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Abstract

The discovery of metal-depositing hot springs on the sea floor, and especially their link to chemosynthetic
life, was among the most compelling and significant scientific advances of the twentieth century. More than 300
sites of hydrothermal activity and sea-floor mineralization are known on the ocean floor. About 100 of these are
sites of high-temperature venting and polymetallic sulfide deposits. They occur at mid-ocean ridges (65%), in
back-arc basins (22%), and on submarine volcanic arcs (12%). Although high-temperature, 350°C, black
smoker vents are the most recognizable features of sea-floor hydrothermal activity, a wide range of different
styles of mineralization has been found. Different volcanic substrates, including mid-ocean ridge basalt, ultra-
mafic intrusive rocks, and more evolved volcanic suites in both oceanic and continental crust, as well as tem-
perature-dependent solubility controls, account for the main geochemical associations found in the deposits.
Although end-member hydrothermal fluids mainly originate in the deep volcanic basement, the presence of
sediments and other substrates can have a large effect on the compositions of the vent fluids. In arc and back-
arc settings, vent fluid compositions are broadly similar to those at mid-ocean ridges, but the arc magmas also
supply a number of components to the hydrothermal fluids. 

The majority of known black smoker vents occur on fast-spreading mid-ocean ridges, but the largest massive
sulfide deposits are located at intermediate- and slow-spreading centers, at ridge-axis volcanoes, in deep back-
arc basins, and in sedimented rifts adjacent to continental margins. The range of deposit sizes in these settings
is similar to that of ancient volcanic-associated massive sulfide (VMS) deposits. Detailed mapping, and in some
cases drilling, indicates that a number of deposits contain 1 to 5 million tons (Mt) of massive sulfide (e.g., TAG
hydrothermal field on the Mid-Atlantic Ridge, deposits of the Galapagos Rift, and at 13°N on the East Pacific
Rise). Two sediment-hosted deposits, at Middle Valley on the Juan de Fuca Ridge and in the Atlantis II Deep
of the Red Sea, are much larger (up to 15 and 90 Mt, respectively). 

In the western Pacific, high-temperature hydrothermal systems occur mainly at intraoceanic back-arc spread-
ing centers (e.g., Lau basin, North Fiji basin, Mariana trough) and in arc-related rifts at continental margins (e.g.,
Okinawa trough). In contrast to the mid-ocean ridges, convergent margin settings are characterized by a range
of different crustal thicknesses and compositions, variable heat flow regimes, and diverse magma types. These
variations result in major differences in the compositions and isotopic systematics of the hydrothermal fluids and
the mineralogy and bulk compositions of the associated mineral deposits. Intraoceanic back-arc basin spreading
centers host black smoker vents that, for the most part, are very similar to those on the mid-ocean ridges. How-
ever, isotopic data from both the volcanic rocks and the sulfide deposits highlight the importance of subduction
recycling in the origin of the magmas and hydrothermal fluids. Back-arc rifts in continental margin settings are
typically sediment-filled basins, which derive their sediment load from the adjacent continental shelf. This has
an insulating effect that enhances the high heat flow associated with rifting of the continental crust and also helps
to preserve the contained sulfide deposits. Large hydrothermal systems have developed where initial rifting of
continental crust or locally thickened arc crust has formed large calderalike sea-floor depressions, similar to
those that contained major VMS-forming systems in the geologic record. Hydrothermal vents also occur in the
summit calderas of submarine volcanoes at the volcanic fronts of arcs. However, this contrasts with the inter-
preted settings of most ancient VMS deposits, which are considered to have formed mainly during arc rifting.
Hydrothermal vents associated with arc volcanoes show clear evidence of the direct input of magmatic volatiles,
similar to magmatic-hydrothermal systems in subaerial volcanic arcs. Several compelling examples of submarine
epithermal-style mineralization, including gold-base metal veins, have been found on submarine arc volcanoes,
and this type of mineralization may be more common than is presently recognized. 

Mapping and sampling of the sea floor has dramatically improved geodynamic models of different subma-
rine volcanic and tectonic settings and has helped to establish a framework for the characterization of many
similar ancient terranes. Deposits forming at convergent margins are considered to be the closest analogs of
ancient VMS. However, black smokers on the mid-ocean ridges continue to provide critically important infor-
mation about metal transport and deposition in sea-floor hydrothermal systems of all types. Ongoing sea-floor
exploration in other settings is providing clues to the diversity of mineral deposit types that occur in different
environments and the conditions that are favorable for their formation. 
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Introduction

SEA-FLOOR hydrothermal venting is one of the oldest and
most important ore-forming processes on Earth and has pro-
duced some of the largest and most valuable ore deposits
mined to date. Volcanic-associated and sedimentary-exhala-
tive massive sulfide deposits have accounted for more than
half of the past global production of zinc and lead, 7 percent
of the copper, 18 percent of the silver, and a significant
amount of gold and other byproduct metals (Singer, 1995).
These include some of the oldest ore deposits in the geologic
record (e.g., 3.45 billion year-old massive sulfide deposits in
the Pilbara of Western Australia and the Barberton and
Murchison greenstone belts of South Africa: de Ronde et al.,
1994; Van Kranendonk et al., 2002). Franklin et al. (1981), in
their landmark paper on volcanic-associated massive sulfide
deposits (VMS), pointed out that almost every major tectonic
setting with submarine volcanic rocks has the potential to host
massive sulfide deposits. Comparisons with younger deposits
in well-preserved terranes (e.g., Kuroko-, Cyprus-, and
Besshi-type, named after their type localities) have been the
basis for interpreting the settings of many ancient VMS.
However, attempts to correlate ancient deposit types with
tectonic setting have been limited by the generally broad dis-
tinctions made between arc, back-arc, and mid-ocean ridge
environments in the geologic record and by the fact that de-
posits with different host-rock associations commonly occur
in the same regions or districts. Much of the uncertainty in as-
signing deposits to specific tectonic settings has arisen from
the lack of detailed information about the structure, volcanic
architecture, and lithogeochemistry of the different sea-floor
environments. In the last 25 years, mapping of the sea floor
has allowed more precise geodynamic models of the plate
margins, and sampling of the volcanic rocks has helped to es-
tablish a petrogenetic framework for the tectonic classifica-
tion of similar ancient terranes (e.g., Kerrich and Wyman,
1997). Franklin et al. (2005) apply many of these findings in
their most recent review and classification of the major VMS
districts worldwide. 

When they were first discovered on the mid-ocean ridges,
black smokers were considered probable modern analogs of
ophiolite-hosted massive sulfide deposits, such as those in
Cyprus and Oman. Although there are remarkable similari-
ties between the deposits (e.g., Hannington et al., 1998; Gal-
ley and Koski, 1999), it has long been recognized that most
ophiolites are not representative of mid-ocean ridge crust but
are mostly fragments of extensional back-arc basins formed in
suprasubduction settings. The discovery of black smokers in
back-arc spreading centers of the western Pacific has since
confirmed that this was a more likely setting for many ancient
VMS. More than 80 percent of VMS deposits are thought to
have formed in arc-related rifts. Almost half of the global
VMS tonnage preserved in the geologic record was generated
during a brief 340 m.y. period of subduction and associated
arc and back-arc volcanism along the Paleozoic continental
margins of the Appalachians, the North American Cordillera,
the Tasman Geosyncline, the Iberian Pyrite Belt, and the
Southern Urals (Barrie and Hannington, 1999; Franklin et al.,
2005). A commonly accepted model for the tectonic setting of
many of these deposits is that of an aborted arc rift, similar to

that proposed for the Miocene Kuroko deposits (Cathles et
al., 1983). The major VMS-hosting districts in many of these
regions share a common stratigraphic succession, beginning
with arc-related submarine volcanism, followed by rapid ex-
tension and subsidence to deep marine conditions, and then
a return to compression with closure and uplift of the basins
and renewed arc volcanism. Such rapid changes in stress
regimes, from compressional to tensional and back to com-
pressional, are typical of complex microplate mosaics along
the convergent margins of the present-day western Pacific. 

In this paper, we examine the different submarine environ-
ments that host active sea-floor hydrothermal systems in
today’s oceans and discuss the links between geodynamic set-
tings, the compositions of the mineral deposits, and the origins
of their respective hydrothermal fluids. At the time of writing,
more than 300 sites of sea-floor hydrothermal activity and re-
lated mineral deposits have been found in the oceans. About
100 are sites of high-temperature (350°C) venting or poly-
metallic sulfide mineralization (Fig. 1, App. Table A1). The
history of their exploration since the discovery of the first black
smokers on the East Pacific Rise in 1979 (Francheteau et al.,
1979; Hekinian et al., 1980; Spiess et al., 1980) can be followed
in reviews by Rona et al. (1983), Rona (1984, 1988), Rona and
Scott (1993), and Ishibashi and Urabe (1995). 

Tectonic Settings, Classification, and 
Distribution of Hydrothermal Vents

The extent of the modern oceans, which cover 71 percent
of the Earth’s surface, was reached in the Middle Proterozoic,
when cratonization attained its near present-day steady state.
However, the crust of the ocean floor is no older than 180 m.y.
This means that nearly two-thirds of the planet has been com-
pletely resurfaced by sea-floor spreading and subduction
since the Cretaceous. As a result, submarine volcanic rocks
are the most widespread and abundant surficial igneous prod-
ucts on Earth (Batiza and White, 2000). More than 80 per-
cent of the world’s active volcanoes occur in the oceans, and
the vast majority of surficial hydrothermal activity is concen-
trated along the 55,000 km of mid-ocean ridges and 22,000
km of island arcs (Lowell, 1991; Sigurdsson, 2000). Almost all
sea-floor hydrothermal activity occurs at the plate margins,
where a strong spatial and temporal correlation exists be-
tween magmatism, seismicity, and high-temperature venting.
The majority of the known vents are located along the mid-
ocean ridges (65%), with the remainder in back-arc basins
(22%), along volcanic arcs (12%), and on intraplate volcanoes
(1%: Baker and German, 2004; Hannington et al., 2004). The
lack of known vents in some parts of the oceans (e.g., the
polar regions and Southern Ocean) mainly reflects the diffi-
culties of marine research at these latitudes. Recent discover-
ies of hydrothermal plumes and massive sulfide deposits in
the high Arctic (e.g., Michael et al., 2003) and in Antarctica
(e.g., Klinkhammer et al., 2001) confirm that sea-floor hydro-
thermal activity in remote parts of the oceans is little differ-
ent from that observed elsewhere. Despite their abundance,
black smoker deposits that formed on mid-ocean ridges are
poorly represented in the geologic record, owing to subduc-
tion of the ridges. However, the volcanic, tectonic, and hy-
drothermal processes observed at ridge crests form the basis
for models of ore-forming systems in many other settings. 
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Intracontinental rifts
1. Atlantis II Deep, Red Sea 
2. Thetis, Nereus, Gypsum Deeps 
3. Kebrit Deep, Red Sea 
4. Shaban Deep, Red Sea 
Slow-spreading mid-ocean ridges
5. Broken Spur, Mid-Atlantic Ridge 
6. TAG Mound, Mid-Atlantic Ridge 
7. MIR Zone, Mid-Atlantic Ridge 
8. Alvin Zone, Mid-Atlantic Ridge 
9. 24

o
30'N, Mid-Atlantic Ridge 

10. Snakepit Field, Mid-Atlantic Ridge 
11. 15

o
N, Mid-Atlantic Ridge 

12. Logatchev Field, Mid-Atlantic Ridge 
13. Rainbow Field, Mid-Atlantic Ridge 
14. Mt. Jourdanne, Southwest Indian Ridge 
15. Gakkel Ridge, Arctic Ocean 
16. Aurora Field, Arctic Ocean 
17. Lena Trough, N. Mid-Atlantic Ridge 
18. N. Kolbeinsey Ridge 
19. Kolbeinsey Ridge 
20. Reykjanes Ridge 
Intermediate-rate mid-ocean ridges
21. JX/MESO Zone, Central Indian Ridge 
22. EX/FX Zone, Central Indian Ridge 
23. Kairei Field, Central Indian Ridge 
24. Edmond Field, Central Indian Ridge 
25. Galapagos Rift 
26. S. Explorer Ridge 
27. High-Rise, Endeavour Ridge 
28. Main Field, Endeavour Ridge 
29. CoAxial Site, Juan de Fuca Ridge 
30. North Cleft, Juan de Fuca Ridge 
31. South Cleft, Juan de Fuca Ridge 
32. North Gorda Ridge 
Fast-spreading mid-ocean ridges
33. 21

o
N, Northern EPR 

34. 12
o
50'N, Northern EPR 

35. 11
o
32'N, EPR Seamount 

36. 11
o
N, Northern EPR 

37. 9-10
o
N, Northern EPR 

38. 3
o
55'N, Northern EPR 

39. 1
o
44'N, AHA Field, EPR 

40. 7
o
00'S, Southern EPR 

41. 7
o
30'S, Southern EPR 

42. 14
o
00'S, Southern EPR 

43. 15
o
00'S, Southern EPR 

44. 16
o
40'S, Southern EPR 

45. 17
o
27'S, Southern EPR 

46. 17
o
30'S, Southern EPR 

47. 18
o
10'S, Southern EPR 

48. 18
o
26'S, Southern EPR 

49. 20
o
00'S, Southern EPR 

50. 20
o
50'S, Southern EPR 

51. 21
o
30'S, Southern EPR 

52. 21
o
50'S, Southern EPR 

53. 22
o
30'S, Southern EPR 

54. 22
o
58'S, Southern EPR 

55. 23
o
30'S, Southern EPR 

56. 26
o
10'S, Southern EPR 

57 31
o
51'S, Southern EPR 

58. 37
o
40'S, Pacific-Antarctic Ridge 

59. 37
o
48'S, Pacific-Antarctic Ridge 

Off-axis volcanoes
60. Green Seamount 
61. 14

o
N, Northern EPR 

62. 13
o
N, Northern EPR 

63. 23
o
19'S, Southern EPR 

64. Pito Seamount 
Sedimented ridges and related rifts
65. Middle Valley 
66. Escanaba Trough 
67. Grimsey Field 
68. Guaymas Basin 
Ridge-hotspot intersections
69. Axial Seamount, Juan de Fuca Ridge 
70. Lucky Strike, Azores 
71. Menez Gwen, Azores 
Intraplate volcano
72. Loihi Seamount, Hawaii 
Intraoceanic arcs
73. Kita Bayonnaise, Izu-Bonin Arc 

74. Myonjinsho, Izu-Bonin Arc 
75. Suiyo Seamount, Izu-Bonin Arc 
76. Kaikata Seamount, Izu-Bonin Arc 
77. East Diamante, Mariana Arc 
78. Forecast Field, Mariana Arc 
79. Clark Seamount, Kermadec Arc 
80. Rumble II West, Kermadec Arc 
81. Brothers, Kermadec Arc 
Intraoceanic back-arc basins
82 Sumisu Rift, Izu-Bonin Arc 
83. Alice Springs, Mariana Trough 
84. Central Mariana Trough 
85. Southern Mariana Trough 
86. White Lady, North Fiji Basin 
87. Père Lachaise, North Fiji Basin 
88. Papatua Site, Northern Lau Basin 
89. Kings Triple Junction, Northern Lau 
90. White Church, Southern Lau Basin 
91. Vai Lili Field, Southern Lau Basin 
92. Hine Hina, Southern Lau Basin 
93. Central Lau Basin 
94. Central Manus Basin 
95. Vienna Woods, Manus Basin 
96. Western Ridge, Manus Basin 
Transitional island arcs and back-arc rifts
97. Pacmanus, E. Manus Basin 
98. SuSu Knolls, E. Manus Basin 
99. Desmos Cauldron, E. Manus Basin 
100. Palinuro Seamount, Tyrrhenian Sea 
101. Panarea Seamount, Tyrrhenian Sea 
102. Calypso Vents, Taupo Zone 
Intracontinental back-arc rifts
103. Minami-Ensei, Okinawa Trough 
104. North Iheya, Okinawa Trough 
105. Clam Site, Okinawa Trough 
106. Izena Cauldron, Okinawa Trough 
107. Hatoma Knoll, S. Okinawa Trough 
108. Yonaguni Knoll, S. Okinawa Trough 
Volcanic rifted margins
109. Franklin Seamount, Woodlark Basin 
110. Bransfield Strait, Antarctica 
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FIG. 1.  Distribution of sea-floor hydrothermal vents and related mineral deposits. Numbers refer to high-temperature hy-
drothermal vents and related polymetallic sulfide deposits (closed circles) listed in Table A1. Other hydrothermal deposits
and low-temperature vent sites, including Fe-Mn crusts and metalliferous sediments, are indicated by open circles (see Han-
nington et al., 1994, 2004, for details). Major spreading ridges and subduction zones are indicated.



Mid-ocean ridges

The mid-ocean ridges account for 62 percent of the global
magmatic budget (both intrusive and extrusive) and 73 per-
cent of surficial volcanic activity (Perfit and Davidson, 2000).
The amount of new oceanic crust formed at the ridges is on
the order of 18 km3/yr (Sigurdsson, 2000). The different types
of ridges are discriminated on the basis of spreading rate and
morphology, which vary in response to regional tectonic
stresses and rates of magma supply. Fast-spreading ridges
(full spreading rates of 6–10 cm/yr) occur in relatively thin
oceanic crust and are characterized by abundant volcanic
eruptions; intermediate-rate (4–6 cm/yr) and slow-spreading
(1–4 cm/yr) ridges occur in relatively thick crust and are char-
acterized by only intermittent volcanism between long peri-
ods of essentially amagmatic, tectonic extension and/or intru-
sive activity. The fast-spreading ridges account for about 25
percent of the total length of the ridges, whereas 15 percent
of the ridges are classified as intermediate-rate and 60 per-
cent are slow-spreading (Table A1). Superfast-spreading cen-
ters, such as the southern East Pacific Rise (up to 17 cm/yr),
and ultraslow-spreading centers, such as the Arctic and
Southwest Indian Ridges (<1 cm/yr), also have been identi-
fied (Urabe et al., 1995; Dick et al., 2003). At fast- and inter-
mediate-rate spreading centers, melt lenses occur at depths
of 1 to 4 km and are typically several kilometers in length, 1
km wide, and 100 m thick, with the shallowest magma occur-
ring beneath the fastest-spreading ridges (Fornari and Emb-
ley, 1995; Perfit and Chadwick, 1998). The lower density of
the hot lithosphere along the ridges contributes to a regional
bathymetric minimum at the ridge axis. At fast-spreading
ridges melt also is extruded onto the sea floor faster than the
rate of extension, so the lava flows accumulate as local vol-
canic highs up to 100 m above the surrounding sea floor. The
eruptive fissures typically occupy a narrow axial graben (1 km
wide), and this is the most common location for hydrothermal
vents. 

The rate of magma supply, the depth of the subaxial
magma, and the extent of magmatic versus tectonic extension
influence the size and vigor of hydrothermal convection cells
on the ridges, and there is a general correlation between the
spreading rate and the incidence of hydrothermal venting
(Baker et al., 1996). At fast-spreading centers, high-tempera-
ture fluids circulate to relatively shallow depths (1–2 km),
owing to the shallow subaxial magma. At intermediate-rate
spreading centers, and especially at slow-spreading ridges,
deeply penetrating faults allow circulation of hydrothermal
seawater locally to much greater depths (5–8 km: Rona et al.,
1987; Manning et al., 2000). These differences are partly re-
sponsible for the longevity of the hydrothermal systems and
the large size of many of the deposits on slow- to intermedi-
ate-rate spreading ridges (German and Parson, 1998). Ridges
are also segmented at scales of 10s to 100s of km by a variety
of discontinuities, including transform faults, overlapping
spreading centers, and other nontransform offsets that affect
the distribution of magmatic heat and convective hydrother-
mal circulation (Macdonald, 1998). At the scale of major
ridge segments, high-temperature venting mainly occurs
along the shallowest portions of the ridge, whereas the ends
of segments are typically starved of magma and heat. The

largest hydrothermal systems occur where volcanic eruptions
are episodic and alternate with long periods of intense tec-
tonic activity.

The extent of hydrothermal circulation at mid-ocean ridges
is immense. A variety of geophysical measurements indicate
that about 3 to 6 × 1013 kg/yr of seawater must be circulated
through the axial zones of the world’s mid-ocean ridges and
heated to a temperature of at least 350°C to remove the heat
from newly formed crust (Elderfield and Schultz, 1996).
Other estimates based on geochemical mass balances have
ranged as high as 1.5 × 1014 kg/yr (Baker et al., 1995; Kadko
et al., 1995). However, most of the fluids passing through the
axis of the ridges have temperatures much lower than 350°C,
implying that a much larger combined flux of low- and high-
temperature fluids is required to account for the convective
heat loss. This combined flux (>1014 kg/yr) is sufficient to
cycle the entire mass of the world’s oceans (1.37 × 1021 kg)
through the axis of the mid-ocean ridges every 5 to 10 m.y.
(Stein and Stein, 1994; Elderfield and Schultz, 1996). If con-
vective heat flux from the flanks of the ridges is included in
this calculation (crust older than 1 Ma but <65 Ma), the cy-
cling time for the world’s oceans through the ridges is less
than 1 m.y. From rates of crustal cooling, the magnitude of
convective heat loss at the ridge axis is estimated to be 1.8 ±
0.3 × 1012 W (Mottl, 2003). However, less than 10 percent of
this heat is discharged at black smoker temperatures because
of mixing and cooling of the fluids on their way to the sea
floor (Schultz et al., 1992; Baker et al., 1993). Assuming a heat
flux of 2 to 5 MW for a single black smoker vent (e.g., dis-
charge rates of 1–2 kg/s: Converse et al., 1984; Bemis et al.,
1993), the estimated flux of high-temperature fluids to the sea
floor (10% of 1.8 ± 0.3 × 1012 W) would be equivalent to
about 50,000 to 100,000 black smokers (i.e., at least one black
smoker for every 1 km of ridge). However, the number of
known black smokers is extremely small by comparison, and
their distribution is far from uniform. For example, a single
large vent field may contain as many as 100 black smoker
vents having a total heat output of 200 to 500 MW (e.g.,
Becker and Von Herzen, 1996). Thus, one large vent field
every 50 to 100 km (i.e., between 500 and 1,000 vent fields)
would account for the estimated high-temperature discharge
at mid-ocean ridges.

Most mid-ocean ridge vents occur at water depths of be-
tween 2,000 and 3,000 m (Fig. 2, Table A1). The deepest
vents mostly occur on slow- or ultraslow-spreading centers
that lack the crustal buoyancy associated with large volumes
of subaxial magma. At the average depth of the mid-ocean
ridges (2,600 m), typical 350°C vent fluids are below the boil-
ing temperature of seawater (390°C at 260 bars). At shallower
depths, the near-vertical adiabats of black smoker fluids may
intersect the two-phase boundary for seawater, and the fluids
will boil (Fig. 3). The temperatures of the vents at the sea
floor will then be limited by cooling of the fluids as they rise
along the two-phase curve. Although massive sulfides have
been found at water depths as shallow as a few hundred me-
ters, there are important physical limitations to the depth at
which high-temperature venting can occur if the pressure at
the sea floor is insufficient to prevent boiling (Ohmoto, 1996).

Fast-spreading ridges: The type example of a fast-spreading
ridge is the East Pacific Rise (EPR), where about half of the
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known black smoker vents occur. The East Pacific Rise ex-
tends for 7,000 km from the Gulf of California to the Pacific-
Antarctic Ridge in the Southern Ocean. Venting correlates
closely with the areas of most recent volcanic eruptions (e.g.,
9°N and 17°S EPR, 37°S Pacific-Antarctic Ridge). At 9°N,
the subaxial magma is only 1.4 to 1.6 km below the sea floor
(Vera and Diebold, 1994), and eruption rates are very high.
The first well-documented eruption at a hydrothermal vent
site was observed here in 1991, and eruptions are thought to
occur at intervals of 10s of years in cycles lasting 100 to 1,000
years (Haymon et al., 1991, 1993). Such frequent eruptions can
disrupt the flow of hydrothermal fluids and bury sulfide de-
posits that are localized along the eruptive fissure. As a result,
the vent complexes at fast-spreading ridges tend to be small
(less than a few thousand tons) and the deposits are rapidly
displaced from their heat source by the high spreading rates.

Intermediate-rate spreading centers: Intermediate-rate
spreading centers are characterized by lower rates of magma
supply, deeper axial valleys, and greater structural control on
hydrothermal upflow than at fast-spreading ridges. The best-
studied examples are the Juan de Fuca and Gorda Ridge

system (900 km in length) and the Galapagos Rift (1,700 km
in length), which include some of the largest known vent
fields. Depths to the subaxial magma are 2.5 to 3.5 km (Per-
fit et al., 1999), and eruptions typically occur only at 100-yr
intervals (Embley et al., 2000). Whereas most mid-ocean
ridges are dominated by normal incompatible element-de-
pleted mid-ocean ridge basalt (N-MORB), some intermedi-
ate-rate spreading centers have more evolved magma compo-
sitions (ferrobasalt and andesite). This may be related to
magma mixing, fractional crystallization of magma at shallow
to intermediate crustal depths, or local assimilation of hy-
drated crust (Perfit et al., 1999). Enriched basalt (E-MORB)
is common along parts of the Juan de Fuca Ridge system
(e.g., Sours-Page et al., 1999), and the high concentrations of
incompatible trace elements in such lavas (e.g., Ba, Cs, Rb,

SEA-FLOOR TECTONICS AND SUBMARINE HYDROTHERMAL SYSTEMS 115

0361-0128/98/000/000-00 $6.00 115

N=270

W
a

te
r

D
e
p

th
(m

)

Arc Volcano
Back-arc Basin
Intraplate Volcano

Mid-Ocean Ridge
Other

0 5 10 15 20 25 30 35

0

400

800

1200

1600

2000

2400

2800

3200

3600

4000

4400

4800

5200

FIG. 2.  Depth distribution of sea-floor hydrothermal vents in different
volcanic and tectonic settings (modified after Massoth et al., 2003, with ad-
ditional data from Hannington et al., 2004). The tectonic classifications refer
to Figure 1 and Table A1. Other vents include mainly low-temperature, shal-
low-water hot springs in coastal environments and offshore extensions of sub-
aerial geothermal systems. The distribution of vents partly reflects the limits
of exploration but is consistent with the known depth ranges of the different
tectonic settings indicated.
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Th, U, K, and LREE) are clearly reflected as enrichments of
these elements in the hydrothermal fluids and the deposits at
these locations (Fig. 4, App. Table A2). 

Hydrothermal venting on intermediate-rate spreading
ridges is commonly focused along the walls of the rift valley as
well as in the axial fissure zones. Because of large buoyancy
forces acting on the hydrothermal fluids, it is not uncommon
for high-temperature venting to occur on top of local struc-
tural highs (e.g., on high fault scarps or horsts). On the En-
deavour segment of the Juan de Fuca Ridge, which is one of
the most hydrothermally active intermediate-rate spreading
centers, 100 to 150 black smokers occur in six vent fields
along a 15-km segment of the axial valley (Delaney et al.,
1992; Kelley et al., 2001a). The main vent complexes are
evenly spaced, 2 to 3 km apart, and seismic evidence confirms
that the high-temperature fluids are sourced at depths of at
least 2 to 3 km (Wilcock et al., 2002).

Slow-spreading ridges: Slow-spreading ridges have a low
melt supply and experience only intermittent sea-floor erup-
tions. Here, the crust is composed mainly of gabbroic intru-
sions and lesser ultramafic rocks, and the ridge is character-
ized by a deep, fault-bounded axial valley up to 15 km wide
and 2 km deep. Magma is delivered at multiple point sources,
rather than at linear eruptive fissures, forming mainly pillow
volcanoes (Smith et al., 1999). Only a few seismic studies have
shown evidence of melt accumulation below slow-spreading
ridges (Sinha et al., 1999; Madge et al., 2000), and eruptions
are separated by tens of thousands of years (e.g., Karson,
2002; Kelley et al., 2002). However, individual pillow volca-
noes (e.g., 50–100 m high and 1–10 km diam) may involve rel-
atively large volumes of lava. As at intermediate-rate spread-
ing centers, slow-spreading ridges commonly include both
N-MORB and E-MORB compositions.

Until 1984, it was generally accepted that hydrothermal ac-
tivity on slow-spreading ridges would be limited because of
the lack of near sea-floor magmatic heat. However, following
the discovery of the TAG hydrothermal field on the Mid-At-
lantic Ridge (Rona et al., 1986), it became apparent that the
slow-spreading ridges may host some of the largest hy-
drothermal systems on the sea floor. Spreading is slowest in
the north Atlantic and Arctic Oceans (1.1–1.3 cm/yr), but hy-
drothermal activity and sea-floor mineralization still occur at
a number of different sites (e.g., Lena trough and Knipovich
Ridge, north of Iceland, and on the Gakkel Ridge between
81°N and 86°N). Similar hydrothermal venting occurs on the
slow-spreading Southwest Indian Ridge (e.g., near the Ro-
driguez Triple Junction, between 21°S and 26°S). 

On the Mid-Atlantic Ridge, hydrothermal venting occurs
on the floor of the rift valley (MARK area, Broken Spur), ad-
jacent to the major bounding faults (TAG mound and
24.5°N), and high on the walls of the rift valley (MIR and
Alvin zones of the TAG hydrothermal field: Rona et al., 1993a,
b; Kraznov et al., 1995; Humphris and Tivey, 2000; Petersen
et al., 2000). The locations of the main fields are controlled by
crosscutting transfer faults. The more complex structure of
slow-spreading ridges also locally exposes a number of differ-
ent substrates, including serpentinized ultramafic rocks (see
ridge-transform intersections). Although the magma is deep
or entirely absent, long-lived hydrothermal systems have de-
veloped as a result of the penetration of seawater along

116 HANNINGTON ET AL.

0361-0128/98/000/000-00 $6.00 116

Pb*10

Cu

Zn

ET

SS

MV

RS
OT

PL
PNMT

GB

sediment-free
mid-ocean ridges

Juan de
Fuca R.

BS

TECTONIC SETTIN G

Back-arc basin

Arc volcano

Ridge-hotspot

Sedimented
environments

(As+Sb)*100 Pb*10

Cu+Zn

sediment-free
mid-ocean ridges

GB

OTET

BS PL
PN

MT

Juan de
Fuca R.

MV

RS

SS

LSGB

Ba

Cu

Zn

sediment-free
mid-ocean ridges

Juan de
Fuca R.

BS
ET

MV

RS

AX

FIG. 4.  Cu-Zn-Pb, Cu-Zn-Ba, and (Cu + Zn)-Pb-(As + Sb) ternary dia-
grams, showing the average bulk compositions of polymetallic sulfide de-
posits in different volcanic and tectonic settings (data are from Table A2 and
Hannington et al., 2004). The field for sediment-free mid-ocean ridges in-
cludes all data from mid-ocean ridges (individual deposits not shown). The
field for the Juan de Fuca Ridge encompasses deposits on the Juan de Fuca
and adjoining Explorer Ridge systems (individual deposits not shown). Se-
lected deposits are labeled as follows: AX = Axial Seamount, Juan de Fuca
Ridge; BS = Bransfield Strait; ET = Escanaba trough; GB = Guaymas basin;
LS = Lucky Strike, Mid-Atlantic Ridge; MT = Mariana trough, Alice Springs;
MV = Middle Valley; OT = Okinawa trough, JADE site; PL = Palinuro
Seamount; PN = Panarea Seamount; RS = Atlantis II Deep, Red Sea; SS =
Suiyo Seamount, Izu-Bonin arc. 



deeply penetrating structures into hot crystalline rock at great
depths (e.g., Karson and Rona, 1990; Kleinrock and
Humphris, 1996). Vent-fluid compositions in the TAG field
differ slightly from those of black smokers on the fast-spread-
ing ridges, in part because the hydrothermal system is older
and larger, with a protracted history of subsea-floor alteration.
Unexpectedly, some parts of the Mid-Atlantic Ridge system
that are characterized by abundant magmatic activity, such as
on the Reykjanes Ridge near Iceland, lack major submarine
hydrothermal systems. This is partly because of the shallow
water depths where the ridge crosses the Iceland plateau
(<500 m) but also because of the lack of large-scale faulting
that characterizes other parts of the Mid-Atlantic Ridge (Ger-
man and Parson, 1998).

Off-axis volcanoes: Off-axis volcanoes account for a large
proportion of the total magmatic budget of fast- and interme-
diate-rate spreading centers. The sizes of the volcanoes range
from a few kilometers across to larger edifices up to 10s of
kilometers in diameter and are most abundant within 5 to 10
km of the ridges. The off-axis volcanism is caused by hybrid
magma plumbing systems at the distal edges of subaxial melt
lenses or by abandoned magma bodies that have been spread
off axis. The hybrid nature of the magma chambers is re-
flected in the variable chemistry of the erupted lavas (Perfit
and Davidson, 2000). Some volcanoes are associated with
nearby hot spots and form an obvious chain parallel to the di-
rection of spreading. A few large sulfide deposits are known
where the volcanoes are close to the ridge (e.g., at 13°N
EPR). However, most off-axis volcanoes are characterized by
only low-temperature, Fe-Mn oxide deposits. This likely re-
flects the small size of the associated magma bodies or the
lack of deeply penetrating faults associated with the off-axis
volcanism.

Ridge-hot spot intersections

Mantle plumes affect as much as 20 percent of the global
mid-ocean ridge system (White, 1999), with spectacular re-
sults where the ridge migrates directly over a hot spot. Large,
shield-type volcanoes, such as Axial Volcano on the Juan de
Fuca Ridge (>600 km3), locally occur at these intersections.
The enhanced magmatic activity is mainly a consequence of
the thermal anomaly affecting the ridge, although there may
be direct contributions from actively upwelling mantle mate-
rial. Because of the large magma supply, eruption and drain-
out of significant volumes of melt can result in large sea-floor
depressions on the ridge axis, and lava lakes are a common
feature of these volcanoes (Embley et al., 1990; Fouquet et
al., 1995). In some cases, a distinct volcano is not present, but
the ridge axis lacks the usual morphology and is notably shal-
lower than the rest of the ridge (e.g., near the Azores hot spot,
where the Mid-Atlantic Ridge rises from a depth of 3,000 to
only 900 m). Large axial volcanoes are less common where
fast-spreading ridges intersect a plume, although an en-
hanced magma supply and intense hydrothermal activity may
coincide with the hot spot, as on the Pacific-Antarctic Ridge
(37°S EPR) near the Foundation hot spot (Hekinian et al.,
1999). The basaltic lavas at ridge-hot spot intersections are lo-
cally dominated by E-MORB and products of the fractiona-
tion of N-MORB. Notably silicic lavas, including andesite and
dacite, have been sampled locally and are thought to be

related to the thermal anomaly associated with the nearby
mantle plume (Hekinian et al., 1999). 

At Axial Volcano widespread high-temperature hydrother-
mal activity occurs along the walls of a large 3 × 7-km sum-
mit caldera and at eruptive fissures on the caldera floor (Em-
bley et al., 1990). Similar hydrothermal activity occurs in the
summit depressions of two large seamounts on the Mid-At-
lantic Ridge near the Azores hot spot (Lucky Strike and
Menez Gwen: Langmuir et al., 1997). Sulfide deposits at
these locations are remarkably enriched in barite compared
to normal mid-ocean ridge black smoker deposits, reflecting
the shallower water depths and lower temperature of venting
but also the higher Ba content of the enriched basalt. The
shallower water depths promote boiling of the hydrothermal
fluids, and volatiles also may be escaping from the shallow
magma chambers, contributing to high gas contents in the
vent fluids (e.g., Massoth et al., 1989; Butterfield et al., 1990). 

Ridge-transform intersections

Large transform faults with offsets of >30 km define the
major ridge segments on intermediate- and slow-spreading
ridges. The faults themselves are generally magma starved, al-
though volcanism and low-temperature hydrothermal activity
can occur at small pull aparts or relays within the transform
zones. Near large faults, especially on slow-spreading ridges,
vertical relief can be up to several kilometers, and this com-
monly exposes large sections of the underlying oceanic crust,
including mafic and ultramafic intrusive rocks (e.g., Cannat et
al., 1995; Lagabrielle et al., 1998; MacLeod et al., 2002). Sim-
ilar exposures of abyssal peridotite have been documented
near ridge-hot spot intersections (e.g., south of the Azores)
and at ultraslow or highly oblique spreading segments in the
north Atlantic (e.g., Gakkel Ridge) and on the Southwest In-
dian Ridge. Gabbro commonly intrudes the serpentinized
peridotite after uplift and exposure (Auzende et al., 1994; Tu-
cholke and Lin, 1994), and this drives high-temperature hy-
drothermal circulation in the ultramafic rocks (Kelley et al.,
2002; Mevel, 2003). At several locations on the Mid-Atlantic
Ridge, black smokers and massive sulfide deposits occur on
top of the exposed mantle (Rainbow and Logatchev fields:
Krasnov et al., 1995; Bogdanov et al., 1997, 2002). The pres-
ence of the ultramafic rocks in the substrate causes notable
enrichments in Ni, Co, and platinum group elements (PGE)
in the sulfide deposits (see below). 

Fluids venting through faults in the ultramafic rocks have
exceptionally high concentrations of H2 and CH4, which is
thought to indicate ongoing serpentinization of peridotite at
depth (e.g., Charlou et al., 1998, 2002; Früh-Green et al.,
2004). At some locations, exothermic reactions associated
with serpentinization of the ultramafic rocks are thought to be
responsible for widespread low-temperature (40°–75°C)
venting. Extensive deposits of carbonate and magnesium-hy-
droxide occur at the sea floor around these vents and in dense
vein networks exposed in the faults (e.g., Lost City vent field:
Kelley et al., 2001b; Früh-Green et al., 2003). The heat of
serpentinization is capable of raising the rock temperature to
about 260°C, but the reactions also result in a 20 to 40 per-
cent volume increase, so extensive veining is required to sup-
port fluid flow through the rocks. Some workers have
suggested that a more likely source of heat for the
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low-temperature venting is the still hot lithosphere accessed
by the deeply penetrating faults near the transforms (e.g.,
Allen and Seyfried, 2004). 

Intraplate volcanoes

Intraplate hot-spot volcanoes account for about 12 percent
of the Earth’s magmatic budget (Schmidt and Schmincke,
2000), but almost no high-temperature hydrothermal venting
is associated with these volcanoes, except in proximity to
ridges, as noted above. Intraplate hot-spot volcanoes are pro-
duced by active ascent of deep mantle material in narrow
magma conduits and, although large volumes of mantle-de-
rived melt are delivered to the sea floor over time, the deep
source of the melts and the narrow magma conduits appear to
limit high-temperature hydrothermal venting at the sea floor.
Sea-floor hydrothermal activity occurs only where there is ev-
idence of near sea-floor magma (e.g., in summit calderas),
and the hydrothermal precipitates consist mainly of Fe ox-
ides, amorphous silica, and Fe-rich smectite (e.g., nontron-
ite), commonly associated with filamentous bacterial mats.
Numerous examples of such deposits have been documented
on hot-spot volcanoes in the central Pacific (e.g., Stueben et
al., 1992b; Hekinian et al., 1993; Stoffers et al., 1993; Staudi-
gel et al., 2004). The highest temperature vents at an in-
traplate volcano (up to 200°C) have been reported from the
eruptive fissure at the summit of Loihi seamount, on the
rifted southwest flank of Hawaii (Sedwick et al., 1992). Hy-
drothermal venting is commonly associated with extensive
CO2 degassing, which locally causes notable low pH anomalies
in the water column above the volcanoes (e.g., Cheminée et
al., 1991). The low pH of the fluids may contribute to the dis-
solution of basalt glass, accounting for the unusually high con-
centrations of Fe in the fluids at low temperatures (Stueben et
al., 1992b; Michard et al., 1993). The predominance of alkaline
lavas (ocean island basalt, or OIB), the low temperatures of the
vents (<100°C), and the lack of vent-specific fauna are major
differences between these sites and typical mid-ocean ridge
vent fields (Schmidt and Schmincke, 2000). 

Sediment-covered ridges and related rifts

About 5 percent of the world’s active spreading centers are
covered by sediment from nearby continental margins. The
highest rates of burial are typically associated with clastic sed-
imentation from major rivers. Sedimentation rates in these
settings can be on the order of 10 to 100 cm/1,000 yr (e.g., in
the Gulf of California), compared to typical open ocean
pelagic sedimentation of 1 cm/1,000 yr. During the Pleis-
tocene low stand of sea level in the northeast Pacific, an abun-
dant supply of terrigenous sediment buried several of the
spreading centers of the Juan de Fuca and Gorda Ridges be-
neath 200 to >1,000 m of turbidite. In the Escanaba trough,
on the southern Gorda Ridge, most of the turbidite was de-
posited during a single glacial outburst and catastrophic
flooding that originated in the Columbia River system (Nor-
mark and Reid, 2003). 

Volcanic eruptions are rare at sedimented ridges, but sub-
sea-floor intrusions are common (e.g., sill-sediment com-
plexes: Einsele, 1985; Davis and Villinger, 1992). In Middle
Valley, the Escanaba trough, and the Guaymas basin, high-
temperature venting is focused around the margins of the

buried sills, which are also partly responsible for driving hy-
drothermal circulation (Fisher and Becker, 1991; Zierenberg
et al., 1993; Currie and Davis, 1994). However, high-temper-
ature fluids mainly originate in the volcanic basement. Here,
the upper few hundred meters of fractured basalt is several
orders of magnitude more permeable than the overlying sed-
iments and can accommodate large-scale fluid flow (e.g.,
Fisher et al., 2003). Fluids at the basalt-sediment contact
reach greenschist temperatures (Davis and Fisher, 1994) and
are intercepted along their flow path by basement highs and
focused upward at growth faults or buried intrusions. Metals
are deposited mainly below the sea floor by replacement of
the host sediment. As a result, the sulfide deposits on sedi-
mented ridges are typically larger than deposits on the bare
mid-ocean ridges. The cap of sediment serves to retain heat,
prevents the loss of metals to a hydrothermal plume, and pro-
tects the sulfide deposits from sea-floor weathering and oxi-
dation. However, vents at the sea floor tend to have lower
temperatures, lower concentrations of metals, and different
proportions of the base metals (e.g., higher Pb: Fig. 4, Table
A2). 

In Middle Valley, uplifted blocks of sediment, 400 m in di-
ameter and up to 50 m high, mark the location of the buried
sills. The large Bent Hill sulfide deposit (60 × 90 m) is situ-
ated 9 km from the axis of the valley, adjacent to one of the
uplifted blocks. The first of several holes drilled at this site by
the Ocean Drilling Program in 1992 penetrated 94 m of mas-
sive sulfide below the sea floor (Davis et al., 1992). A second
mound of massive sulfide, 300 m away (ODP mound), is
flanked by a hydrothermal vent with a maximum temperature
of 264°C. Active vents (up to 276°C) also occur near the axis
of Middle Valley, in an area of hard acoustic reflectors in the
sediment (Ames et al., 1993; Goodfellow and Franklin, 1993).
Drilling has confirmed that this hardened substrate is a zone
of intense alteration above a sill-like body, 250 m below the
sea floor (Davis et al., 1992). 

Similar hydrothermal upflow occurs around several up-
lifted sediment hills in the Escanaba trough. The hills are 3 to
6 km in diameter and up to 120 m high, formed by the intru-
sion of dikes, sills, and laccoliths along the spreading axis
(Zierenberg et al., 1994). The largest sulfide deposits (270 ×
100 m) occur adjacent to two of the hills in the northern Es-
cabana trough, where vent temperatures reach a maximum of
217°C (Campbell et al., 1994). However, drilling indicates
that massive sulfide formation is mainly restricted to the shal-
low sediments, 5 to 15 m deep (Zierenberg and Miller, 2000).

In the Gulf of California, large hydrothermal fields occur in
several pull-apart basins formed by oblique segmentation of
the northern East Pacific Rise where it intersects continental
North America (Lonsdale, 1991). The Gulf is bounded by
continental crust on both sides and therefore resembles an in-
tracontinental rift (see below), but the individual basins are
floored by oceanic crust. Narrow axial magnetic anomalies in
the basins indicate the presence of intrusive magma at depth.
The majority of the high-temperature venting occurs in the
Guaymas basin, which comprises two pull-apart structures, 20
to 40 km long and 3 to 4 km wide. The sediment in these
troughs is 500 m thick and is derived mainly from Tertiary vol-
canic rocks exposed on Sonoro, Mexico. Organic-rich sediment
from the Rio Grande River also contributes to distinctive
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black mud in the basins, which contains 2 to 4 wt percent or-
ganic carbon (Curray et al., 1982). In the southern trough,
three large buried sills, 1 to 2 km across, have pushed up sed-
iment hills 100 m above the surrounding sea floor, similar to
Middle Valley and the Escanaba trough (Lonsdale and
Becker, 1985). Extensive hydrothermal venting (315°C) and
low-relief sulfide mounds occur around these features. Cal-
cite, dolomite, manganiferous carbonate, and a variety of hy-
drocarbons are also locally abundant (Koski et al., 1985; Peter
and Scott, 1991). The northern trough contains mainly ferro-
manganese crusts and talc deposits.

Similar hydrothermal deposits have been found in one of
several heavily sedimented submarine valleys off the north
coast of Iceland (Grimsey hydrothermal field: Hannington et
al., 2001). The Grimsey field (100 × 300 m) consists of
mounds of anhydrite and talc with vent temperatures of
250°C. Sulfides are absent, and this is thought to reflect boil-
ing and deposition of metals below the sea floor.

Intracontinental rifts

The type example of continental rifting in a submarine en-
vironment is the Red Sea. Extension began in the Red Sea in
the late Oligocene to early Miocene, possibly in response to a
mantle plume impinging on the Precambrian shield areas of
the Arabian and Nubian plates (Menzies et al., 2002). In the
early stages of opening, extensive deposits of Miocene evap-
orites developed at the flanks of the rift, and evaporite depo-
sition continued until opening created a permanent connec-
tion to the Indian Ocean. Sea-floor spreading began in the
presently active southern part of the Red Sea about 5 m.y. ago
(Cochran, 1983). The rift basin is now more than 1,800 km
long, 200 to 300 km wide, and 2,000 m deep. Active spreading
is occurring in the south at a rate of about 2 cm/yr and contin-
ues on land at the Afar Rift, which is presently 120 m below
sea level in the Danakil depression. Several iron-manganese-
barite deposits that occur on land in the Danakil depression
formed less than 200,000 years ago when this part of the rift
was submerged (Bonatti et al., 1972). At the north end of the
Red Sea, the extension is more diffuse and is terminated at a
left-lateral transform that extends into the Dead Sea.

The central part of the Red Sea contains 25 separate sub-
basins. Brine pools produced by dissolution of evaporite ex-
posed on the flanks of the rift occur at the bottoms of most of
these basins. In some cases, these cold brines are circulated
into the volcanic basement where they are heated to temper-
atures close to those of mid-ocean ridge black smokers.
Owing to their density, the resulting metalliferous fluids do
not form buoyant hydrothermal plumes when they are dis-
charged but sink back into the brine pools. Metalliferous de-
posits precipitated from these hot brines occur in 16 of the 25
deeps (Scholten et al., 2000). The Atlantis II Deep contains
the largest pool of hot brine, 70 m thick and covering an area
of about 10 × 6 km (Bäcker and Richter, 1973). The brine is
continuously replenished by hot fluid at a rate of about 670
kg/s (ranging from 280 kg/s up to a maximum of 1,000 kg/s:
Hartmann, 1980; Anschutz and Blanc, 1996), so that the en-
tire pool has maintained a stable temperature of about 60°C
for at least the last 40 yr. Fe and Mn oxyhydroxides are pre-
cipitated at the interface between the lower brine and the
more oxidized upper layers of the brine pool (Pottorf and

Barnes, 1983; Zierenberg and Shanks, 1983). The Fe and Mn
oxides accumulate, together with Fe-rich clay minerals, as a
blanketlike deposit of metalliferous mud. In the Atlantis II
Deep, this sediment has an average thickness of 8.5 m (up to
25 m) and covers nearly the entire bottom of the sub-basin
(57 km2), thus more closely resembling iron formation than
other types of sea-floor mineral deposits. Similar but smaller
occurrences of metalliferous sediment occur in the Shaban,
Kebrit, Thetis, Nereus, Gypsum, and Vema Deeps (Fig. 1;
Scholten et al., 2000). Because the lower brines are anoxic,
the precipitation of sulfide-facies sediment occurs periodi-
cally in the muds of the Atlantis II Deep and in the smaller
Shaban and Kebrit Deeps, locally associated with small sul-
fide chimneys (Blum and Puchelt, 1991; Scholten et al.,
2000). The lack of oxygen favors the preservation of the sul-
fides and limits bacterially mediated sulfide oxidation. The
absence of macrofauna also means that the finely laminated
metalliferous sediments are not disturbed by bioturbation.

Submarine volcanic arcs

Volcanic arcs, both subaerial and submarine, account for
about 26 percent of the global magmatic budget (Perfit and
Davidson, 2000). Approximately half of the volcanic arcs (ca.
22,000 km) are at least partly to completely submerged. The
dominantly submarine volcanic arcs are of two main types: in-
traoceanic arcs and “transitional” or island arcs (de Ronde et
al., 2003). Transitional arcs are the most common, with a cu-
mulative length of 14,800 km, and include many of the island
archipelagos of the western Pacific. They are developed
mainly at the margins of continents, commonly with a base-
ment of young continental crust or old arc crust. Intraoceanic
arcs, which have a cumulative length of 7,000 km, occur on a
basement of dominantly oceanic crust.

The intraoceanic arcs of the western Pacific region have
lengths of more than 1,000 km each, but the active volcanic
front is typically only 50 to 70 km wide. The distance between
the trench and the arc is typically ≤100 km but can be as
much as 200 km (e.g., Izu-Bonin arc). On the Izu-Bonin arc,
there are 45 major stratovolcanoes along the 1,300-km active
volcanic front, and 26 are submarine (Yuasa et al., 1991). On
the 1,700-km-long Tonga-Kermadec arc, there are at least 90
volcanoes, and more than 70 are submarine (de Ronde et al.,
2003). The spacing between the volcanoes ranges from 27 to
55 km and is typically quite regular. Most of the volcanoes are
simple cones, with basal diameters of 30 km and heights of 1
to 2 km above the surrounding sea floor. About one-third of
the volcanoes have summit calderas, the largest being 5 to 6
km in diameter. Most summit calderas occur at relatively
shallow water depths of <1,000 m (95% are shallower than
1,600 m; Fig. 2). 

Early arc volcanism is typically basaltic and tholeiitic (Stern
and Bloomer, 1992; Pearce and Peate, 1995), becoming more
andesitic and calc-alkaline as the arc crust thickens and the
depth and extent of fractionation of the magmas increases.
The arc magmas are mainly products of partial melting
caused by the addition of H2O and other volatiles to the sub-
arc mantle from subducted sediments and hydrated oceanic
crust. Fluids from the subducted oceanic crust not only trig-
ger partial melting in the mantle wedge but also cause oxida-
tion of the magma and are transport agents for some of the

SEA-FLOOR TECTONICS AND SUBMARINE HYDROTHERMAL SYSTEMS 119

0361-0128/98/000/000-00 $6.00 119



trace elements that are enriched in arc lavas. Island-arc basalt
(IAB) differs from MORB by having (1) higher and more
variable H2O contents (up to 6 wt %: Gaetani et al., 1993), (2)
higher concentrations of CO2 (up to 2 wt %: Jambon, 1994),
(3) higher Fe2O3/FeO (Gill, 1981), and (4) enrichments of
large ion lithophile elements (LILE) such as Ca, Ba, Cs, K,
Rb, and Sr, which are soluble in fluids driven off the sub-
ducting slab (e.g., Macdonald et al., 2000). Although volcanic
arcs account for only a small proportion of submarine volcan-
ism (2–5 km3/yr: Arculus, 1999), considering the composition
of the arc magmas, the flux of volatiles from these systems is
likely much greater than that from the mid-ocean ridges. 

The summit calderas of the largest volcanoes commonly
contain more silicic lavas, including distinctive postcaldera
dacite domes. Explosive caldera-forming eruptions have oc-
curred at depths of at least 1,500 m on both the Izu-Bonin
and Kermadec arcs, and dacitic and rhyolitic pyroclastic rocks
are common in the calderas (e.g., Fiske et al., 2001; Smith et
al., 2003). High-temperature hydrothermal venting is mainly
restricted to the largest calderas, which provide the necessary
structural control for focusing hydrothermal fluids. The com-
mon postcaldera lava domes also indicate the presence of
shallow magma that can drive hydrothermal activity. Hy-
drothermal vents are almost always localized along the
caldera walls or on the postcaldera domes (e.g., Fiske et al.,
2001; Wright et al., 2002). Other volcanoes that lack summit
calderas commonly have a carapace of permeable volcanic
breccias and tephra with only diffuse hydrothermal venting
(de Ronde et al., 2003). On the Mariana and Kermadec arcs,
which are the most completely surveyed, hydrothermal
plumes have been found above one-third of the submarine
volcanoes (de Ronde et al., 2003). The nature of the hy-
drothermal activity responsible for all of the plumes is not yet
well characterized. Some are related to high-temperature hy-
drothermal venting and black smoker activity (e.g., 3 of the 12
plumes on the Mariana arc), but many appear to be due to
passive degassing or quiescent eruptions rather than high-
temperature hydrothermal activity (Massoth et al., 2003; Em-
bley et al., 2004). 

The Izu-Bonin arc is the type example of a primitive in-
traoceanic arc (Fig. 5A). Volcanoes in the northern part of the
arc include both basaltic compositions and abundant silicic
lavas of low K, calc-alkaline affinity, whereas those in the
south are dominantly basaltic to andesitic (Stern and Amira,
1998). Nine of the 26 submarine volcanoes along the arc have
summit calderas and are known to be hydrothermally active
(Ishibashi and Urabe, 1995; Glasby et al., 2000). The largest
hydrothermal system in the northern part of the arc occurs in
the 5-km-diameter Kita-Bayonnaise caldera of the Myojin
knoll volcano at a depth of 1,300 m. Extensive patches of hy-
drothermally altered pumiceous sediment, scattered outcrops
of sulfide and barite, and breccias containing quartz-pyrite ±
barite stockworks occur along the caldera wall and on a 500-
m-high volcanic cone at the center of the caldera (Iizasa et al.,
1999). The largest area of hydrothermal venting (Sunrise de-
posit) has a maximum recorded vent temperature of 278°C,
and active barite and sulfide chimneys occupy an area 400 m
in diameter, although the sulfide outcrop is not continuous.
The nearby Myonjinsho volcano (Iizasa et al., 1992), and
Suiyo seamount farther south (Ishibashi et al., 1994; Tsunogai

et al., 1994), host similar small massive barite and polymetal-
lic sulfide deposits. The vents at Suiyo seamount have a tem-
perature of 317°C and are characterized by a higher chlorin-
ity than seawater, notable Ca enrichment and Na depletion,
and high CO2 concentrations, interpreted to reflect a mag-
matic component in the fluids. 

The Mariana arc, south of the Izu-Bonin chain, includes at
least 50 volcanoes along its 1,200-km length (Fig. 5A). A clus-
ter of hydrothermally active volcanoes, known as the Kasuga
seamounts, occurs at the junction of the Izu-Bonin and Mar-
iana arcs (McMurtry et al., 1993), and 12 other volcanoes on
the arc front have notable hydrothermal plumes (Embley et
al., 2004). High-temperature black smoker vents occur on at
least one volcano (East Diamante), but the extent of hy-
drothermal venting at the other volcanoes is uncertain. Many
of the volcanoes host significant deposits of native sulfur, as
well as Fe-Mn oxides or Fe-rich clay minerals (e.g., nontron-
ite) but lack high-temperature vents (e.g., Stueben et al.,
1992a; McMurtry et al., 1993). In one shallow submerged
caldera at a depth of 200 m (Esmeralda Bank), the deposits of
native sulfur are up to 1 m in thickness and cover an area 400
m in diameter. These deposits are associated with turbulent
gas plumes and low pH anomalies (pH = 5.6) caused by in-
jection of CO2 and SO2 into the water column (Stueben et al.,
1992a). 

The Kermadec chain, north of New Zealand, hosts 13 sub-
marine volcanoes along a 260-km-long section of the arc (de
Ronde et al., 2001, 2003). The volcanoes occur at water
depths of 220 to 1,600 m, and three of the largest volcanoes
have summit calderas up to 3.5 km in diameter and 450 m
deep (Wright and Gamble, 1999). One of the largest and
deepest calderas is on Brothers volcano at a water depth of
1,600 m (Wright et al., 1998, 2002). Active black smoker vents
and massive sulfide deposits occur on the wall of the caldera,
and lower temperature venting and apparent magmatic de-
gassing occur on a 350-m-high dacitic volcanic cone on the
caldera floor (de Ronde et al., 2001, 2005). The hydrothermal
plumes above Brothers volcano reach nearly 700 m in height,
with a chemically distinct plume characterized by high mag-
matic volatile concentrations emitted from the dacitic vol-
canic cone (Baker et al., 2003; Massoth et al., 2003).

The discovery of polymetallic sulfide deposits on volcanoes
at the volcanic fronts of arcs contrasts with the interpreted
settings of most ancient VMS deposits, which are considered
to have formed mainly during arc rifting. A number of aspects
of this setting also result in dramatically different deposit
types than those found on the mid-ocean ridges and in deeper
back-arc basins. The shallow water depths result in wide-
spread boiling and generally lower temperatures of hy-
drothermal venting (Fig. 3), and boiling may occur at lower
temperatures due to the high gas contents of the fluids. There
is clear evidence of the direct input of magmatic volatiles, in-
cluding sulfur-rich fumaroles and low pH vent fluids, similar
to magmatic-hydrothermal systems in subaerial arc volcanoes
(Tsunogai et al., 1994; de Ronde et al., 2005).

Intraoceanic back-arc basins

The majority of the known high-temperature vents in the
western Pacific occur at intraoceanic back-arc spreading
centers (e.g., Lau basin, North Fiji basin, Mariana trough).
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Although there are no estimates of the magnitude of the hy-
drothermal flux from back-arc spreading centers, their con-
tribution to the global flux is likely proportional to their
length (i.e., about 20% of the mid-ocean ridge flux). Back-arc
spreading centers develop after a prolonged episode of arc
rifting, typically caused by oceanward migration and sinking
of the subducting plate (i.e., slab rollback). During this time,
voluminous felsic volcanism can occur, shedding large
amounts of pumiceous material into the nascent back-arc rift
(Clift, 1995). Examples of the earliest stages of rifting of an
intracoceanic arc occur in several narrow depressions located
immediately behind the Izu-Bonin arc (Ikeda and Yuasa,
1989; Fryer et al., 1990) and along the propagating tips of the
northern and southern Mariana trough (Stern et al., 1990;
Stern and Amira, 1998). These initial back-arc rifts are typi-
cally short troughlike features, <100 km long and 30 to 40 km
wide. The Sumisu rift, in the northern Izu-Bonin arc, hosts
rhyolite domes and deposits of amorphous silica, barite, and
hematitic chert (Urabe and Kusakabe, 1990). 

Several millions of years may elapse before a back-arc rift is
wide enough that passive upwelling of mantle material can
occur, leading to true ocean-floor spreading. Back-arc basins
typically do not contain true ocean floor until they are at least
200 km wide and the arclike and mantle melts become spa-
tially separated (Taylor, 1995). Where the arc has been split,
a distal remnant arc occurs beyond the back-arc region (e.g.,
West Mariana Ridge and Lau Ridge; Fig. 5A-B). The remnant
arc is typically amagmatic, although arc magmas are erupted
locally between the active volcanic front and the remnant arc
(cross-arc volcanoes: Gamble and Wright, 1995; Fryer, 1995).

Back-arc spreading centers occur behind about half of the
active submarine volcanic arcs and have a cumulative length
of about 10,000 km, including both intraoceanic and conti-
nental margin settings. Most back-arc spreading centers of
the western Pacific occur at water depths of about 2,000 m,
slightly shallower than the mid-ocean ridges, but can range
from <1,500 to more than 3,600 m deep in the Mariana
trough. The spreading centers can be located as much as 500
km from the arc front, as in the North Fiji basin, to less than
20 km, as in the southern Lau basin. Mature back-arc spread-
ing centers resemble intermediate-rate mid-ocean ridges, im-
plying similar rates of magma supply. However, rates of
spreading in back-arc basins are highly variable, owing to the
common oblique convergence of the plates, and can range
from <5 to as much as 10 cm/yr (e.g., Taylor et al., 1994; Tay-
lor and Martinez, 2003). Volcanic arcs and related back-arc
rifts are commonly affected by features of the subducting
plate, such as subduction of ridge segments or seamount
chains (e.g., Louisville ridge subducted beneath the Lau
basin; Daito ridge subducted beneath the Okinawa trough;
Fig. 5). This can cause segmentation of both the volcanic arc
and back-arc region, enhanced magmatic activity, and abrupt
transitions from broad zones of crustal thinning to deeper
back-arc basins. Depths to the subaxial magma along back-arc
spreading centers vary from 3.5 to as little as 1.1 km, similar
to mid-ocean ridges (Collier and Sinha, 1992). Back-arc basin
basalts, or BABB, like arc magmas, are enriched in volatiles
and incompatible elements compared to MORB but are tran-
sitional between MORB and arc basalt (Stern et al., 1990;
Hawkins, 1995). These melts are derived mainly from the

suprasubduction mantle, but the influence of the subducted
slab is evident in the trace elements and isotopic systematics,
including 226Ra, 230Th, 10Be, 4He, Pb, and Sr isotopes (e.g.,
Fouquet and Marcoux, 1995). 

The first high-temperature hydrothermal vents in an in-
traoceanic back-arc setting were found in the central Mariana
trough in 1986. The Mariana trough formed about 7 m.y. ago,
when the West Mariana Ridge was separated from the Mari-
ana arc (Fig. 5A), and the central part of the trough is now
opening at a rate of 3 to 3.5 cm/yr (Fryer, 1995). High-tem-
perature hydrothermal activity occurs at an axial volcano of
the back-arc spreading center at a depth of 3,600 to 3,700 m
(Alice Springs vent field: Stueben et al., 1995). A number of
back-arc volcanoes also occur immediately behind the arc
front and host active hydrothermal vents (e.g., Forecast vent
field: Ishibashi and Urabe, 1995).

The Lau basin (Fig. 5B) was among the first of the western
Pacific arc and back-arc systems to be recognized as having
formed by splitting of an island arc (Karig, 1970). Barite and
amorphous silica were recovered from Peggy Ridge in the
northern part of the Lau basin in 1975 (Bertine and Keene,
1975), although the significance of this discovery was unclear
at the time. The northern part of the basin is at least 5 to 6
m.y. old, has a width of 600 km, and is opening at a rate of
about 10 cm/yr (Hawkins, 1995). The main spreading center
comprises a series of inflated ridge segments, each about 200
km in length, with axial depths of 2,300 to 2,400 m. They are
generally very similar to mid-ocean ridges in their structure,
degree of segmentation, and volcanic architecture, and they
are erupting mostly MORB-like lavas, although there is also
evidence of a plumelike source (Pearce et al., 1995). In the
southern Lau basin, the spreading rate decreases to about 4
cm/yr, and the back-arc region has a width of only 200 km.
Spreading in this part of the basin began only in the last mil-
lion years, and southward propagation of the rift gives rise to
the classic V shape of a young back-arc basin. Here, spread-
ing occurs along a series of short, 100-km-long ridges that
step progressively eastward toward the volcanic front of the
arc (Taylor et al., 1996). The southernmost spreading seg-
ment (Valu Fa Ridge) approaches to within 20 km of the arc
and has a depth of only 1,700 m. The lavas in this part of the
Lau basin are more arclike, with a predominance of basaltic
andesite and andesite (Hawkins, 1995; Pearce et al., 1995).
South of the Valu Fa Ridge, the back-arc region is mainly an
area of stretched arc crust with abundant normal faulting but
no obvious spreading (Pelletier et al., 1998). Black smoker ac-
tivity occurs both on the northern Lau spreading centers and
in the southern Lau basin, and six high-temperature vent sites
have been found between 15°20' S and 22°40' S (a distance of
800 km). The deposits in the northern Lau basin are hosted
by MORB and resemble typical mid-ocean ridge black
smoker deposits (Lisitsyn et al., 1992; Bortnikov et al., 1993),
whereas those in the south are hosted mainly by andesite and
contain abundant barite, as well as much higher Pb, As, Sb,
Ag, and Au (e.g., Fouquet et al., 1993; Herzig et al., 1993;
Table A2). 

The North Fiji basin is the oldest and widest of the back-
arc basins (about 12 m.y. old: Auzende et al., 1995) and is lo-
cated more than 500 km east of the Vanuatu arc. At this dis-
tance, the Wadati-Benioff zone no longer underlies the
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back-arc region. The spreading center is almost identical to a
mid-ocean ridge, erupting MORB lavas with some influence
of ocean island (OIB) components (Eissen et al., 1994). High-
temperature hydrothermal activity occurs in a 2-km-wide
axial graben atop the spreading ridge and has many similari-
ties to high-temperature black smoker vents on the East Pa-
cific Rise (Auzende and Urabe, 1994). 

In areas of more complex microplate interactions, back-arc
spreading can be highly asymmetric. This is evident in the rel-
atively young (ca. 4 m.y.) and small Manus back-arc basin of
Papua New Guinea (Fig. 5C). Here, oblique convergence be-
tween the Pacific plate and the Indo-Australian plate along
the Manus-Kilinailau and New Britain trenches has resulted
in transpression and counterclockwise rotation of the Bis-
marck microplate. This has caused wedgelike opening of the
basin behind the New Britain arc and the development of
large extensional transforms (e.g., Taylor et al., 1994). In the
broad western and central parts of the basin, spreading on the
main volcanic ridges and transform faults occurs at up to 10
cm/yr, but in the narrower, eastern part of the basin, opening
decreases to <2 cm/yr (Martinez and Taylor, 1996; Taylor and
Martinez, 2003). Black smoker vent fields occur in the axial
zones of the main spreading ridges in the central part of the
basin at water depths of 2,500 m. As in the North Fiji basin,
the hydrothermal fields are hosted by MORB and resemble
mid-ocean ridge black smoker vents (Lisitsyn et al., 1993;
Auzende et al., 2000). In contrast, deposits in the eastern part
of the basin reflect more complex interactions with the adja-
cent New Britain arc (see below).

Island arcs and related back-arc rifts

In complex collisional zones, island arcs and related back-
arc rifts commonly occur in a basement of young continental
crust or preexisting arc crust, involving a range of oceanic mi-
croplates and continental fragments and superposition of arc
volcanism and back-arc rifting. The back-arc rifts may be ei-
ther parallel or perpendicular to the plate boundary, and
oblique collisions commonly result in hinged or radial exten-
sion in the back-arc region. The variety of tectonic elements
involved is reflected in the complex chemistry of both the arc
and back-arc magmas, which range from MORB-like compo-
sitions to medium and high K calc-alkaline andesite, and
there can be considerable overlap of magma sources, with
arclike magmas erupted in the back-arc region. Felsic vol-
canic rocks are abundant, resulting from fractional crystalliza-
tion of magmas trapped in the thickened arc crust. In areas
where this crust is actively rifting, large calderalike sea-floor
depressions may develop, such as the DESMOS cauldron in
the eastern Manus basin and the Izena cauldron in the Oki-
nawa trough (see below). 

In the easternmost part of the Manus basin, arc volcanism
and back-arc rifting are occurring in a basement of Eocene to
Oligocene arc crust immediately north of New Britain (south-
east rifts, Fig. 5C). A 60-km-wide extensional zone has devel-
oped in the old arc crust and is likely the precursor of a back-
arc spreading center, although the absence of magnetic
lineations indicates that true ocean-floor spreading is not yet
occurring (Martinez and Taylor, 1996). A series of en echelon
volcanic ridges, 20 to 30 km long, <5 km wide, and 500 to 700
m high, occupy the zone of extension between two large-scale

transform faults (Djaul and Weitin faults). Lavas erupted
along the ridges are dominantly calc-alkaline and include the
complete series from basalt to rhyolite (Kamenetsky et al.,
2001; Binns et al., 2002). The lavas are highly vesicular, re-
flecting the higher H2O contents of the melts, and have
strong geochemical affinities, including Pb and Sr isotopes, to
the adjacent New Britain arc (Sinton et al., 2003). Two of the
volcanic ridges host high-temperature hydrothermal vents
(Pual Ridge and SuSu knolls: Binns and Scott, 1993; Binns et
al., 2002). A third vent field occurs in the DESMOS cauldron,
which is located in the extended crust between the ridges.
Hydrothermal venting on Pual Ridge (referred to as the PAC-
MANUS site) occurs along a 10-km strike length at the crest
of the ridge in coherent andesite and blocky dacite lava flows
and volcaniclastic rocks. Drilling in these areas during ODP
Leg 193 recovered variably altered dacite, anhydrite-ce-
mented breccias, and sulfide-impregnated volcaniclastic
rocks from the top of the ridge to a depth of 380 m below the
sea floor. Polymetallic sulfides at the sea floor are distin-
guished from the black smoker deposits in the central Manus
basin by their higher Au, Ag, Pb, As, Sb, and Ba contents
(Scott and Binns, 1995; Moss and Scott, 2001; Binns et al.,
2002). Two of the vent fields are characterized by distinctive
advanced argillic alteration of the lavas, including dissemi-
nated pyrite, minor alunite, and abundant elemental sulfur
(e.g., Gemmell et al., 1999; Gena et al., 2001), similar to that
observed on some arc-front volcanoes. 

Complex collisional zones, such as in the eastern Manus
basin, commonly have a diverse regional metallogeny. For ex-
ample, in the New Ireland basin, adjacent to the eastern
Manus basin, a young volcanic arc (Tabar-Feni island chain)
has developed in the old fore-arc crust of New Ireland in re-
sponse to the northward subduction of the Solomon mi-
croplate (Fig. 5C). The young arc consists of a series of
Pliocene to Pleistocene alkaline volcanoes formed by melts
that have risen along transfer faults related to the opening of
the Manus basin and a bend in the New Britain trench
(McInnes and Cameron, 1994; McInnes et al., 2001). The
Tabar-Feni chain is best known for the Luise volcano on the
island of Lihir, which is the site of the giant Ladolam epither-
mal gold deposit (Carman, 2003). A number of submarine
volcanoes of similar composition also occur immediately
south of Lihir, at a water depth of about 1,000 m (Petersen et
al., 2002). One of these volcanoes (Conical seamount) hosts
an eroded stockwork of gold-rich polymetallic veins with
many similarities to the epithermal-style gold mineralization
in the nearby Ladolam deposit on Lihir (Petersen et al., 2002;
Gemmell et al., 2004).

Shallow submarine hydrothermal activity with distinctive
epithermal characteristics also has been found at the southern
end of the Kermadec arc, where active rifting of the Havre
trough extends onto the continental shelf of New Zealand and
eventually merges onshore with the Taupo Volcanic Zone
(Fig. 5B; Wright, 1992; Gamble and Wright, 1995). The sub-
marine extension of the Taupo zone is about 40 to 50 km wide
and consists of a narrow back-arc graben (Ngataro rift), which
is opening at about 0.7 cm/yr, and a series of arc volcanoes
that are continuous with the southern Kermadec chain
(Whakatane seamount, White Island, and Whale Island: Par-
son and Wright, 1996). Near White Island, several shallow
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submarine grabens occur in the Mesozoic graywacke base-
ment at depths of 170 to 190 m (Whakatane graben and the
White Island trough). These grabens host active submarine
hot springs and gas-rich vents at temperatures of up to 200°C
(Pantin and Wright, 1994; Stoffers et al., 1999). Large chim-
neys and mounds of anhydrite occur at several of the vents,
and others are depositing abundant native sulfur, as well as ar-
senic, antimony, and mercury sulfides. The mercury-deposit-
ing vents are analogous to several mercury-rich geothermal
systems onshore and illustrate the common juxtaposition of
both subaerial and submarine hydrothermal systems in tran-
sitional arc environments.

Similar widespread hydrothermal activity is occurring on
the shallow flanks and in the breached calderas of numerous
arc volcanoes in the Mediterranean Sea (e.g., Honnorez et al.,
1973; Varnavas and Cronan, 1991; Cronan et al., 1995). The
Tyrrhenian Sea is a fragment of the ancient Tethys sea floor in
which several volcanic arcs and related back-arc basins have
developed in response to northward subduction of the
African plate beneath Europe (Beccaluva et al., 1985). The
Aeolian arc, which includes the presently active subaerial vol-
canoes at Stromboli, Panarea, and Vulcano, also includes a
number of submerged volcanoes, ranging from alkaline in the
south to calc-alkaline in the north. Distinctive Ba, Pb, As, Sb,
Hg, Ag, and Au-rich polymetallic sulfides occur at a depth of
600 m on the Palinuro seamount (Minniti and Bonavia, 1984;
Dekov and Savelli, 2004) and also on a shallow (<100 m) sub-
marine volcanic complex on the flank of Panarea (Marani et
al., 1997; Table A2). The combination of continental base-
ment, sediment input, and shallow water depths account for
the complex mineralogy and chemistry of the hydrothermal
precipitates.

Rifted continental margins

A number of submarine arc and back-arc systems are de-
veloped entirely in a basement of continental crust, with ex-
tension occuring in sediment-filled basins at the continental
margin. These settings are characterized by an abundance of
crustal melts, more extensive magmatic differentiation in
deep-seated magma bodies (at depths of >3 km), and abun-
dant silicic volcanism (e.g., Menzies et al., 2002). Because of
the thick continental lithosphere, extension in the back-arc
region is distributed over a larger area than in oceanic crust.
Variations in the rate of convergence and the angle of off-
shore subduction also can lead to successive splitting of arcs
away from the edge of the continent. This has occurred many
times along the margins of eastern China and Siberia, most
notably with the opening of the Japan Sea at about 30 Ma and
the Yamato basin at about 15 Ma, the latter associated with
rifting of the Honshu arc and the formation of the Kuroko de-
posits (Ohmoto, 1983). The most recent in this succession of
marginal basins is the presently active Okinawa trough back-
arc basin behind the Ryukyu volcanic arc in the East China
Sea (Fig. 5D).

The Okinawa trough and Ryukyu arc are the type examples
of a continental margin arc and back-arc rift. They extend for
1,200 km from the Kagoshima graben in Kyushu, Japan, to
the Lishan fault zone in northern Taiwan (Fig. 5D). The most
recent phase of rifting of the continental margin began about
2 m.y. ago in response to oblique northward subduction of the

Philippine Sea plate (Sibuet et al., 1998). The rate of opening
is 2 to 4 cm/yr, but true sea-floor spreading has not started
and there is no oceanic crust exposed. The northern part of
the back-arc region is an area of diffuse extensional faulting,
230 km wide, with water depths of only a few hundred me-
ters. In the south, the back-arc rift is up to 2,300 m deep but
only 60 to 100 km wide. This variation in the depth and style
of rifting reflects major differences in the thickness of the
crust, which ranges from 30 km in the north to only 10 km in
the south (Sibuet et al., 1995). The northern Okinawa trough
also has a very thick sedimentary cover of up to 8 km, de-
creasing to about 2 km in the south. Heat-flow measurements
in the mid-Okinawa trough are among the highest recorded
in Pacific marginal basins, in part resulting from this sediment
cover. The basin sediments are dominated by terrigenous ma-
terial with a high organic matter content, which has produced
local concentrations of hydrocarbons, including methane hy-
drates, in the sediment-filled basins (Glasby and Notsu,
2003). Locally, significant hydrocarbon accumulations can de-
velop in such settings, which are better known for base metal
mineralization, including in the Miocene oil fields on the
flank of the Honshu arc of Japan and today in the back-arc re-
gions of Sumatra and Java. 

In the central part of the Okinawa trough, back-arc volcan-
ism occurs within several en echelon grabens at depths of
2,000 to 2,500 m (Sibuet et al., 1995). The individual grabens
are 50 to 100 km long and 10 to 20 km wide and contain a
number of volcanic ridges or elongate volcanoes, similar to
Pual Ridge in the eastern Manus basin. The volcanic ridges
comprise a nearly bimodal suite of vesicular basalt, andesite,
and rhyolite of calc-alkaline affinity (Kimura et al., 1988;
Shinjo and Kato, 2000). The origin of the rhyolite is debated
and may involve either island arc-type magmas (e.g., Ishizuka
et al., 1990), melting of older continental crust, or fractional
crystallization of a back-arc basaltic source (Honma et al.,
1991). Widespread hydrothermal activity occurs on or adja-
cent to the volcanic ridges (Gamo et al., 1991; Ishibashi and
Urabe, 1995; Nakashima et al., 1995). However, the largest
vent field (JADE) is located in a 5 × 6-km and 300-m-deep
structural depression known as the Izena cauldron, which re-
sembles the DESMOS cauldron in the eastern Manus basin.
The floor of the cauldron is dominated by basalt and andesite,
with local dacite and rhyolite lava domes and a 20- to 30-m-
thick cover of rhyolite pumice and mudstone (Halbach et al.,
1989). A central high-temperature vent field has maximum
vent temperatures of 320°C and high gas contents in the vent
fluids (CO2, CH4, and H2S), which are thought to reflect mag-
matic degassing (Sakai et al., 1990); the high CO2 flux causes
a CO2 hydrate seal to form just below the sea floor. Poly-
metallic sulfides in the JADE field are hosted by intensely al-
tered, pumice-rich sediment with disseminated barite, kaoli-
nite, and native sulfur, and the sulfides are distinctly rich in
Pb, As, Sb, Hg, Ag, Au, and Ba (Halbach et al., 1989, 1993;
Table A2). The Iheya Ridge (Clam site), 30 km north of the
Izena cauldron, has a thicker cover of sediment and differs
from the JADE site by the presence of abundant carbonates
(manganoan calcite and rhodochrosite: Nakashima et al.,
1995). Hydrothermal venting also occurs at the southern end
of the Okinawa trough in the portion of the back-arc depres-
sion closest to Taiwan (Glasby and Notsu, 2003). 
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Similar intracontinental back-arc rifts occur in the central
Andaman trough north of Sumatra, at the eastern edge of the
Sea of Okhotsk behind the Kurile arc, in the Bering Sea adja-
cent to Kamchatka, and along the western Antarctic penin-
sula. Bransfield strait, adjacent to the western Antarctic
peninsula, is a sediment-filled rift between the inactive South
Shetland Island arc and the Antarctic continent. This rift is
underlain by 9 to 16 km of Mesozoic accreted material and,
despite the low spreading rate, is characterized by high heat
flow and the presence of thermogenic hydrocarbons in the
sediments (Lawver et al., 1995; Klinkhammer et al., 2001).
Quaternary volcanoes have erupted through this sediment
and are composed mainly of basalt and basaltic andesite, with
minor dacite and rhyodacite (Keller et al., 2002). Polymetal-
lic sulfides recovered from the summits of the volcanoes have
high concentrations of Pb, As, Sb, Hg, Ag, and Ba, similar to
the deposits in the Okinawa trough, reflecting the continental
basement and the sediments in the rift (Petersen et al., 2004;
Table A2). 

The western Woodlark basin is an unusual example of rifted
continental crust where sea-floor spreading is propagating
into the margin of easternmost Papua New Guinea (Fig. 5C).
The spreading center lacks a clear relationship to a subduc-
tion zone and therefore is not a typical back-arc rift. Rather,
opening of the basin appears to be related to oblique conver-
gence of the Pacific and Indo-Australian plates and rotation
of the Solomon microplate (Benes et al., 1994; Taylor et al.,
1995). The eastern end of the spreading ridge is being sub-
ducted beneath the Solomon arc, while the western end is
propagating at 12 cm/yr into continental fragments of eastern
Papua New Guinea. Rifting of the continental crust has cre-
ated a series of short sub-basins which contain MORB-like
basalt, ferrobasalt, and andesite, with sodic rhyolite erupted
at one volcano near the axis of the spreading center (Franklin
seamount: Binns et al., 1993). Hydrothermal activity associ-
ated with the felsic volcanic rocks has produced extensive de-
posits of barite, amorphous silica, and Fe oxides with anom-
alous gold concentrations (Binns et al., 1993, 1997). 

Geochemistry of Hydrothermal Fluids and 
Metal Concentrations

The different volcanic and tectonic settings of sea-floor hy-
drothermal systems involve a number of different sources and
pathways for the generation of high-temperature fluids. The
major variables controlling fluid compositions have been de-
termined from mid-ocean ridge black smokers, but a wide
range of hydrothermal fluids also has been recognized in non-
MORB settings. In this section, we examine the origins of
end-member hydrothermal fluids at mid-ocean ridges, in ul-
tramafic-dominated and sedimented environments, and in
arc and back-arc settings. 

Fluids at mid-ocean ridges

The complex chemistry of heated seawater and its behavior
as a hydrothermal fluid were first established by the experi-
ments of Bischoff and Seyfried (1978) and Bischoff and
Rosenbauer (1983). These early experiments, and subsequent
experiments involving reactions between seawater and basalt,
closely matched the findings of Edmond et al. (1979a, b), who
analyzed the first ridge-crest hydrothermal fluids from the

Galapagos hot springs. Subsequent sampling of vents on the
East Pacific Rise and the Juan de Fuca Ridge (Edmond et al.,
1982; Von Damm et al., 1985a) and modeling of fluid-mineral
equilibria led to the present detailed understanding of high-
temperature fluids in basalt-hosted submarine hydrothermal
systems (Janecky and Seyfried, 1984; Bowers et al., 1985;
Seyfried, 1987). Time-series studies, involving repeated sam-
pling of individual black smokers (e.g., Campbell et al., 1988),
showed that the temperature, pH, salinity, oxidation state,
and concentrations of major elements are remarkably stable
at decade time scales. This was recognized as reflecting the
strong chemical buffering of the fluids in equilibrium with a
greenschist-facies alteration mineral assemblage (Bowers et
al., 1988; Von Damm, 1988). However, subsequent time se-
ries also revealed considerable short-term (<10 yr) fluctua-
tions in vent-fluid compositions, particularly salinity and gas
concentrations, that were coincident with seismic events, dike
intrusions and volcanic eruptions, including so-called
“megaplume” events (e.g., Butterfield and Massoth, 1994;
Butterfield et al., 1994a; Massoth et al., 1994). These varia-
tions have been attributed to subsea-floor phase separation,
which is now considered to play a role in most high-tempera-
ture sea-floor hydrothermal systems (Von Damm et al., 1997;
Butterfield, 2000; Von Damm, 2000).

Many of the chemical characteristics of sea-floor hy-
drothermal fluids result simply from the heating of seawater.
At 150°C, anhydrite, which has retrograde solubility, will pre-
cipitate, and the concentrations of dissolved Ca and SO4 de-
crease sharply, with SO4 reaching nearly zero concentration at
temperatures above 400°C (some SO4 is also reduced to hy-
drogen sulfide by reaction with ferrous Fe in the rock). At
250°C, a compound referred to as magnesium-hydroxy-sul-
fate hydrate (MHSH) also begins to precipitate from seawa-
ter (Janecky and Seyfried, 1983), and considerable acidity is
generated by the reaction Mg2+ + 2H2O = Mg(OH)2 + 2H+.
The quantitative removal of Mg and SO4 from the fluid is the
basis for the end-member fluid model of Edmond et al.
(1979a, b) and Von Damm et al. (1985a). In this model, the
concentrations of major elements measured at different tem-
peratures can be extrapolated back to a common high-tem-
perature end member along mixing lines between seawater
and an undiluted (i.e., zero Mg or zero SO4) vent fluid (App.
Table A3). Under some conditions, the uptake of Mg by al-
tered rocks can be reversed, and SO4 can be added to the flu-
ids from other sources (e.g., magmatic), so that the end-mem-
ber model cannot be universally applied to all fluids (see
below).

During convective hydrothermal circulation, seawater re-
acts with the crust at progressively higher temperatures, be-
ginning in the recharge zone and reaching maximum temper-
atures of about 400°C in a high-temperature “reaction zone”
at depth. Metals and reduced sulfur leached from the rock
reach maximum concentrations in the reaction zone, and ele-
ments such as Si and Fe become major constituents of the hy-
drothermal fluids. At temperatures of about 400°C, SiO2 con-
centrations approach quartz saturation and, because quartz
solubility is pressure dependent, the silica concentration in
fluids vented at the sea floor can be used to estimate the
depth to the reaction zone, assuming no cooling has occurred
(Von Damm and Bischoff, 1987, 1991).
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Reactions in felsic volcanic rocks are similar to those in
basalt, although pH stabilizes more quickly to lower values,
owing to a lack of Ca leaching to balance the removal of Mg
from seawater. The few published experiments on seawater-
rhyolite reactions (e.g., Hajash and Chandler, 1981) show a
striking inverse correlation between the final pH of the solu-
tions and the Si content of the rocks. However, much of the
acidity in rhyolite-hosted hydrothermal vents may be due to
the presence of volcanic gases in the hydrothermal fluids (see
below). Small amounts of sediment in the volcanic pile also
can strongly influence fluid compositions, particularly pH. At
the main Endeavour vent field on the Juan de Fuca Ridge,
traces of buried sediment have resulted in unusually high
concentrations of CH4 and NH3 in the hydrothermal fluids,
and the NH3 buffers the vent fluids to a high pH (Lilley et al.,
1993; Tivey et al., 1999).

Mid-ocean ridge black smoker fluids have in situ pH values
of 4 to 5, salinities of <1 to 8 wt percent NaCl equiv (avg 3.5,
close to seawater), CO2 concentrations of <5 to 285 mmol
(avg 40), H2S concentrations of <0.1 to 41 mmol (avg 7.3), H2

concentrations of <0.1 to 1.8 mmol (avg 0.2), and total metal
concentrations of <10 to 1,300 ppm (avg 290; Table A3). The
H+ concentration measured at 25°C spans a range of nearly
three orders of magnitude, from low pH values of 2.5 to 5.8
(Fig. 6). The highest values are commonly encountered in
older crust, such as at slow-spreading ridges, where the fluids
have equilibrated with previously altered basalt rather than
fresh rock and where sediment may be present in the reaction
path. The lowest pH values are related to conductive cooling
and precipitation of sulfides in the subsea-floor, which releases
H+ to the vent fluid. In fluids that have undergone phase sep-
aration, low pH has been measured both in the brine phase
(e.g., at north Cleft on the Juan de Fuca Ridge: Butterfield
and Massoth, 1994) and in the condensed vapor phase (e.g., at
9° N EPR: Von Damm et al., 1997; Von Damm, 2000). 

Dissolved H2 is the principal reductant in mid-ocean ridge
hydrothermal fluids and is typically in the range of 0.1 to 0.2
mmol (i.e., close to pyrite-pyrrhotite-magnetite equilibrium).
The narrow range of H2 and H2S concentrations reflects equi-
librium with a limited buffer assemblage, including immisci-
ble sulfides and Fe-bearing olivine in the most reduced fluids
and a greenschist alteration assemblage, pyrite-magnetite-an-
hydrite-calcic plagioclase-epidote, in the most oxidized fluids
(Seyfried et al., 1991; Seyfried and Ding, 1995). Dissolved
sulfur concentrations are almost always in excess of dissolved
metals, except in some high-chlorinity fluids (e.g., north
Cleft, Table A3), and concentrations of up to 41 mmol H2S
have been measured in some low-chlorinity phase-separated
fluids (e.g., 9°N EPR and Axial Volcano). Carbon dioxide con-
centrations range over two orders of magnitude, with typical
mid-ocean ridge vent fluids having concentrations of 2 to 25
mmol/kg. Axial Volcano has the highest recorded CO2 con-
centration in a mid-ocean ridge setting (285 mmol/kg), in part
because of phase separation but also from degassing of the
subvolcanic magma (Butterfield et al., 1990, 1997). At most
mid-ocean ridge black smokers, CH4 is a trace constituent of
the fluids, mainly derived from the reduction of volcanic CO2

(Lilley et al., 1993, 1995).
Phase separation is the dominant control on both gas con-

centrations and chlorinity in sea-floor hydrothermal fluids.

The two-phase behavior of seawater was first documented in
detail by the experiments of Bischoff and Rosenbauer (1984)
and Bischoff and Pitzer (1985). When hydrothermal seawater
intersects the two-phase curve at temperatures and pressures
lower than the critical point for seawater (407°C and 298
bars; Bischoff and Rosenbauer, 1988), subcritical phase sepa-
ration (i.e., boiling) produces a paired low-salinity vapor
phase and gas-poor residual liquid. Some fluids have temper-
atures and pressures higher than the critical point; on cooling
and/or depressurization to the critical curve, a small amount
of high-salinity brine condenses from the bulk fluid. In both
cases, gases partition into the less dense phase, and the major
cations, including metals, become concentrated in the brine
phase (Bischoff and Rosenbauer, 1987; Butterfield and Mas-
soth, 1994). However, few high-temperature vents have com-
positions that are dominated by brine or vapor. In particular,
the range of measured chlorinities (0.06–2X seawater values;
Table A3) is considerably less than that predicted to result
from phase separation. This may be explained by the high
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density of the brine, which can become physically separated
from the less dense vapor phase and concentrated in high-
temperature reservoirs at depth (e.g., Bischoff and Rosen-
bauer, 1989). This model is supported by the high salinities
observed in fluid inclusions in deep oceanic rocks and in ophi-
olites (e.g., up to 50 wt % NaCl equiv), although chemically
complex hypersaline liquids also may be exsolved from the
adjacent crystallizing magma (Kelley and Delaney, 1987;
Vanko et al., 1992; de Ronde, 1995; Kelley and Früh-Green,
2000, 2001). At mid-ocean ridges, it is unlikely that exsolved
magmatic brines are volumetrically significant, owing to the
low H2O content of MORB, but such fluids may be produced
by more water-rich magmas in arc environments. In either
case, the presence of deep brines can significantly enhance
metal solubility in the high-temperature reaction zones. 

Isotopic data provide insight into sources of the various
components in vent fluids in different tectonic settings. At
mid-ocean ridges, δDH2O and δ18OH2O values of vent fluids are
within a few per mil of seawater, with small deviations result-
ing from water-rock interaction at variable temperatures dur-
ing recharge and in the reaction zone (App. Table A4). Lower

δD values (to –2.2‰) have been reported from at least one
location (9° N EPR) and are considered to represent a small
(3%) magmatic water component (Shanks et al., 1995). Car-
bon dioxide δ13C values are between –4 and –9 per mil for the
majority of sea-floor vents and are interpreted to reflect
“mantle” sources (e.g., Von Damm, 1990). Methane δ13C val-
ues range from –9 to –26 per mil and have been interpreted
to reflect high-temperature abiogenic CH4 production (e.g.,
Welhan, 1988). Hydrogen sulfide δ34S values range from 1 to
7 per mil, similar to values for sulfides precipitated within the
chimneys (Fig. 7). These values represent mainly leached
sulfur from the basaltic substrate, with <10 percent contri-
bution from inorganically reduced seawater sulfate (Shanks
et al., 1995). Larger relative contributions of reduced sea-
water sulfate and higher δ34S values are indicated for vents
on slow-spreading ridges (e.g., TAG, Rainbow, and Logatchev
fields on the Mid-Atlantic Ridge; Fig. 7), reflecting equili-
bration of the hydrothermal fluids with rocks that have al-
ready experienced a long history of seawater-rock interac-
tion (Shanks, 2001). Strontium isotope data for vent fluids
(Von Damm, 1990) and Pb isotope data for sulfides (e.g., Chen

SEA-FLOOR TECTONICS AND SUBMARINE HYDROTHERMAL SYSTEMS 127

0361-0128/98/000/000-00 $6.00 127

δ
34

S (‰)

Manus Basin (53)

Middle Valley (174)

Mariana Trough (22)

Brothers Seamount (19)

Desmos Caldera (9)

Conical Seamount (28)

Myojinsho Caldera (6)

Guaymas Basin (91)

Escanaba Trough (71)

11°N EPR (51)

21°N EPR (162)

13°N EPR (112)

EPR South (137)

Broken Spur, MAR 29°N (48)

Logatchev, MAR 14°45'N (26)

Snakepit, MAR 23°N (16)

Okinawa Trough, Jade (24)

White Church Field, Lau Basin (22)

Northern Lau Basin (13)

Kebrit & Shaban Deeps, Red Sea (49)

TAG mound (269)

Atlantis II Deep, Red Sea (75)

Grimsey Graben (15)

Vai Lili Field, Lau Basin (22)

Hine Hina Field, Lau Basin (16)

Rainbow (54)

Galapagos Rift (29)

SJFR (44)

Axial Seamount (113)

Central Indian Ridge (54)

6-8-10-12-14-16-18 -6 -4 -2 0 2 4 8 10 12 14

to -33.8

to -1.9

FIG. 7.  Sulfur isotope compositions of representative sea-floor polymetallic sulfides. Data are shown for deposits on the
mid-ocean ridges, in sedimented environments, and in arc and back-arc basin settings. See Figure 1 and Table A1 for de-
scriptions of the individual sites. The sources of data are listed in Appendix Table A5. The shaded bar encompasses 95 per-
cent of the data from typical East Pacific Rise vents. Numbers in parentheses refer to number of analyses.



et al., 1986; Godfrey et al., 1994) indicate a predominantly
basaltic source for Sr and Pb, with small to negligible con-
tributions, respectively, from seawater.

Metal concentrations: Leaching of primary sulfides and the
destruction of ferromagnesian minerals in basalt are the
major sources of Fe, Mn, Zn, and Cu in mid-ocean ridge vent
fluids. Elements such as Pb and Ba are derived mainly from
the dissolution of feldspars (e.g., Doe, 1994). The total con-
centrations of metals in black smoker fluids average close to
300 ppm (250 ppm Fe, 50 ppm Mn, 5–10 ppm Zn, 1–5 ppm
Cu, and <0.1 ppm Pb, with 1 ppm Ba) and range from <10
ppm in vapor-phase fluids to more than 1,300 ppm in some
brines (Table A3). The metal concentrations are strongly de-
pendent on temperature, pH, and chlorinity, although redox
conditions in the high-temperature reaction zone also influ-
ence Cu and Fe concentrations in the end-member fluids
(Seyfried and Ding, 1995; Seyfried et al., 1999).

Trace metal data for vent fluids are scarce, although the
concentrations of some elements, such as Co, Se, Mo, Cd, As,
Sb, Ag, and Au have been determined (Campbell et al., 1988;
Von Damm, 1990; Butterfield et al., 1994a; Trefry et al., 1994;
Seyfried et al., 2003). There are systematic differences in vent
fluid compositions in mafic- or ultramafic-dominated envi-
ronments (e.g., high concentrations of Cu, Fe, Co, Se, and
Ni) and in environments containing more evolved volcanic
suites (e.g., high concentrations of Zn, Pb, Ag, As, Sb, Hg, Ba,
and Au; see below). Superimposed on these source-rock con-
trols is the strong temperature dependence on metal concen-
trations. Regardless of tectonic setting, sulfide assemblages
formed at different temperatures almost always display con-
sistent enrichments and depletions of certain metals. Ele-
ments such as Co, Se, and Mo are typically enriched in the
highest temperature Cu-rich chimneys (ca. 350°C), whereas
Cd, Pb, As, Sb, and Ag are concentrated in lower temperature
fluids (ca. 250°C) and enriched in Zn-rich hydrothermal pre-
cipitates (e.g., Auclair et al., 1987; Fouquet et al., 1988; Han-
nington et al., 1991a; Herzig and Hannington, 1995). Consid-
erable attention has been paid to the precious metal
concentrations of sea-floor hydrothermal vents. Analyses of
vent fluids and the quenched products of high-temperature
black smokers indicate dissolved gold concentrations in the
end-member fluids of 0.05 to 0.2 µg/kg (Hannington and
Scott, 1989; Hannington et al., 1991b, and references
therein). At these concentrations, a black smoker vent field
with a mass flux of 100 to 500 kg/s can transport a significant
amount of gold to the sea floor over the life of a hydrothermal
system. Metals that are transported at lower temperatures
(e.g., Au, Ag, As, Sb, Hg, Tl, Pb, and Zn) tend to be concen-
trated in deposits forming in shallow water, above subsea-
floor boiling zones, and the extent of boiling is a major con-
trol on the bulk composition of the deposits that form at the
sea floor (Hannington et al. 1999).

The concentrations of metals in mid-ocean ridge black
smoker vents are considered by many to be too low to have
produced the large-tonnage, Cu-rich VMS deposits in the ge-
ologic record (e.g., Scott, 1997). Mass-balance considerations
for a typical EPR vent fluid (e.g., 2 ppm Cu and 5 ppm Zn)
require large volumes of hydrothermal fluid and leached rock
to produce a major ore deposit, suggesting that other sources
of metals must be involved. Brine inclusions of probable

magmatic derivation in subsea-floor plutonic rocks locally
contain daughter minerals of pyrite and chalcopyrite that in-
dicate metal concentrations of up to 1000s of ppm Fe and Cu
in the trapped fluids (Kelley and Delaney, 1987). Only a small
contribution from such brines, mixed with modified seawater,
could account for major metal concentrations in the vent
fluids.

Fluids in ultramafic-dominated environments

In ultramafic rocks, a number of different reactions lead to
significantly different fluid compositions, from low pH,
metal-rich fluids to high-pH, metal-depleted fluids over a
wide range of temperatures (Wetzel and Shock, 2000; Allen
and Seyfried, 2003). In the Rainbow and Logatchev vent
fields on the Mid-Atlantic Ridge, the end-member fluids are
products of high-temperature reactions with gabbroic subvol-
canic intrusions and subsequent interaction with peridotite
(Charlou et al., 2002). The low pH of the vent fluids results
from Ca-Mg exchange with pyroxene and the precipitation of
tremolite and talc in the gabbroic rocks (Allen and Seyfried,
2003). The very high concentrations of H2 (up to 16 mmol)
are mainly produced by serpentinization reactions (oxidation
of ferrous iron in olivine: e.g., 15Mg2SiO4 + 3Fe2SiO4 +
23H2O = 9Mg3Si2O5(OH)4 + 3Mg(OH)2 + 2Fe3O4 +2H2).
Under these conditions, seawater sulfate is readily reduced to
H2S, and this partly accounts for the high δ34S values of the
sulfides in the Rainbow and Logatchev fields (Fig. 7). Abun-
dant CH4 is also produced during serpentinization, through a
series of Fisher-Tropsch-like reactions that convert carbon
dioxide to CH4 (e.g., CO2 + 4H2 = CH4 + 2H2O: Kelley and
Früh-Green, 1999; Früh-Green et al., 2004). Experiments by
Berndt et al. (1996) and McCollom and Seewald (2001)
showed that higher hydrocarbons as well as amorphous car-
bon and graphite also can be produced by these reactions, al-
though the extent of inorganic synthesis of hydrocarbons dur-
ing serpentinization remains uncertain.

Unusually high Fe concentrations in the end-member flu-
ids at Rainbow and Logatchev (Table A3) are a result of leach-
ing of magnetite from gabbro and altered peridotite by the
low pH fluids. The Fe and Ni released from olivine and other
ferromagnesian minerals form Fe-Ni alloys and react with re-
duced sulfur to produce millerite, pentlandite, and
pyrrhotite, which are locally abundant in the altered peri-
dotite (Kelley and Früh-Green, 2000; Alt and Shanks, 2003).
Millerite and pentlandite also occur in the massive sulfides at
Rainbow and Logatchev (up to 2,580 ppm Ni at Rainbow and
up to 600 ppm Ni at Logatchev: Mozgova et al., 1996, 1999;
Murphy and Meyer, 1998; Bogdanov et al., 2002). The high
concentrations of Ni and Co in these deposits are associated
with notably elevated PGE (up to 190 ppb Pt at Rainbow and
up to 183 ppb Pt at Logatchev: Mozgova et al., 1999; Bog-
danov et al., 2002). The Pt/Pd ratios of the sulfides are close
to those of the host ultramafic rocks and are significantly
higher than in other mid-ocean ridge black smokers (e.g., Pan
and Xie, 2001).

In contrast to the ultramafic-hosted black smoker vents, the
lower temperature, 75°C vents of the Lost City field have a
high pH of 9 to 9.8 and low concentrations of metals, SiO2,
and H2S (Früh-Green et al., 2003). These fluids are buffered
by equilibrium with brucite, which is present in abundance in
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veins and deposited directly on the sea floor. The formation
of serpentine and other Mg silicates buffers Si to very low
concentrations, and the high pH causes the hyperalkaline flu-
ids to precipitate aragonite from the carbonate in seawater,
forming the towering carbonate chimneys and large
travertinelike deposits at Lost City (Kelley et al., 2001b; Pa-
landri and Reed, 2004). Similar aragonite chimneys and de-
posits of Mg silicates have been found at cold seeps associated
with serpentine diapirs in the Mariana fore-arc region (Fryer
et al., 2000).

Fluids in sedimented environments

High-temperature seawater-sediment reactions have been
characterized experimentally by Bischoff et al. (1981), Rosen-
bauer et al. (1983), Thornton and Seyfried (1987), Seewald et
al. (1990, 1994), and Cruse and Seewald (2001). The experi-
mental results correspond closely to observed vent fluid com-
positions from the Guaymas basin, Middle Valley, and the Es-
canaba trough (Bowers et al., 1985; Von Damm et al., 1985b;
Campbell et al., 1988; Von Damm, 1991; Butterfield et al.,
1994b; Campbell et al., 1994). The fluids are generally de-
pleted in metals and enriched in the alkalies, boron, ammo-
nia, and organic-derived hydrocarbons compared to seawater-
basalt systems. Chemical buffering by the sediment results in
generally higher pH and more reduced hydrothermal fluids,
giving rise to a class of deposits that is mineralogically quite
different from those at sediment-starved mid-ocean ridges
(Goodfellow and Zierenberg, 1999). Pyrrhotite tends to be
the dominant Fe sulfide phase, and other minerals formed at
low fO2

are commonly present (e.g., Fe-rich sphalerite, ar-
senopyrite: Koski et al., 1985, 1988; Peter and Scott, 1988;
Ames et al., 1993; Zierenberg et al., 1993). The lower venting
temperatures compared to sediment-free mid-ocean ridges
(e.g., 317°C in the Guaymas basin, 276°C at Middle Valley,
217°C in the Escanaba trough) and the higher pH account for
the lower metal concentrations at the sea floor. However, the
presence of a high-temperature Cu-rich zone beneath the
Bent Hill sulfide deposit at Middle Valley together with fluid
inclusion and isotopic data confirm that temperatures below
the sea floor were on the order of 350° to 400°C (Butterfield
et al., 1994b; Peter et al., 1994; Teagle and Alt, 2004), similar
to end-member vent fluids on nearby sediment-free ridges.

The high pH and alkalinity of the vent fluids, combined
with high SiO2 concentrations, results in the precipitation of
abundant Mg silicates and carbonate during mixing with sea-
water, and chimneys composed only of anhydrite, barite,
amorphous silica, smectite, or carbonate are common. Con-
centrations of ammonium in the vent fluids are several orders
of magnitude higher than in typical mid-ocean ridge black
smokers (e.g., 10–15 mmol at Guaymas basin compared to
<0.01 mmol at 21° N EPR; Table A3), owing to the break-
down of N-bearing organic compounds in the sediments, and
this produces a strong pH buffer via the reaction NH3 + H+ =
NH4

+. The fluids are reduced by reaction with organic carbon
and oxidation of CH4 produced by bacteria in the sediment
(e.g., Corg + 2H2O = CO2 + 2H2 and CH4 + 2H2O = CO2 +
4H2), and products of the thermal degradation of organic
matter, including liquid petroleum and solid bitumens, are
commonly preserved in the hydrothermal precipitates (Peter
et al., 1990, 1991). Higher hydrocarbons (e.g., C1-C6) are

also present in the vent fluids (Simoneit and Gize, 2000). Low
δ13CCH4 values (–43 to –51‰) are common in the vent fluids
(Table A4), even where relatively small amounts of organic
matter are involved (e.g., Lilley at al., 1993). Methanogenic
carbonates, which are locally abundant in the sediments sur-
rounding the vents, also typically have very low δ13CCO2 values
(Goodfellow and Zierenberg, 1999). A wide range of δ34S val-
ues is observed (Fig. 7), indicating the action of bacteria and
a larger contribution of seawater sulfate reduction than in
basalt-dominated systems (Böhlke and Shanks, 1994; Zieren-
berg, 1994). 

Basaltic 87Sr/86Sr and Pb isotope ratios and high 3He con-
centrations confirm that the hydrothermal fluids at sediment-
covered ridges have equilibrated with basalt in the basement
before reacting with the sediments (Goodfellow and Zieren-
berg, 1999; Bjerkgard et al., 2000). However, significant con-
tinent-derived Pb and Sr are evident in the hydrothermal pre-
cipitates in the Guaymas basin and at the Escanaba trough
(Chen et al., 1986; LeHuray et al., 1988; Zierenberg et al.,
1993). Continental terrigenous material also appears to have
contributed to unusually high concentrations of such ele-
ments as As, Sb, Hg, and Sn in some deposits and corre-
spondingly complex mineral assemblages, including ar-
senopyrite, loellingite, stannite, tetrahedrite, and other
Pb-As-Sb sulfosalts (e.g., the Escanaba trough: Koski et al.,
1988; Zierenberg et al., 1993). Gold contents of sulfide de-
posits in sedimented rifts are typically low (e.g., <0.2 ppm Au
at the Guaymas basin), reflecting the strongly reduced condi-
tions (Hannington et al., 1991a). However, copper-rich sul-
fides from the Escanaba trough contain up to 10 ppm Au,
with an average of 1.5 ppm Au, and might be explained by an
enriched source in the underlying sediments.

Similar vent-fluid compositions are found in sedimented
back-arc basins. Vent fluids in the Okinawa trough, have
NH4+ concentrations of up to 4.9 mmol, pH of 5.8, and low
CH4 carbon isotope values (Tables A3, A4). These fluids are
also precipitating locally abundant calcite, dolomite, and
manganiferous carbonate (e.g., at Iheya Ridge), similar to the
vents in the Guaymas basin. However, the fluids are less re-
duced and have notable concentrations of magmatic gases
(Sakai et al., 1990).

The metalliferous brines of the Red Sea are unique in the
present record of sea-floor hydrothermal systems. No other
examples of high-temperature vent fluids that are more dense
than seawater have been found (e.g., Scott, 1997). The brines
originate from the dissolution of Miocene evaporite and react
with a number of different rocks, including basalt and marine
shale; the metals are mainly leached from the volcanic base-
ment (Zierenberg and Shanks, 1986; Anschutz and Blanc,
1995; Anschutz et al., 1995). The lower brine in the Atlantis
II Deep is nearly saturated with NaCl (25 wt % NaCl) and
strongly enriched in alkalies, but it is depleted in Mg and SO4,
similar to mid-ocean ridge fluids. The high salinity and low
pH (5.5) permit very high concentrations of metals in the
brine pool, despite a temperature of only 60°C (80 ppm Fe,
80 ppm Mn, 3 ppm Zn, 0.2 ppm Pb, and 0.02 ppm Cu: Pot-
torf and Barnes, 1983; Hartmann, 1985; Scholten et al.,
2000). Estimates based on heat and salt balances indicate that
the temperatures of the source fluids are between 195° and
435°C (Ramboz and Danis, 1990; Anschutz and Blanc, 1996).
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This is supported by fluid inclusions in anhydrite, indicating a
maximum temperature of 390°C (Oudin et al., 1984; Ramboz
et al., 1988) and by the presence of pyrite-pyrrhotite-
isocubanite with exsolved chalcopyrite in veins in the sedi-
ment (Pottorf and Barnes, 1983). However, the high-temper-
ature fluid has not been sampled, and its composition is not
known. 

Fluids in volcanic arcs and back-arc basins

The major controls on vent fluid compositions in arc and
back-arc settings are the same as those at mid-ocean ridges,
but there is evidence that magmatic volatiles supply a num-
ber of components, including metals, to the hydrothermal
fluids. End-member fluids commonly have higher concen-
trations of K and other alkali elements, reflecting the com-
position of the volcanic rocks (Table A3), and they tend to be
more oxidized because of the lower abundance of FeO-bear-
ing minerals. The felsic rocks typical of arc settings are also a
source of trace elements such as Pb, As, Sb, and Ba (e.g.,
Stanton, 1994). Lead isotopes indicate that these elements
are enriched in the lavas via contributions from the subduct-
ing slab (e.g., Fouquet and Marcoux, 1995). Even where
basalt and andesite are the dominant rock types (e.g., Mari-
ana trough, central Manus basin, North Fiji basin, Lau basin)
the massive sulfide deposits commonly have higher concen-
trations of Pb and Ba than in mid-ocean ridge settings (Fig.
4, Table A2). In continental margin settings, such as in the
Okinawa trough, the sulfide deposits have very low Fe con-
tents and include many complex sulfosalts of Pb, Ag, As, Sb,
and Hg (Halbach et al., 1993; Ishibashi and Urabe, 1995;
Nakashima et al., 1995). Deposits on the volcanic arcs and in
immature back-arc rifts also commonly have high concentra-
tions of gold, whereas sulfide deposits at mature back-arc
spreading centers have gold concentrations that are similar
to those of mid-ocean ridge black smokers (Table A2). How-
ever, these differences do not appear to reflect differences in
the gold contents of the source rocks (Herzig and Hanning-
ton, 1995) and may simply reflect the oxidation state of the
fluids (e.g., Herzig et al., 1993). The role of magmatic
volatiles in the enrichment of gold remains uncertain, but
the presence of isotopically distinct fluids in some anom-
alously gold-rich systems provides positive evidence for a di-
rect magmatic contribution (see below). Recent findings of
CO2-rich inclusions in andesite from the eastern Manus
basin containing high concentrations of Cu, Fe, and Zn chlo-
rides support the suggestion that other metals also may be
contributed directly from the magma (Yang and Scott, 1996,
2002; Kamenetsky et al., 2001).

CO2 concentrations are significantly higher in vent fluids at
arc volcanoes than on the mid-ocean ridges (40–260 mmol/kg
vs. 5–15 mmol/kg: Sakai et al., 1990; Ishibashi et al., 1994;
Tsunogai et al., 1994; Table A3). Unusual pH and Al anom-
alies in hydrothermal plumes also have been found and are
considered to reflect volcanic degassing of CO2 and SO2

(Gamo et al., 1993, 1997; Resing and Sansone, 1996). Limited
oxygen and hydrogen isotope data also indicate direct contri-
butions of magmatic water in some arc and back-arc hy-
drothermal systems. Of particular significance are the unusu-
ally low δD values (to –8.1‰) of H2O in vent fluids from the
DESMOS cauldron (Gamo et al., 1997), which suggest a

magmatic water component in the fluids similar to that indi-
cated for some Kuroko deposits (Marumo and Hattori, 1999).  

Sulfide δ34S values for arc and back-arc hydrothermal sys-
tems are typically higher than in mid-ocean ridge black smok-
ers, reflecting the higher δ34S of arc lavas (δ34S = 4–10‰ vs.
δ34S = 0.1 ± 0.5‰ in MORB: Ueda and Sakai, 1984; Alt et al.,
1993). The higher δ34S values are mainly attributed to sub-
ducted seawater sulfur that is recycled through arc magma-
tism. However, anomalously low δ34S values also have been
found (Fig. 7) and are attributed to the input of volcanic SO2

in the hydrothermal fluids (Herzig et al., 1998; Gemmell et
al., 1999; Gena et al., 2001; de Ronde et al., 2005). Wide-
spread sulfur-rich fumaroles in submarine arc and back-arc
settings provide further evidence of direct venting of vol-
canic-derived sulfur gases. Significant deposits of elemental
sulfur, sulfur-cemented hyaloclastite and volcanic breccias,
sulfur-impregnated muds and tuffaceous sediment, and in-
tensely altered lavas with sulfur-filled amygdules have been
documented on active submarine arc and back-arc volcanoes,
at water depths from 2,000 to <100 m and at vent tempera-
tures ranging from 250° to <100°C (cf. Hannington et al.,
1999). Abundant elemental sulfur also is found in hydrother-
mal plumes. Along the Kermadec arc, sulfur concentrations
in the plumes are up to 40 times higher than in typical mid-
ocean ridge plumes and correlate with low pH values (de
Ronde et al., 2001; Massoth et al., 2003). Comparisons with
SO2 emissions from subaerial volcanoes (e.g., Wallace, 2003)
suggest that submarine arc volcanoes are likely discharging
substantial quantities of sulfur into the oceans at a global
scale.

The acidity produced by the condensation of reactive vol-
canic gases causes intense alteration of the volcanic rocks, and
Mg and other cations that are normally depleted in black
smoker vents are locally stripped from the rocks and released
into the acidic hydrothermal fluids. In the DESMOS caul-
dron the vent fluids have a pH of 2.1 and higher SO4 concen-
trations than background seawater (Table A3). These data,
combined with the very low δ34S and δDH2O values men-
tioned above are compelling evidence that this is a submarine
magmatic hydrothermal system. Similar low pH fluids have
been sampled in the southern Lau basin, near the propagat-
ing tip of the back-arc rift (Hine Hina vent field), and they are
associated with intensely altered andesite, sulfur-cemented
volcaniclastic breccias, and stockwork veining with advanced
argillic alteration (quartz, kaolinite, pyrophyllite, and minor
alunite: Fouquet et al., 1993; Herzig et al., 1993). The iso-
topic compositions of coexisting sulfides and sulfate minerals
(including alunite) indicate direct input of magmatic SO2 in
the hydrothermal fluids (Herzig et al., 1998). Similar alunite-
bearing alteration has been documented at DESMOS, at
Conical seamount in the Tabar-Feni arc, and in the Brothers
caldera on the Kermadec arc (Gena et al., 2001; Petersen et
al., 2002; Gemmell et al., 2004; de Ronde et al., 2005). At sev-
eral vent sites, high-sulfidation–state sulfide assemblages
(e.g., bornite + pyrite and tennantite + enargite) also have
been noted, including at Palinuro seamount in the Tyrrhenian
Sea (Minniti and Bonavia, 1984; Dekov and Savelli, 2004), in
the eastern Manus basin (Gena et al., 2001; Moss and Scott,
2001; Binns et al., 2002) and on the Brothers volcano in the
Kermadec arc (de Ronde et al., 2005). These minerals are
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indicative of oxidized, sulfur-rich (and possibly chloride-rich)
fluids, similar to those associated with high-sulfidation Cu-Au
deposits (Arribas, 1995; Sillitoe et al., 1996). 

Notable coenrichment of Cu and Au has been found in a
number of black smoker chimneys from volcanic arcs (e.g.,
10–20 ppm Au in Cu-rich chimneys from Suiyo seamount on
the Izu-Bonin arc and in the deposits in the eastern Manus
basin: Tsunogai et al., 1994; Watanabe and Kajimura, 1994;
Moss and Scott, 2001). The concentrations of gold are orders
of magnitude higher than in similarly Cu-rich black smokers
from the mid-ocean ridges, suggesting that gold concentra-
tions in the vent fluids may be much higher. Certain other
trace elements, such as Bi and Te, are closely associated with
gold in these Cu-rich chimneys and reach concentrations of
up to 200 ppm Bi and 150 ppm Te (Watanabe and Kajimura
1994; Moss and Scott 2001). Discrete Bi telluride minerals
also have been documented at Palinuro seamount (Dekov
and Savelli, 2004). The Cu-Au-Bi-Te association may reflect a
felsic magmatic source for the metals, similar to that observed
in subaerial magmatic hydrothermal systems. In a submarine
setting, a magmatic vapor plume of the type at White Island
(e.g., combined fluxes of 110,000 kg/yr Cu, 2190 kg/yr Bi, and
>36 kg/yr Au from passive degassing and quiescent eruptions:
Le Cloarec et al. 1992; Hedenquist et al. 1993) could deliver
a significant amount of Cu and Au to the sea floor. 

Duration of Hydrothermal Activity, 
Mass Accumulation Rates, and Sizes of Deposits

Of the more than 100 sites of high-temperature hydrother-
mal venting considered in this review, 30 are host to large
sulfide deposits (Hannington et al., 1995; Fouquet, 1997).
However, many are incompletely surveyed, and reported di-
mensions commonly include large areas of discontinuous sul-
fide outcrop or barren substrate between vents. Data from
drilling by ODP have provided some details on the internal
structures of the largest deposits (e.g., Humphris et al., 1995),
but only two deposits have been drilled adequately to allow an
estimate of total tonnage. The large TAG mound on the Mid-
Atlantic Ridge, which measures 200 m in diameter and 45 m
in height, contains 2.7 Mt of massive sulfide averaging 2 wt
percent Cu and 1.2 Mt of stockwork at 1 wt percent Cu
(based on 17 holes drilled to a maximum depth of 125 m dur-
ing ODP Leg 158: Hannington et al., 1998). This is compara-
ble to many Cyprus-type massive sulfide deposits on land.
Four deep drill holes that penetrated the Bent Hill and ODP
mounds at Middle Valley (ODP Legs 139 and 169) indicate a
combined tonnage of between 10 and 15 Mt (Fouquet et al.,
1998; Zierenberg et al., 1998), making them the largest accu-
mulation of polymetallic sulfides on the sea floor after the
Red Sea. Several other large deposits on the mid-ocean ridges
are on the order of 100,000 t up to 1 Mt each (Lucky Strike,
Snakepit, Logatchev, 13° N EPR, and the Galapagos rift). In
the back-arc rifts of the western Pacific, the largest deposits
are in the Manus basin, the North Fiji basin, the southern
Lau basin, and the Okinawa trough and are similar in size to
some large deposits on the mid-ocean ridges.

The largest vent complexes on the mid-ocean ridges are ac-
tive intermittently for periods lasting 103 to 105 years. The
presently active TAG mound sits on 100,000- to 200,000-year-
old crust, and high-temperature venting began at least 20,000

to 50,000 years ago (based on 234U/230Th measurements:
Lalou et al., 1990, 1998). The accumulation of sulfides in the
TAG mound over this time has occurred during several tran-
sient phases of activity lasting up to several thousand years
(Lalou et al., 1995, 1998; Humphris and Tivey, 2000). Based
on the age data and the size of the mound (2.7 Mt of massive
sulfide), Hannington et al. (1998) calculated a growth rate for
the main massive sulfide lens of about 500 to 1,000 t/yr, al-
though higher rates of accumulation have been calculated
based on the amount of metal that is currently being deliv-
ered to the sea floor by high-temperature fluids (e.g.,
Humphris and Cann, 2000). Like TAG, the Middle Valley de-
posits are situated on crust that is at least 300,000 years old,
and the hydrothermal system is estimated to be 125,000 years
old (Davis and Villinger, 1992). In both cases, the protracted
history of hydrothermal venting is interpreted to be a result of
deep-seated magmatic activity followed by long periods of
cooling and release of heat from depth. This contrasts with
the heat and fluid flow associated with high-temperature
black smoker vents on the fast-spreading ridges, which are
driven mainly by shallow dikelike intrusions. The high rate of
heat removal by individual black smokers ensures that vent-
ing associated with shallow diking events on fast-spreading
ridges is relatively short lived (e.g., Lowell et al., 1995). This
is confirmed by isotopic dating, which indicates that hy-
drothermal discharge at individual black smokers lasts only 10
to 100 years (based on 228Th/228Ra and 210Pb: e.g., Kadko et
al., 1985; Stakes and Moore, 1991; Koski et al., 1994).

The metalliferous sediments of the Atlantis II Deep in the
Red Sea represent the largest accumulation of metals associ-
ated with hydrothermal venting on the sea floor. The total
tonnage of metalliferous sediment is estimated to be 696 Mt,
and systematic sampling in 627 cores has proven a resource of
91.7 Mt, on a dry, salt-free basis, with grades of 2.06 wt per-
cent Zn, 0.46 wt percent Cu, 58.5 g/t Co, 40.95 g/t Ag, and
0.51 g/t Au (Guney et al., 1988). The total metal content is 27
Mt Fe, 1.89 Mt Zn, 425,000 t Cu, 5,369 t Co, 3,750 t Ag, and
47 t Au. Although the oldest sediments are between 25,000
and 28,000 years old, the deposition of the lowermost sulfidic
zone began about 15,000 years ago, when the stable brine
pool was established (Bäcker and Richter, 1973; Shanks and
Bischoff, 1980). Assuming that the present resource (e.g.,
1.89 Mt Zn) has accumulated over the last 15,000 years, the
average metal accumulation rate has been 126 t Zn/yr. This is
equivalent to 100 percent efficiency of deposition from a
brine having a Zn concentration of about 5 ppm at the esti-
mated influx rate of 670 kg/s (Anschutz and Blanc, 1996) and
similar to the combined flux of metal from several large mid-
ocean ridge black smoker vent fields.

Summary and Concluding Remarks

The largest sulfide deposits on the sea floor occur in highly
fractured crust at intermediate- and slow-spreading centers,
where this is little or no evidence of recent volcanic eruptions.
Deeply penetrating faults in these settings allow circulation of
seawater to considerable depths and, in some cases, at some
distance off axis. Active extension maintains the fluid path-
ways necessary for large-scale hydrothermal convection and
supports the necessary permeability to extract heat and met-
als from a large volume of rock. The strongly rock buffered
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chemistry of the end-member fluids indicates that fluid path-
ways expand with time, driven downward by cracking fronts
that expose fresh rock to hydrothermal leaching. A large and
deep heat source that is episodically replenished is consid-
ered essential for the formation of the largest deposits. The
associated structures also must be large enough to accommo-
date extension for long periods without disrupting large-scale
hydrothermal systems contained within the faults. Oblique or
asymmetric spreading, as in transtensional basins or exten-
sional transform zones (Taylor et al., 1994), are particularly fa-
vorable for such large-scale faulting and long-lived hy-
drothermal upflow. Where magma is intruded at shallow
crustal levels or high in a volcano, hydrothermal activity is
shallow, vigorous, and short lived, and therefore less likely to
produce a large deposit. Conditions for sulfide accumulation
are enhanced in sediment-filled basins, where large hy-
drothermal systems are associated with sill-sediment com-
plexes and massive sulfides are deposited by subsea-floor re-
placement within the sediments overlying a permeable
volcanic basement.

Mantle plumes can be a trigger for enhanced crustal melt-
ing and magma supply and are responsible for particularly
vigorous hydrothermal activity at ridge-hot spot intersections.
Plumes also may have initiated major rifting events in conti-
nental lithosphere (e.g., Afar rift). However, hot-spot volca-
noes away from ridges appear to host limited high-tempera-
ture hydrothermal venting, despite their importance in terms
of the overall magmatic budget of the oceans. Interactions
between mantle plumes and submarine volcanic arcs, which
have been proposed for some ancient VMS-hosting terranes,
have not been documented in the present-day oceans, al-
though there is evidence for contributions from a plume
source in some magmas in the North Fiji basin and in the
northern Lau basin.

Deposits forming in mature intraoceanic back-arc basins
closely resemble those on the mid-ocean ridges, reflecting the
similar structure, magma supply, and melt compositions of
the spreading centers. However, like Cyprus-type massive
sulfide deposits, hydrothermal systems in these settings have
a low potential for preservation owing to eventual subduction
of the back-arc spreading centers. By analogy with ancient
VMS deposits, the most productive sea-floor hydrothermal
systems are likely to be found in extensional arc environ-
ments, where rifting of the arc crust provides the necessary
heat for the generation of abundant deep crustal melts and
large-scale hydrothermal convection. Volcanic rifted margins,
which are characterized by high crustal heat flow, kilometer-
scale pre- and synvolcanic extensional faulting, and a thick
sedimentary cover are the most favorable settings for large
deposits. The sedimented rifts in epicontinental or continen-
tal margin arc environments are likely modern analogs of set-
tings that host major VMS districts, such as Bathurst, New
Brunswick, and the Iberian Pyrite Belt. Intracontinental
back-arc rifts receive a large sediment load from the adjacent
continental shelf, and the sediment has an insulating effect,
preserving the high heat flow associated with rifting of the
thick continental crust and also enhancing the preservation of
contained sulfide deposits. Initial rifting of arc crust or conti-
nental crust also can lead to the development of large calder-
alike sea-floor depressions, such as the DESMOS cauldron in

the eastern Manus basin and the Izena cauldron in the Oki-
nawa trough. These structures have many similarities to the
calderalike depressions that host some large VMS systems in
the geologic record (e.g., Franklin et al., 2005). Unlike the
small calderas on many arc stratovolcanoes, which are products
of caldera-forming eruptions, rift-related “cauldrons” appear to
be mainly structural features that are floored by andesite and
basalt and likely underlain by large subvolcanic intrusions.

Opposing subduction zones, oblique collisions, and mi-
croplate tectonics that characterize the western Pacific today
also were likely important for the formation and preservation
of VMS deposits in many ancient terranes. In such complex
microplate mosaics, rapid changes in stress regimes (e.g.,
from compressional to tensional and back to compressional)
are common, and diverse sea-floor hydrothermal systems can
occupy different volcanic and tectonic positions in close prox-
imity. In the southern Havre trough of New Zealand, for ex-
ample, a fore-arc graben, a volcanic arc, and an active back-
arc rift, as well as the transition from oceanic to continental
basement and dominantly submarine to subaerial hydrother-
mal systems, occur in the space of only a few tens of kilome-
ters. Different magmatic suites, including both mid-ocean
ridge basalt and typical arc lavas, are separated by as little as
15 km (Gamble and Wright, 1995). In the eastern Manus
basin, distinctive Cu-Au–rich polymetallic massive sulfides
are associated with calc-alkaline submarine volcanism on Pual
Ridge, whereas epithermal-style gold mineralization is associ-
ated with alkaline volcanoes in the immediately adjacent New
Ireland basin (e.g., Petersen et al., 2002). 

Magmatic contributions to sea-floor hydrothermal fluids
are likely significant in many arc-related systems. In most
cases, mixing with reduced hydrothermal fluids in larger scale
convective hydrothermal systems and dilution by seawater
will cause the magmatic component to equilibrate at inter-
mediate pH values and oxidation states prior to venting. How-
ever, an analogy with subaerial magmatic-hydrothermal sys-
tems is suggested in some environments (Sillitoe et al., 1996).
Thus, a complete spectrum of fluid compositions and styles of
mineralization may be found. Samples of apparent submarine
porphyry-style mineralization have been recovered from a
tonalite exposed by collapse of a volcano in the northern Izu-
Bonin arc (Ishizuka et al., 2002), but there is no clear evi-
dence of a relationship between sea-floor hydrothermal activ-
ity and submarine porphyry-copper mineralization. This is
consistent with the observation that ancient VMS and por-
phyry Cu deposits are almost never found together (e.g., Sil-
litoe, 1980). However, in the geologic record, VMS deposits
that might have formed above submarine porphyry systems
may have been removed where the porphyry-style mineral-
ization is now exposed. In some shallow submarine environ-
ments, the emergence of volcanic arcs as a result of tectonic
uplift during collision, or submergence of the volcanoes due
to subsidence during arc rifting, also may lead to overprinting
of dramatically different styles of mineralization.

Further exploration is required to evaluate the importance
of volcanoes at the arc front as a setting for VMS deposits.
Compared to arc-related rifts, the small, shallow magma
chambers beneath the summit calderas of arc stratovolcanoes
are expected to result in smaller hydrothermal circulation
cells and correspondingly smaller but potentially high-grade
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deposits. Shallow water depths and lower confining pressures
at the summits of arc volcanoes also result in lower venting
temperatures, owing to subsea-floor boiling. This may lead to
vertically extensive stockwork mineralization rather than the
development of large sea-floor massive sulfide deposits. Fre-
quent disruptions of the hydrothermal systems by explosive
eruptions also are likely, as indicated by the abundant pyro-
clastic deposits that occur in the calderas of even the deepest
submarine arc volcanoes (Fiske et al., 1998, 2001).

The many different volcanic and tectonic settings of con-
vergent margins along the western Pacific are viewed as im-
portant modern analogs for the structure and metallogenic
evolution of ancient VMS districts, including in some of the
oldest granite-greenstone terranes. The major ore deposits of
the southern Abitibi greenstone belt, for example, were
formed within a span of less than 50 m.y., resulting from suc-
cessive arc rifting, back-arc basin development, and ending
with exhumation of the adjoining accretionary complexes
along major arc-parallel crustal-scale faults (e.g., Poulsen et
al., 1992). Active marginal basins of similar size and repre-
senting similar stages of this evolution are recognized in the
complex microplate mosaics throughout the western Pacific
today (e.g., the eastern Manus basin). However, the Late
Archean was almost certainly characterized by faster rates of
crustal accretion, enhanced volcanism, and higher heat flow,
possibly with shallower water depths, higher ocean tempera-
tures, and seawater chemistry that was predominantly mantle
buffered (e.g., Groves and Barley, 1994). Abundant mafic-
ultramafic magmatism in the Archean also might have cre-
ated conditions for widespread low-temperature venting as-
sociated with serpentinization reactions, similar to those
observed on present-day slow-spreading ridges. These differ-
ences likely had a profound influence on sea-floor hydrother-
mal activity in the Archean ocean (e.g., Ohmoto, 1996). 

Despite more than two decades of intensive research, there
is a continuing lack of data concerning the number distribu-
tion, size, and composition of sea-floor polymetallic sulfide
deposits in some environments. Certain tectonic settings that
are well-endowed with mineral deposits in the geologic
record (e.g., rifted continental margins) have yet to be fully
explored on the ocean floor. Other deposit types might be ex-
pected in submarine shelf environments (e.g., clastic sedi-
ment-hosted and carbonate-hosted Pb-Zn-Ag deposits) but
have not been found. These are obvious targets for future ex-
ploration in the oceans. In addition to polymetallic sulfide
deposits, other vast resources of metals are known on the
ocean floor. Nearly 34 billion tons (Bt) of manganese nodules
occur in the Pacific high-grade area, containing 7.5 Bt of Mn,
340 Mt of Ni, 265 Mt of Cu, and 78 Mt of Co (Morgan, 2000;
Rona, 2003). However, it is still premature to judge the po-
tential future economic significance of these and other deep-
sea mineral resources (Glasby, 2000). It may be decades be-
fore commercial exploitation of these deposits is realized. In
the meantime, they will continue to be an important natural
laboratory for the study of ore-forming processes in the sub-
marine environment.
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TABLE A4.  Representative Isotopic Data for Hydrothermal Fluids from Selected Sea-Floor Vents

Tectonic setting δD1 δ18O1 δ13CCO2 δ13CCH4 δ34SH2S 3He/4He 
Location/vent Tmax (°C) pH (25°C) Cl (mM) (‰) (‰) (‰) (‰) (‰) (R/RA) 87Sr/86Sr 

Mid-ocean ridges:
Endeavour Ridge (1)

Hulk 353 4.5 505 1.1 0.8 — –55 to 5.0 7.9 —
Dante 370 4.4 457 1.7 0.9 — –48.4 4.3 7.9 —
S&M — — 334 1.6 1.0 — — 4.6 7.9 —
Peanut 350 — 253 1.5 0.9 — — 3.8 7.9 —

South cleft (3)
Plume 224 3.2 1087 –0.3 0.6 –4.4 –20.8 5.7 7.6 to 0.7034
Vent 1 285 3.2 896 0.5 0.7 –3.8 –17.8 6.4 7.7 0.7034

East Pacific Rise
21° N, EPR (4)

NGS 273 3.8 579 2.0 1.5 –7.0 –15.0 3.4 7.8 0.7030
OBS 350 3.4 489 2.8 1.5 –7.0 –17.4 1.4 7.8 0.7031

13° N, EPR (5)
Vent 3 380 3.3 760 — — — — 3.5 — —
Chandelier 335 4.1 898 1.6 0.7 –5.6 –26.4 4.7 7.0 0.7041
Chainette >300 3.9 739 0.7 0.4 –4.1 –19.1 4.9 7.6 0.7041

11° N, EPR (6)
Vent 5 — 3.7 686 1.0 0.4 — — 4.8 — —

9° N, EPR (7)
Area A 403 — 38 –0.4 2.1 — — 3.2 — —
Area C 326 — 329 1.5 0.6 — — 3.9 — —
Area E 274 — 842 1.1 0.9 — — 4.0 — —
Area F 386 — 45 1.4 1.5 — — 6.4 — —
Area G 325 — 149 –2.2 0.8 — — 6.8 — —
F vent ’91 388 2.8 47 1.4 1.5 — — — — —
F vent ’94 351 2.6 846 –0.1 1.5 — — — — —

17° S, SEPR (8)
Nadir 340 3.0 190 — — — –23.9 — — —

18° S, SEPR (9)
Akorta >305 3.3 848 — — –7.9 –22.0 — — —
Fromveur 310 3.0 155 — — –5.8 –23.5 — — —

21° S, SEPR (10)
Cl depleted 401 3.1 297 1.7 0.8 — — 4.8 — —
Cl normal 376 3.3 557 2.9 0.8 — — 4.2 — —

Mid-Atlantic Ridge
Broken Spur (11) 364 — 469 — — –9.0 –18 to –19 — — 0.7035
TAG Black (12) 366 3.4 636 — — –8.4 to –8.0 to — — 0.7029 to

321 — 659 1.6 1.5 –10.0 –9.5 8.6 7.5 0.7046
Snakepit (13) 350 3.9 559 1.9 1.9 — — 4.9 7.9 0.7028

Central Indian Ridge (14)
Karei 1 365 3.8 634 1.0 1.9 –6.3 –8.6 6.8 7.8 0.7044
Karei 2 360 3.4 645 1.2 1.6 –6.1 –8.7 7.0 7.9 0.7042

Ridge-hot spot intersections:
Axial Seamount (15)

Inferno 328 3.5 624 2.5 1.1 — — 6.1 8.1 —
Virgin 299 4.4 176 2.6 0.9 — — 7.3 8.1 —

Lucky Strike (16)
Eiffel 325 4.1 438 — — –7.2 to –12.7 to — — —
Crystal 281 4.2 535 — — –10.6 –13.7 — — —

Menez Gwen (17) 284 4.2 380 — — –6.8 to –9.1 –18.8 to –19.6 — — —

Ultramafic hosted:
Rainbow (18) 364 2.8 750 — — –3.1 to 1.0 –18.2 to –13 — — —
Logatchev (19) 353 3.3 515 — — –4.3 –13.6 — — —
Lost City (20) <75 9–9.8 549 — 0.1 (1.4 to 2.4)3 — — — 0.7072

Sedimented ridges:
Guaymas basin (21)

Area 2 291 5.9 589 — — –6 to 2.7 –43 to –51 — — 0.7052 to
Area 3 285 5.9 637 — — — — — — 0.7059

Middle Valley (22)
Dead Dog 276 5.5 578 — — — — — — 0.7042 to
Bent Hill 265 5.1 412 — — — — — — 0.7044

Escanaba (23) 217 5.4 668 — — — — — — 0.7099
Red Sea, AII (24) 66 5.5 4406 5.6 0.7 — — (5.4)4 12.7 0.7071
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Intraoceanic back-arc basins:
North Fiji basin (25)

White Lady 285 4.7 255 — — –6.2 –18.9 — 9.9 0.7046
Kaiyo/LHOS 291 4.7 267 — — –5.7 –19.8 — 9.0 0.7046

Lau basin (26)
Vai Lili-1 280 — 712 — — — — — — 0.7044
Vai Lili-3 334 2.0 790 — — — — — — 0.7044

Mariana trough (27)
Alice Springs 285 4.4 544 — — –4.3 — 3.6 to 4.8 8.5 0.7037

Volcanic arcs:
Izu-Bonin-Mariana

Suiyo Smt. (28) 311 3.7 658 — — –2.7 to –1.0 –8.5 — 8.2 —
Kasuga Smt. (29) 39 5.2 515 — — — — — — 0.7080

Transitional arcs and back-arc basins:
Manus Basin (30)

DESMOS 88 2.2 495 –8.1 0.3 — — –5.7 — —
Okinawa Trough (31)

JADE 320 4.7 550 — — –5.0 to –4.7 –36 to –41 7.4 to 7.7 6.1 to 6.9 0.7089
Minami-Ensei 278 5.0 527 — — –4.0 to –5.3 –29.5 3.6 7.0 to 7.5 0.7100

Intraplate hot-spot volcanoes:
Loihi (32) 31 5.6 522 — — — — — 23.9 0.7092
Macdonald (33) — — 491 — — — — — 7.4 —

Seawater 2 7.8 541 0.0 0.0 –5.1 to –5.9 — — 1.0 0.7090

Sources: Representative data from compilations by Von Damm (1990), de Ronde (1995), Gamo (1995), Von Damm (1995), Butterfield (2000), and Ger-
man and Von Damm (2004), with additional data according to the references cited in Table A3

Notes: Cl concentrations are reported in mM kg–1; δD and δ18O values are reported with respect to SMOW; δ13C to PDB; δ34S to CDT; R/RA, R =
3He/4He and RA = (3He/4He)Air which is 1.4 × 10–6; — = data not available

1 End-member hydrothermal fluid values calculated after correcting for entrainment of local bottom water
2 Data listed are values within the reported range that deviate most from seawater
3 Carbonate carbon isotope values reported for aragonite from active vents
4 Average sulfide sulfur isotope value reported for sulfides deposited from lower brine

TABLE A4.  (Cont.)

Tectonic setting δD1 δ18O1 δ13CCO2 δ13CCH4 δ34SH2S 3He/4He 
Location/vent Tmax (°C) pH (25°C) Cl (mM) (‰) (‰) (‰) (‰) (‰) (R/RA) 87Sr/86Sr 
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