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Sampling an erupting volcano at 550-m 

depth, discovering roiling pools of liq-

uid sulfur at 400-m depth, watching 

tropical fish swimming amid fields of 

black smoker vents, and encounter-

ing a blizzard of liquid carbon dioxide 

globules rising from fractured lava flows 

at 1600-m depth all sound like wishful 

thinking or scenes from a science fiction 

movie. But, we had the good fortune 

to observe these and other previously 

unseen phenomena between 2004 and 

2006 during a series of expeditions to the 

Mariana arc in the western Pacific. We 

describe here several of the most inter-

esting sites, along with their geologic and 

oceanographic contexts. 

Some 70% of Earth’s volcanism is 

submarine, and most of it occurs along 

the 65,000-km-long mid-ocean ridge 

(MOR) where new oceanic crust is cre-

ated (Figure 1, green lines). The volcanic 

rocks accreted at the MOR are almost 

entirely basaltic in composition and 

typically erupt at water depths between 

2000 and 4000 m. The fundamental role 

of Earth’s primary accretion boundaries 

in creating the ocean basins has provided 

a strong rationale for detailed studies of 

the MOR since the 1960s. The discovery 

of hydrothermal activity and associ-

ated deep chemosynthetic life on MORs 

in the late 1970s (see Haymon et al., 

this issue) provided additional impetus 

for this research. 

Although the MOR remains an 

important research area, the past decade 

has seen new attention focused on the 

submarine volcanism that creates vol-

canic arcs along subduction zones land-

ward of oceanic trenches. Most of these 

intra-oceanic arcs (ocean-ocean colli-

sions) and island arcs (ocean-continent 

collisions) occur in the western Pacific 

(Figure 1). Subduction zones process 

oceanic crust and upper mantle in a 

broad, deep zone that has been called 

the “subduction factory” (Stern, 2002). 

These subduction factories are the pri-

mary agents for recycling oceanic crust 

back into Earth’s mantle and returning 

mantle volatiles to the oceans (Figure 2). 

Although seafloor drilling is now pro-

viding access to the uppermost portions 

of subduction zones, seismological and 

chemical studies are critical to under-

standing the deep regions. The lavas and b y  r O b e r t  W.  e m b l e y,  e d W a r d  t.  b a k e r ,  d a V i d  a .  b u t t e r f i e l d , 
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figure 1. locations of intra-oceanic arcs, island arcs, and other plate boundaries. Modified after de Ronde et al. (2003)
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fluids sampled at the seafloor, in drill 

holes, or on tectonically exposed out-

crops provide the only direct clues to 

processes beyond our reach. 

The major volcanic-tectonic features 

of an intra-oceanic subduction zone 

(Figure 2) are summarized in several 

review papers (Fryer, 1996; Stern, 2002; 

Stern et al., 2003), so we provide only 

a brief synopsis here. The trench is the 

depression caused by bending and frac-

turing of the subducting oceanic plate. 

The forearc is the site of initial interac-

tion between the two plates, marked by 

fracturing, serpentinization, accretion of 

sediments, or subduction erosion. The 

back-arc spreading centers and back-arc 

rift zones result from seaward migration 

of the trench and/or plate divergence 

(Karig, 1971). The magmatic arc lies 

100–250 km from the trench axis along a 

band above the zone of maximum melt 

generation, whose location is determined 

by the pressure and temperature of the 

mantle and the rate of dehydration of 

the downgoing plate (Stern, 2002). The 

release of water from the slabs down to 

depths of 100 km or more decreases the 

melting point of the mantle and initi-

ates magma accumulations that eventu-

ally erupt onto the ocean floor, forming 

chains of volcanoes. Approximately 75% 

of all subduction-zone-related subma-

rine volcanoes occur within the Tonga-

Kermadec, Izu-Bonin-Mariana, and New 

Hebrides intra-oceanic arcs (de Ronde 

et al., 2001, 2003). These and other 

intra-oceanic arcs account for more than 

15% of the total length of Earth’s sub-

duction zones (Bird, 2003).

explOriNg e arth’S  
iNtr a-OceaNic arcS
Interest in submarine arc volcanoes is 

increasing. Because these volcanoes are 

the main portals through which volatiles 

(primarily H
2
O, CO

2
, and SO

2
) released 

from the downgoing oceanic plate are 

returned to the ocean, their output rep-

resents an important but as yet unknown 

part of the oceanic volatile budget. Their 

volcanic emissions are injected into the 

ocean at relatively shallow depths, mostly 

less than 1000 m, providing opportuni-

ties to study the interaction of volcanic 

and hydrothermal chemicals and upper-

ocean biological processes. In addition, 

the wide range of host-rock composi-

tion and high gas content produces a 

chemical variability of hydrothermal 

emissions much broader than found on 

figure 2. Schematic section through the upper 140 km of a subduction zone, showing the principal crustal and upper mantle 
components and their interactions. Modified after Stern (2002) 
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MORs. Finally, because of these systems’ 

isolation from one another (the “point 

source” nature of their emissions), arc 

volcanoes sponsor distinct, sometimes 

unique, hydrothermal fauna from vol-

cano to volcano, resulting in enhanced 

biogeographical diversity. 

The modern era of subduction-

zone exploration began in the 1980s 

with large-scale mapping using then 

new multibeam and side-scan sonars 

along with human-occupied vehicles 

such as the Japanese Shinkai 2000 and 

6500 and the American Alvin. Though 

these pioneering studies of the Izu 

Bonin (Glasby et al., 2000; Ishibashi and 

Urabe, 1995) and Mariana (Fryer et al., 

1997; McMurtry et al., 1993; Stuben 

et al., 1992) arcs focused on only a few 

active sites, they provided impetus for 

subduction-zone emphasis that began 

in the late 1990s. 

Systematic bathymetric and water-

column surveys of the major intra-

oceanic arcs were initiated in 1999 along 

the southern Kermadec arc (de Ronde 

et al., 2001), expanding to the mid 

to northern reaches of the Kermadec 

arc in 2002 and 2004 (de Ronde et al., 

2007) and farther north to the Tonga 

arc in 2003 (Massoth et al., 2005). 

Similar work on the Mariana arc began 

in 2003 (Embley et al., 2004; Resing et 

al., 2003b; http://oceanexplorer.noaa.

gov/explorations/03fire/welcome.

html), and was followed by in situ stud-

ies using remotely operated vehicles 

in 2004 (http://oceanexplorer.noaa.

gov/explorations/03fire/welcome.html), 

2005, and 2006 (http://oceanexplorer.

noaa.gov/explorations/06fire/welcome.

html). These surveys of the Mariana and 

Tonga-Kermadec arcs were followed by 

dive campaigns using manned submers-

ibles and remotely operated vehicles 

(ROVs) to target some of the most active 

sites. As of 2007, more than 80 dives with 

submersibles (Shinkai 6500, PISCES V) 

and ROVs (ROPOS, Jason 2, and Hyper-

Dolphin 3000) have been conducted on 

more than 26 submarine volcanoes in 

the Mariana (12), Kermadec (10), and 

Tonga (4) arcs (Embley and Investigators, 

2006; Massoth et al., 2005; Stoffers et 

al., 2006). In this paper, we highlight 

the results of 2003–2006 expeditions 

to the Mariana Arc.

mariaNa arc
The Izu-Bonin-Mariana subduction zone 

has a long and complex geologic his-

tory (Stern et al., 2003). The most recent 

phase of subduction contributing to 

formation of the present-day Mariana 

arc began with the initiation of back-arc 

spreading in the Mariana Trough about 

seven million years ago (Stern et al., 

2003). The remnants of this early island 

arc are the basement ridges that form the 

underpinnings of the islands of Guam, 

Rota, Tinian, and Saipan and their west-

ern counterpart, the West Mariana Ridge 

(Figure 3). The present magmatic arc, 

which lies west of this older arc (Bloomer 
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et al., 1989), divided the magmatic arc 

front into three sections (Figure 3). The 

Southern Seamount Province (SSP) is a 

chain of volcanically active islands lying 

west of the “old islands.” The Central 

Island Province (CIP) is dominated by 

the eight island volcanoes (Anatahan to 

Uracas) in addition to a few seamounts. 

The Northern Seamount Province (NSP) 

is entirely submarine and ends at 24°N 

where the Marina arc merges with the 

southern Bonin arc. Six of the nine island 

volcanoes have had historical eruptions, 

the most recent being the southernmost 

island-volcano Anatahan that had its first 

historical eruption in 2003 (Truesdale 

et al., 2006). There have also been sub-

marine eruptions at Esmeralda (Stuben 

et al., 1992), Ruby (Norris and Johnson, 

1969), Ahyi (Smithsonian Institution, 

2001), and possibly several other less-

well-documented sites. 

SubmariNe riNg Of  
fire expeditiONS tO  
the mariaNa arc
There have been surveys of and sampling 

campaigns at the Mariana subduction 

zone since the 1960s (Bloomer et al., 

1989; Fryer, 1996; Stern et al., 2003), but 

figure 3. left panel: multi-
beam bathymetry data cover-
age of the mariana magmatic 
arc. The thick blue line indi-
cates multibeam data col-
lected on the Submarine ring 
of fire cruises in 2003, 2004, 
and 2006. bathymetric map-
ping in 2003 and 2004 used 
the hull-mounted em300 
system (~ 30-m grid cell) 
on r/V Thomas Thompson. 
bathymetric mapping in 
2006 used the hull-mounted 
Seabeam 2000 system (~ 50-m 
grid cell) on r/V Melville. dives 
with remotely operated vehi-
cles were made on numbered 
volcanoes (except for ahyi [5]) 
on the mariana arc, shown 
in legend below right panel. 
right panel: hawaii mapping 
group MR1 side-scan sonar 
coverage at the mariana arc. 
The side-scan data resolution 
is 16 m. The thick blue line 
indicates side-scan data col-
lected on the Submarine ring 
of fire cruise in 2003. The fryer 
and Stern MR1 data sets were 
collected in 1997 and 2001, 
respectively. 
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even as late as 2003, only a few active 

submarine hydrothermal sites had been 

found (Embley et al., 2004; Ishibashi 

and Urabe, 1995; McMurtry et al., 1993; 

Stuben et al., 1992). Our 2003 expedition 

used surface-towed (side-scan) and hull-

mounted (EM300) mapping systems to 

inventory every substantial volcanic edi-

fice from 12°30´ N to 23°30´ N. To iden-

tify active hydrothermal sites, we con-

ducted water sampling over 51 volcano 

edifices, detecting hydrothermal emis-

sions at 21 sites (Embley et al., 2004, 

and author Baker and colleagues are 

preparing a paper on more recent work). 

In 2004, 2005, and 2006 we discovered 

some extraordinary sites while conduct-

ing ROV dives to 12 of these volcanoes 

(Table 1; Figure 3). 

firSt ObSerVatiONS Of a 
deep SubmariNe eruptiON 
NW Rota-1 volcano (Figures 4 and 5), 

located about 100 km north of the island 

of Guam, was chosen for submers-

ible study because of the well-defined 

hydrothermal plume over its summit 

(Figure 5) and the unusual chemistry 

of the plume effluent (Embley et al., 

2004; Resing et al., in press). Particulate 

and dissolved samples indicated a high-

temperature reaction between extremely 

acidic fluids and the host rocks (Resing 

et al., in press). The first dives using 

ROV ROPOS at the site in 2004 found 

the summit of the volcano in a state of 

low-level eruption, spewing out acidic 

white clouds saturated with liquid sul-

fur from a small crater near its summit 

(Brimstone Pit) at a depth of 540 m 

(Embley et al., 2006). We observed and 

sampled small lapilli that rained down 

on the ROV, and we saw colonies of 

shrimp swarming around diffuse vent 

sites in the summit area. In 2005, we 

observed increased activity at Brimstone 

Pit, with explosive degassing, ejection 

of volcanic bombs, and elevated tem-

peratures in the eruption cloud (up 

to 120°C). A 25–30-m shoaling of the 

volcanic vent (compared to the depth 

recorded in 2004) provided evidence of 

rapid construction of a fragmental cone. 

A return to this site in 2006 pro-

duced even more dramatic results. Over 

the course of a single week on site, we 

observed massive degassing (Figure 6a) 

and explosive eruptions, including frag-

table i. characteristics of mariana arc submarine volcanoes explored by submersible or remotely operated vehicle  
(with exception of ahyi and Zealandia). low t (low temperature) < ~100°c; high t >~ 100°c. 

Volcano Summit  
Depth (m)

Morphologic 
Type

Rock Types  
(> SiO2) 

(r. Stern, pers. comm.)

Hydrothermal 
Vent Type

Comments

ahyi 60 cone basalt low t historical eruption

ruby 178 cone basalt low t historical eruption

NW rota-1 517 cone basalt-andesite low t, high gas active eruption 2003–2006

NW eifuku 1563 cone basalt low t, high gas liquid cO2 degassing

Seamount x 1228 caldera, cone basalt-andesite low t diffuse

esmeralda 53 caldera basalt-andesite low t diffuse 

maug 55 caldera, cone dacite low t iron, diffuse

Zealandia 460? caldera, cone ? low t? ctd only

minami kasuga-2 293 caldera basalt low t and high t?

West rota 303 caldera dacite low t extinct or dormant

daikoku 320 cone, caldera andesite high t, high gas liquid sulfur pool, > 200°c

east diamante 145 caldera, cone dacite high t 242°c, smokers at 345 m

Nikko 383 cone, caldera andesite high t, gas liquid sulfur, > 200°c, degassing
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mentation of erupted volcanic bombs 

(Figure 6b) and flashes of glowing red 

magma in the vent (Figure 6b, inset); 

these are described in a paper being 

prepared by author Chadwick and col-

leagues. The damping effect of the sea-

water allowed a close approach to the 

site that would have been impossible on 

a subaerial volcano during an eruption 

of comparable intensity. Unprecedented 

sample collections of gases, solids, and 

aqueous solutions at the NW Rota-1 

eruptive site provide unique access to 

complex magmatic and hydrothermal 

processes (Butterfield et al., 2006). We 

were also able to document the effects 

of the eruption on the local biology 

and oceanographic environment. For 

example, the semi-continuous supply of 

volcaniclastic material from the erup-

tion and the periodic collapse of the 

cinder cone produced zones of turbid 

water around the flanks of the volcano 

down to ~ 2000-m depth. As far as we 

know, this is a unique signature of active 

submarine eruptions on arc volcanoes 

(Baker et al., 2002; Embley et al., 2006). 

The specialized shrimp populations 

living on the summit of the volcano 

(Limen et al., 2006) (Figure 6c) take 

advantage of microbial mats thriving on 

the periphery of the eruption area, and 

they also dine on organisms that fall vic-

tim to the toxic clouds wafting up from 

the eruption site (Figure 6c, top panel). 

At present, we are unsure whether this 

population colonized the site as a spe-

cialized eruption fauna or if it represents 

the survivors of a population decimated 

by the eruption onset. 

We don’t know how long NW Rota-1 

has been active (but at least three years, 

from 2003 to 2006) or will remain so. 

However, its characteristics are similar to 

Strombolian activity on land (i.e., high 

gas flux and low magma throughput; 

discussed in Chadwick paper men-

tioned above), which can be very long-

lived. If it remains active, this site will 

continue to be a unique underwater 

laboratory for studying the physical, 

chemical, and biologic processes associ-

ated with an active submarine volcano 

and the effects of these processes on 

the surrounding ocean. 

Shallow hydrothermal activity  
at east diamante Volcano 
East Diamante volcano is an entirely dif-

ferent type of volcano than NW Rota-1, 

with a longer and more complex geo-

logic history. It is an elongate structure 

figure 4. Three-dimensional bathymetry of selected mariana volcanoes from multibeam data. all images 
are two times vertically exaggerated. depth ranges for the volcano images are: NW eifuku, 1563–3400 m; 
NW rota, 1517–3400 m; West rota, 303–3225 m; east diamante, 145–2390 m; daikoku, 320–2500 m; 
NW eifuku, 1563–3400; Nikko, 383–2795 m.
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(east-west) with a distinct but partially 

eroded caldera and a cluster of younger 

dacite cones in the center (Figure 4). 

The hydrothermal plume exhibited an 

intense optical backscatter signal, which 

originated from the primary hydro-

thermal site located on the easternmost 

portion of the central cone complex 

(Figure 6d). At this site, we observed 

the shallowest black-smoker system dis-

covered to date at a depth of 345 m. A 

forest of more than a dozen active and 

extinct chimneys grows from a well-

defined east-west fracture system on 

the eastern side of the easternmost cone 

(Figure 4). The fluid temperature was as 

high as 242°C, which is within 2°C of the 

boiling temperature of seawater at this 

depth. Because the boiling point of sea-

water decreases rapidly above this depth, 

this site is at the upper depth limit for a 

high-temperature hydrothermal system. 

Surprisingly, however, the sulfide chim-

neys contain a complex suite of sulfide, 

oxide, and sulfate minerals including 

pyrite, sphalerite, chalcopyrite, hematite, 

and barite (de Ronde et al., 2004). 

Diffuse hydrothermal venting occurs 

over much of the eastern cone complex 

and overlaps with the deeper part of 

the photosynthetic zone. A white, filmy 

microbial mat is found coating rocks 

covered with encrusting red and green 

algae up to at least 190 m (Figure 6e). 

Although there have been a number of 

studies of shallow-water venting where 

there is overlap between chemosynthesis 

and photosynthesis (Tarasov et al., 2005), 

the proximity of this overlap zone to a 

deeper high-temperature vent field is 

unusual and underscores the importance 

of submarine arc volcanoes for studying 

the ecology and evolution of vent com-

munities over a wide depth range.

liquid carbon dioxide at 1600 m 
The third unique site was discovered in 

2003–2004 near the summit of a small 

volcano called NW Eifuku (Figure 4). At 

a depth of 1605 m on the southern flank 

of the volcano, globular, milky gray drop-

lets of liquid CO
2
 (Figure 6f, inset) rise 

through white “smoke” of CO
2
-rich fluid 

(Lupton et al., 2006) (Figure 6f). Liquid 

CO
2
 was first discovered in the Okinawa 

Trough in 1989, where it is associated 

with blankets of thick sediment (Sakai 

et al., 1990). However, the NW Eifuku 

site is the first observation of liquid CO
2
 

emission from a bare-rock basaltic system 

in an active magmatic arc setting (Lupton 

et al., 2006). Temperature measurements 

and analyses of the white-smoker fluids 

(~ 105°C) showed that they are within 

the supercritical portion of the CO
2
 

phase diagram. These fluids contain the 

highest concentration of CO
2
 yet mea-

sured at any seafloor hydrothermal vent 

system (Lupton et al., 2006).

Dense colonies of mussels occur 

within 100 m of the site (Figure 6g, top), 

and thick mats of orange-red oxyhy-

droxide lie further out on the periphery 

(Figure 6g, lower left inset). In 2004, we 

observed numerous clumps of filamen-

tous microbial material rolling down 

the slopes, probably due to the very high 

primary production of the mats on the 

steep slopes. The combined presence of 

almost pure liquid CO
2
 and extensive 

mussel communities living in low-pH 

waters (Figure 6g, lower right inset) 

produced by the CO
2
-dominated hydro-

thermal system at NW Eifuku make 

this an important natural laboratory, 

especially for the controversial topic of 

carbon sequestration in the ocean and 

for the impact of ocean acidification 

on marine ecosystems.

NW Rota-1

figure 5. two-dimensional ctd “tow-yo” profiles of hydrothermal plume turbidity superimposed on 
three-dimensional bathymetry of NW rota-1. The longer of the two tows extends more than 7 km from 
southeast to northwest. color bar on left is in nephelometric turbidity units (Ntu) above background, 
an optical measurement of the particles in the water. The plume lying above the summit is the eruption 
plume of brimstone pit. The deeper plumes on the flanks are caused by suspended volcaniclastic material 
originating from brimstone pit. 
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figure 6. The underwater images of mariana volcanoes shown here were taken by digital still cameras on remotely operated vehicles ROPOS and Jason 2. figure 3 
shows locations of volcanoes, and figure 4 shows bathymetry. (a) NW rota-1 eruption. gases exsolving from lava that has just erupted on the seafloor at 
brimstone pit. Sheets of cO2 bubbles are evident in advance of the surging hot lava, and bright-yellow, sulfur-rich plumes originate from the lava itself. The cO2 
bubbles “pulsed” whereas the sulfur plumes were directly correlated to lava extrusion. image is ~ 1.5 m across. (b) NW rota-1 eruption. example of the erupting 
volcanic vent of brimstone pit with abundant ash and degassing bombs falling out of the resulting volcanic plume. image is ~ 2 m across. inset: Video frame grab 
shows glowing red lava jetting out of the vent during the final dive at the site. image is ~ 20 cm across. (c) NW rota-1 volcano. bottom panel: close-up view of 
shrimp near the summit. The reason for the difference in color is not yet clear; however, one possibility is that the longer it has been since the shrimp last molted, 
the more material (could be sulfur or bacteria?) they accumulate on their carapaces. image is ~ 50 cm across. top panel: carcasses of squid (left) and fish (right) 
lying on seafloor near summit of volcano, probably killed by the high amounts of sulfite in the volcanic plume. (d) east diamante volcano. Small (~ 30-cm) 
actively venting spires on top of chimney in black forest vent field located on the eastern side of the cone complex within the caldera. The chimneys themselves 
are about 7-m tall. The fluids are venting at 242ºc and expelling gray, mineral-rich smoke into the ocean. (e) east diamante volcano. chemosynthetic micro-
bial mats cover encrusting red algae and coral on volcanic cone. hydrothermal vent and coral reef communities overlap in the depth range of approximately 
188–205 m. image is about 100-cm across. (f) NW eifuku volcano, champagne vent. The white-smoker chimneys are ~ 20-cm across and ~ 50-cm high, and vent-
ing fluids measure 103ºc. White flocculent mats and elemental sulfur coatings surround the chimneys, and liquid cO2 droplets rise from the seafloor. inset: close-
up of cO2 droplets adhering to camera lens. (g) NW eifuku volcano. top panel: Vent mussels Bathymodiolus were so dense in some places on the slopes near 
the champagne site that they obscured the bottom. The mussels are ~ 18 cm long. galatheid crabs and shrimp graze on bacterial filaments on the mussel shells. 
lower panel: at left, yellow and orange microbial mats form a “bioreactor” mound with a thin crust and small chimneys on top. The crusty outer coating acts 
as a thermal blanket to elevate the internal temperature from diffuse venting and help retain reduced microbial nutrients. This mound is approximately 1-m 
across. at right, the low-ph environment around the champagne site causes the mussel shells to dissolve so fast upon death that the shell (the white material) 
is nearly gone before the clam meat (on right) decays. The brown organic cover protects the shell from dissolution while the mussel lives. (h) daikoku and Nikko 
volcanoes. lower left: extensive tracts of tubeworms include a diverse assemblage of other biota (white crabs, flatfish, and shrimps) near summit of Nikko cone. 
image is > 3 m across in foreground. upper left: Jason 2 holds up a large piece of sulfur crust (~ 50-cm across), common at both daikoku and Nikko volcanoes. 
lower right: While trying to extract a sample of the sulfur crust, Jason 2 inadvertently broke through the crust, and molten sulfur enveloped the lower part of the 
vehicle. upper right: four tonguefish samples. The larger fish from Nikko (~ 10-cm long) are almost twice as long as their counterparts on daikoku. (i) daikoku 
volcano. convecting pool of black liquid sulfur near summit. area shown is ~ 4.5-m long and ~3-m wide. The crust (foreground) is formed by contact of liquid 
(187°c) sulfur with seawater, but vigorous degassing at back of pool continuously re-ruptured the crust, creating a standing wave its surface. 
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the molten Sulfur ponds of 
daikoku and Nikko Volcanoes
Daikoku is a large cone constructed 

over an older, elongate caldera that has 

been almost entirely filled by subse-

quent volcanic activity (Figure 4). The 

cone rises over 700 m from its base at 

1050-m depth and has a 200-m-diameter 

summit crater that is breached on the 

northwest. High concentrations of sulfur 

in the hydrothermal plume here sug-

gested a location where chemosynthetic 

activity could thrive. The initial dives in 

2004 and 2005 found extensive diffuse 

venting where tubeworms and associated 

fauna colonized around rock outcrops, 

plus a dense population of small snails 

and a new species of flatfish (Dower 

et al., 2006) on the sedimented summit 

just outside the breach in the crater wall 

(Figure 6h, upper right). This crater’s 

slope was paved with sulfur crusts over 

a large area (Figure 6h, upper left). In 

addition, a whitish, slowly rising efflu-

ent cloud rose out of a deep pit crater 

within the larger crater, somewhat remi-

niscent of the plume from Brimstone Pit 

observed in 2004, but much less intense. 

Nikko is the northernmost hydro-

thermally active Mariana arc volcano 

visited during the Submarine Ring of 

Fire expeditions. Its form is similar 

to Daikoku, although it has two large 

cones rising more than 600 m from 

an older caldera base (Figure 4). An 

intense plume over the summit of the 

western cone was greatly enriched in 

Fe, Mn-3, 3He, CO
2
, and elemental sul-

fur (Resing et al., 2003a). Dives in 2005 

with the Hyper-Dolphin 3000 ROV into 

the 250–290-m-diameter summit crater 

(crater floor averages 460-m deep) dis-

covered a wonderland of extremely dense 

chemosynthetic life covering most of 

the crater floor and walls and extending 

in some places beyond the crater onto 

the upper flank (Nakamura et al., 2006) 

(Figure 6h, lower left). The astonishing 

density of tubeworms, crabs, flatfish, and 

other organisms is probably supported 

both by direct seepage of diffuse fluids 

from below and by gas-rich clouds emit-

ted by numerous vents around the inner 

crater walls and temporarily trapped 

within the crater. This volcanic “fog” 

reduced visibility to a meter or less over 

large areas of the crater floor. Extensive 

sulfur crusts, flows, and ornamented 

chimneys covered the crater floor and 

the upper flank of the summit. The real 

surprise was the first observation of liq-

uid sulfur being expelled from a subma-

rine volcano. In 2005, we filmed rivulets 

of sulfur pouring from a small vent, and 

in 2006, we found a much larger crusted-

over sulfur pond on the upper flank of 

the southern summit area (Nakamura 

et al., 2006). The Jason 2 ROV acciden-

tally broke through the sulfur crust 

and was “dipped” in molten sulfur, 

returning to the surface with almost 

30 kg of solid native sulfur adhering to 

its frame (the dive had to be aborted) 

(Figure 6h, lower right). 

We were equally surprised on our 

return to Daikoku volcano in 2006. 

More focused venting was found slightly 

deeper than during the 2004 and 2005 

dives, and with further exploration, we 

discovered a large open pond of liquid 

sulfur (Figure 6i). Although cold seawater 

(~ 11°C) froze the surface of the molten 

sulfur pool (measured temperature of 

187°C), vigorous degassing continuously 

ruptured the crust, which created pulsat-

ing waves on the pond’s surface.

These sulfur-rich summits of Nikko 

and Daikoku appear to host remarkable 

habitats characterized by an unusually 

high density of chemosynthetic com-

munities. Extensive sulfur deposits were 

also found on several other Mariana 

(Embley et al., 2006) and Kermadec 

(Embley et al., 2005) arc volcanoes. New 

research directions concerning the con-

centration of elemental sulfur and its 

effect on chemosynthetic life at these 

and other arc volcanoes have emerged 

from these discoveries.

impOrtaNce Of arc 
explOr atiONS
The sites discussed above offer unparal-

leled, and in some cases unique, oppor-

tunities to observe and monitor extremes 

in submarine volcanic and hydromag-

matic processes. For example, the erup-

tion at NW Rota-1 was the first oppor-

   the sites discussed. . .offer unparalleled, 

 and in some cases unique, opportunities 

 to observe and monitor extremes in submarine 

  volcanic and hydromagmatic processes .
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tunity to observe and sample an active 

deep-sea eruption site. Event-response 

efforts focused on the MOR over the 

past 15 years have provided new insights 

into the geologic and biologic processes 

associated with eruptive diking events 

(Cowen et al., 2004; Delaney et al., 1998; 

Embley et al., 1995), but these very 

short-lived events have still not yet been 

observed directly. 

Studies of arc volcanoes could also 

have broader impacts on societally rel-

evant issues. Recent studies have found 

that anthropogenic CO
2
 is measur-

ably increasing the acidity of the upper 

ocean, and extrapolations show that 

this increase may soon have potentially 

serious consequences for the viability 

of plankton, corals, and other marine 

organisms that secrete calcium carbon-

ate (Feely et al., 2004). However, little is 

known about the response of marine life 

to this increasing acidity. Many of the 

sites (most notably NW Eifuku) offer 

the possibility of controlled experiments 

in a natural laboratory to study these 

effects over time. 

These and other examples illustrate 

how an increased pace of ocean explo-

ration can improve the science base 

both for understanding the role of the 

ocean in the global carbon cycle and for 

making informed decisions about the 

use of both living and nonliving ocean 

resources. Ocean research in the United 

States has, since the 1970s, been largely 

driven by focused, hypothesis-driven 

research funded by the National Science 

Foundation. The record of discover-

ies is impressive (National Research 

Council, 2000). However, the unex-

pected phenomena discovered during 

the Submarine Ring of Fire program 

alone, in just a few years, confirms the 

potential of this twenty-first century 

wave of ocean exploration as a mission 

complementary to hypothesis-driven 

research, particularly at undersampled 

active plate boundaries. 
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