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ABSTRACT

Sheeted dike complexes, in which dike intrudes dike with-
out intermediate screens of gabbro or pillow lava, have long
been considered key features of oceanic lithosphere and ophi-
olites formed in extensional environments. The presence of a
sheeted complex implies an approximate balance between
spreading rate and magma supply, such that there is just
enough melt to fill newly formed fractures produced by spread-
ing. Such a balance appears to exist at mid-ocean ridges, where
both the spreading rate and magma supply are probably linked
to mantle convection, and thus sheeted dikes appear to be a
major part of the ocean crust. In contrast, ophiolites, which are
formed or modified in suprasubduction zone environments,
rarely have large, well-developed sheeted dike complexes,
because magma supply and spreading rate are not linked in
the same way. In suprasubduction zone environments, the
spreading rate is controlled largely by the rate of slab rollback,
whereas the magma supply is controlled by the local tempera-
ture profile, the lithology of the subducting crust and mantle
wedge, the history and degree of melting of the mantle source,
and the abundance and nature of fluids. Because spreading
rate and magma supply are rarely balanced in these environ-

ments, we suggest that sheeted dikes, rather than being key
elements of ophiolites, may instead be unusual features in such
bodies. Thus, care must be exercised in using ophiolites to
investigate spreading processes at mid-ocean ridges.

INTRODUCTION

Ophiolites are fragments of oceanic crust and upper mantle
that have been uplifted and emplaced on continental margins
or in accretionary prisms and island arcs. According to a 1972
GSA Penrose Conference, an idealized, complete ophiolite
contains, from the base upward, mantle peridotites, layered
ultramafic rocks and gabbros, isotropic gabbros, a sheeted dike
complex, and an extrusive sequence, composed of pillowed
and massive lavas, overlain by radiolarian chert and/or pelagic
limestone (Anonymous, 1972; Dilek, 2003). The presence of a
sheeted dike complex has been interpreted as an essential
component of ophiolites, as exemplified by the Troodos ophi-
olite of Cyprus (Fig. 1A), where such complexes were first
recognized (Gass, 1968). Sheeted dikes, which are tabular
intrusions of magma with no intervening screens of other host
rock (Fig. 1B), are believed to form in extensional environ-
ments where the faults and fractures produced by seafloor
spreading are filled with new magma flowing laterally and ver-
tically along a narrow axial zone beneath the spreading center
(Vine and Matthews, 1963; Gass, 1968; Kidd and Cann, 1974;
Dilek et al., 1998). In 1968, when Gass correctly identified the
sheeted complex in Troodos, mid-ocean ridges were the only
environment where such spreading was known to occur; thus,
he suggested a mid-ocean ridge environment for the formation
of this ophiolite.

Figure 1. Sheeted dikes of the Cretaceous Troodos ophiolite, Cyprus. (A) A typical outcrop of sheeted dikes in which dike intrudes dike with no
intervening host rock. Individual dikes range from a few centimeters to ~0.5 m in this outcrop (Baragar et al., 1989). Note the inclined dikes on
the right side of the picture. These earlier dikes were probably tilted by listric faulting along the spreading axis (Varga and Moores, 1985) and then
intruded by the younger vertical dikes in the center. (B) Close-up view of sheeted dikes in Troodos showing contact relationships. Arrows point to
one-sided chilled margins.
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Sheeted dikes similar to those in ophiolites have since been
observed in the walls of oceanic fracture zones (e.g., at Hess
Deep; Stewart et al., 2002, 2003) and have been drilled at Deep-
Sea Dirilling Project—=Ocean Drilling Project (DSDP-ODP) Hole
504B south of the Costa Rica Rift (e.g., Alt et al., 1996; Bach et
al., 1996; Dilek et al., 1996; Dilek, 1998). Although not widely
exposed on the seafloor, such dikes are believed to be a major
component of the ocean crust, forming the lower part of seis-
mic layer 2 and perhaps the upper part of layer 3 (Detrick et
al., 1994), where they are interpreted to form the plumbing
system between sub-rift magma chambers and the overlying
extrusive rocks.

Oceanic lithosphere is produced at different rates along
modern spreading centers, leading to different structural archi-
tectures (Karson, 1998). Fast-spreading mid-ocean ridges are
generally characterized by a voluminous magma supply and
have well-defined convex axial highs, whereas slow-spreading
ridges have a lower magma supply and are characterized by
axial grabens and extensive tectonic disruption (Phipps Mor-
gan et al., 1994; Cannat et al., 1995). Based on these observa-
tions, many workers have interpreted ophiolite complexes in
the same manner. Thus, well-developed sheeted complexes
showing little tectonic disruption have been interpreted as the
products of fast-spreading centers, whereas poorly developed
complexes with extensive disruption were thought to have
formed at slow-spreading ridges (e.g., Nicolas et al., 1999).

We suggest that such a generalization is probably not valid
and that direct correlations between in situ oceanic lithosphere
and ophiolites are rarely possible. Although probably well
developed in modern ocean crust, sheeted dikes are rare in
ophiolites. Large, well-developed sheeted complexes are found
only in a few bodies, such as the Troodos ophiolite of Cyprus
(Gass, 1908; Baragar et al., 1989), the Semail ophiolite of Oman
(Searle and Cox, 1999; Umino et al., 2003), the Kizildag ophi-
olite of Turkey (Dilek and Thy, 1998), and examples from
Newfoundland (Church and Riccio, 1974; Strong and Malpas,
1975); most other ophiolites lack sheeted dikes entirely or con-
tain only small, discontinuous bodies. Some ophiolites contain
sill complexes rather than dikes (Hopson et al., 2008). The
paucity of sheeted dikes in many ophiolites implies either that
they did not form originally as part of the ancient oceanic litho-
sphere or that they were selectively removed during tectonic
disruption of the crust, either during seafloor spreading or dur-
ing ophiolite emplacement. However, ophiolites that lack
sheeted dike complexes commonly have the other characteris-
tic lithologies included in the Penrose Conference (Anony-
mous, 1972) definition, such as ultramafic rocks, gabbros, lavas,
and pelagic-hemipelagic sedimentary rocks, and display no
significant strain associated with emplacement tectonics.
Because it is difficult to envisage the widespread, selective tec-
tonic removal of the portion of an ophiolite that originally
existed between the volcanic and plutonic rocks, we suggest
that well-developed sheeted dike complexes rarely form in
such bodies because the tectonic environment of formation of
many ophiolites is different from that of mid-ocean ridges.

In this paper, we discuss the evidence for the formation of
ophiolites in suprasubduction zones, consider the processes
involved in the development of sheeted dikes, and show why
such complexes are rare in ophiolites. We suggest that sheeted
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dikes, rather than being considered necessary elements of
ophiolites, should be viewed as possible—but not essential—
features in such bodies.

FORMATION AND EMPLACEMENT OF OPHIOLITES

Increasingly detailed tectonic and geochemical studies over
the past 30 years have shown that most ophiolites contain vol-
canic and plutonic rocks with clear suprasubduction zone geo-
chemical signatures (Pearce, 2003, and references therein). For
example, ophiolitic lavas are dominated by arc tholeiites, back-
arc basalts, andesites, dacites, and depleted lavas resembling
boninites, most of which are distinctly different from mid-ocean
ridge and ocean island basalts (Table 1) and are found only in
modern suprasubduction zone environments. Some tholeiitic
basalts erupted in suprasubduction zone environments have
major oxide contents similar to those of mid-ocean ridge lavas
but can easily be distinguished on the basis of their trace ele-
ment compositions (Fig. 2). Compared to typical mid-ocean
ridge basalt (MORB), suprasubduction zone magmas are char-
acterized by significant enrichment in large ion lithophile ele-
ments (LILE: K, Rb, Cs, Th) and light rare earth elements (LREE)
(Pearce, 1982) and depletion in high field strength elements
(Ti, Nb, Ta, Hf) (Pearce, 1982; Shervais, 1982). Island arc
basalts, for example, are easily recognized on mantle-normal-
ized trace element spider diagrams by their marked negative
Nb and Ta anomalies (Fig. 2). Many ophiolites also contain
high MgO-high SiO, lavas, such as boninites, that in modern
environments are restricted to forearc regions.

A few rare occurrences of lavas with arc signatures are cur-
rently being erupted at modern ridge axes, such as in the
Woodlark Basin (Perfit et al., 1987) and on the southern Chile
Ridge (Klein and Karsten, 1995; Karsten et al., 1996); however,
these are anomalous features in the ocean basin. The arc-like
lavas being erupted in the Woodlark Basin are due to subduc-
tion reversal, so that seafloor spreading is now taking place in
what used to be a backarc basin above a subduction zone dip-
ping SW beneath the Solomon islands (Abbott and Fisk, 1986
Johnson et al., 1987). The collision of the Ontong Java Plateau
with this subduction zone at about the middle or late Miocene
halted the subduction and caused a subduction jump and
polarity reversal beneath the Solomon Islands (Weissel et al.,
1982). The southern Chile Ridge is being subducted beneath

Table 1. Average compositions of common oceanic basaltic rocks

N-MORB E-MORB  OIB Alk-Oliv_ Arc Thol  Bon
Si0, 50.4 51.2 49.2 47.6 51.7 53.6
TiO, 1.36 1.69 2.57 3.23 1.36 0.26
ALOs 15.2 16 12.8 15.7 16.57 13.5
FeOt 9.31 8.46 114 134 8.4 8.6
MnO 0.18 0.16 0.17 0.19 0.16 0.15
MgO 9 6.9 10 5.6 6.6 10.2
CaO 11.4 11.5 10.8 7.9 10.8 12.2
Na,O 2.3 2.7 2.1 4.0 3.0 0.92
K,O 0.09 0.4 0.5 1.5 0.34 0.41
P,0s 0.14 0.15 0.25 0.35 0.18 0.04
Total 99.38 99.16 99.79 99.47 99.11 99.88

Note: N-MORB—normal mid-oceanic ridge basalt; E-MORB—enriched
mid-oceanic ridge basalt; OIB—oceanic island basalt; Alk-Oliv—alkali-
olivine basalt; Arc Thol—arc tholeiitic basalt; Bon—boninite.
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Figure 2. Mid-ocean ridge basalt (MORB)-

normalized trace element diagrams comparing
lavas of the Cretaceous Oman ophiolite to
those of modern oceanic environments (after
Alabaster et al., 1982). Only lavas of the oldest
Geotimes unit of the Oman ophiolite have
compositions similar to MORB, but even these

are enriched in large ion lithophile elements,
such as Ba, K, and Rb (Fig. 2A), indicating
subduction influence. The other units compare
closely with island arc tholeiites of the Tonga
Islands in the SW Pacific (Fig. 2B), which
are characterized by negative Nb and Ta
anomalies. The Oman volcanic rocks look
distinctly different from other within-plate type
ocean island basalts. Most other ophiolites
show suprasubduction zone geochemical
signatures comparable to the Oman ophiolite.
N-type MORB—normal MORB.
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the South American continent, and this process may account
for the anomalous trace element signatures (i.e., weak Nb
anomaly, slight enrichment of LILE) and modest variations in
the Pb, Sr, and Nd isotope ratios (consistent with contamination
of its mantle source by subducted terrigenous sediment and
altered oceanic crust) of the erupted lavas (Sturm et al., 2000).

These isolated examples cannot explain the widespread
occurrence of suprasubduction zone lavas in ophiolites. For
example, the Troodos ophiolite of Cyprus, long considered to
be a fragment of normal oceanic lithosphere, contains only arc
tholeiites, andesites, dacites, and rhyodacites accompanied by
boninitic lavas (Robinson et al., 1983; McCulloch and Cameron,
1983; Malpas and Langdon, 1984; Robinson and Malpas, 1990,
Bednarz and Schmincke, 1994; Dilek and Flower, 2003); the
Oman ophiolite contains a range of lava compositions, most
with suprasubduction zone signatures (Alabaster et al., 1982;
Ishikawa et al., 2002), and the rocks of the Bay of Islands
ophiolite of Newfoundland have trace element signatures typi-
cal of suprasubduction zone environments (Jenner et al., 1991;
Suhr and Edwards, 2000).
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Some ophiolites also contain remnants of volcanic and plu-
tonic rocks comparable to those found in modern ocean crust,
suggesting a compound origin (e.g., Shervais and Kimbrough,
1985; Batanova and Sobolev, 2000; Zhou et al., 2000; Malpas
et al., 2003). In such cases, it is generally postulated that frag-
ments of oceanic lithosphere that formed originally at mid-
ocean ridges were trapped above intraoceanic subduction
zones, where they were invaded by, reacted with, and par-
tially replaced by, suprasubduction zone melts (Dilek and
Flower, 2003; Malpas et al., 2003). In other cases, such as in
the Coast Range ophiolite of California and the Josephine
ophiolite of Oregon, MORB lavas intrude suprasubduction
rocks, possibly as the result of ridge collision and/or rift prop-
agation into an arc or forearc region (Shervais et al., 2004;
Harper, 2003). However, it is now generally accepted that the
majority of ophiolites are both formed and emplaced in supra-
subduction zone environments (e.g., Stern and Bloomer,
1992; Shervais, 2001; Pearce, 2003).

Moores (1982) classified ophiolites into Cordilleran and Tethyan
types (now referred to as Sierran and Mediterranean types,
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respectively—see Dilek, 2003) based on their emplacement
mechanisms. Sierran-type ophiolites occur in accretionary-type
orogenic belts where they structurally overlie subduction-
accretion complexes and are incorporated into active continental
margins through the growth and uplift of the underlying accre-
tionary prisms. Mediterranean ophiolites structurally overlie
passive continental margins and micro- and ribbon continents
and are emplaced by partial subduction of these buoyant
crustal entities beneath them. Ophiolites that evolved in
restricted Mediterranean-type marginal basins may have a
typical Penrose Conference-type (Anonymous, 1972) pseu-
dostratigraphy, and the time difference between their igneous
accretion and tectonic emplacement is commonly short, per-
haps >10 m.y. (Dilek et al., 2005). In contrast, Sierran-type
ophiolites are believed to have formed in active margins facing
large ocean basins, such as the modern western Pacific region,
where continuous subduction persisted for prolonged periods.
Such ophiolites display a highly heterogeneous internal struc-
ture with igneous ages spanning 50 m.y. or more. However,
many of these differences may simply reflect different stages of
evolution of the ophiolites rather than fundamental differences
in their formation. What is apparent is that most Sierran-type
ophiolites lack sheeted complexes entirely; others may have
isolated dike swarms or small enclaves of sheeted dikes (Dilek
et al., 1991; Beccaluva et al., 2004). Sheeted dikes are com-
monly better developed in Mediterranean-type ophiolites, but
even in these bodies, large, well-developed sheeted complexes,
such as those observed in Cyprus and Oman, are rare. Why do
sheeted dikes occur in some ophiolites and not in others, and
why are such complexes rare?

SPREADING VERSUS MAGMA SUPPLY RATES IN
OCEANIC CRUST FORMATION

Sheeted dikes form when magma is intruded into cracks and
fissures produced by tensile stresses. These magma-filled frac-
tures propagate vertically and laterally beneath narrow rift axes.
When the roof of the magma chamber ruptures because of
reservoir replenishment from a buoyant melt zone near the
Moho, mafic melt that has accumulated along the neutral buoy-
ancy region (dike-gabbro boundary) starts ascending to form
dike injections (Ryan, 1994). Thus, for a large, well-developed
sheeted complex to form, there must be an approximate bal-
ance for an extended period between spreading rate and
magma supply so that sufficient melt is available to keep pace
with spreading. If the rate of spreading exceeds the rate of
magma supply, the crust will be disrupted tectonically via
amagmatic extension, and few or no sheeted dikes will form.
If the magma supply exceeds the spreading rate, excess melt
may form plutons underplating the extrusive sequence and the
sheeted dikes or may cause local thickening of the crustal sec-
tion by magmatic inflation.

In mid-ocean ridge environments, the rate of spreading
appears to be approximately related to the rate of magma sup-
ply. Thus, fast-spreading ridges (e.g., portions of the East Pacific
Rise) produce voluminous magma over a wide area beneath
the ridge (Fig. 3A) (Phipps Morgan et al., 1994). The high
magma supply rates produce an axial rift zone that is marked
by the existence of a temporally continuous magma lens (Sin-
ton and Detrick, 1992) and a topographically well-defined
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Figure 3. Melting relationships beneath fast- and slow-spreading ridges
(after Malpas and Robinson, 2000). (A) Upwelling of mantle beneath
a fast-spreading ridge produces partial melting over a large area and
results in removal of 30%-40% of the mantle column, feeding large
magma supply rates in a sustained mode and tempo. (B) Beneath
slow-spreading axes, there is a diminished partial melting regime with
removal of 10%-15% of the mantle column. This regime is responsible
for a magma-poor spreading environment, in which magma chambers
are small and ephemeral.
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ridge crest reminiscent of shield volcanoes (e.g., Macdonald et
al., 1993a, 1993b; Scheirer and Macdonald, 1993). On the other
hand, slow-spreading ridges are associated with more restricted
melting, and the magma supply is greatly reduced, creating an
environment in which tectonic extension via crustal stretching
and faulting predominates, so that the axial zone is marked by
a deep graben. At ultraslow-spreading ridges, such as the
Southwest Indian Ridge or the Gakkel Ridge, magma supply is
small and episodic, and the crust is tectonically disrupted by
detachment faulting, leading to exposures of the lower crust
and upper mantle on the seafloor (Dick, 1989; Dick et al., 1991,
Michael et al., 2003; Jokat et al., 2003).

There appears to be, therefore, an approximate balance
between spreading and magma supply rates at modern mid-
ocean ridges. Such a balance is also suggested by the relatively
uniform seismic thickness of in situ oceanic crust (~6 km),
although it is clear that the seismic Moho and petrologic Moho
(i.e., crust-mantle lithologic boundary) do not always correlate
with one another, as determined in some ophiolitic complexes
(Malpas, 1973; Malpas and Stevens, 1978) and in modern oce-
anic lithosphere (Muller et al., 1997; McClain, 2003).

The correlation between spreading rate and magma supply
at mid-ocean ridges probably reflects the relatively simple
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nature of the system. Mid-ocean ridge lavas are sourced from
a dry, relatively homogeneous mantle with a constant geo-
therm in which melting is almost entirely dependent on
decompression.

It is difficult to apply a spreading-rate—controlled model of
igneous accretion to ophiolites that form in suprasubduction
zone environments. In such environments, the spreading rate
and magma supply are not so clearly linked. Suprasubduction
zone spreading rate is controlled largely by subduction roll-
back, which is the major cause of lithospheric extension at a
convergent plate boundary (Hamilton, 1995). The edge force
of “trench suction” places the overriding lithosphere in a state
of tension as the subduction zone moves oceanward under the
influence of the negative buoyancy of the cold, dense descend-
ing slab. The rate of slab rollback may be related to a number
of factors (see summaries by Forsyth and Uyeda, 1975; Jarrard,
1986), amongst which the most important may be the angle of
subduction; steeply dipping zones such as those of the western
Pacific Ocean might be expected to retreat more rapidly than
the more shallow-dipping zones of the eastern Pacific (Schel-
lart et al., 2006). The angle of subduction must itself be related
to the age and density of the subducted oceanic lithosphere,
with younger, hotter material being more buoyant than older,
colder material (Stern and Bloomer, 1992). However, the over-
all rate of convergence and the absolute speed of the overrid-
ing plate (Cross and Pilger, 1982) may also be controlling
factors—shallow-dipping subduction is invariably associated
with high convergence rates. Whatever the specific mecha-
nisms of subduction rollback may be, the multitude of compet-
ing forces present along a convergent margin negate the
likelihood of rollback being as regular and steady-state as mid-
ocean ridge spreading.

FORMATION OF SHEETED COMPLEXES

While the rate of spreading in the upper plate within subduc-
tion environments is linked directly to the rate of subduction
rollback, the magma supply rate is not. Suprasubduction zone
magma supply rates are related to the local temperature profile,
the lithology of the subducting crust and mantle wedge, the
history and degree of melting of the mantle source, and the
abundance and nature of fluids (Kincaid and Hall, 2003). The
paucity of sheeted dikes in many ophiolites suggests that
spreading rates in suprasubduction zone environments are
commonly not matched by equal rates of magma supply. This
inference is consistent with the thin nature of ophiolitic crust
compared to modern oceanic crust in present-day major ocean
basins (Coleman, 1977); that is, spreading in suprasubduction
zones is dominated by tectonic extension, which results in
crustal thinning.

Although magma supply in suprasubduction zones can be
voluminous, eruptions are concentrated in the arc portions of
the zones and are focused on individual volcanoes. Magma
supply rates are generally lower in fore-arc and backarc regions,
which are characterized by high extensional strain. These are
the regions in which most ophiolites are believed to form,
because ophiolites rarely contain the explosive volcanic mate-
rials characteristic of arc volcanoes.

Many ophiolites lack a coherent internal structure due to
tectonic disruption during their formation and emplacement,
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and in some cases, pillow lavas rest directly in eruptive contact
on mantle peridotites with no intervening gabbros or sheeted
dikes (Dilek and Thy, 1998), a situation similar to that at mod-
ern ultraslow-spreading axes (e.g., Gakkel Ridge). In these
cases, the pillow lavas must have been fed from magma
sources, perhaps represented by gabbroic rocks in the mantle
sequence (cf. Cannat et al., 1995), resulting in the appearance
of individual dikes. Recognition of consanguineous magma-
tism and tectonic disruption is difficult, and synmagmatic
deformation might not be as obvious as in those cases where
dismemberment of the crustal sequence took place later—i.e.,
during emplacement of the ophiolite. The recognition of unde-
formed magmatic intrusions that cut deformed and extended
crustal sequences in some ophiolites confirms the timing of
deformation and structural omission as intra-oceanic and pre-
emplacement on land.

CONCLUSIONS

The presence of large and well-developed sheeted dike
complexes, such as those in Cyprus and Oman, is not a com-
mon feature of ophiolites. Indeed, it can be argued that the
recognition of a sheeted complex should not be a requirement
for the definition of this suite of rocks. The formation of a
sheeted complex requires a balance between spreading rate
and magma supply over a period of millions of years, a situa-
tion that is probably unusual in suprasubduction zone environ-
ments, where the two are at least partly decoupled.

Ophiolites were once considered direct analogues of oce-
anic lithosphere developed at mid-ocean ridges, but this view
is incompatible with the geochemical characteristics of ophi-
olitic rocks, which indicate a strong subduction component in
their melt evolution. However, it has been argued that even
though ophiolites form in an anomalous spreading environ-
ment above subduction zones, they record structural and igne-
ous processes similar to those occurring at mid-ocean spreading
centers and can be considered proxies for studies of some
aspects of in situ ocean crust. Such comparisons cannot be
pursued too far, however. The relationship between tectonic
and magmatic activities in suprasubduction spreading is con-
trolled by different factors than those operating at mid-ocean
ridge spreading centers. Care must be exercised when using
features like sheeted dike complexes in ophiolites to investi-
gate spreading processes at mid-ocean ridges.
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