
 Oceanic Magmatism  
6      C h a p t e r 

   6.1     Introduction 

 Because it is covered by kilometers of water, ocean crust was long inaccessible to direct observation by geolo-
gists. Today, however, our knowledge of the ocean fl oor comes from two sources, the study of fragments of 
the ocean fl oor that have been thrust onto the land, called  ophiolites   ,   and from ship-based geophysical and 
geological studies that burgeoned during the Second World War and were followed by the Deep Sea Drilling 
Program   (DSDP), which began in 1968. Th ese investigations provided the foundation that underpins our 
understanding of oceanic magmatism. Th is chapter fi rst discusses the structure and stratigraphy of ophiolites 
and to what extent they provide models that help understand the ocean crust. A description of advances 
achieved by recent research of the ocean fl oor based on geophysical studies and ocean drilling follows. Finally, 
this chapter describes the magmatic suites that compose ocean islands and oceanic plateau.  
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  6.2     The Petrology and Structure of the 
Ocean Crust 

  6.2.1       Ophiolites as a Model of the Ocean Crust 
 Geologists have long recognized that an association of 
peridotite (in many places hydrated to serpentinite  ), gab-
bro, basalt, and deep-water chert   are exposed in many 
places around the world ( Map 6.1 ). In some localities, 
these rocks form a complete stratigraphic section, but in 
many places one or more of these rock types exist within 
fault-bounded   tectonic slices. As early as the 1820s this 
association was called an  ophiolite   , but before the advent 
of plate tectonics, the signifi cance of these rocks was 
cryptic. Geologists attending the September 1972 Penrose 
Conference   defi ned the stratigraphy of a typical ophiolite, 
shown in  Figure 6.1  (Anonymous,  1972 ). Implicit in the 
defi nition is the assumption that ophiolites are fragments 
of oceanic crust thrust onto the continents, and thus the 
stratigraphy described at the Penrose Conference repre-
sents an idealized cross-section of the oceanic crust.       

 Th e uppermost layer in an ophiolite is composed of 
deep-water sediments, mostly pelagic mud, although 
chert may be common in some places. Th e thickness of 

this layer depends on the age of the crust. On juvenile 
oceanic crust there are no sediments; the thickness of 
the sediment layer generally increases with age. A kilo-
meter or so of pillow basalts  , which represent lavas that 
were erupted directly onto the ocean fl oor, underlie the 
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 Figure 6.1      Petrologic and seismic profi le for an ideal ophiolite   
(Anonymous,  1972 ).  
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 Map 6.1      Map showing select ophiolite belts around the world. Ophiolites   occur along the trends indicated by bold lines. Stars show 
particularly well-known occurrences. Data from Irwin and Coleman ( 1974 ).  
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sediments. Th e pillow basalts grade into sheeted dikes  , a 
horizon that may be over a kilometer thick. Sheeted dikes 
are dikes that consistently chilled on one side only. Th ey 
are interpreted to have been emplaced into a spreading 
center, with each new dike intruded into the core of a 
preceding dike. Below the sheeted dikes lie several kilo-
meters of gabbro. Th e top of the gabbro   is directionless, 
but toward the bottom it may be layered or foliated. Th is 
layer is interpreted to have crystallized from an intrusive 
body of basaltic magma. Below this lies layered perido-
tite  , which is much denser than the overlying gabbro. Th e 
contact between peridotite and gabbro is the location of 
a distinct change in seismic velocity marking the Moho  . 
However, because these peridotites are interpreted to 
have formed as cumulates from the basaltic magma, they 
are unrelated to underlying mantle and actually repre-
sent an ultramafi c portion of the crust. Below the cumu-
late peridotites is a highly deformed peridotite, which is 
interpreted as mantle depleted by partial melting   during 
basalt genesis. Petrologically this is true mantle, even 
though it is impossible to distinguish it seismically from 
the overlying cumulate peridotite.  

  6.2.2     Refi nements of the Ophiolite Model 
 Nearly as soon as the Penrose ophiolite model was pro-
posed, geologists began to debate whether the model 
describes a true picture of the ocean crust (Miyashiro, 
 1975 ; Moores,  1982 ). It quickly became evident that 
ophiolites form in diverse tectonic environments, and 
not all refl ect ocean-fl oor stratigraphy produced at mid-
ocean spreading centers. Some ophiolites, such as the 
Troodos ophiolite in Cyprus  , contain basalts more closely 
related compositionally to arc basalts than to mid-ocean 
ridge basalts (Miyashiro,  1973 ) and evidently formed 
above newly initiated subduction zones. Th ese are called 
 suprasubduction-zone   ophiolites    (Pearce, Lippard, and 
Roberts,  1984 ). Observations suggest ophiolites form in 
a wide range of tectonic environments and thus resist a 
simplifi ed, “one-size-fi ts-all” model. In addition to form-
ing above subduction zones, ophiolites form by back-arc 
  spreading as did the Rocas Verdes ophiolite in Chile   (Stern 
and de Wit,  2003 ), at the contact between a back-arc and 
an arc as did the Bay of Islands ophiolite   in Canada (Kurth-
Velz, Sassen, and Galer,  2004 ), or in an oceanic spreading 
center as did the Macquarie Island   ophiolite in the south 
Pacifi c (Varne, Brown, and Faloon,  2000 ) and the Oman   

ophiolite on the Arabian Peninsula (Boudier and Nicolas, 
 2011 ).  Map 6.1  shows the global distribution of these and 
other major ophiolites. 

 A second problem with the ophiolite model arose in the 
1990s and 2000s when seismic surveys and deep-ocean 
drilling showed the stratigraphy of the oceanic crust is 
far more complex than the ophiolite model suggested. 
Geophysical studies   revealed signifi cant diff erences in 
spreading rates among oceanic ridges ( Map 6.2 ) and that 
ridges with diff erent spreading rates have diff erent mor-
phology ( Figure 6.2 ), which translates into diff erences in 
crustal cross-section.       

  Fast-spreading centers   . Th e East Pacifi c Rise (EPR)   is 
an example of a fast-spreading center (half-rate 6–7 cm/
yr). Fast-spreading centers are characterized by a 2.5 to 
3.0 kilometer-wide zone of magma extrusion, which 
forms a smooth topographic high of around 200 meters 
( Figure 6.2 A). Flat lava plains made of ponded lava lakes 
and small volcanic hills composed of sediment-free pillow 
lavas occur along the ridge axis. Th ere is either no axial 
valley or only one that is poorly developed. 

 Seismic studies of the EPR appear to image large sub-
axial magma chambers beneath fast-spreading centers. 
Th ese magma chambers appear to be periodically replen-
ished from below with fresh batches of mantle magma. 
Between additions of magma, fractional crystallization   
takes place. Lavas erupt when the magma pressure exceeds 
the lithostatic pressure and the strength of the chamber 
roof, probably coincident with addition of magma into 
the chamber. Th e crustal cross-section beneath a fast-
spreading ridge is similar to that described by the ophi-
olite model. 

  Slow- and   ultra-slow-spreading centers     . Th e Mid-
Atlantic Ridge (MAR)   is a typical slow-spreading center 
(half-rate 1–2 cm/yr), and the Gakkel Ridge   under the 
Arctic Ocean is an ultra-slow-spreading ridge (half-rate 
0.1 cm/year) ( Figure 6.2 B, C). Unlike fast-spreading cen-
ters, slow- and ultra-slow-spreading centers tend to have 
a well-defi ned axial valley. Th e slow-spreading center is 
characterized by a twenty-fi ve to thirty-kilometer-wide 
axial valley bounded by mountains. Within this broad 
valley is a second, well-defi ned inner valley, three to nine 
kilometers wide, where volcanic activity is concentrated 
( Figure 6.2 B, C). Small volcanic hills occur within this 
inner valley, showing that volcanic activity is neither spa-
tially nor temporally continuous. 
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 A sub-crustal magma chamber beneath slow-spreading 
centers must either be about the width of the inner valley 
fl oor (three kilometers), or each volcanic hill may have a 
small (<1.5 kilometer-wide) magma chamber beneath it. 
Th e second hypothesis is more consistent with geophysi-
cal data, which does not observe attenuated S-waves as 
would be expected if a large magma chamber existed. 

 Th e crust beneath the slow-spreading centers is more 
poorly layered and more heterogeneous than the ophi-
olite model predicts. Th is is shown in surveys of fractures 
zones off  of the Mid-Atlantic Ridge, where cross-sections 
of the oceanic crust are exposed ( Figure 6.3 ). Because 
magma is not constantly supplied, extension at slow- and 
ultra-slow-spreading is partially or completely accommo-
dated by faulting. Th ese extensional faults   produce crustal 
sections that eliminate some of the units in the ophiolite 
stratigraphy. In some places the basalt fl ows from the 
spreading centers are in fault contact with gabbro; in oth-
ers the basalt is in contact with serpentinized peridotite. In 
many places in slow- and ultra-slow-spreading ridges this 
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 Map 6.2      Tectonic map of the ocean basins showing mid-ocean ridges  , convergent margins  , transform faults  , and areas discussed in 
the text. Th e length of the spreading rate   vector arrows is proportional to the spreading rate. Numbers refer to cross-sections shown 
in  Figure 6.3 . Numbers in boxes refer to IODP drill holes   shown in  Figure 6.4 . Modifi ed from Brown and Mussett ( 1981 ) with 
additional data from Dick and colleagues ( 2000 ), Teagle and colleagues (2006), and Blackman and colleagues ( 2011 ).  
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 Figure 6.2      Morphology of (A) fast   (East Pacifi c   Rise), (B) slow   
(Mid-Atlantic Ridge  ), and (C) ultra-slow   (Gakkel Ridge  , Arctic 
Ocean) spreading centers. Data from Basaltic Volcanism Study 
Project (1981) and Cochran ( 2008 ).  
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extension has stripped the crust from the mantle, expos-
ing serpentinized peridotite   directly on the sea fl oor.    

 Four decades of ocean drilling have revealed a great 
petrologic variability to the ocean crust (see Box 6.1). 
Deep drill cores in fast-spreading crust, such as Integrated 
Ocean Drilling Program   (IODP) hole 1256D, show rela-
tions similar to what the ophiolite model predicts (Teagle 
et al., 2011) ( Figure 6.4 ). However, drill holes into gab-
broic crust exposed in slow-spreading ridges (IODP 
holes 375B and 1309D) show relations that are much 
more complex (Dick et al.,  2000 ; Blackman et al.,  2011 ) 
( Figure 6.4 ). Core from hole 375B from the Southwest 
Indian ridge   contains mainly gabbro with minor amounts 
of oxide gabbro. Th e section is cut by several large, duc-
tile shear zones. In contrast, core from hole 1309D from 
the Mid-Atlantic ridge contains a complex series of gab-
bro and oxide gabbro interlayered with screens of perido-
tite. Magmatic diff erentiation produced the oxide gabbro 
retrieved from holes 375B and 1309D. As explained in 
Chapter 2, crystallization of olivine (and any other Fe-Mg 
silicate) removes Mg from a melt preferentially to iron 
( Figure 2.11 ). Eventually this saturates the melt in Fe-Ti 
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 Figure 6.3      Cross-sections of oceanic crust beneath the Mid-
Atlantic ridge  . Numbers refer to locations in  Map 6.2 . Aft er 
Karson ( 1998 ).  
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 Figure 6.4      Cross-sections of 
the ocean crust as obtained in 
several IODP   drill holes. Data 
from Dick and colleagues ( 2000 ), 
Teagle and colleagues (2006), 
and Blackman and colleagues l. 
(2011).  
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 Box 6.1      Rainbow over the drilling rig of the  Joides 
Resolution    30°N on the Mid-Atlantic Ridge.  

 BOX 6.1      OCEAN DRILLING 

 Before ocean drilling programs commenced, the only information scientists had about the composition 
of the ocean fl oor was obtained by dredging. Beginning in 1968, the United States’ National Science 
Foundation (NSF) began a program to obtain samples of the ocean fl oor by drilling. The initial drilling 
project, entirely funded by the NSF, was called the Deep Sea Drilling Project   (DSDP). In 1975, France, 
Germany, Japan, the Soviet Union, and the United Kingdom jointly funded the drilling program. DSDP 
ran from 1968 until 1983 using the research vessel  Glomar Challenger . The  Glomar Challenger    was 
retired in 1983 and the drilling program resumed in 1985 as the Ocean Drilling Program   (ODP) then, in 
2003, as the Integrated Ocean Drilling Program (IODP)  , which uses the research vessel  Joides Resolution    
and is ongoing today. Currently the drilling program is supported by twenty-six countries, including 
the United States, the European Union, the United Kingdom, Japan, China, India, Australia, and New 
Zealand. 

 One of the major scientifi c themes of the IODP is to study the petrology of the ocean crust to understand 
the geochemical and geodynamic processes involved in the solid Earth system. The scientifi c value of 
ocean drilling became apparent within the fi rst years of drilling. The fi rst cores substantiated the young 
age of the ocean crust and the dynamics of sea fl oor spreading, geologic observations and processes 
that now underpin discussions of plate tectonics. Ocean drilling verifi ed that the primary transfer 
of energy and material from the deep Earth to the surface occurs via sea fl oor spreading and the 
creation of oceanic crust at mid-ocean ridges, as well as by upwelling magmas that form ocean islands, 
ocean plateau, and island arcs. Further drilling documented that sea fl oor spreading involves not only 
magmatic addition to the crust but locally, may include tectonic denudation as well. As a result of sea 
fl oor tectonics, a considerable area of the ocean fl oor is underlain by serpentinized mantle peridotite. 
Ocean drilling has enabled descriptions of the kinds of reactions involved in the alteration of the sea 
fl oor, including serpentinization; these reactions have proven critical to modeling the geochemistry of 
ocean water. Recent fi ndings suggest that MORBs   interact extensively with the mantle through which 
they move, producing hybrid troctolites   whose existence was previously unexpected. In total, these 
observations help petrologists understand the evolution of mantle-derived basaltic magmas and the 
formation of oceanic crust.    
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