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EMPLACEMENT AND METAMORPHISM OF OPHIOLITES

Introduction

Present day workers now consider that ophiolite represents oceanic crust
generated at mid-ocean ridges, from whence it slowly migrates by ocean floor
spreading toward continental margins — there to be subducted into the mantle.
Under some circumstances at plate houndaries, slabs of oceanic lithosphere have
become detached and overide (obduction) continental margins (Coreman, 1971 a).
The actual mechanism of ophiolite emplacement along continental margins is
strongly debated, but most geologists agree that slabs of ophiolite are allocththonous
and that they originate in an environment distinctly different from where they occur
today (Davies, 1971; Dewey, 1974; Coreman and Irwin, 1974; ZivmmErman, 1972;
Gass and SmEewiNG, 1973; Mesoriax, 1973). This modern view contrasts with older
debates regarding the ultramafic parts of ophiolites, which centered on the concept
of their intrusion as magmas (Hess, 1938). These past concepts considered the
ophiolites to represent the earliest magmatic phase of an ensialic geosyncline, which
required that the ophiolites be autochthonous and interlayered with the geosynclinal
sediments (Brunn, 1961; Ausouin, 1965; Kay, 1951) (Fig. 1).

Nearly all on-land ophiolites have undergone some kind of metamorphism as a
result of their situation in the oceans or as a direct result of tectonic transport
(subduction or obduction). These modifications of the primary igneous nature of
ophiolites is an important element in understanding the complete history of ophiolites
in ancient sutures. The metamorphic processes can be divided into two broad
categories: 1) Internal metamorphism includes those metamorphic events modifying
only the ophiolite mineral assemblages such as serpentinization and oceanic hydro-
thermal metamorphism. 2) External metamorphism includes metamorphic events
affecting associated country rocks as well as the ophiolites. The tectonic history of
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emplacement as well as later orogenesis of ophiolites often superimpose externally
derived metamorphic events that affect a whole region where ophiolites may occur.

The main theme of this paper will then be the emplacement of ophiolites and
their metamorphism. The origin or igneous petrology of these rocks will not be
discussed and it is assumed that most ophiolites represent fragments of oceanic crust
formed at oceanic spreading ridges or by spreading in marginal oceanic basins.
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Fig. 1. — Diagram of the distribution of petrographic types in a submarine ophiolite flow:
1 - basalts, 2 - pillow lavas, 3 - dolerites, 4 - peridotites, 5 - pyroxenites, 6 - gabbros and diorites,
7 - the more acid members (quartz, diorites, etc.), 8 - eruptive fissures (after Ausouin, 1959, Fig. 17).

Emplacement Tectonics

Processes leading to the emplacement of ophiolite are most easily tied to plate
motions rather than in-situ igneous intrusions. Interactions between plates are
considered to give rise to orogeny and many of the younger orogenic belts can be
related to zones of plate convergence (Fig. 2). Within certain zones of convergence
such as the Alpine-Tethyan orogenic belt, allochthonous ophiolite masses are
imbricated with nappes whose origin is quite different from that of the ophiolite
(Gansser, 1974). Formation of ophiolite at spreading ridges, marginal basins or rifts
requires that these fragments of oceanic crust have been transported and incorporated
into an orogenic zone. Only a small fraction of new crust formed is ever tectonically
emplaced along a consuming or transform plate boundary. Reconstruction of
spreading in relationship to consuming margins during the Phanerozoic requires
that most of the oceanic crust developed at the accreting boundaries has been
consumed by subduction and destroyed in the asthenosphere. The amount of
oceanic crust incorporated into the orogens of continental margins is an extremely
small percentage (probably less than 0.001 %) of the total oceanic crust formed and
thus it is apparent that tectonic emplacement relates somehow to a major peturbation
of the plate motions.
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Fig. 2. — (A-D) Schematic sequence of sections illustrating the collision of a continental margin of
Atlantic type with an island arc, followed by change in the direction of plate descent. (E-F) Proposed
mechanism for thrusting oceanic crust and mantle onto continental crust (after Dewky and Biro,
1970, p. 2641, Fig. 12).

Obduction - Subduction

Steady state subduction is required to consume the large amounts of oceanic
crust developed at the spreading centers. The consumption is visualized as a bending
of the oceanic plate downward and its sinking into the mantle where it is assimilated
and reincorporated into the mantle (Dickinson, 1971 ab; Turcorre and OxeurcH,
1972; Ovrver et al,, 1969). However, steady, state subduction does not allow parts
of the oceanic crust to become detached and incorporated into the edge of the
continent (CorLeman, 1971 a). It is visualized that pelagic sediments resting on top
of the oceanic crust are not consolidated enough to withstand deformation and may
be scraped off and incorporated into the clastic trench sediments by a series of
underthrust faults whose movements are synthetic to the subduction zone (Roeper,
1973; HeLwine and Haiw, 1974; OxsurcH, 1974). However, none of these synthetic
faults appears to penetrate into the rigid oceanic crust even though this has been
suggested as an ophiolite emplacement by (Rop, 1974) for the Papuan - New Guinea
ophiolite (Davies, 1971). Ernst (1974, 1973, 1970) has proposed that both sediments
and oceanic crust can be subducted as part of the downgoing slab to be metamor-
phosed under high P — low T conditions and later exhumed into the orogen. This
requires return to the Earth’s surface within the convergence zone and could only
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be accomplished by a cessation of steady state subduction. The occurrence of
blueschist assemblages within the Zermatt-Sass ophiolite of the western Alps provides
evidence that some parts of the subducted oceanic crust can be resurrected at
convergent margins (Bearth, 1967; DawL Piaz, 1974); however, the tectonic conditions
involving transport of metamorphosed slabs up from such great depths remains
obscure.

Obviously, tectonic processes related to steady state subduction cannot provide
conditions that will allow detachment of ophiolite slabs up to 12 km thick from the
downgoing oceanic lithospheric plate. The presence of large, unmetamorphosed
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Fig. 3. — Conceptual model illustrating the development of oceanic crust at active ridges and its
subduction or obduction or both at consuming plate margins. (CoLeman, 1971, p. 1219, Fig. 6).

ophiolite slabs overthrust onto the continental margins, however, provides direct
geologic evidence that at least some of the oceanic crust had escaped subduction.
To provide a tectonic term that would adequately describe this process and also
mark it as distinct from the more common term «Subduction », I introduced the
term «obduction » (CoLeman, 1971a) (Fig. 3). Obduction implies overthrusting of
consuming plate margins but there may be numerous tectonic situations that would
allow the detachment of oceanic crust prior to overthrusting (Fig. 4). Generally, it
is considered that the thickness of the oceanic plates are 60-100 km thick (Oxburgh,
1974) and the thickest known obducted ophiolite slab (12 km) is in Papua - New
Guinea (Davies, 1971). The emplacement of guch thin ophiolite slabs therefore
requires some sort of detachment surface to d¢velop within the upper portion of
the oceanic crust. Areas of steep thermal gradient could produce faulting in zones
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of softening and eventually detachment (Armstrone and Dick, 1974). Situations
that could provide high heat flow are more likely to occur in rear-arc marginal basins
or in small restricted ocean basins rather than where cold, thick slabs of oceanic
crust are being subducted (Dewey, 1974),

There are numerous possibilities where young hot oceanic crust could be detached
and obducted. In situations where a limb of a ridge crest may be subducted, a unique
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Fig. 4. — Possible mechanisms for the obduction of ophiolite sheets onto continental margins (after
Dewey and Bmo, 1971, p. 3193, Fig. 6).

point is reached where a thin, hot, mechanically weak segment of oceanic crust
approaches a consuming margin. It is very possible that here faulting will produce
dismembering of major segments and obduction of the outboard plates could take
place (Crristensen and Savissury, 1975) (Fig. 5).

Karic (1972) has suggested that the polarity of an active arc system, i.e. direction
of subduction, may change and that this would lead to arc-arc or continental margin
remnant-arc collisions. In this situation, high heat flow could be expected and allow
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shallow detachment of the oceanic crust. Destruction of marginal basins by a change
in the polarity of the associated arc systems combined with continental margin
collision provides a hypothetical mechanism of emplacement for many ophiolite
occurrences described from the Circum-Pacific area and also explains the close
association of ophiolite with island arc assemblages. Considering present day plate
tectonics, obduction is not observed and
so documentation is dependent on geo-
logic evidence. Dewey and Biro (1971)
have also recognized a lack of obduction
across active trenches in which oceanic
crust is being transported from the
subducted plate across the trench onto
the upper surface of the continent. The
lack of observed obduction, combined
with apparent irregular emplacement of
ophiolites throughout Phanerozoic time,
requires that there be other mechanisms
for ophiolite emplacement. (OxBurcH,
1972) introduced the concept of «flake
tectonics » where two continental crust-
-capped plates collide and as a result of
asymmetric locking low angle crustal
splits form flakes. Even though Oxburgh
specifically excludes oceanic crust or
mantle from his model, it seems unlikely
that the low-angle detachment zone will
always occur within the crust.

The work on the Lanzo lherzolite
massif demonstrates that it is the bottom
part of a «flake» formed along the
Alpine suture (Ernst, 1973) a zone of
convergence between two continental
Fig. 5. — O?hin}itc emplacement  during  sub- p!atCS (BERCKHEMER, 1968, 1969; Nicoras
duction of a ridge crest (after CurisTENsSEN and o ; .
SaLissury, 1975, p. 79). et al., 1972). Thus, it is possible by conti-

nental collision to emplace heavy mantle
material or oceanic crust as « flakes» over continental crust. Roeober (1973, Fig. 1)
describes « flipped » subduction zones where change in the direction of subduction
develops alpine root zones, rootless rotation zones and overidden rotation zones and
parts of the oceanic crust within older frozen subduction zone may be tectonically
transported upwards into the orogen during changes in convergence polarity. DEwey
(1974) and Dewey and Biro (1971) also prefer emplacement of ophiolites by obduction,
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but believe that the process represents the collision of continents or arcs and continents
and not an abberation of steady state subduction. Dewey (1974, Fig. 7) illustrates the
emplacement of the Appalachian-Caledonian ophiolites as a complicated series of
openings and closing of marginal basins landward of a west dipping subduction
zone. He visualizes the ophiolite occurrences as developing in separate rear-arc and
inter-arc oceanic basins during the Ordovician and being obducted shortly thereafter.

Assate et al. (1973), have provided compelling evidence that all the Tethyan
ophiolites were emplaced nearly simultaneously during a Late Cretaccous gravity
sliding or thrusting (obduction). They also point out that spreading of the Tethyan
Sea had virtually stopped by Late Cretaceous and that the closing of the
Tethyan Sea was not accompanied by subduction (lack of volcanism). It is their
opinion that the emplacement was due to convergence of small unconnected ocean
basins. This leads to another variant of ophiolite emplacement which can be related
to formation of small ocean basins such as the Red Sea. These basins would have
only limited size, but would maintain a high heat flow until a later compressional
event closed the basin with concomitant detachment of the upper parts of the oceanic
crust. Obduction of the detached oceanic crust during closing of the small ocean basins
would produce ophiolite allochthons resting on the basin edge sediments and capped
‘by pelagic sediments of the basin axis.

Diapirs

There are a number of situations where the occurrence ot ophiolite apparently
requires an emplacement mechanism unrelated to plate motions. MaxweLL (1970,
1973, 1974 ab) has maintained the diapiric uprise of hot mantle material through
continental and oceanic crust best explains the internal location of ophiolites within
orogenic zones. Maxwell’s model is an extension of the submarine extrusion
hypothesis of Brunn (1961) and does provide a means of overcoming the large lateral
transport of oceanic crust across subduction zones at continental margins required
by obduction. Furthermore, the production of small batches of oceanic crust by this
model does not later require consumption of new oceanic crust at a spreading center.

Diapiric uprise of material within the mantle and crust requires that the rising
material (have a density less than its surrounding material) and a plasticity that
could allow such migration. For the peridotites from ophiolites, this would entail
either a magma or transformation of the peridotites to serpentinite. The paucity of
contact aureoles around the boundaries of ophiolites has been the most damaging
evidence against hot diapir emplacement. On the other hand, diapiric uprise of
serpentinites has been documented in numerous instances (CoLemax, 1971b, p. 905).
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Gravity Slides - Protrusions - Deep Faults

There have been numerous mechanisms invoked to explain the emplacement of
ophiolite, all of which may be valid for certain situations but do not appear to have
a universal application. It is casy to conceive a complicated history for an ophiolite
after it becomes part of the continental crust, particularly if the peridotite member
of the ophiolite becomes serpentinized and incorporated into a melange.

The tectonic evolution of the northern Apennines has been carefully worked out
by numerous geologists (Assate et al., 1976; Evter and Grevison, 1973; Decanpia
and Evrer, 1969) and here ophiolite emplacement by gravity sliding has been
documented. Oceanic crust formed during Jurassic times is covered by radiolarites
and overlying Calpionella limestones within the Ligurian domain. Uplift of the
Ligurian oceanic crust with its carapace of Jurassic cherts and pelagic limestones
produced the Bracco ridge giving rise to widespread gravity sliding where large
ophiolite blocks (several cubic km) were transported on lenses of breccia
(olistostrome). This event was followed by overthrusting (gravity sliding?) of the
Ligurian olistostrome containing coherent blocks of ophiolite over continental and
marine sediments of the (Tuscan and Umbrian) depositional basins during the
Tertiary. Formation of serpentinite from the Ligurian peridotites facilitated the
gravity sliding of these units.

Grennie et al. (1974) and Stonevy (1975) visualize a similar mechanism for the
Semail ophiolite. However, neither explanation provides a satisfactory tectonic
mechanism for elevating the ancient oceanic crust high enough to initiate gravity
sliding. There is no geodynamic reason for a deep ocean basin to rise isostatically
unless there is initiated an upward diapiric movement within the mantle. On the
other hand, the closing of a small ocean basin by plate movement could easily
elevate parts of the oceanic crust during collision of two continental plates by
upwarping and thus initiate gravity sliding of ophiolite onto a continental margin.
Thus, detachment of ophiolite from the upper parts of the oceanic lithosphere and
concomitant gravity sliding most certainly is a viable emplacement process. Even
though actualistic models of gravity sliding of oceanic crust away from mid-ocean
ridges can not be verified, it seems feasible to entertain this as a possible mechanism,
particularly where heat flow is high and the oceanic lithosphere still retains some
of its plasticity at shallower depths (Borrinea and AvLecke, 1973).

Numerous workers (MiLovanovic and Karamara, 1960; Knwieper, 1965;
Lockwoop, 1971, 1972) have been impressed by the tectonic mobility of serpentine
once it forms and have referred to this phenomena as cold intrusion, solid intrusion,
or tectonic intrusion. Lockwoop (1972) has suggested the term protrusion to cover
this tectonic process. Examples of protruded serpentinites are extremely common
and the mechanism allows tectonic movement of serpentinized peridotites.
Emplacement of ophiolite slabs by this process, however, scems quite unlikely.
The mobility of the serpentinized peridotite within the orogen is perhaps the most
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important factor in the dismembering of an ophiolite and must always be considered
in its tectonic reconstruction.

This brings us to consider emplacement of ophiolites along deep fundamental
faults. Some Russian geologists call upon deep fundamental faults into the mantle
to provide a tectonic situation to emplace solid peridotites within the earth’s crust
(Kuaiv and Muratov, 1969; Pieve, 1945; Reverbatro et al., 1967). The concept here
is that the mobile orogenic zones are bounded by deep fundamental faults that
persist for long periods of geologic time. Most of the movement is considered to
be vertical and that the fault extends through the earth’s crust and penetrates into
the mantle. Association of discontinous pods of ultramafic rock and high temperature
and pressure metamorphic minerals along these deep fundamental faults has been
interpreted as signaling great vertical movements whereby mantle material and
high temperature and pressure rocks can be brought to the surface. Perhaps the
best studied deep fault is the Alpine suture which represents a fundamental structure
in the Alps. It separates the Hercynian structures and metamorphism on the south
from the younger Alpine nappes to the north and was earlier connected in with the
concept of « root zones » (Gansser, 1968). Significantly, several peridotite bodies such
as the Finero and Lanzo are situated on the hanging wall of the Alpine suture.
Geophysical studies have shown that positive gravity anomalies follow the Alpine
suture and that seismic velocities indicate that exposed peridotite bodies may have
roots in the mantle (BerckueMmEr, 1968, 19669; PeseLnick et al., 1974; Nicoras et al.,
1971). The evidence indicates possible solid emplacement of mantle peridotites along
a deep fundamental fault. These peridotites are, however, not typical of the ophiolite
sequence and contain no associated mafic rocks (NicoLas and Jacksown, 1972). It
therefore becomes obvious that there are numerous possible ways to emplace
ophiolites, but confusion develops because numerous non-ophiolitic mafic-ultramafic
rock bodies have been used to demonstrate emplacement for all ophiolites.

The high temperature lherzolites such as Beni Bouchera, Ronda, Lanzo, Finero
are clearly different than the ophiolites and should be treated as a special class
as suggested by Nicoras and Jackson (1972). The deep fault and mantle diapir
emplacement of the high temperature lherzolites seems required to preserve their
high temperature-pressure assemblages, whereas thin skin tectonics such as gravity
sliding, initiated by subduction or obduction can best explain emplacement of most
ophiolite slabs. Post emplacement deformation of ophiolite slabs combined with
serpentinization and metamorphism produces complications that often obscure their
mode of initial emplacement.
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Metamorphism
Introduction
The possible geological situation whereby ophiolites can be metamorphosed
are numerous and overlapping. A discussion of these various situation along with

a general scheme of these relationships will provide a starting point for this discus-
sion (Fig. 6). As shown on this scheme the ophiolite is divided into two main types
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Fig. 6. — Scheme of metamorphism for ophiolites.

of protolith: 1) Peridotite, 2) Basalt, Diabase, Gabbro. The peridotites are so
distinctive in their bulk composition that their metamorphism should be separated
from their mafic associates particularly when comparing metamorphic assemblages.
Four geological situations are considered to represent the most likely to develop
characteristic metamorphic assemblages: 1) Oceanic Hydrothermal resulting from
hot circulating ocean waters near spreading centers. 2) Subduction of oceanic crust
could give rise to high pressure-low temperature assemblages. 3) Obduction of
young hot slabs of oceanic crust could produce dynamothermal contact aureoles.
4) Regional metamorphism of ophiolites after they become incorporated into
orogenic belts. Oceanic hydrothermal metamorphism, serpentinization, and the
formation of rodingites will be considered as internal metamorphism affecting only
the ophiolites and not their associated country rocks. The section on external
metamorphism will include all other types of metamorphism commonly found for
ophiolites.
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Internal Metamorphism

1. Serpentinization

The peridotites within ophiolites are usually serpentinized to some degree and
it is rare to find peridotites that contain completely unaltered olivine, orthopyroxene,
or clinopyroxene. The process of changing a peridotite to serpentine involves mainly
a hydration reaction between water and the primary igneous minerals. Mineralogically,
serpentinites consist predominately of lizardite, clinochrysotile, and antigorite with
minor amounts of brucite, talc, magnetite, and carbonate. During serpentinization of
dunite, harzburgite, or lherzolite assuming that only water is introduced, the possible
mineral species that can be developed at these bulk compositions are limited. In the
case of small ultramafic bodies being serpentinized or undergoing regional high-grade
metamorphism, it is not unusual to have CO: or silica invade the ultramafic body
at its borders to produce talc, chlorite, and carbonates within the serpentinite
(CumesTer, 1962, 1969; Janns, 1967).

The assemblage lizardite + clinochrysotile + brucite + magnetite appears to
be the most common one developed in the peridotites from ophiolites. Where these
same serpentinized ultramafic rocks are found in terranes that have undergone
external high-grade regional metamorphism, antigorite is the stable serpentine
mineral. Progressive metamorphism of peridotites from Pennine region of the
central Alps provides a consistent picture of the assemblage developed in the system
MgO-SiO2-H20 (Trommsporer and Evans, 1974). If the experimental information
can be used as a guide to pressure-temperature conditions, it would seem that most
of the serpentinites derived from ophiolite peridotites probably formed in the
temperature range 25°300° C with only minor amounts forming at ambient
temperature (WENNER and Tavror, 1971). The antigorite serpentinites must represent
temperatures in excess of 300° C and perhaps as high as 550° and usually reflect
higher grades of regional metamorphism. None of the serpentine minerals or
their common associates are sensitive to pressure effects.

The average amount of iron in dunites, harzburgites, and lherzolites is about
7 weight percent FeO, with olivine and orthopyroxene containing nearly equal
amounts. Small amounts of iron are contained in chromite and clinopyroxene. The
Fe'® and Fe'? ratios of serpentines reflect the changes in the activity of oxygen
during their formation. The formation of awaruite (Fe Ni) in association with
or in the place of, of oxygen (Nickew, 1959; Pace, 1967). During serpentinization
the partitioning of iron between serpentine, brucite, magnetite and awaruite depends
on the availability of O:. The alteration of ophiolite peridotites to serpentinite
requires a large amount of water. Serpentine minerals contain from 12 to 135
weight percent water. The amount of water required to serpentinize a peridotite
completely is controlled by the original proportions of olivine, pyroxene, and
plagioclase and by the mobilities of Mg or Si, or both.

The development of the large serpentinized peridotites is significantly linked
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with crustal processes that must be part of ophiolite tectonic evolution after the
peridotite emplacement into orogenic zones. The change from a peridotite to
serpentinite represents a great range in physical properties. Peridotites have a density
of 3.3 whereas serpentinite average 2.55 and concomintantly the compressional wave
velocity Vp decreases from 8 km/s to 5 km/s (CoLeman, 1971 b). Magnetite developed
during serpentinization increases the magnetic susceptibility (K) and serpentinite
masses are known to produce magnetic anomalies in excess of 500 gammas. Even
though strengths of unsheared serpentinites are comparable to massive igneous rocks
(Raterer and Paterson, 1965), estimation of the shear strength of completely
tectonized lizarditechrysotile serpentinites in New Idria, California, by Cowan and
MansrieLp (1970) gives values of 1 bar. The weak nature of the tectonized serpentinite
combined with its low density demonstrates that tectonic movement by plastic flow
at low stress could easily account for the development of serpentinite melanges.
Thus, low temperature hydration of massive, relatively strong peridotites to
sheared, weak serpentinites will have a drastic affect on the geometry of the original
ophiolite assemblage in orogenic zones. The development of serpentinite within an
ophiolite can be visualized as happening in three distinct situations: 1. Within the
oceanic realm particularly along transform faults. 2. During tectonic transport into
the continental margins. 3. As part of regional metamorphism. The source of the
water can be fingerprinted by stable isotopes and demonstrates that serpentinization
is a continuous process as long as meteoric, oceanic, or metamorphic water is
available.

2. Rodingites

Metasomatism of varied rock types associated with serpentinites is widespread
in Phanerozoic orogenic belts (CorLeman, 1966, 1967; DaL Piaz, 1967, 1969). This
calcium metasomatism is related to the process of serpentinization and tectonic
history of the ultramafic emplacement (Fig. 6). Diverse rock types such as gabbro,
basalt, graywake, granite, dacite and shale have been involed in the metasomatism.
Through the years these metasomatic rocks have acquired the general term
rodingite and for the purpose of this discussion I will use this as a general all-
inclusive term for this process.

Nearly all of the rodingite occurrences have similar characteristics. The
metasomatic reaction zones are always within or in contact with serpentinite and
have not been observed in unserpentinized ultramafic rocks or in the high-
temperature contact aureoles of such rocks. Rodingites are developed from diverse
rock types associated with serpentinites. The reaction zones develop at the contact
between tectonic inclusions, dikes and layered mafic rocks, and the surrounding
country rock and the serpentinite. The rodingites are characteristically involved in
tectonic movements that have acted on the serpentinite. Synkinematic brecciation
and mylonitization of some rodingites indicates that deformation may accompany
metasomatism. The chemical changes recorded in the rodingites as a result of
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metasomatism all trend towards a similar bulk composition. All rodingites are
undersaturated with respect to silica (45 % SiO:) and are enriched in calcium
(25-35 % CaO) and to a lesser extent magnesium. Where the metasomatism has
been complete many rodingites have the following approximate molecular
proportion 3Ca0. Al:Os. 28i02.H:0. Rodingites derived from silicic rocks such as
sandstone and granitic rocks, often contain a secondary feldspar-rich core or zone
away from the serpentinite contact, chlorite and nephrite also may form within
serpentinite at its contact with the rodingite. Rodingites are small-scale localized
metasomatic occurrences and are not related to a regional metasomatism or
metamorphism. Metasomatic rocks having rodingite chemistry have not as yet been
reported from other geologic environments. Hydrogarnet is the characteristic mineral
of rodingites and is commonly associated with idocrase, diopside, prehnite, xonotlite,
wollastonite, chlorite, sphene, and tremolite-actinolite (nephrite) where mafic
igneous rocks have been metasomatized.

Evidence for the presence of calcium release during serpentinization is also
afforded by the occurrence of calcium hydroxide waters issuing from partly
serpentinized peridotites (Barnes et al., 1967; Barnes and O'NEei, 1969; Barnes et al,,
1972). These small sluggish springs have travertine aprons and discharge a calcium
hydroxide type (Ca**—OH™") water that has unusually high pH (11°) values.
These waters are undersaturated with respect to the minerals in those rocks that
are commonly metasomatized within the serpentinized peridotites and may provide
the calcium responsible for metasomatism.

The tectonic nature of some serpentinite contacts and the associated low
temperature reaction zones (rodingites) is strong evidence indicating that
emplacement of the ultramafic parts of the ophiolite coincide with major tectonic
“events (CoLemaN, 1967; Davr Piaz, 1967). The widespread occurrence of rodingites
within sheared serpentinites and serpentinite melanges indicates that calcium
metasomatism is a normal by-product of serpentinization. The pervasive presence
of calcium hydroxide waters within serpentinized peridotites by analogy is very
similar to the reaction that takes in the formation of cement. Potentially,
then wherever these calcium hydroxide waters encounter rocks higher in silica
than the peridotites (~45 % SiO:) reactions can take place whereby calc-silicate
minerals will replace and invade the host whether it be an exogenous inclusion
or endogenous rock within the peridotite. It is therefore important to recognize
the «rodingites » as by-products of the serpentinization process and not the result
of high-temperature contact phenomena related to an earlier igneous history of the
ophiolite.

3. Oceanic Hydrothermal Metamorphism

Many mafic rocks from ophiolite assemblages have undergone a «spilitic»
metamorphism that appears to be widespread and uniform within the upper parts
of the ophiolite (Srooner and Fyre, 1973; Gass and Smewing, 1973). The mineral
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assemblages indicate a downward increasing thermal gradient from zeolite facies to
greenschist facies and perhaps to low-grade amphibolite facies (Fig. 7). The hydro-
thermal metamorphism appears to be restricted to the pillow lavas, sheeted dikes,
and upper parts of the gabbro, and the apparent metamorphic zonal boundaries
are disposed subparallel to the original horizontal layers within the constructional
parts of the ophiolite (Gass and Smewing, 1973). The metamorphosed mafic rocks
retain their original igneous textures and exhibit only local shearing. The disposition
of the hydrothermal metamorphism as well as its apparent shallow downward
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Fig. 7. — Relationships between mineral zoning and depth in idealized ophiolite section that has

undergone oceanic hydrothermal metamorphism. Assumed thermal gradient is 150° C 1 km. 80 values
taken from Srooner et al. (1974); Heaton and Suepparp (1974); Macarirz and Tavior (1974).
Abbreviations: Lau = laumontite, Smec = smectite, chl = chlorite, Ab = albite, Qz = quartz, Ep =
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termination within the gabbros indicates a system controlled by circulating hot
water. The lack of metamorphism in the gabbros relates to their impervious nature.

If the assumption is made that most ophiolites form at a spreading center under
a cover of secawater and that high heat flow is maintained after their formation,
it is possible to show that sub-sea geothermal systems operating at spreading centers
are capable of producing this hydrothermal metamorphism (Seooner and Frre,
1973). High heat flow is symmetrically disposed on either side of present day
spreading centers (Lee and Uyepa, 1965) and: within the ridge axis geothermal
gradients from 500° to 1400° C/km have been postulated (Caxx, 1970 and SpooNer
and Fyre, 1973). Even though considerable fluctuation in the heat flow is seen
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away from the ridge axis it has been suggested that thermal gradients of 150° C/km
are maintained to at least 100 km away from the axis.

It thus sems inevitable that new oceanic crust generated at a spreading ridge
will have undergone some hydrothermal metamorphism. The distribution and
grade of metamorphism will be controlled by circulating seawater and the thermal
gradient. Distribution of this ocean floor thermal metamorphism within on-land
ophiolites from eastern Liguria, Italy (Srooner and Fyre, 1973). Cyprus (Gass and
SmeEwING, 1973) and Oman (CoLemax, unpublished data) is similar in many respects.
In all of these occurrences the zeolite facies assemblages are present in the upper
parts of the sequence followed downward into greenschist facies where the effects
of the hydrothermal alteration disappears in the upper parts of the layered gabbros
(Fig. 7). Usually the metamorphic assemblage in the upper gabbros suggests low
ampbhibolite facies and from this we can estimate a temperature of 500° C (WINKLER,
1974). The vertical thickness affected by the hydrothermal metamorphism in Oman
and Cyprus varies from 2 to 32 km respectively. Dividing this into a maximum
temperature of 500° C gives an estimated thermal gradients from 150° C/km to
250° C/km. Such steep thermal gradients can be best explained by hot circulating
sea water within the upper few kilometers of newly formed oceanic crust developed
at a spreading center. Regional burial metamorphism thermal gradients are around
15° C/km and would require a depth of nearly 25 km to attain temperatures of
400° C. Therefore ophiolites that had undergone regional burial metamorphism
would perhaps be too thin to have mineral isogrades developed within their
limited sequence.

Thermally metamorphosed basalts and diabase from ophiolites characteristically
retain their primary igneous textures. Many of the arguments for primary spilite
magmas are based on the fact that retention of textures is prima facie evidence
for their igneous origin (Amsrtutz, 1974). However, careful studies of dredge
hauls and drill cores from the oceans shows the presence of both «spilite»
metamorphic assemblages as well as unaltered tholeiitic basalts (Canw, 1969;
Mivasuiro, 1972; MeLson and Van Anpew, 1966). It is the opinion of the author
that «spilite» metamorphism within the ophiolite sequence results from hot
circulating H:O within the upper parts of the newly-formed oceanic crust. Tectonic
transport of slices juxtapose metamorphosed basalts and diabase against sedimentary
country rock that has not been metamorphosed such as reported in Cyprus and
Oman (Gass and Smewing, 1973; Remvuaror, 1969).

The hydrothermal alteration of the upper parts of the ophiolite sequence requires
the presence of circulating water. Evidence from alteration is within the upper 2-3 km.
Oxygen isotope geochemistry has provided important and indirect clues that the
source of the water taking part in the hydrothermal alteration is sea water
(Srooner et al., 1974; Heaton and Sueeparp, 1974) (Fig. 7). Hydrothermal alteration
of a rock by a fluid will change the oxygen isotope ratios of the rock away from
the original igneous values. The average 80'® values of unaltered basalts is usually
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+ 6%0 £ 05% (Tavror, 1968). Continental examples of hydrothermally altered
mafic igneous rocks show negative 80 shifts and represent depletions brought
about by interaction of the rock with hot water of meteoric origin (Tavior and
EpsteIN, 1963; Tavror, 1971). In contrast to these depletions, the hydrothermally
altered ophiolites from Mediterranean area are enriched in O'® relative to unaltered
basalts by as much as 7%¢ (Srooner et al, 1974). Even more extreme positive
shifts are recorded for weathered basalts taken from deep ocean environments,
where the fractionations took place at low temperatures. The 80 enrichments
of the upper parts of the ophiolite pass downwards into depletions within the
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Fig. 8. — Mineral assemblages in metabasalts undergoing hydrothermal scawater alteration from fresh

basalt through zeolite to greenschist facies: A — B — C. Three possible trends of metasomatic alteration
are shown in D. Filled Circle represents average basaltic composition.

higher grade metamorphic zones and is related to the increasing metamorphic
temperatures at depth (Spooner et al,, 1974). The stable isotope data indicates that
the water circulating during the hydrothermal alteration of the ophiolites was sea
water rather than meteoric water. The presence of seawater within the hydrothermal
system responsible for the alteration of the ophiolites provides a potential fluid to
bring about large scale seawater-basalt interactions. Evidence for such interaction
is found in the hydrothermally altered ophiolites where domains of contrasting
composition may be present within a single exposure (Fig. 8).

.
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There seems to be at least three important alteration domains: 1. Ca-enriched
areas of monomineralic or bimineralic epidote and/or pumpellyite. 2. Spilite lithology
where albite, chlorite, and calcium silicates dominate. 3. Mg-enriched areas that
represent the complete alteration of glass to chlorite. These same alteration domains
have been recognized in continental terrains where mafic volcanics have undergone
burial metamorphism (Smiri, 1968; JoLLy and Smith, 19725 Vavrance, 1974). Recent
experimental work by Biscuorr and Dickson (1974) on seawater-basalt at 200° C
and 500 bars provides information on the possible species involved in this kind of
hydrothermal alteration. They found that Mg was continuously abstracted from
seawater and probably forming a Mg-rich chlorite or smectite from the glass. Ca
precipitated as CaSOs early in the experiment but continued to increase in the
seawater. Heavy metals, such as Fe, Mn, Ni and Ca are leached under the conditions
of the experiment and could concentrate in the fluid in high enough concentrations
to be considered potential ore forming fluids. The results of this experiment point
to at least a partial explanation of the alteration domains within ophiolites. The
spilite assemblage must represent the residual part of the basalt that has undergone
hot seawater reaction (Fig. 8). Sodium enrichment may be related more to the loss
of calcium and other elements rather than addition of sodium. Bischorr and
Dickson (1974) found that potassium was strongly leached from the basalt during
their experiment whereas sodium remained nearly constant in the seawater. The
calcium-rich domains, such as the epidosites, must represent a major movement of
calcium and alumina during the hydrothermal alteration. The low temperature
formation of smectites (montmorillonites) and higher temperature formation of
chlorite represents an important seawater action that removes Mg from the oceans.
Hydrothermal brines developed during the alteration of the upper 3 km of oceanic
crust (ophiolites) must then have the potential of forming metalliferous concen-
trations within the ophiolites or at the interface between ocean water and points
of brine discharge such as are now taking place in the Red Sea (Brscuorr, 1969).
As was mentioned in earlier chapters, this hydrothermal alteration of the upper
parts of the ophiolite sequence will have a profund affect on the primary chemistry
of these igneous rocks. Thus, the comparison of various igneous suites within
ophiolites with unaltered volcanics cannot provide definitive answers to the igneous
history of these rocks.

External Metamorphism

1. Metamorphic aureoles

Thin zones of high grade amphibolites are present at the base of several large
obducted slabs of ophiolite (WirLiams and Smyrs, 1973; ALemann and Petess,
1972; Grennie et al, 1974) and granulites are commonly associated with non-
ophiolitic lherzolite tectonic massifs (NicoLas and Jackson, 1972; Loomis, 1972 ab,
1975; Kornprosst, 1969) (Fig. 6). The significance of these rocks has been given
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various interpretations over the past 50 years and up to the present time considerable
controversy still surrounds their interpretation (Traver and Brown, 1961; THAYER,
1967, 1971). Earlier opinions on the origin of the emplacement of peridotites focused
on their intrusion as magmas and the associated aureoles were considered to be
the result of hot ascending ultramafic magma (Smrra, 1958; McGrecor, 1964;
MacKenzig, 1960). Tectonic emplacement of peridotites was not, however, completely

neglected (Irwin, 1964).

It is important to first separate the ophiolite sequences and their associated
amphibolites from the non-ophiolitic lherzolite tectonite massifs that have as-
sociated granulites, as was recently done by Nicoras and Jackson (1972). The
non-ophiolitic lherzolite massifs represent undifferentiated mantle from beneath
the continents and the associated graunlites are probably metamorphosed
lower continental crust. Their emplacement is along deep fundamental faults
initiated as mantle diapirs into the lower parts of the continental crust (KorNprossT,
1969; Loomis, 1972 ab, 1975). The associated granulites are usually more extensive
than can be accounted for by contact metamorphism of a rising, solid, diapir of
peridotite (Loomis, 1972b, p. 2492). The final tectonic emplacement of these
peridotites into the crust distorts the original geometry of the peridotite and the
granulites precluding a proper geologic evaluation of their formation. The non-
ophiolitic lherzolite tectonites contain only peridotite in contrast to the ophiolite
- sequence where gabbros, diabase, and pillow lavas develop above the underlying
peridotite. For the purposes of this discussion, the continental lherzolites of Nicoras
and Jackson (1972) will be excluded.

The metamorphic aureoles associated with ophiolites are always located at the
base of the peridotite and consist of narrow zones (usually less than 500 meters)
of amphibolite. The metamorphic fabric of the amphibolites show polyphase
deformation with the second generation schistosities and fold axes parallel to the
contact between the peridotite and amphibolite. Structures within the peridotite
are also subparallel to the contact and suggest a recrystallization during the second
generation of amphibolite deformation. Hornfels textures that are characteristic of
static igneous contacts have not been reported as primary or secondary textures
within these aureoles. In Newfoundland, downward progression from high grade
amphibolites into greeschist assemblages at the base of the peridotite suggest
extremely high thermal gradients (Macras et al.,, 1973; WirLiams and Smyr, 1973).
Within the Klamath Mountains of northern California a nearly continuous narrow
belt (35 km X 0.5 km) of gneissic garnetiferous amphibolite occurs at the base of
the Trinity ultramafic sheet (Davis et al, 1965; Irwin, 1964). The amphibolite, in
the past, has been considered to be an intrusive contact aureole, but synkinematic
deformation suggests that it may have developed during tectonic emplacement
of the Trinity ophiolite. Metamorphic aureoles are not present at the base of all
ophiolites, but often tectonic blocks of similar amphibolites are present in the
melange upon which the ophiolite is resting (Reinuaror, 1969; Moores, 1969). In
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California and Oregon serpentinite melange units representing dismembered
ophiolites often contain polyphase deformed amphibolites that are similar to those
described as aureoles in Newfoundland (CoLeman and Lanemerg, 1971).

The narrow high grade amphibolite aureoles contain brown hornblende,
clinopyroxene, garnet, calcic plagioclase in varying amounts. Usually within 10-15
meters of the contact the mineral assemblage changes to essentially green-brown
hornblende and calcic plagioclase and within 500 meters the mineral assem-
blages are typical of the greenschist facies. Up to now there are no mineral
analyses of coexisting phases and little can be said regarding the P-T conditions of
formation. If we assume that the highest grade of metamorphism represented by
the aureole rocks is between high-rank amphibolite and granulite then a temperature
of between 600-700° C can be estimated. No realistic estimate of pressure can be made
at this time.

The formation of such a narrow zone of metamorphic rock at the base of
ophiolite slabs is a remarkable situation. The protolith for these narrow aureoles
is difficult to establish since in most instances the tectonic transport of the ophiolite
with its welded-on basal aureole is now resting on unmetamorphosed rock or a
melange. WiLLiams and Smyra (1973) suggest that the aureole in Newfoundland
was derived from fragmental mafic volcanic rocks formed along the continental
margin and that a clear downward progression from amphibolite into only slightly
metamorphosed mafic volcanics can be demonstrated. It must be noted here that
the polyphase deformation of the high-rank aureole rocks from Newfoundland is
not imprinted on the underlying mafic volcanic protolith and that there could exist
low angle faults separating the high-rank and low-rank rocks under the aureole.
In Oman, the high-rank amphibolite aureole of mafic composition apparently
grades downward into metacherts and metashales; however, polyphase deformation
of the Oman high-rank amphibolite is not present in the underlying lower rank
metasediments, suggesting a cryptic discontinuity. between the amphibolite and
metasediments. The truly high-rank amphibolites from these aureoles appear, then,
only as very narrow zones 10-20 m at the deformed base of the peridotite (ALLEMANN
and Perers, 1972).

It seems clear that these narrow aureoles are somehow related to the tectonic
emplacement of ophiolites from the oceanic realm into or onto the continental
margins or island arcs. WiLLiams and Smyru (1973) suggest a rather shallow
detachment of the mantle where high heat flow allows thin slabs of oceanic crust
to be emplaced. The high heat low would provide the heat necessary to produce
a thin aureole, perhaps, augmented by frictional heating produced during' obduction
(Crurch and Stevens, 19715 Crurch, 1972). The absence of amphibolite aureoles
at the base of some ophiolites could be related to emplacement of cold slabs such
as that in Papua New Guinea (Davies, 1971). Here the basal contact is against
graywackes of the Owen Stanley Range which recrystallized to high pressure
blueschist assemblages.
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Still another point of confusion arises when the gabbroic parts of the ophiolites
have undergone metamorphism and take on the appearance of amphibolites related
to the contact aureoles (Tuaver and Brown, 1961; Tuaver, 1967, 1971; HutcHINsoN
and Duonau, 1969; Hurcuinson, 1975; Laneuere et al, 1975). Imbrication of
tectonic slices of high-rank amphibolites representing lower crustal metamorphism
with cold ophiolitic slabs of younger age along continental margins could also
provide an alternate explanation (CoLeEman et al, 1976). Imbrication and tectonic
translation of ophiolite slabs within the orogenic zones of continental margins
virtually guarantees obliteration of the original geologic relationships developed
during the formation of these aurcoles. The following section will discuss these
implications in light of metamorphism along continental margins.

2. Continental Margin metamorphism
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Fig. 9. — Approximate spatial distribution of metamorphic facies in crustal rocks near an active
convergent plate junction. The petrographic grid of Fig. 10 has been employed with the thermal
structure shown by Ernst (1974, Fig. 3). As in pressure-temperature space, the metamorphic facies
boundaries are zones of finite appreciable volume within the earth (after Erwst, 1974, Fig. 5).

Nearly all oceanic lithosphere generated at spreading ridges eventually is carried
to a consuming plate margin. Here it is destroyed by moving under the continental
margin and finally sinking into the asthenosphere. However, within these consuming
plate margins tectonic accidents transfer fragments of the oceanic lithosphere
(ophiolites) into or onto the continental margins. The rheology of these consuming
plate boundaries is now understood in a gross way and perhaps the most important
feature is their asymmetry. This asymmetry produces a polarity in tectonic,
metamorphic, and magmatic processes (Ernst, 1974; Grow, 1973; Dickinson, 1971b).
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In this section the discussion of external metamorphism of ophiolites will be related
to the possible P-T regimes within a convergent plate boundary (Fig. 6). Metamorphic
belts are characterstically formed along continental margins, island arcs or where
orogenic zones developed during collision of two continental blocks. Paired
metamorphic belts characterize the continental and island arc metamorphic belts
(Miyasuiro, 1961; Ernst, 1974) but are lacking in the orogenic zones formed at
continent-continent collision (Miyasuiro, 1973b). The concept has been further
refined by Ernst (1974) where the interplay between active subduction, calculated
heat distribution, experimental petrology, and inferred geologic processes provide
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Fig. 10. — Schematic metamorphic petrogenetic grid deduced from experimental - oxygen isotope

data for common rock compositions (after Ernst, 1973, Fig. 4; 1974 Fig, 4).

a three dimensional model of metamorphic facies at convergent plate boundaries
(Fig. 9). From this model it is possible to consider the possible structural situation
where oceanic lithosphere (ophiolites) could be metamorphosed. It also has to be
assumed that decoupling or transfer of the oceanic lithosphere has to take place
during or after the metamorphism in order for these rocks to be incorporated
within the orogenic belts of the continental margins or island arcs.

It is possible to conceive of various P.T. regimes that could be imprinted on
oceanic lithosphere at consuming continental margins (Fig. 9). Within a cold
sinking lithospheric slab the isotherms are deflected downward but pressure continues
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to increase during subduction and thus the ophiolites will undergo a progressive
metamorphism from zeolite facies (Fig. 10). Thus a high-pressure, low-temperature
blueschist metamorphism could be imprinted on the upper parts of an oceanic
plate during subduction. There has not yet been found a completely preserved oceanic
crustal slice that has undergone blueschist metamorphism with its stratigraphy intact.
That is, there are numerous dismembered parts of ophiolite that have undergone
blueschist metamorphism but they are presently exposed with a melange or as
highly deformed nappes.

The Zermatt-Sass ophiolites within the Piemonte zone of the western Alps are
perhaps the largest exposed area of oceanic lithosphere that has undergone blueschist
metamorphism as a result of subduction (DaL Piaz, 1974; Ernst, 1973). During
Jurassic time the Piemonte basin formed and consisted, in part, of oceanic crust
(Zermatt-Sass ophiolites). Subduction of this oceanic crust during the late Cretaceous
(70-90 m.y.) converted the Zermatt-Sass ophiolites to a HP-LT assemblage consisting
of blueschists and eclogites (Bearts, 1959, 1967, 1973). The Zermatt-Sass ophiolites
are now part of a nappe consisting of tectonic slabs of ultramafics, gabbros, and
pillow lavas showing a complete metamorphic and structural reworking (Dav Piaz,
1974; Bearth, 1974). The preservation of the Zermatt-Sass ophiolites from complete
destruction in the asthenosphere was brought about by oblique planes of faulting
within the subduction zone that produced a backward rise along the subduction
plane to finally culminate in the empacement of the Penninic and Austro-alpine
nappes (DaL Piaz et al., 1972). To further complicate the picture after emplacement
of nappes, a greenschistic metamorphic event (Alpine) overprinted and irregularly
destroyed the HP-LT assemblage swithin the Zermatt-Sass ophiolites. Ophiolites
formed in the same basin with the Appennines were emplaced during the closing
of the same oceanic basin by obduction and they only display the effects of oceanic
metamorphism (DaL Piaz, 1974; Speooner et al, 1974). The complexities of the
Alpine metamorphism of ophiolites in the Alps are further developed by DierricH
et al. (1974).

Blueschist metamorphism is characteristically developed in rocks underlying
thick slabs of ophiolite that show oceanic metamorphism in their upper constructional
parts such as in New Guinea and New Caledonia (CoLeman, 1972b). It has been
suggested that tectonic overpressures developed during the emplacement of ophiolite
slabs were instrumental in the development of the HP-LT blueschist metamorphism
(CoLeman, 1972b). Oxsuren and Turcorre (1974) have shown that blueschist may
develop under thick overthrust sheets because of major perturbation of the regional
thermal gradient — not tectonic overpressures, Where the overthrust sheets are in
excess of 15 km, sufficiently high pressures and low temperatures could prevail long
enough for blueschists to form and thus explain the presence of blueschists directly
under thick ophiolite slabs. As shown in the previous section HT-LP, high-rank
amphibolite can be more convincingly related to obduction of ophiolites than can
blueschists.
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The widespread occurrence of high grade blueschists and eclogite tectonic blocks
of possible ophiolitic parentage within the Franciscan complex of California suggest
that small parts of subducted ophiolite material escaped destruction and were
transferred to the continental margins in melange units (CoLEman and LANPHERE,
1971). Significantly there are no exposures of lithologically intact oceanic crust
(ophiolite) within the Franciscan complex and those small metamorphosed fragments
of oceanic crust that have undergone HP-L'T metamorphism reveal tectonic transport
within serpentinite melanges (CoLeman and Laneuere, 1971). There are, however,
extensive areas of serpentinized ultramafic within the Franciscan complex that may
have been involved in HP-LT subduction blueschist metamorphism. Since there
are no pressure sensitive minerals within the serpentinized peridotites these
dismembered parts of an ophiolite can be of no diagnostic value in reconstructing
their metamorphic history. The actual volume of ophiolites that have undergone
HP-LT metamorphism make up only a minor part of these metamorphic terrains
giving credence to the concept that they represent tectonic accidents within steady
state subduction zones where most of the oceanic crust is destined for destruction
within the asthenosphere.

It is of some interest to comment here that except for the Zermatt-Sass ophiolites
and other minor Alpine localities most of the ophiolites emplaced in Alpine orogenic
zones as a result of the closing of the Tethyan sea during the late Mesozoic have
not been affected by HP-LT metamorphism. Furthermore, Pacific-type subduction
during the late Mesozoic has incorporated only minor amounts of ophiolite in
orogenic zones that have been affected by blueschist metamorphism. It can be
concluded that most intact ophiolite sections are obducted onto the continental
margin and escape high pressure metamorphism. Whereas, oceanic crust and mantle
is incorporated into the trench melange only by tectonic accidents hence such
subducted, then regurgitated ophiolites are both dismembered and exhibit high
pressure metamorphism.

If we now turn our attention to the arc-trench gap and volcanic front areas
at the continental margins as shown in Figure 9, it is possible to consider other
pressure-temperature regimes which could affect ophiolites already incorporated into
the continental edge. Stepping of the subduction zone seaward or the development
of a volcanic-plutonic complex on the steeply dipping subduction zone could provide
the heat necessary to pass into a prograde sequence from zeolite -» prehnite-
pumpellyite — greenschist — amphibolites. Thus it would be possible to convert
an ophiolite to a LP-HT assemblage characteristic of the high temperature side of
Mivasuiro's (1961) paired metamorphic belts. The persistent association of amphi-
bolites with metamorphic peridotites and lack of blueschists within the cores of
progressive older orogens along Phanerozoic continental margins suggests that
ophiolites of these older orogens may undergo HT-LP metamorphism.

Within the Klamath Mountains of northern California and southern Oregon,
there are four different belts of ophiolite becoming sequentially younger oceanward
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(CoLeman and Irwin, 1974; Irwin, 1973). In some instances the metamorphic
peridotites from the Klamaths are closely associated with amphibolites that on close
inspection reveal that they are metabasalts and metagabbros derived from the
ophiolite. High angle faults juxtaposed the meta-ophiolites against island arc volcanics
and sediments that have undergone zeolite, greenschist facies, or rarely blueschist
metamorphism. The high-rank amphibolite facies metamorphism of these ophiolites
indicates that they may have been involved in an island arc volcanic-plutonic complex
where they formed the basement rocks. Continued imbrication and compression
along the continental margin produced high angle reverse faults that brought slices
of the basement meta-ophiolites in contact with the lower metamorphic grade island
arc volcanics and sediments.

Hurchison (1975) describes complete ophiolite sequences from the Darvel Bay-
Lubuk-Palawan belt of North Borneo and Philippines that show HT-LP meta-
morphism from greenschist through high rank amphibolite facies into a metamorphic
peridotite. This sequence shows strong dynamothermal metamorphic fabric and even
though Hurchison (1975) considers this as ocean floor metamorphism, it seems
more likely to represent a metamorphic belt formed under an old island arc within
the Sulu sea during Mesozoic types and later exposed by obduction of the meta-
morphosed arc basement onto North Borneo during late Cretaceous or early Tertiary.

Similar amphibolites derived from metamorphosed basalts and gabbros
(ophiolites) have been reported from Yap (Smiraki, 1971), the Solomon Islands
(CoLemax, 1970), Puerto Rico (Tosiscu, 1968), of Yugoslavia (Pamic et al., 1973).
The recurrence of these amphibolites with metamorphic peridotites further
illustrates the total metamorphism of ophiolites within the high heat flow regime
of continental edges or island arcs. The important aspect of the type of metamorphism
is that as long as the peridotites remain relatively dry, their deformation or recrystal-
lization cannot be distinguished from that produced by HP-LT metamorphism in a
dry environment. Confusion then arises when blueschists are associated with the same
kind of peridotites as the amphibolite. Tectonic separation after upper level
serpentinization of the peridotite from its metamorphosed mafic assemblage produces
a confusing mixing of amphibolites with blueschists as part of serpentinite melanges
(CoLeman and Laneuerg, 1973).

To further confuse the metamorphic history of ophiolites it is not uncommon
to have younger granitic plutons invade tectonically displaced metamorphosed
ophiolites and overprint them with a steep contact metamorphic thermal gradient
(Trommsporr and Evans, 1972; Duncan and Vance, 1973; Evans and TroMMSDORF,
1970). As mentioned earlier the presence of amphibolites along the basal contacts of
ophiolites has been interpreted as a dynamothermal aurcole related to the
emplacement of the ophiolite (WrLLiams and Smyth, 1973). However, it is entirely
possible that tectonic movement of an ophiolite peridotite over a regionally developed
terrain of amphibolite could detach slices of amphibolite. These detached tectonic
amphibolites could then conceivably come to rest at the base of the peridotite, and
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manifest’ all the aspects of an aureole. Considerable data therefore are required
before amphibolites associated with allochthonous ophiolites can be properly
interpreted.

REFERENCES

AssateE E., BortoroTTr V., PASSERINI P. (1973) - Major structural events related to ophiolites
of the Tethys belt. Int. Symposium « Ophiolites in the Earth’s Crust », Acad. Sci. US.SR.
Moscow.

AssaTE E., BorToLoTTr V., PasseriNt P. (1970) - Introduction to the geology of the Northern
Apennines. Sed. Geol., 4, 207-250, 521-558.

AvLtemann F., Peters T. (1972) - The ophiolite-radiolarite belt of the North-Oman Mountains.
Eclogae Geol. Helvetiae, 65, 657-697.

Amsturz G.C. (1974) - Spilites and spilitic rocks. Springer-Verlag New York, Heidelberg Berlin.

ArmstronG R.L., Dick H.].B. (1974) - A model for the development of thin overthrust
sheets of crystalline rock. Geology, 2, 35-40.

AusouiN J. (1965) - Geosynclines. Elsevier Press, Amsterdam, 1-335.

Barnes 1., La MarcHE V. C. Jr., HIMMELBERG G. (1967) - Geochemical evidence of preseni-day
Serpentinization. Science, 156, 830-832.

Barnes I., O'Nei J.R. (1969) - The relationship between fluids in some fresh Alpine-type
Ultramafics and possible modern serpentinization, Western United States. Geol. Soc. Amer.
Bull., 80, 1947-1960.

Barnes 1., Rape J.B., O'NeiL J.R. (1972) - Metamorphic assemblages and the direction of
metamorphic fluids in four instance of serpentinization. Contr. Mineral. and Petrol., 35,
263-276.

BearTH P. (1974) - Zur Gliederung und Metamorphose der Opbhiolithe der Westalpen. Schweiz.
Miner. Petr. Mitt.,, 54, 385-397.

BearTH P. (1973) - Gesteins- und Mineral-paragenesen aus der Ophiolite von Zermatt. Schweiz.
Miner. Petr. Mitt., 53, 299-334.

BearTH P, (1967) - Die Opbhiolithe der zone von Zermatt-Sass Fee. Beitr. geol. Karte Schweiz.
NF, 132, p. 130.

Bearth P. (1959) - Uber Eklogite, Glaukophan- Schiefer undmetamorphe Pillowlaven. Schweiz.
Miner. Petr. Mitt., 39, 267-286.

BerckHEMER H. (19691 - Direct evidence for the composition of the lower crust and the Mobo.
Tectonophysics, 8, 97-105.

BerckHEMER H. (1968) - Topographie des « lvrea-Korpers» abgeleitet aus seismischen und
gravitmetrischen Daten. Schweiz. Mineral. Petrogr. Mitt., 48, 235-254.

BiscHoFF J. L. (1969) - The Red Sea geothermal deposits: their mineralogy, chemistry and genesis.
In Degens, E.T., Ross, D. eds., Hot Brines and Recent Heavy Metal Deposits in the Red
Sea. Springer-Verlag, New York, 368-401. i

BiscHorr J. L., DicksoN F.W. (1975) - Seawater-basalt interaction at 200° C and 500 bars.
Implications for origin of sea-floor heavy-metal deposits and regulations of sea-water
chemistry. Earth and Planetary Science Letters, 25, 387-397.

‘Borrinea Y., ALLEGRE C. J. (19731 - Thermal aspects of sea-floor spreading and the nature of the
oceanic crust. Tectonophysics, 18, 1-17.



186 R. G. COLEMAN

Brunn J.H. (1961) - Les sutures opbiolitiques. Contribution i 1'étude des relations entre
phénoménes magmatique et orogéniques. Revue de Géogr. Phys. et Géol. Dyn., 4, 89-96,
181-202.

Cann J.R. (1969) - Spilites from the Carlsberg Ridge, Indian Ocean. Jour. Petrology, 10, 1-19.

CumpesTER A.H. (1962) - Petrology and geochemistry of selected talc-bearing ultramafic rocks
and adjacent country rocks in north-central Vermont. U.S. Geol. Survey Prof. Paper,
345, 1-207.

Cumester A. H. (1969) - Evolution of the Ultramafic Complexes of Northwestern New England.
In Zen, E-an and others, eds. Studies of Appalachian Geology - northern and maritime.
Interscience Publishers, New York, 343-354.

CurisTENSEN N. 1., Savissury M. H. (1975) - Structure and constitution of the lower oceanic
crust. Rev. Geophysics and Space Physics, 13, 57-86.

CuurcH W. R. (1972) - Ophkiolite: its definition, origin as oceanic crust, and mode of emplacement
in orogenic belts, with special reference to the Appalachians. Dept. Energy, Mines and
Resourees of Canada Publ., 42, 71-85.

CuurcH W. R., Stevens R. K. (1971) - Early Paleozoic opbiolite complexes of the Newfoundland
Appalachians as mantle-oceanic crust sequences. Jour. Geophys. Res., 76, 1460-1466.

CorLeman P.J. (1970) - Geology of the Solomon and New Hebrides Islands, as part of the
Melanesian re-entrant, Southwest Pacific. Pacific Science, 24, 289-314.

Coreman R. G. (1971 a) - Plate tectonic emplacement of upper mantle peridotites along continental
edges. Jour. Geophys. Research, 76, 1212-1222.

CoremaN R.G. (1971 b) - Petrology and geophysical nature of serpentinites. Geol. Soc. Amer,
Bull., 82,897-918.

CorLeman R. G. (1972) - Blueschist metamorphism and plate tectonics. 24th Inter. Geol. Congress
Sec., 2, 19-26.

CoLemaN R.G. (1967) - Low-temperature reaction zomes and Alpine ultramafic rocks of Cali-
fornia, Oregon and Washington. U.S. Geological Survey Bull,, 1247, 1-49.

CoLemaN R.G. (1966) - New Zeland serpentinites and associated metasomatic rocks. New
Zealand Geol. Survey Bull,, 76, 1-102.

CoLemaN R.G., Garcia M., ANGLIN C, (1976) - The amphibolite of Briggs Creek: A tectonic
slice of metamorphosed oceanic crust in southweastern Oregon? Geol. Soc. America Abst.
with program, 8, 363.

CoLeman R. G, Irwin W. P. (1974) - Opbhiolites and ancient continental margins. In Burk C. A,
Drake C.L. (eds.) - The Geology of Continental Margins. New York, Springer-Verlag,
921-1931.

CoLemaN R.G., LanpHEre M.A. (1971) - Distribution and age of high-grade blueschists,
associated eclogites and amphibolites from Oregon and California. Geol. Soc. America
Bull., 82, 2397-2412.

Cowan D.S., MansFieLp C.F. (1910) - Serpentinite flows on Joaquin Ridge, Southeérn coast
ranges, California. Geol. Soc. America Bull.,, 81, 2615-2628.

DaL Piaz G.V. (1974) - Le métamorphisme de haute pression et basse température dans
Uevolution structurale du bassin ophiolitique alpino-appenninique (2° partie). Schweiz.
Min. Petr. Mitt., 54, 399-424.

DAL Piaz G.V. (1969) - Filoni rodingitici e zone di reazione a bassa temperatura al contatto
tettonico tra serpemtine e rocce incassanti nelle Alpi occidentali italiane. Soc. Italiana di
Miner. e Petr., 25, 263-315.

DaL Piaz G.V. (1967) - Le « granatiti » (rodingiti l.s.) nelle serpentine delle Alpi occidentali
italiane. Memorie della Soc. Geol. Ital., 6, 267-313.

Davis G. A., HoLpaway M. J., Lipman P. W., Romey W.D. (1965) - Structure, metamorphbism,
and plutonism in the south-central Klamath Mountains, California. Geol. Soc. America
Bull., 76, 933-966.

Davies H.L. (1971) - Peridotite-gabbro-basalt complex in eastern Papua: an over-thrust plate
of oceanic mantle and crust. Austral, Bur. Mineral Resources Bull., 128, 48.



EMPLACEMENT AND METAMORPHISM OF OPHIOLITES 187

Decanpia F. A., ELter P. (1969) - Riflessioni sul problema delle ofioliti nell’ Appennino setten-
trionale (nota preliminare). Atti Soc. Toscana Sc. Natur,, Pisa, Serie A, 76, 1-9.

Dewey J.F. (1974) - Continental margins and ophiolite obduction: Appalachian Caledonian
system. In: Burk C.A., Drake C.L. (eds.) - The Geology of Continental Margins. New
York, Springer-Verlag, 933-950.

Dewey J.F., Birp J.M. (1971) - Origin and emplacement of the ophiolite suite: Appalachian
ophiolites in Newfoundland. Jour. Geophys. Res., 76, 3179-3206.

Dickinson W.R. (1971 a) - Plate tectonic models of geosynclines. Earth and Planetary Sci.
Letters, 10, 165-174.

Dickinson W.R. (1971 b) - Plate tectonic models for orogeny at continental margins. Nature,
232, 41-42.

Dietricu V., VuaeNat M., BErRTRAND J. (1974) - Alpine metamorphism of mafic rocks. Schweiz.
Min. Pet. Mitt., 54, 291-332.

Dunean M. A., Vance J.A. (1972) - Metamorphism of ultramafic rocks from the upper
stillaguamish area, northern Cascades, Washington. Geol. Soc. Am., Ann. Mtg. Abs. with
Prog., 4 (7), 493.

Evter P., Trevisan L. (1973) - Olistostromes in the Tectonic Evolution of the Northern
Appennines. In: DE Jone K. A., ScHoLtEN R. (eds.) - Gravity and Tectonics. New York,
John Wiley & Sons, 175-188.

Ernst W.G. - Metamorphism and ancient continental margins. In: Burk C.A., Drake C. L.
(eds.) - The Geology of Continental Margins. New York, Springer-Verlag, 907-919.

Ernst W.G. (1973) - Interpretative synthesis of metamorphism in the Alps. Geol. Soc. America
Bull., 84, 2053-2078.

Ernst W.G. (1970) - Tectonic contact between the Franciscan mélange and the Great Valley
sequence - crustal expression of a late Mesozoic Benioff Zone. Jour. Geophys. Res., 75,
886-901.

Evans B.W., TrommsporrF V. (1970) - Regional metamorphism of ultramafic rocks in the
Central Alps: Parageneses in the system CaO-MgO-5i0+H.O. Schweiz. Mineralog. u. Petrog.
Mitt.,, 50, 481-492.

Gansser A. (1974) - The opbhiolitic mélange, a world-wide problem on Tethyan examples.
Eclogae geol. Helv., 67, 479-507.

GaNsSER A. (1968) - The Insubric line, a major geotectonic problem. Schweiz. Miner. Petr.
Mitt., 48, 123-143.

Gass 1.G., Smewing J.D. (1973) - Intrusion, extrusion and metamorphism at consiructive
margins: evidence from the Troodos massif, Cyprus. Nature, 242, 26,29.

Gass I.G., SmMeEwiNG J.D. (1973) - Intrusion, extrusion and metamorphism at constructive
margins: evidence from the Troodos massif, Cyprus. Nature, 242, 26-29.

Grennie K. W., Boeur M. G. A., Hucnes-CLargke M. W., Moopy-Stuart M., PiLaar W.F.H.,
REINHARDT B. M. - Geology of the Oman Mountains. Part One (Text) - Part Two (Tables
and illustrations) - Part Three (Enclosures) - Kon. Nederlands Geol. Mijb. Gen. Ver.
Verh., 31, 423.

Grow J.A. (1973) - Crustal and upper mantle structure of the central Aleutian arc.. Geol. Soc.
America, Bull. 84, 2169-2192.

Heatron T.H.E., SHEPPARD S.M.F. (1974) - Hydrogen and oxygen isotope evidence for the
origins of the fluids during the metamorphism of oceanic crust (Troodos complex, Cyprus).
NATO Advanced Study Institute, 4.

Herwie J., HaLr G. A. (1974) - Steady State trenches?, Geology, 2, 309-316.

Hess H.H. (1938) - A primary peridotite magma. Am. Jour. Sci., 35, 321-344.

Hutcuinson C.S. (1975) - Opbiolite in southeast Asia. Geol. Soc. America, Bull. 86, 797-806.

Hurcuaison C.S., Duonau T.J. (1969) - Deformation of an alpine ultramafic association in
Darvel Bay, East Sabah, Malaysia. Geologie en Mijnbouw, 48, 481494,

Inwin W.P. (1973) - Sequential minimum ages of oceanic crust in accreted tectonic plates of
northern California and southern Oregon (abstr,). Geol. Soc. America, 5, 63-63.



188 R. G. COLEMAN

Irwin W.P. (1964) - Late Mesozoic orogenies in the ultramafic belts of northwestern California
and southwestern Oregon. U, S. Geol. Survey Prof. Paper, 501-C, C1-C9.

Janns R.H. (1967) - Serpentinites of the Roxbury district, Vermont. In WyLLiE P.J., ed. -
Ultramafic and related rocks. John Wiley & Sons, Inc. New York, 137-160.

Jory W.H., Smita R.E. (1972) - Degradation and metamorphic differentiation of the
Keweenawan tholeiitic lavas of northern Michigan, U.S.A.. Jour. Petrology, 13, 273-309.

Karic D.E. (1972) - Remnant arcs. Geol. Soc. America Bull., 83, 1057-1068.
Kay M. (1951) - North American geosynclines. Geol, Soc. America Mem., 48, 1-143.

Kuamn V.E., Muratov M. V. (1969) - Crustal movements and tectonic structure of Continents.
In: Harte P.]J. (ed.) - The earth’s crust and upper mantle. Amer. Geophys. Mono.,
13, 523-538.

Knipper A. L. (1965) - Osobennosti obrazovaniya antiklinaley s serpentinitovymi yadrami (Sevano -
A Kerins Kaya zora Malogo Kavkaza) (characteristics of the development of anticlines with
serpentinite cores (Sevan - Akerin zone of the lesser Caucasus)): Moskav. Obshch.
Ispytoteley Privody Byull., Otdel Geol., 15, 46-58.

KornrroBsT J. (1969) - Le massif ultrabasique des Beiri Bouchera (Rif. Interne, Maroc). Contr.
Mineralogy and Petrology, 23, 283-322.

LanpHERE M. A., CoLEMaN R. G., KaramaTa S., Pamié J. (1975) - Age of amphibolites associated
with alpine peridotites in the Dinaride ophiolite zone, Yugoslavia. Earth and Planetary Sci.
Letters, 26, 271-276.

Loomis T.P. (1975) - Tertiary mantle diapirism, orogeny, and plate tectonics east of the
Strait of Gibraltar. American Jour. Science, 275, 1-30.

Loomis T.P. (1972 a) - Contact metamorphism of pelitic rock by the Ronda ultramafic intrusion,
southern Spain. Geol. Soc. America, Bull. 83, 2449-2474.

Loomis T.P. (1972 b) - Diapiric emplacement of the Ronda high-temperature ultramafic intrusion,
southern Spain. Geol. Soc. America, Bull. 83, 2475-2496.

Lockwoop J.P. (1972) - Possible mechanisms for the emplacement of alpine-type serpentinite.
Geol. Soc. America Mem., 132, 273-287.

Lockwoop J.P. (1971) - Sedimentary and gravity-slide emplacement of serpentinite. Bull. geol.
Soc. America, 82, 919-936.

MacKenzie D.B. (1960) - High temperature alpine-type peridotite from Venezuela. Geol. Soc.
America, Bull. 71, 303-318.

MacGrecor I.D. (1964) - A study of the contact metamorphic aureole surrounding the Mount
Albert ultramafic intrusion. Ph. D, Thesis, Princeton Univ., 195 p..

Macras J., Stevens R.K., Strone D.F. (1973) - Amphibolite associated with Newfoundland
opbiolite its classification and tectonic significance. Geology, 1, 45-47.

MaxweLr J.C. (1974b) - Early western margin of the United States. In: Burk C.A,,
Draxe C.L. (eds.) - The geology of Continental Margins. New York, Springer-Verlag,
831-852.

MaxweLr J.C. (1974 b) - Anatomy of an Orogen. Geol. Soc. Amer., Bull. 85, 1195-1204.

MaxweLL J.C. (1973) - Opbiolites - old oceanic crust or internal diapirs? In: Symposium on
« Opbhiolites in the Earth’s Crust», Moscow.

MaxweLL J.C. (1970) - The Mediterranean, opbhiolites and continental drift. In: Megatectonits
of continents and oceans. H. Johnson and B. L. Smith, eds., Rutgers Univ. Press, 167-193.

MeLson W. G., Van AnpeL T. H. (1966) - Metamorphisn: in the mid-Atlantic Ridge, 22°N latitude.
Marine Geology, 4, 165-186.

Mesorian H., Jureau T., Lapierre H., Nicoras A., Parror J.-F., Ricou L.-E. Rocc G,
RoLLer M. (1973) - Idées actuelles sur la constitution, l'origine et I'évolution des assem-
blages ophiolitiques mésogéens. Bull. Soc. Géol. France, 15, 478-493.

Mivanovic B., KaraMmaTA S. (1960) - Uber den diaprismus serpentinischer massen. Inter. Geol.
Cong., 21st, Copenhagen, 18, 409-417.



EMPLACEMENT AND METAMORPHISM OF OPHIOLITES 189

MivasHiro A. (1973 b) - Metamorphism and metamorphic belts. George Allen and Anwin Ltd,,
London, 1-479.

MiyasHiro A. (1972) - Pressure and temperature conditions and tectonic significance of regional
and ocean floor metamorphism. Tectonophys., 13, 141-59.

Mrvasuiro A. (1961) - Evolution of metamorphic belts. Jour. Petrol,, 2, 277-311.

MivasHiro A., SHio F., Ewine M. (19711 - Metamorphism in the Mid-Atlantic Ridge near
24° and 30°N. Royal Soc. London Philosop. Trans., A 268, 589-603.

Moores E.M. (1969) - Petrology and structure of the Vourinous ophiolitic complex, northern
Greece. Geol. Soc. America Spec. Paper, 118, 74.

Nicker E. H. (1959) - The occurrence of native nickel-iron in the serpentine rock of the eastern
townships of Quebec Province. Can. Mineral., 6, 307.

Nicoras A.J.L., Boucuez J.L., Boubier F., Mercier J.C. (1971) - Textures, structures and
fabrics due to solid state flow in some European lberzolites. Tectonophysics, 12, 55-86.

Nicoras A., Jackson E.D. (1972) - Repartition en deux provinces des péridotites des chaines
alpines longeant la Méditerranée: implications géotectonigues. Bull, Suis. Min. Petr., 52,
479-495.

Nricoras A., Boucuez J.L., Bounier F. (1972) - Interpretation cinématique des deformations
plastiques dans le massif de lherzolite de Lanzo. Tectonophysics, 14, 143-171.

Ovrver J. L., Svkes L., Isacks B. (1969) - Seismology and the new global tectonics. Tectono-
physics, 7, 527-541.

OxsureH E.R. (1974) - The plain man’s guide to plate tectonics. Proc. Geologists Assoc., 85,
299-357.

OxsurcH E. R. (1972) - Flake tectonics and continental collision. Nature, 239, 202-204.

OxsureH E.R., Turcorte D.L. (1974) - Thermal gradients and regional metamorphism in
overthrust terrains with special reference to the Eastern Alps. Schweiz. Miner. Petr. Mitt.,
54, 641-716.

Pace N.]J. (1967) - Serpentinization at Burro Mountain, California. Contr. Mineral. Petrology,
14, 321-342.

Pamic J., Scavnicar S., MepjimoRrec S. (1973) - Mineral assemblages of amphibolites associated
with alpine-type ultramafics in the Dinaride opbhiolite zone (Yugoslavia). Jour. Petrology,
14, 133-157.

PeseLnick L., Nicoras A., STEvEnsoN P.R. (1974) - Velocity anisotropy in a mantle peridotite
from the lvrea Zone: application to upper mantle anisotropy. Jour. Geophys. Res., 79,
1175-1182.

Perve A.V. (1945) - Abyssal fracturing in geosyncline regions. Bull. USSR Acad. Sci., Geol.
Ser., 1945, 5, 23-46.

Suirakr K. (1971) - Metamorphic basement rocks of Yap Island, western Pacific: Possible
oceanic crust beneath an island arc. Earth Planet. Sci. Letters, 13, 167-174.

Smrra C.H. (1958) - Bay of Islands igneous complex, western Newfoundland. Geol. Survey
Canada Mem., 290, 132.

Smrta R.E. (1968) - Redistribution of major elements in the alteration of some basic lavas
during burial metamorphism. Jour, Petrology, 9, 191-219.

Seooner E.T.C., BEckinsaLE R.D., Fyre W.S., SMewinG J. D. (1974) - O™ enriched ophiolitic
metabasic rocks from E. Liguria (Italy), Pindos (Greece), and Troodos (Cyprus). Contrib.
Mineral. Petrol., 47, 41-62.

Spooner E.T.C., Fyre W.S. (1973) - Sub-sea-floor metamorphism, beat and mass transfer.
Contr. Mineral. and Petrol., 42, 287-304.

StoneLy R. (1975) - On the origin of ophiolite Complexes in the southern Tethys region.
Tectonophysics, 25, 303-322.

Racrereu C. B., Paterson M. S. (1965) - Experimental deformation of serpentinite and its tectonic
implications. Jour. Geophys. Res., 70, 3965-3985.



190 R. G. COLEMAN

REINHARDT B. M. (1969) - On the genesis and emplacement of ophiolites in the Oman Mountains
geosyncline. Schweizer. Mineralog. U. Petrog. Mitt., 49, 1-30.

Reverparro V. V., SosoLev V.S., SosoLev N. V., Usnakova Y.E.N., Kurestov V. V. (1967) -
Distribution of regional metamorphism facies in U.S.S.R. Internat. Geology Rev., 8,
1335-1346.

Rop E. (1974) - Geology of Eastern Papua: discussion. Geol. Soc. America, Bull. 85, 653-658

Roeper D. H. (1973) - Subduction and orogeny. Jour. Geophys. Res., 78, 5005-5024.

Tavror H.P. Jr. (1971) - Oxygen isotope evidence for large-scale interaction between meteoric
ground waters and tertiary granodiorite intrusions, western Cascade range, Oregon.
J. Geophys. Res., 76, 7855-7874.

Tavror H. P. Jr. (1968) - The oxigen isotope geochemistry of igneous rocks. Contr. Mineral. and
Petrol., 19, 1-71.

Tavror H.P. Jr., EpstEN S. (1963) - O"/O" ratios in rocks and coexisting minerals of the
Skaergaard intrusion, E. Greenland. J. Petrol., 4, 51-74.

Tuaver T.P. (1971) - Gabbro and epidiorite versus granulite and amphibolite: A problem of
the ophiolite assemblage. V1 Caribbean Conf. Proc..

Tuaver T.P. (1967) - Chemical and structural relations of ultramafic and feldspathic rocks
in alpine intrusive complexes, In: WyLLie P.]. (ed.) - Ultramafic and related rocks.
New York, John Wiley and Sons, 222-238,

Tuayer T.P,, Brown C.E. (1961) - Is the Tinaguillo, Venezuela. « Pseudogabbro » metamorphic
or magmatic? Geol. Soc. Amer., Bull, 72, 1565-1570.

Tosiscu O.T. (1968) - Gneissic amphibolite at Las Palmas, Puerto Rico, and its significance
in the early bistory of the Greater Antilles Island Arc. Geol. Soc. America, Bull. 79,
557-574.

TrommsporFF V., Evans B. W. (1974) - Alpine metamorphism of peridotitic roks. Schweizer.
Mineralog. u. Petrog. Mitt., 54, 333-352.

Turcorte D.L., OxsureH E.R. (1972) - Mantle Convection and the new global tectonics.
Ann. Rev. Fluid Mech., 4, 33-68.

VaLLance T.G. (1974) - Spilitic degradation of a tholeiitic basalt. Jour. Petrol., 15, 79-96.

Wenner D.B., Tavior H.P. Jr. (1971) - Temperatures of serpentinization of wultramafic rocks
based on O"/O" fractionation between coexisting serpentine and magnetite. Contr.
Mineralogy and Petrology, 32, 165-185.

WiLLiams H., Smyrn W. R. (1973) - Metamorphic aureoles beneath opbhiolite suites and Alpine
peridotites: Tectonic implications with west Newfoundland examples. Am. Jour. Sci., 273,
594-621.

WinkLer H.G.F. (1974) - Petrogenesis of metamorphic rocks. Springer-Verlag, New York,
Heidelberg, Berlin 3rd ed..

ZmmMmerMAN J.ALY. Jr. (1972) - Emplacement of the Vourinos ophiolitic complex, northern
Greece. Geol. Soc. America Mem., 132, 225-239.





