200 and 300 years of quiescence, respectively. The Hoei eruptive volume was also several times larger than those of sub-Plinian eruptions in the Subashiri-b and -c stages. Eruptive patterns, since 1.5 ka are thus quite different from those prior.[image: ../images/40623_2021_1505_Fig3_HTML.png]
Fig. 3Temporal variations of the geochemistry of eruptive products since 5.6 ka. Green dashed lines indicate the geochemical range of the Subashiri-b stage edifice (Sb-ud). B1 and B2 are bending ages of the eruption rate in Fig. 2. Sc-S13 = the S-13 eruption (3.15 ka), Sd = Ho = AD 1707 Hoei eruption


Petrological characteristics of the Subashiri-stage products
Various types of basaltic products have been erupted, since activity began at Fuji Volcano; these range from aphyric basalts to porphyritic ones with phenocryst assemblages comprising various combinations of plagioclase, olivine, clinopyroxene, and orthopyroxene. Basaltic andesite was occasionally erupted during the Subashiri-stage, and aphyric andesite–dacite magmas were ejected in association with basaltic products of the S-13 (3.15 ka) and AD 1707 Hoei eruptions. Although such SiO2-rich magmas are rarely erupted, melt inclusions in olivine suggest that these intermediate to felsic magmas were preserved in shallow chambers as relicts of previous basaltic eruptions (Kaneko et al. 2010). Eruptive products at Fuji are thus dominated by hybrid magmas, but their mixing characteristics are not obvious from the whole-rock chemical compositions, because the contribution of basaltic magma tends to be very large.
Whole-rock compositions of all eruptive products, since 5.6 ka (Additional file 1: Table S2) contain 48.9–64.1 wt.% SiO2, 15.8–19.5 wt.% Al2O3, 5.9–14.6 wt.% Fe2O3, 1.9–7.0 wt.% MgO, 5.2–10.8 wt.% CaO, 2.2–3.7 wt.% Na2O, 0.4–2.1 wt.% K2O, 0.9–2.0 wt.% Ti2O, 6–43 ppm Rb, 316–496 ppm Sr, 15–39 ppm Y, and 41–159 ppm Zr. With increasing SiO2 content, the products form a widely dispersed trend of increasing K2O and Na2O concentrations, constant Al2O3, TiO2, Sr, and Y concentrations, and decreasing Fe2O3, MgO, and CaO concentrations (Additional file 2: Fig. S1). FeO*/MgO ratios range from 1.5 to 2.9 regardless of SiO2 content, indicating that the basaltic magmas erupted throughout this stage were highly differentiated. These results are consistent with previous studies (Togashi et al. 1991; Takahashi et al. 1991; 2003; Kaneko et al. 2014).
Temporal variations in geochemical compositions since 5.6 ka
Although eruption styles varied among the Subashiri substages, the chemical compositions of the eruption products do not show corresponding changes, except for some elements. Excluding the andesite–dacite magmas produced during the S-13 and Hoei eruptions, SiO2 contents ranged from 48.9 to 53.5 wt.%, almost unchanged throughout the entire stage (Fig. 3). MgO contents during the Subashiri-b stage (4.5–7.0 wt.%) were higher than those during the Subashiri-c (4.2–6.2 wt.%) and -d stages (4.3–6.3 wt.%, excluding andesite–dacite); MgO contents have a large variance and these ranges largely overlap. At around B1, when the eruption rate started to decline, MgO content decreased, but then recovered to the original level (Fig. 3). Although large dispersions of K2O content and FeO*/MgO ratio are characteristic of Fuji eruptive products, their compositional ranges have hardly changed throughout the stage (Fig. 3). Al2O3, Fe2O3, CaO, Na2O and TiO2 contents are also the same throughout the Subashiri stage (Additional file 2: Fig. S1). The ratios of incompatible elements in basaltic magmas, such as K/Rb and Zr/Y, did not notably change during the Subashiri stage (Fig. 3) as they had, for example, around 17 ka. Furthermore, except for the Hoei eruption, rare earth element (REE) abundances were similar during the three substages (Additional file 2: Fig. S2).
One compositional feature that has changed during the Subashiri substages is Sr content (Fig. 3); Sr contents during the Subashiri-c stage were 337–496 ppm, a range marked by a slightly higher upper limit than those during the Subashiri-b (341–438 ppm) and -d stages (334–439 ppm). This difference is more pronounced looking at the Ca/Sr ratio (Fig. 3); the range of Ca/Sr during the Subashiri-c stage (133–204) has a distinctly lower limit than those during the Subashiri-b (162–197) and -d stages (158–202, excluding andesite–dacite). The Sr content and Ca/Sr ratio were maximum and minimum immediately after B1, and then gradually decreased and increased during the Subashiri-c stage, respectively.
Discussion
Following the period of quiescence from 8 to 5.6 ka, activity during the Subashiri-b stage resumed, erupting basaltic magmas at a rate of 3.5 km3 DRE/kyr (Fig. 2). This long-term eruption rate is among the highest of active volcanoes in Japan (Yamamoto et al. 2018) but an order of magnitude lower than the average for active basaltic volcanoes worldwide (White et al. 2006). The lack of eruption of SiO2-rich magma at the time of the resumption suggests that the contribution of differentiated magma, which may be residue of preceding activity and evolved by fractional crystallization during the quiescence, was small. In other words, the massive injection of new basaltic magma led to the resumed activity at 5.6 ka. This magma plumbing system was stable until 3.45 ka, when the eruption style shifted from effusive to explosive. In particular, the changes in MgO content and Ca/Sr ratio from the Subashiri-b to -c stages (Fig. 3), while the amounts of other elements remained constant, suggest that some difference occurred in the magma differentiation system.
On the basis of petrological observations, Kaneko et al. (2010) proposed that Fuji’s plumbing system comprises at least two magma chambers: a deeper (∼20 km depth) basaltic one and a shallower (∼8–9 km depth) more SiO2-rich one. Indeed, a zone of low seismic velocity at ∼20 km depth has been attributed to the presence of a magma chamber (Lees and Ukawa 1992; Ukawa 2005; Nakamichi et al. 2007). This lower chamber is deeper than those of other volcanoes along the Izu-Mariana arc (such as Izu-Oshima volcano, whose magma reservoir is at < 10 km depth; Mikada et al. 1997; Kaneko et al. 2019), and its depth corresponds to the bottom of the granitic middle crust of the Philippine Sea plate beneath the Eurasian plate (Fujii 2007). Within the lower chamber, the prevalent fractional crystallization of pyroxenes together with calcic plagioclase and olivine (an assemblage with SiO2 content similar to that of the liquid) under high pressure results in an increase in K2O content and FeO*/MgO, while the SiO2 content remains in the basaltic range (Fujii 2007). Furthermore, the observed increase in Al2O3 content relative to MgO (Fig. 4) has been attributed to the delayed fractionation of plagioclase relative to pyroxenes in the lower chamber at high pressure (Hamada and Fujii 2007).[image: ../images/40623_2021_1505_Fig4_HTML.png]
Fig. 4Al2O3–MgO and Ca/Sr-MgO variation diagrams of the Subashiri stage products (Ol, olivine; Cpx, clinopyroxene; Opx, orthopyroxene; Pl, plagioclase)


The transition from the Subashiri-b to -c stages is marked by a transition from effusive to explosive eruptions. However, the similarity of the K/Rb and Z/Y ratios (Fig. 3) and REE patterns (Additional file 2: Fig. S2) of eruptive products during both stages indicates that the geochemistry of the parental magma was similar. The main geochemical differences between the substages are Sr content and Ca/Sr ratio (Fig. 3), which are indicative of plagioclase fractionation. Because Sr replaces Ca in plagioclase, this change in Ca/Sr ratio indicates that plagioclase played a different role during crystal fractionation. The decrease in Ca/Sr relative to MgO was greater during the Subashiri-c stage than during the -b and -d stages (Fig. 4), indicating reduced plagioclase fractionation during the Subashiri-c stage. Indeed, high-pressure experiments on hydrous basalts show that plagioclase experiences the greatest decrease in crystallization temperature under increasingly hydrous conditions (Baker and Eggler 1983; Sisson and Grove 1993). There is no significant gap in FeO*/MgO ratio between those large and small Ca/Sr magmas; it is unlikely that there was a large difference in the degree of differentiation between them, increasing the water content. Therefore, the decreased Ca/Sr ratios of Subashiri-c stage products indicates that the water content of the injected parental magma was greater than during the other substages, consistent with the predominance of explosive eruptions during the Subashiri-c stage. Although controls on explosive–effusive eruption styles depends on a set of feedback involving magma viscosity, ascending speed and gas loss (e.g., Cassidy et al. 2018), the most important factor is the water content of the primary magma.
After the last explosive summit eruption (Kemgamine) at 2.25 ka, flank fissure eruptions have prevailed during the Subashiri-d stage. In response to this change, Ca/Sr ratios of the Subashiri-c stage products increased to the level of the Subashiri-b stage, when lava-flow extrusion was dominant (Fig. 3). Similar magmas in term of compositions, fed both the central conduit system during the Subashiri-b stage and flank fissure vents during the most recent activities. Takada (1997) and Takada et al. (2007) attributed variations in the plumbing system between a central conduit and flank fissures to stress accumulation due to magma intrusions being accommodated by stress relaxation, although they did not clarify any specific subsurface changes. After the Kengamine eruption, eruptive volumes were clearly reduced for ~ 1 kyr. At 1.5 ka (B2 in Fig. 2), the frequency of eruptions began to increase, and the largest eruption in the Subashiri stage, the Jogan eruption, occurred during this flare-up. On the other hand, the chemical composition of the erupted materials did not change significantly before and after B2 (Fig. 3). The site, size, and repose intervals of eruptions have become more variable since 1.5 ka; the regularity of eruptions during the Subashiri-b and -c stages is no longer observed. This detailed eruptive history makes it difficult to predict the next eruptive pattern at Fuji Volcano, and various possibilities in eruption styles must be considered. Thus, the revised March 2021 hazard map reasonably includes predictions of disaster areas for recurrences of all past eruption events.
Conclusions
Based on a new stratigraphic sequence by Takada et al. (2016), we used time-series data on eruptive volumes and the geochemistry of eruptive products to clarify temporal variations of eruption rate and magma composition during the Subashiri stage of Fuji Volcano (i.e., since the quiescent period during 8.0–5.6 ka). This stage comprises the formation of a new volcanic edifice composed of many thin lava flows during 5.6–3.45 ka, explosive eruptions at the summit and on the flanks of the volcano during 3.45–2.25 ka, and a transition to dominantly flank fissure eruptions since 2.25 ka. The eruption rate decreased from 3.5 km3 DRE/kyr during the edifice-building period to 0.8 km3 DRE/kyr during the explosive eruption period and then increased to 2.0 km3 DRE/kyr after 1.5 ka. Although repeated, similar eruptions occurred during the edifice-building and explosive eruption periods, the sites, sizes, and repose intervals of eruptions, since 1.5 ka have not been regular. Magmas erupted during the Subashiri stage are dominantly basaltic in composition and largely geochemically similar, except for increased Sr contents and decreased Ca/Sr ratios during the explosive eruption period. This finding indicates that although the geochemical properties of the parental magmas were nearly constant throughout the stage, an increase in the water contents of the parental magmas during the explosive eruption period resulted in the delayed fractionation of plagioclase. The results of this study show that the changes in eruption patterns and eruption rates are linked to geochemical changes, which will be an important guideline for predicting future volcanic activity.
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