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Ophiolites have been of particular
importance in the reconstruction of
ancient plate boundaries ever since their
recognition as on-land fragments of
oceanic lithosphere. The internal architec-
ture of well-preserved ophiolite complexes
shows that ophiolites are good structural
analogues for oceanic crust, providing
three-dimensional exposures and age rela-
tions to study the nature of extensional
tectonics and magmatic construction in
oceanic spreading environments. Thus,
ophiolites complement significantly our
knowledge of the architecture and genera-
tion of oceanic crust that is derived
mainly from seismic images and drill holes
at mid-ocean ridges. However, the geody-
namic setting of many ophiolites remains
controversial, as a result of petrological
and geochemical observations that imply
magmatic affinities to subduction zone
settings, rather than mid-ocean ridge envi-
ronments. Recent multidisciplinary stud-
ies of intact ophiolites and drilled core
samples of modern oceanic crust from var-
ious mid-ocean ridge and subduction zone
settings have provided significant infor-
mation on the mantle heterogeneity,
magma chamber processes, melt migra-
tion, and geochemical evolution of
magma in these modern tectonic settings
and in ancient spreading environments,
thus leading toward a better understand-
ing of oceanic crust formation and toward
resolving the structural-geochemical
conundrum. Within this context, we orga-
nized a Geological Society of America Pen-
rose Conference to bring together a multi-
disciplinary group of geoscientists from
the communities of ophiolite geology and
marine geology and geophysics to reevalu-
ate the existing models on oceanic crust
generation, ophiolite formation, and ophi-
olite-ocean crust analogy; to explore the
possibility of reaching a new consensus
on the architecture of oceanic lithosphere;
and to discuss the significance of ophio-
lites and oceanic crust for the present plate
tectonic processes and for processes in the
geological past. The timing of this meeting
nearly coincided with the 25th anniver-
sary of the first Penrose Field Conference

on ophiolites, during which the definition
of an ophiolite was developed.

The conference, “Ophiolites and
Oceanic Crust: New Insights from Field
Studies and Ocean Drilling Program” was
convened in Marshall, California, Septem-
ber 13-17, 1998. It brought together 86
earth scientists, with backgrounds ranging
from structural geology, tectonics, and
geophysics to petrology and geochemistry.
Participants, of whom 12 were students,
came from 12 countries.

PRESENTATIONS AND PANEL
DISCUSSIONS

The conference was organized into
five major sessions: 1—Structural and
magmatic processes at oceanic spreading
centers; 2—Ophiolite—ocean crust analogy
and field observations; 3—Petrology and
geochemistry of oceanic crust and ophio-
lites; 4—Hydrothermal alteration and
mineralization of oceanic crust and ophio-
lites; S—Active margin tectonics, orogeny,
and emplacement mechanisms of ophio-
lites. The invited talks introduced an
overview of current ideas, observations,
and interpretations on various themes
and case studies related to these topics.

In addition, the two evening sessions

on Ophiolites and the Sedimentary Record
(Robert Coleman and Emile Pessagno, Jr.)
and Current Thoughts on the California
Coast Ranges (John Shervais, Ray Inger-
soll, and Clifford Hopson) highlighted
some of the unresolved questions and out-
standing controversies on the geological
evolution of the Jurassic ophiolites and
the Mesozoic active margin tectonics of
the western United States, and provided a
stimulus for the field trip to the California
Coast Ranges on the third day of the
meeting. Another informal evening ses-
sion gave us an opportunity to learn about
the geology of oceanic crust exposed on
Macquarie Island (Australia) through Rick
Varne’s (University of Tasmania) slide pre-
sentation. A daily panel discussion facili-
tated exchange among the diverse partici-
pants. This format was most effective in
providing a forum that promoted active
participation of all attendees and cross-

pollination of ideas from investigators in
both oceanic and continental terranes and
diverse approaches of field geology, geo-
chemistry, and geophysics.

In the first session, Ken Macdonald
presented the evidence and significance of
off-axis volcanic activity for melt distribu-
tion beneath mid-ocean ridges and for the
evolution of oceanic crust. He noted that
the highly asymmetric zone of primary
melting at the East Pacific Rise near 17°S,
as deduced from the MELT (Mantle Elec-
tromagnetic and Tomography) experi-
ment, mimics the asymmetric distribution
of seamount chains and the asymmetry
in seafloor subsidence in the area. He con-
cluded that processes occurring as deep as
200 km beneath the oceanic crust may
have an imprint on the seafloor that can
be mapped. Jeff Karson emphasized the
complexity and the heterogeneity of the
internal structure of both modern oceanic
crust and ophiolite. This complex struc-
ture is an artifact of highly asymmetric
magmatic and tectonic processes operat-
ing at mid-ocean ridges which create
"tectonic windows,” major faulted escarp-
ments on the seafloor, where crustal and
mantle structures can be investigated in
three dimensions. Henry Dick presented
a comparison of structural and magmatic
processes at spreading centers, as seen
from in situ lower oceanic crust and shal-
low mantle. He discussed the occurrence
of large variations in the stratigraphy of
the ocean crust at slow-spreading ridges,
reflecting along-axis transport of melt in
the lower crust from a central intrusive
center, and the significance of synmag-
matic deformation in melt transport and
igneous differentiation. These observa-
tions indicate that the evolution of slow-
spreading oceanic crust deviates signifi-
cantly from the Penrose ophiolite
paradigm. Peter Kelemen addressed the
topics of magmatic processes and melt
transport in the mantle and the nature of
crust-mantle transition. He discussed the
probability of porous flow processes con-
trolling the first-order geometry of melt-
transport networks beneath ridges and
producing trace element enrichments.

In the second session, Eldridge
Moores discussed the significance of the
scale and distribution of mantle hetero-
geneity for the generation of ophiolitic
magmas. The composition of magmas
at spreading centers may depend upon
a comnplex tectonic history lasting for
millions of years. Moores stated that geo-
chemical indicators must be used inte-
grally in concert with geological informa-
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tion to obtain the most robust tectonic
interpretation of a given ophiolite. Tjerk
Peters presented the geology of the
Masirah ophiolite on the southeast Ara-
bian continental margin and discussed its
evolution at a ridge-transform intersection
in the proto-Indian Ocean. The unusually
thin (~500 m) plutonic sequence in the
Masirah ophiolite might have been related
to a weak magma supply as a result of the
"cold-edge effect” of the bounding conti-
nental blocks, rather than tectonic thin-
ning. Jean Bédard described syntectic
assimilation processes and magmatic
differentiation patterns in the plutonic
sequence of the Bay of Islands (Newfound-
land) ophiolite and discussed their signifi-
cance in development of melt evolution
and crustal heterogeneity at all scales. This
discussion suggests that the assumption
of fractional crystallization being the only
process controlling melt evolution may
generate incorrect calculations of parental
melts, leading to erroneous conclusions
about mantle sources and processes. Hans
Schouten compared the structure of the
volcanic stratigraphy drilled in Ocean
Drilling Program (ODP) Hole 504B at the
Costa Rica Rift and in Hole CY-1/1A in the
Troodos ophiolite, Cyprus, and suggested
that the contrasting kinematic histories
and deformation in the lavas and sheeted
dikes in 504B and near CY-1/1A may
reflect their contrasting mechanical
response to lava burial, rather than
faulting.

Julian Pearce began the third session
by summarizing new and published meth-
ods, each of which yields a geochemical
fingerprint that can be related to present
tectonic settings empirically and/or using
petrogenetic reasoning. He discussed sev-
eral modern analogues for oceanic crust
formation in suprasubduction-zone envi-
ronments and the processes affecting arc
magma composition in these settings. Elis-
abetta Rampone presented an overview of
the petrogenesis of the Ligurian ophiolites
in the Apennines of Italy and discussed
the occurrence of the Jurassic MORB-type
oceanic crust in the Internal Liguride belt
and variably old subcontinental litho-
spheric mantle in the External Liguride
belt. The data thus suggest that the Lig-
urian ophiolites do not represent the rem-
nants of mature oceanic lithosphere, but
rather an early stage of ocean crust forma-
tion in the Ligurian Tethys. Stephen
Edwards addressed melt migration and
reaction in conductive mantle lithosphere
with a specific reference to the Bay of
Islands ophiolite and discussed the poten-
tial of these processes to cause significant
chemical modification of melt and mantle
at shallow depth. Paul Robinson reviewed
the structure, stratigraphy, and petrology
of lower oceanic crust, formed at the
Southwest Indian Ridge, that has been
drilled in ODP Hole 735 B, and compared
its characteristics to those of well-known
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ophiolites. He concluded that the cored
section from the Southwest Indian Ridge
is unlike typical “Penrose-type ophiolites”
and that ophiolites representing an ultra-
slow-spreading ridge environment might
not have been preserved in the rock
record.

In the fourth session, Jeff Alt dis-
cussed the mechanism and effects of
hydrothermal alteration in seafloor
spreading environments as recorded in
young oceanic crust and ophiolites. He
reviewed the main differences between
hydrothermal effects in oceanic and ophi-
olitic crust. Many ophiolites have a higher
grade of metamorphism of volcanic rocks
and more continuous geothermal and
metamorphic gradients than are seen in
oceanic crust. The primary volatile con-
tents of the rocks, the abundances of
mafic phases and glassy groundmass,
styles of faulting and fracturing, and mul-
tiple phases of intrusion and eruption may
contribute to these differences. Rachel
Haymon discussed the importance of shal-
low crustal magma supply and delivery
configuration to ridge-crest hydrothermal
systems, on the basis of observations from
the East Pacific Rise and the Semail ophio-
lite. She concluded that the distribution
and geochemical character of hydrother-
mal alteration on ridge crests are funda-
mentally different in magma-rich, dike-
dominated segments (fast-spreading),
compared to magma-starved, fault-domi-
nated segments (slow-spreading). Debbie
Kelley discussed the geochemical, isotopic,
and thermal history of fluids circulating in
the oceanic crust from magmatic to
hydrothermal vent conditions and the
role of these fluids in crustal development
and microbial processes. Her discussion
suggests that lower oceanic crust is a
potentially major reservoir for abiogenic
methane in submarine hydrothermal sys-
tems, and that carbon-bearing fluids in
gabbros may provide a critical energy
source for diverse microbial populations in
the sub-seafloor. Susan Humphris pre-
sented thermal and geochemical mass bal-
ances for the TAG active hydrothermal
mound and discussed their implications
for the time of formation, the size of reac-

tion zone, and the heat source of a
seafloor large massive sulfide deposit. Her
calculations suggest that there is an insuf-
ficient amount of new material intruded
at the ridge axis each year at steady state
to provide the heat necessary to drive a
large hydrothermal system (1000 MW),
and therefore heat must be extracted
either from individual magma bodies or
from heat stored at depth in the crust. She
then utilized this discussion to constrain
the growth of large ophiolite-based mas-
sive sulfide deposits.

In the final session, Nicola Godfrey
presented generalized crustal-scale cross
sections of the Great Valley in California
at different latitudes which are based on
seismic-reflection, bore hole, gravity, and
aeromagnetic data, and discussed the
600-km-long, 70-km-wide ophiolitic slab
beneath the Great Valley forearc basin.
The existence of such an extensive ophi-
olitic slab beneath the Great Valley basin
has strong implications for the tectonics of
the coeval ophiolites in the Sierra Nevada
foothills on the east and the Coast Ranges
on the west, and for the Mesozoic active-
margin tectonics of the western United
States. Bradley Hacker reviewed the recent
data on the thermochronology and ther-
mobarometry of the metamorphic sole
of the Semail ophiolite which imply
extremely rapid subduction (~200 km/m.y.)
beneath a very young oceanic crust. The
key questions still remaining are the mag-
nitude, style, and age of extension of the
Semail ophiolite, and the timing of high-
pressure metamorphic events. Adolphe
Nicolas presented a comparative study
of the inferred microplate tectonics of
the Semail ophiolite, the Easter Island
microplate, and the Magellan Plateau, and
discussed the kinematics of rapid rotation
at spreading centers and rotation-related
compressional deformation at the tip of
propagating ridges. Ophiolites that display
evidence for large rotations (i.e., Troodos,
Semail) soon after their igneous accretion
might have originated as a result of
microplate tectonics. Alan Smith reviewed
the current models on ophiolite emplace-
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ment mechanisms and discussed the
involvement of two distinct subduction
phases during the terminal obliteration of
ocean floor. The origin of the forces that
lead to the relative velocities appropriate
for ophiolite emplacement is likely large-
scale changes in the geometry and relative
velocities at plate margins.

The poster sessions provided an
opportunity for participants to present
case studies and their results on different
aspects of the topics of the five major ses-
sions, and an effective way of initiating
and stimulating discussions. The content
varied from the geophysics of oceanic core
complexes, thermal effect of a melt lens at
Moho, estimations of strain rates in the
uppermost mantle, and processes of shear-
zone development in oceanic lithosphere,
to the nature of magma—hydrothermal
transition in ophiolites and oceanic crust,
textural and chemical evidence for micro-
bial alteration of the upper oceanic crust,
PGE and Os isotope systematics of the
oceanic mantle, isotope evidence for
recent contamination of the mantle
beneath the Southern Chile Ridge, evi-
dence for delivery of unpooled fractional
melts to the oceanic crust as recorded in
gabbros, and significance of serpentine
and blueschist mud volcanism in conver-
gent margins.

The first panel discussion addressed
some overarching questions, such as how
melt is focused beneath spreading seg-
ments and how it is diffused into the
crust; how melt is translated into lower
crustal structure; the mode and nature
of brittle and ductile behavior of lower
crust and upper mantle and associated
hydrothermalism; causes and conse-
quences of episodicity; diagnostic features
to distinguish the tectonic setting of ophi-
olites and to determine the spreading rate
and magma budget in paleo—spreading
environments; and differentiating spread-
ing-related structures from emplacement-
related structures in ophiolites. The sec-
ond panel discussion focused on melt
transport mechanisms in the mantle and
crust; constraints on the age of ophiolite
generation and emplacement; what con-
trols serpentinization and the depth of
seawater penetration into the upper man-
tle; what the reaction zone is and how a
sufficient volume of fluid moves through
it; what makes large ore deposits in
oceanic crust and ophiolites; how mantle
temperatures, viscosity, and flow in supra-
subduction zone settings differ from those
at mid-ocean ridges; what we know about
the architecture of suprasubduction zone
settings; and how distinct the composi-
tions of suprasubduction zone magmas are
from those of mid-ocean ridges. The final
panel discussion started with a short remi-
niscence by each panel member, who had

participated in the first Penrose field con-
ference on ophiolites in 1972; they also
gave a short account of the progress made
in ophijolite and ocean crust studies since
then. These discussions and the state-
ments by other participants confirmed
that the original Penrose definition of
ophiolite has been very useful and remains
effective in ophiolite-ocean crust compar-
isons, as long as the term is used indepen-
dently of its origin and/or tectonic signifi-
cance. The Penrose definition needs to be
expanded, however, to include more infor-
mation about the geological context of
individual complexes as revealed in the
underlying and overlying rock units.

FIELD EXCURSION

The third day of the conference was
devoted to field examination of the
Coast Range ophiolite and ophiolitic rocks
within the Franciscan Complex. The Coast
Range ophiolite is a good example of the
“ophiolite conundrum,” as abundantly
demonstrated by the presentations of
Shervais, Ingersoll, and Hopson during
the conference. Proposed emplacement
mechanisms (as well as the general
regional geological setting) for the Coast
Range ophiolite differ from those of typi-
cal "Tethyan-type” ophiolites. The Coast
Range ophiolite structurally overlies the
Franciscan subduction complex, rather
than the continental margin. The Great
Valley ophiolite, on the other hand,
appears to overlie the continental margin
(Godfrey). The structural complexity of
the ophiolitic-subduction complex con-
tact, as well as the present-day geometry
of the contact, is a product of a series of
complex tectonic interactions, including
its major reactivation during the late
Cenozoic transform regime.

Following an introductory presenta-
tion on the regional and local geology
of the California Coast Ranges by Moores
and John Wakabayashi, participants had
an opportunity to examine one of the rare
occurrences of a sheeted dike complex in
the Coast Range ophiolite in Mt. Diablo,
as well as a depositional contact of the
basal Great Valley Group sedimentary
rocks on volcanic rocks of the Coast
Range ophiolite in the Oakland Hills. At
Tiburon, participants observed the mantle
base of the Coast Range ophiolite in
which serpentinized peridotites are pre-
sent at the structurally highest horizon in
the Franciscan subduction complex.
Blocks of eclogite, amphibolite, and
blueschist occur as tectonic inclusions in
the serpentinite. At the Nicasio Reservoir,
a >1-km-thick pillow basalt section and
an underlying gabbro possibly represent
part of a seamount that was incorporated
into the Franciscan complex in late Meso-
zoic—early Cenozoic time.

SUMMARY

Participants collectively agreed that
more integrated and interdisciplinary
studies of modern oceanic crust and ophi-
olites are needed to foster collaboration
between the members of the marine geol-
ogy and geophysics community and ophi-
olite geologists in order to address the
questions that arose during the panel dis-
cussions. Systematic and detailed struc-
tural, kinematic, petrological, and geo-
physical process-oriented studies both in
ophiolites and modern oceanic crust are
important for modeling oceanic systems.
Of particular significance for future studies
are establishing objective criteria for struc-
tural reference frames (paleohorizontal
and younging direction) in oceanic rocks,
finding ways to constrain pressure-temper-
ature-time paths for oceanic mafic and
ultramafic rocks, and better defining the
geological significance of the geophysical
models for oceanic crust structure.

Scientific drilling in the oceans
has been instrumental in advancing our
knowledge of the oceanic lithosphere. The
priorities of future deep-earth sampling in
the marine environment include drilling
an intact section of modern oceanic crust,
preferably 3 km into the basement, drilling
the plutonic foundation of oceanic crust,
and drilling into the complete crust and
crust-mantle boundary (goals of the
"Mohole” project), and finally a compre-
hensive program aimed at a fuller under-
standing of the structural and composi-
tional variations in modern and ancient
oceanic crust in relation to ophiolites.
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