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Abstract: The circum-Pacific convergent margin is known as “the Ring of Fire”, 

with abundant volcano eruptions1. Gigantic eruptions are rare but very disastrous. 

It remains obscure how are large disastrous volcanos formed2,3 and where are the 

danger zones4-6 in the near future. Here we show that the three largest eruptions 

since 1900, the Hunga Tonga-Hunga Ha’apai, the Mount Pinatubo and the 

Novarupta volcanos, are all associated with subductions of volatile rich sediments 

and slab windows in the subducting plate underneath. Among them, the newly 

erupted Hunga Tonga-Hunga Ha’apai volcano is closely concomitant with the 

subduction of the Louisville Seamount Trail, whereas the Mount Pinatubo volcano 

is right next to the subducting fossil ridge of the South China Sea. Both seamount 

chains have water depths much shallower than the carbonate compensation 

depths in the Pacific Ocean. The water depths of the Pacific plate subducting 

underneath the Novarupta volcano are also shallower than the carbonate 

compensation depths. Therefore, these subducting slabs contain abundant 

carbonates. Slab windows expose the mantle wedge directly to the hot 

asthenosphere, which increases the temperature and dramatically promotes the 

partial melting of the carbonate-fluxed mantle wedge, forming volatile-rich 

magmas that powered explosive eruptions. Slab window and subduction of 

carbonate are the two most important favorable conditions for catastrophic 

eruptions. Considering that the Mount Fuji meets both criteria, it may be 

classified into a danger zone for catastrophic volcano eruptions.  
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On January 15, 2022, the Hunga Tonga-Hunga Ha’apai (HTHH) volcano 

(20.536°S, 175.382°W, Fig. 1a-b) erupted violently in the Kingdom of Tonga, 

southwest Pacific, reaching the volcano eruption index of 5. It is the largest volcanic 

eruption in the last 30 years. The circum-Pacific region is known as the Ring of Fire, 

with abundant volcanic eruptions. Gigantic eruptions are usually catastrophic. For 

examples, both the Mount Pinatubo and the Novarupta volcanos (Fig. 1c-d) have 

resulted in major climate changes7-10. What controlled the formation of gigantic 

volcanos? Where are the danger zones of catastrophic eruptions? These questions are 

of critical importance to the human society, but yet remain essentially untouched. Here 

we show that slab windows and the subduction of carbonate are the two prerequisites 

for gigantic explosive eruptions 

Volatiles in the HTHH volcano 

The HTHH volcano has erupted ca. 5 cubic kilometers of volcanic ash and tephra, 

with abundant CO2 but only 0.4 megatons of SO2. To produce magmas with such a low 

SO2, the mantle source should have sulfur contents of less than 20 parts per million. 

The average sulfur abundance in the upper mantle is about 250 parts per million11. This 

means that the mantle source of the HTHH volcano is highly depleted in sulfur.  

Sulfur is a highly incompatible element under the oxygen fugacity of convergent 

margin magmas. Therefore, previous partial melting can dramatically depress the sulfur 

contents in the volcano. In a well-developed arc, like the Tonga arc, the sulfur content 

in the mantle wedge is lower than that of the upper mantle. However, CO2, water, and 

other volatiles are also highly incompatible during partial melting. Therefore, a highly 
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depleted mantle source is usually also depleted in volatiles. However, the explosive 

eruption of the HTHH volcano indicates high volatile contents, e.g., CO2. 

Tectonically, the HTHH volcano is located on the Tonga-Kermadec trench (Fig. 

1a), which is well known for gigantic eruptions12-14. As an intra-oceanic subduction 

zone far away from continents, the Pacific plate subducting underneath Tonga is lack 

of sediments, with a total sediment thickness of <100 meters15. The water depths of the 

Pacific plate to the east of the Tonga trench is >5000 meters16, which is deeper than the 

carbonate compensation depths (CCD, 4500 m) of the Pacific Ocean17. Therefore, not 

much carbonate is expected in the sediments. However, the carbon isotopes of arc 

volcanic rocks in this region show clear carbonate recycling characteristics18. This was 

attributed to carbonate from the altered oceanic crust18.  

The subduction of the Louisville Seamount Trail 

The remnant of the Louisville Seamount Trail is ca. 75 km wide and 4500 km long, 

which is located exclusively to the south of the Osbourn Trough. It is a typical plume 

tail formed by the eruption of the Louisville mantle plume. The Osbourn Seamount, 

which is now located close to the trench, is the oldest seamount that has not been 

subducted yet in this trail. It erupted right next to the fossil spreading center of the 

Osbourn Trough (Fig. 2), at 76.7 Myrs ago19.  

The Osbourn Trough is a fossil ridge formed after the eruption of the Ontong Java 

Plateau at ~ 119-125 Ma20,21, and was abandoned at ~ 86 Ma22, when the ridge jumped 

further south23,24. This indicates that seamounts of the Louisville Seamount Trail older 

than 77 Myr erupted either on or to the north of the Osbourn Trough. Considering that 
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the Osbourn Trough was spreading before 86 Myr, all the Louisville seamounts older 

than 86 Myr were once carried further north from the Osbourn Trough (Fig. 1a). 

The HTHH volcano is located right above the subduction pathway of the 

Louisville Seamount Trail ca. 3 million years ago (Fig. 2). Plate reconstruction shows 

that the Louisville Seamount Trail started to subduct from the northeast corner of the 

Tonga Arc, and migrated southward25. The Osbourn Trough is currently subducting 

towards ca. 300° at ca. 25.5° S. The Louisville Seamount Trail is pointing towards 336°, 

i.e., the angle between it and the Tonga subduction zone is about 36° (ref. 25).  

The north end of the Tonga subduction zone is the fastest convergent plate 

boundary in the world, with subduction a rate of 240 km/Myr26, which declines 

southwestward. This is likely due to the collision of the Louisville Seamount Trail with 

the Tonga Arc. Consistently, the Tonga Arc is clear curved westward at ~23.5°S, which 

marks the location of the latest collision/subduction. The northwestward drifting rate of 

the Pacific plate is ca. 70 km/Myr, whereas the opening of the Lau Basin in the middle 

of the Tonga Arc is ca. 60 km/Myr26, i.e., the subduction rate is ca. 130 km/Myr. 

The distance between the Tonga trench and the HTHH volcano, is about 360 km. 

Seismic results show that the depth of subducting slab beneath the HTHH volcano is 

about 80 km. Hence, at a subduction rate of 130 km/Myr, it takes ca. 3 million years for 

the subducting seamounts to reach the location underneath the HTHH volcano. As 

illustrated in Fig. 3, there should be subducted Louisville seamounts near the mantle 

source of the HTHH volcano. 

Compared with altered oceanic crust with water depths deeper than the CCD, the 
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Louisville Seamount Trail is more abundant in carbonate. It consists of many individual 

seamounts of 30-75 km in diameters27 and 2865-4480 m in elevation from the seafloor. 

The water depths of the top of these seamounts are 250-1920 m, which are much 

shallower than the CCD, such that carbonate is stable on these seamounts. This is 

supported by IODP Expedition 330 drill cores27.  

The Louisville mantle plume is located at ca. 50° S. In general, the coral reef is 

not popular at such high latitude. However, one drill hole recovered ~15 m thick algal 

limestone reef, whereas the other three drill holes also recovered several condensed 

pelagic limestone intervals of up to 30 cm thick and multiple layers of foraminiferal 

sand interlayered with lava and carbonate-cemented volcanic breccia27. Seamounts 

drilled by IODP Expedition 330 all erupted before the warm period in the early 

Cenozoic, when the global temperature was up to 5-15 °C higher than that in the late 

20th century28, such that limestone reefs may form at high latitudes during this period. 

Nevertheless, nummulitic limestone samples have been dredged from Burton Guyot in 

the Louisville Seamount Trail, which indicates the presence of Eocene shallow-water 

reef in the high- to mid-latitude Pacific27.  

The Louisville guyots were originally islands high above sea level27. All the drill 

holes of IODP Expedition 330 were put on the flat top of different guyots, and yet the 

drill hole samples have erupted at shallow water depths and even subaerially, with 

erosional unconformities27. The diameter of the flat top of these guyots ranges between 

5-15 kilometers29, suggesting that islands were originally thousands of meters above 

sea level, the deplanation of which took a long time. These guyots were possibly formed 
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even after the early Cenozoic warm period. Therefore, drill holes on the flat top of these 

guyots are not representative in term of reefs. The hillsides may have much thicker 

limestone reefs. 

Carbonates on the seamounts of the Louisville Seamount Trail are well protected 

by the interlayered lava. The subduction of these seamounts may carry a large amount 

of carbonate into the mantle wedge18.  

Carbonate may lower the solidus temperature of mantle peridotite by up to ca. 300 

°C30. Therefore, the subduction of the seamounts is favorable for the formation of 

gigantic volcanos. More importantly, it provides CO2 that charge the magma chamber 

and powered the explosive eruptions.  

The distribution of earthquakes shows that the subducting Pacific plate was torn 

apart underneath this region, forming slab windows31. In addition to the slab window 

roughly perpendicular to the trench, the slab underneath the HTHH volcano is also torn 

(Extended Data Fig. 1), forming a slab window roughly parallel to the trench, which is 

likely responsible for a new volcano line behind the Tonga Arc, the Tofua Arc. The 

HTHH is one of them.  

These slab windows expose the cold mantle wedge to the hot asthenosphere mantle, 

resulting in abnormally high temperatures. The subduction of shallow seamounts and 

slab windows together, endorse the formation of volatile-rich gigantic volcanos. Based 

on these criteria, volcano “A” further to the south on the Tofua arc volcanic chain 

(Extended Data Fig. 3) is more dangerous than the HTHH volcano. 

The Mount Pinatubo eruption 
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The Mount Pinatubo is the largest volcano in the last 100 years. It erupted in 1991 

on the Luzon Island, the Philippines (120.35°E, 15.13°N, Fig. 1b). The Mount Pinatubo 

volcano is classified as volcano eruption index of 6, with a total eruption volume of 8.4 

to 10.4 cubic kilometers, including about 5-6 and 3.4-4.4 cubic kilometers of ignimbrite 

and fallout deposits, respectively8. About 15-20 megatons of SO2 were ejected up to 40 

kilometers high, into the stratosphere8. It has cyclical eruptions, which is the same with 

HTHH volcano. The last major eruption occurred in A.D. 1500 with roughly the same 

size as those of 19919. 

Similar to the HTHH volcano, the Mount Pinatubo volcano is also associated with 

seamount subduction and a slab window nearby (Fig. 1b). It is located at the convergent 

margin in the west Philippines, where the fossil ridge of the South China Sea subducting 

underneath the Luzon Island32. Seismic imagines show that the ridge subduction formed 

a slab window33.  

The fossil ridge of the South China Sea consists of large seamounts, with thick 

coral reefs. Among them, the Huangyan Island is the largest one. The subduction of this 

fossil ridge has been carrying down a large amount of carbonate since ca. 15.5 Ma ago34. 

The oldest eruption identified in the Mount Pinatubo is 1.1 Ma9, likely after the opening 

of the slab window.  

The main difference between the Mount Pinatubo and the HTHH volcanos is that 

the former is close to the continent with a large amount of sediments subducting 

alongside the ridge. Therefore, far more sulfur has been released in the Mount Pinatubo 

volcano, which had a major influence on the climate35. 
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The Novarupta volcano 

The Novarupta volcano (Fig. 1c) is the largest volcano in the 20th century. It 

erupted in 1912 with a total output of ~28 cubic kilometers, including at least 17 cubic 

kilometers of fall deposits and about 11 cubic kilometers of ash-flow tuff 7. It is volatile 

rich and had a major influence on global climate7,36.  

The Novarupta volcano is located at the end of the Alaska Peninsula, whereas the 

Pacific plate is subducting northwestward along the Aleutian-Alaska trench. The 

average water depths of the Pacific plate to the southeast of the Aleutian-Alaska trench 

is shallower than the CCD16 (Fig. 1c). There are thick sediments covering on the ocean 

floor and seamounts. The subducting sediments of the Aleutian-Alaska trench are more 

than 350 m thick, comprised of carbonates, interlayered with pelagic clay, ashy-

siliceous clay and turbidites37,38. Seismic data also shows that there are slab windows 

nearby39 (Extended Data Fig. 2). Once again, both sediments and slab window are 

favorable for the formation of this gigantic volcano. 

The Mount Fuji  

The Mount Fuji (Fig. 1d), Japan, is another large volcano in the circum-Pacific 

region, which is 3775.63 meters above sea level, covering an area of 1200 km2. It has 

erupted 4 times in since A.D. 800. However, all these eruptions were quite small 

compared to the HTHH volcano. Tectonically, the Mount Fuji is located near the 

junction of the subducting Pacific and the Philippine Sea plates, and the Japan and the 

Izu-Bonin-Mariana Arcs. The water depths of the Pacific plate subducting near the 

Mount Fuji are much deeper than the CDD. Carbon recycling in the northwest Pacific 
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is dominated by organic carbon in black shales. However, the Izu-Bonin-Mariana back 

arc basin plate, together with its spreading ridge and arcs, is subducting towards the 

Mount Fuji at a rate of 5-6 cm/year40,41. The spreading ridge of the Izu-Bonin-Mariana 

back arc basin has an average water depth of ~ 2600 meters42, which is far shallower 

than the CCD 17. Therefore, there should be carbonate on the ridge. Previous seismic 

study has indicated a clear gap, i.e., a slab window, just beneath the Mount Fuji43. These 

suggest that the next major eruption of the Mount Fuji could be catastrophic.  

Concluding remarks 

The water depths of the west Pacific plate are usually deeper than the CCD. 

Therefore, seamount subduction is the most favorable process that forms violent 

gigantic volcanos. Subducted seamounts with water depths shallower than the CCD 

provide carbonates that enhance the melting capacity of the mantle wedge and release 

carbon dioxides that drive explosive eruptions. Slab windows nearby is another key 

factor, which elevates temperatures and increase the melting capacity of the mantle 

wedge.  

In the case of Tonga, subducted carbonate has very low sulfur contents, much 

lower compared to sediments of continental origin. Meanwhile, cyclical gigantic 

eruptions have purged sulfur out of the source, resulting in the cleanest gigantic 

volcanic eruption ever reported. For gigantic volcanos associated with the subduction 

of continental sediments, e.g., the Mount Pinatubo and the Novarupta volcanos, sulfur 

contents are usually much higher and more catastrophic.  
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Methods 

Detrital seismic data compilation. We used the generic mapping tools (GMT) to 

draw the topography and bathymetric map of the study regions. The seismic data in 

study regions are from the ISC-EHB catalog, which is a groomed version of the ISC 

Bulletin and contains thousands of seismic events from 1964 to 201844. We counted and 

plotted the locations of the seismic event with Mb > 5 for the Tonga region and Mb > 4 

for the Novarupta region (Extended Data Fig. 1-2). Seismicity in the vertical section is 

the distribution of events along with a sideline 20 km wide for both Hunga Tonga-

Hunga Ha’apai volcano and Novarupta volcano region. We found the slab tearing in 

both regions, which is the important condition for the catastrophic eruption. 

Details of Hunga Tonga-Hunga Ha’apai volcanic eruption. We studied the 

details of Hunga Tonga-Hunga Ha’apai volcanic eruption by collecting the latest 

reports12-14 and volcanic databases of the volcano45. 

Volcano, seamount and water depth data. A sufficient quantity of representative 

volcano, topographic and bathymetric data now exists to chronicle the catastrophic 

eruption, seamount and water depth data over time. Volcano, seamount and water depth 

data from previous studies have here been collected and used to verify our study from 

different databases, including the Global Volcanism Program45, the Seamount Catalog46 

and Bathymetric Data Viewer16. The water depths of Pacific ocean, calcite 

compensation depth and Tonga trench used in the main text are from Encyclopedia 

Britannica17,47,48 and Bathymetric Data Viewer16. 
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The sources of all data are available in the manuscript or the supplementary 

materials. 
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Figure 1 | Overview of gigantic volcanos in the circum-Pacific region. The locations 

of the Hunga Tonga-Hunga Ha’apai, the Mount Pinatubo, the Novarupta and the Mount 

Fuji volcano (red triangle). (a)-(d) Topography and bathymetric map of the Hunga 

Tonga-Hunga Ha’apai, the Mount Pinatubo, the Novarupta and the Mount Fuji volcano 

regions in the Pacific using GMT 49. PP, Pacific Plate; IAP, Indo-Australian Plate; PSP, 

Philippine Sea Plate; SCS, South China Sea; BS, Bering Sea; JSB, Japan Sea Basin. All 

these gigantic explosive eruptions are associated with subduction of geologic units 

higher than CCD, e.g., seamounts or ridge.  
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Figure 2 | The subduction history of the Louisville Seamount Trail25,27. It started to 

subduct from the northeast corner of the Tonga Arc and was migrating fast towards the 

southwest. The indentation of the Tonga Arc at ~ 23.5 °S marks the collision between 

the Louisville Seamount Trail and the Tonga Arc. It was subducting towards the HTHH 

volcano ca. 3 Ma ago, and thus there should be subducted seamounts underneath the 

HTHH volcano, providing CO2 that powered explosive eruptions.  
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Figure 3 | The eruptions of HTHH volcano caused by Ridge subduction coupled 

with slab window. A cartoon illustrating that ridge subduction coupled with slab 

window is favorable for the formation of gigantic eruptions of the HTHH volcano. The 

Tofua arc volcano line behind the main island of Tonga is associated with a shallower 

slab window parallel to the subduction zone31 (Extended Data Fig. 1-2).  
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Extended Data Figure 1 | Slab tearing under the Tonga-Kermadec subduction zone. 

(a) Seismicity with Mb > 5 between 1964 and 2018 from the ISC-EHB catalog44. Yellow 

circles indicate the earthquake epicenters. Red triangle represents the location of the 

Hunga Tonga-Hunga Ha’apai volcano. Red lines are labeled cross sections of seismicity 

(Extended Data Fig. 1b-g). (b)-(g) Seismicity distributions of along the cross section in 

(a). Yellow circles represent the earthquake epicenters. Green and blue dashed lines 

indicate 300, 410 and 660 km, respectively. Red squares represent the location where 

slab tearing is likely to occur. 
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Extended Data Figure 2 | Slab tearing under the Aleutian- Alaska subduction zone. 

(a) Seismicity with Mb > 4 between 1964 and 2018 from the ISC-EHB catalog44. Yellow 

circles indicate the earthquake epicenters. Red triangle represents the location of the 

Novarupta volcano. Red lines are labeled cross sections of seismicity (Extended Data 

Figure. 2b-g). (b)-(g) Seismicity distributions of along the cross section in (a). Yellow 

circles represent the earthquake epicenters. Red squares represent the location where 

slab tearing is likely to occur. 
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