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            Abstract
Three-quarters of the Earth's volcanic activity is submarine, located mostly along the mid-ocean ridges, with the remainder along intraoceanic arcs and hotspots at depths varying from greater than 4,000â€‰m to near the sea surface. Most observations and sampling of submarine eruptions have been indirect, made from surface vessels or made after the fact1,2,3,4,5,6. We describe here direct observations and sampling of an eruption at a submarine arc volcano named NW Rota-1, located 60â€‰km northwest of the island of Rota (Commonwealth of the Northern Mariana Islands). We observed a pulsating plume permeated with droplets of molten sulphur disgorging volcanic ash and lapilli from a 15-m diameter pit in March 2004 and again in October 2005 near the summit of the volcano at a water depth of 555â€‰m (depth in 2004). A turbid layer found on the flanks of the volcano (in 2004) at depths from 700â€‰m to more than 1,400â€‰m was probably formed by mass-wasting events related to the eruption. Long-term eruptive activity has produced an unusual chemical environment and a very unstable benthic habitat exploited by only a few mobile decapod species. Such conditions are perhaps distinctive of active arc and hotspot volcanoes.
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                    Figure 1: 
                        Bathymetry of NW Rota-1 volcano and hydrothermal plumes.
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Figure 2: 
                        Bathymetry and location map of the summit ridge of NW Rota-1 volcano with locations of features discussed in text.
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Figure 3: 
                        Images of the sea floor at NW-Rota-1.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Seafloor evidence for pre-shield volcanism above the Tristan da Cunha mantle plume
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 September 2020
                                    

                                

                                Wolfram H. Geissler, Paul Wintersteller, â€¦ Wilfried Jokat

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Giant offshore pumice deposit records a shallow submarine explosive eruption of ancestral Santorini
                                        
                                    

                                    
                                        Article
                                         Open access
                                         15 January 2024
                                    

                                

                                Tim Druitt, Steffen Kutterolf, â€¦ Hao-Yang Lee

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Deep sea explosive eruptions may be not so different from subaerial eruptions
                                        
                                    

                                    
                                        Article
                                         Open access
                                         21 April 2020
                                    

                                

                                Gianluca Iezzi, Gabriele Lanzafame, â€¦ Guido Ventura

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Rubin, K. H. & Macdougall, J. D. Submarine magma degassing and explosive magmatism at Macdonald (Tamarii) seamount. Nature 341, 50â€“52 (1989)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Cheminee, J.-L. et al. Gas-rich submarine exhalations during the 1989 eruption of Macdonald Seamount. Earth Planet. Sci. Lett. 107, 318â€“327 (1991)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Baker, E. T., Massoth, G. J. & Feely, R. A. Cataclysmic venting on the Juan de Fuca Ridge. Nature 329, 149â€“151 (1987)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Haymon, R. M. et al. Volcanic eruption of the mid-ocean ridge along the East Pacific Rise crest at 9Â°45â€“52â€²N: Direct submersible observations of seafloor phenomena associated with an eruption event in April, 1991. Earth Planet. Sci. Lett. 119, 85â€“101 (1993)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Embley, R. W., Chadwick, W. W., Jonasson, I. R., Butterfield, D. A. & Baker, E. T. Initial results of the rapid response to the 1993 CoAxial event: Relationships between hydrothermal and volcanic processes. Geophys. Res. Lett. 22, 143â€“146 (1995)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Butterfield, D. et al. Seafloor eruptions and evolution of hydrothermal fluid chemistry. Phil. Trans. R. Soc. Lond. A 355, 369â€“386 (1997)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Fiske, R. S., Cashman, K. V., Shibata, A. & Watanabe, K. Tephra dispersal from Myojinsho, Japan, during its shallow submarine eruption of 1952â€“1953. Bull. Volcanol. 59, 262â€“275 (1998)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Kokelaar, B. P. & Durant, G. P. The submarine eruption and erosion of Surtla (Surtsey), Iceland. J. Volcanol. Geotherm. Res. 19, 239â€“246 (1983)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Baker, E. T., Massoth, G. J., de Ronde, C. E. J., Lupton, J. E. & McInnes, B. I. A. Observations and sampling of an ongoing subsurface eruption of Kavachi volcano, Solomon Islands, May 2000. Geology 30, 975â€“978 (2002)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Huber, R., Stoffer, P., Cheminee, J.-L., Richnow, H. H. & Stetter, K. O. Hyperthermophilic archaeobacteria within the crater and open-sea plume of erupting Macdonald Seamount. Nature 345, 179â€“182 (1990)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Cowen, J. P., Baker, E. T. & Embley, R. W. in The Subseafloor Biosphere at Mid-Ocean Ridges (eds Wilcock, W. S. D., Cary, C., DeLong, E., Kelley, D. S. & Baross, J. A.) 227â€“243 (AGU Geophysical Monograph 144, American Geophysical Union, Washington DC, 2004)
BookÂ 
    
                    Google ScholarÂ 
                

	Chadwick, W. W., Embley, R. W. & Shank, T. M. The 1996 Gorda Ridge eruption: geologic mapping, sidescan sonar, and SeaBeam comparison results. Deep-Sea Res. 45, 2547â€“2569 (1998)
ADSÂ 
    
                    Google ScholarÂ 
                

	Gregg, T. K. P. & Fink, J. H. Quantification of submarine lava-flow morphology through analog experiments. Geology 23, 73â€“76 (1995)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Fox, C. G., Chadwick, W. W. Jr & Embley, R. W. Direct observation of a submarine volcanic eruption from a sea-floor instrument caught in a lava flow. Nature 412, 727â€“729 (2001)
ArticleÂ 
    CASÂ 
    ADSÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Von Damm, K. L. et al. Evolution of East Pacific Rise hydrothermal vent fluids following a volcanic eruption. Nature 375, 47â€“50 (1995)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Delaney, J. R. et al. The quantum event of crustal accretion: Impacts of diking at Mid-Ocean Ridges. Science 281, 222â€“230 (1998)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Embley, R. W. & Lupton, J. E. in The Subseafloor Biosphere at Mid-Ocean Ridges (eds Wilcock, W. S. D., Cary, C., DeLong, E., Kelley, D. S. & Baross, J. A.) 75â€“97 (AGU Geophysical Monograph 144, American Geophysical Union, Washington DC, 2004)
BookÂ 
    
                    Google ScholarÂ 
                

	Shank, T. M. et al. Temporal and spatial patterns of biological community development at nascent deep-sea hydrothermal vents (9Â°50â€²N, East Pacific Rise). Deep-Sea Res. II 45, 465â€“515 (1998)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Tunnicliffe, V. et al. Biological colonization of new hydrothermal vents following an eruption on Juan de Fuca Ridge. Deep-Sea Res. 44, 1627â€“1644 (1997)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Stern, R. J. Subduction zones. Rev. Geophys. 40, doi:10.1029/2001RG000108 (2002)

	Karl, D. M., McMurtry, G. M., Malahoff, A. & Garcia, M. O. Loihi Seamount, Hawaii: A mid-plate volcano with a distinctive hydrothermal system. Nature 335, 532â€“534 (1988)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Embley, R. W. et al. Explorations of Mariana arc volcanoes reveal new hydrothermal systems. Eos 85, 37â€“40 (2004)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Stern, R. J., Basu, N. K., Kohut, E., Hein, J. & Embley, R. W. Petrology and geochemistry of igneous rocks collected in association with ROV investigations of three hydrothermal sites in the Mariana Arc: NW Rota-1, E. Diamante, and NW Eifuku. Eos (Fall Meet. Suppl.) 85, abstr. V43Fâ€“07 (2004)

	Rubin, K. H., Macdougall, J. D. & Perfit, M. R. 210Po-210Pb dating of recent volcanic eruptions on the sea floor. Nature 368, 841â€“844 (1994)
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Miyabe, S. et al. Sulfur isotope geochemistry of Mariana arc hydrothermal systems. Eos (Fall Meet. Suppl.) 85, abstr. V41Bâ€“1387 (2004)

	Lebon, G. T., Resing, J. E., Baker, E. T., Embley, R. W. & Lupton, J. E. Chemical characteristics of plumes above and around NW-Rota submarine volcano: Before and during the March 2004 eruption. Trans. AGU 85, abstr. V41Bâ€“1386 (2004)

	Koyaguchi, T. & Woods, A. W. On the formation of eruption columns following explosive mixing of magma and surface water. J. Geophys. Res. 101, 5561â€“5574 (1996)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	White, J. D. L., Smellie, J. L. & Clague, D. A. in Explosive Subaqueous Volcanism (eds White, J. D. L., Smellie, J. L. & Clague, D. A.) 1â€“23 (American Geophysical Union, Washington DC, 2003)

                    Google ScholarÂ 
                


Download references




Acknowledgements
The 2004 Submarine Ring of Fire Program was supported by the NOAA Office of Ocean Exploration, the Canadian Natural Sciences and Engineering Research Council, and the NOAA VENTS Program. The MARGINS Program of the National Science Foundation provided support for the May 2004 CTD operations from the RV Wecoma. We are grateful for the support by the RV Thomas G. Thompson, operated by the University of Washington, the Canadian Scientific Submersible Scientific Support Facility who operated the ROPOS ROV on the 2004 expedition, and the Japan Agency for Marine, Earth Science and Technology (JAMSTEC) who operate the RV Natsushima and the Hyper-Dolphin ROV and, funded the Japanese science team in 2005 (cruise NT-05-17). S. Ristau, R. Greene, S. Walker, L. Evans and K. Roe provided support at sea. We also thank our colleagues T. Urabe and J. Ishibashi for their collaboration, which helped make the 2004 expedition to the Mariana Arc possible. This publication is partially funded by the Joint Institute for the Study of the Atmosphere and Ocean (JISAO) under an NOAA Cooperative Agreement and by the Pacific Marine Environmental Laboratory.


Author information
Authors and Affiliations
	NOAA/PMEL, 2115 SE O.S.U. Drive, Newport, Oregon, 97365-5258, USA
Robert W. Embley,Â William W. Chadwick Jr,Â John E. LuptonÂ &Â Susan G. Merle

	CIMRS, Oregon State University, Oregon, 97365-5258, USA
William W. Chadwick JrÂ &Â Susan G. Merle

	NOAA/PMEL, 7600 Sand Pt Way, Seattle, Washington, NE, 98115-6349, USA
Edward T. Baker,Â David A. Butterfield,Â Joseph A. ResingÂ &Â Geoffrey T. Lebon

	JISAO, University of Washington, Washington, 98115-6349, USA
David A. Butterfield,Â Joseph A. ResingÂ &Â Geoffrey T. Lebon

	Institute of Geological and Nuclear Sciences, 30 Gracefield Road, PO Box 31â€“312, Lower Hutt, New Zealand
Cornel E.J. de Ronde

	Department of Biology/School of Earth and Ocean Sciences, University of Victoria, PO Box 3020, British Columbia, V8W 3N5, Victoria, Canada
Verena Tunnicliffe

	GEOTOP Research Centre; UniversitÃ© du QuÃ©bec Ã  MontrÃ©al, MontrÃ©al, PO Box 8888, QuÃ©bec, H3C 3P8, Canada
S. Kim Juniper

	Department of Geology and Geophysics, University of Hawaii, 1680 East-West Road, Hawaii, 96822, Honolulu, USA
Kenneth H. Rubin

	Geosciences Department, University of Texas at Dallas, 2601 N. Floyd Road, Texas, 75083-0688, Richardson, USA
Robert J. Stern

	National Institute of Advanced Industrial Science and Technology, AIST Tsukuba Central 7, Tsukuba, 1-1, Higashi 1-Chome, Ibaraki, 305-8567, Japan
Ko-ichi Nakamura

	US Geological Survey, 345 Middlefield Road, MS 999, California, 94025-3591, Menlo Park, USA
James R. Hein

	Department of Earth and Planetary Sciences, Washington University, 1 Brookings Drive, Missouri, 63130-4899, St Louis, USA
Douglas A. Wiens

	(IFREE) Japan Agency for Marine-Earth Science and Technology, 237-0061 2-15 Natsushima-chou, Yokosuka-shi, Kanagawa-ken, Japan
Yoshihiko Tamura


Authors	Robert W. EmbleyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	William W. Chadwick JrView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Edward T. BakerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	David A. ButterfieldView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Joseph A. ResingView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Cornel E.J. de RondeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Verena TunnicliffeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	John E. LuptonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	S. Kim JuniperView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kenneth H. RubinView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Robert J. SternView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Geoffrey T. LebonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ko-ichi NakamuraView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Susan G. MerleView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	James R. HeinView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Douglas A. WiensView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yoshihiko TamuraView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Robert W. Embley.


Ethics declarations

              
                Competing interests

                Reprints and permissions information is available at npg.nature.com/reprintsandpermissions. The authors declare no competing financial interests.

              
            

Rights and permissions
Reprints and permissions


About this article
Cite this article
Embley, R., Chadwick, W., Baker, E. et al. Long-term eruptive activity at a submarine arc volcano.
                    Nature 441, 494â€“497 (2006). https://doi.org/10.1038/nature04762
Download citation
	Received: 03 October 2005

	Accepted: 22 March 2006

	Issue Date: 25 May 2006

	DOI: https://doi.org/10.1038/nature04762


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Chemolithotrophic biosynthesis of organic carbon associated with volcanic ash in the Mariana Trough, Pacific Ocean
                                    
                                

                            
                                
                                    	Taisi Li
	Jiwei Li
	Xiaotong Peng


                                
                                Communications Earth & Environment (2023)

                            
	
                            
                                
                                    
                                        Interpretation of detections of volcanic activity at Ioto Island obtained from in situ seismometers and remote hydrophones of the International Monitoring System
                                    
                                

                            
                                
                                    	Hiroyuki Matsumoto
	Mario Zampolli
	Nurcan Meral Ã–zel


                                
                                Scientific Reports (2019)

                            
	
                            
                                
                                    
                                        Infrasound from giant bubbles during explosive submarine eruptions
                                    
                                

                            
                                
                                    	John J. Lyons
	Matthew M. Haney
	Christopher F. Waythomas


                                
                                Nature Geoscience (2019)

                            
	
                            
                                
                                    
                                        Subaqueous volcanism in the Paleo-Pacific Ocean based on Jurassic basaltic tuff and pillow basalt in the Raohe Complex, NE China
                                    
                                

                            
                                
                                    	MingDao Sun
	YiGang Xu
	HanLin Chen


                                
                                Science China Earth Sciences (2018)

                            
	
                            
                                
                                    
                                        Climate tipping-point potential and paradoxical production of methane in a changing ocean
                                    
                                

                            
                                
                                    	Hongyue Dang
	Jia Li


                                
                                Science China Earth Sciences (2018)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
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Three quarters of the Earth's volcanic activity takes place beneath the oceans. We rarely know when and where eruptions occur, and most observations have been indirect, made from surface vessels or after the eruption had ended. Now Embley et al. report direct observations and sampling of an active eruption at a submarine arc volcano in the Northern Mariana Islands northeast of Guam. Remote-controlled submersibles were used first to identify an active hydrothermal plume at a depth of 540 metres near the summit of a recently mapped submarine volcano. Then volcanic activity was monitored in March 2004 and October 2005. Long-term eruptive activity has produced an unusual chemical environment and an ecosystem perhaps distinctive of active arc and hotspot volcanoes.
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