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Abstract

We propose a review of the tectonic, magmatic and hydrothermal evolution of slow spreading ridges, focusing on concepts
which we think are most relevant to discuss the rift to drift transition at magma-poor ocean—continent transitions (OCTs). Based on
this review, we emphasize the importance of the thermal regime as a key parameter and we propose that the thermal regime of
magma-poor OCTs evolves in the following principal phases: the onset of decompression mantle melting, the onset of localized
plate divergence, the installation of a ridge-type thermal regime (active heat balance, no inheritance), which we argue is the most
practical definition for continental breakup, and, possibly, the onset of ridge-type, focused mantle upwelling. We propose this
phased evolution as a framework in which to develop further research, combining our understanding of rifting and seafloor
spreading, in order to better quantify the processes that control continental breakup. To cite this article: M. Cannat et al., C. R.
Geoscience 341 (2009).
© 2009 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Processus d’océanisation dans les marges continentales pauvres en magma : que pouvons-nous apprendre de I’étude
des dorsales lentes ? Nous présentons une revue sur 1’évolution tectonique, magmatique et hydrothermale des dorsales lentes, en
privilégiant les concepts qui nous paraissent les plus 8 méme d’éclairer une discussion de la transition rifting—accrétion océanique
dans les marges continentales pauvres en magma. Sur la base de cette revue, nous insistons sur le role du régime thermique et nous
proposons que le régime thermique des transitions océan—continent (TOC) dans les marges peu magmatiques évolue selon les
étapes suivantes : début de la fusion du manteau par décompression, localisation de la divergence des plaques, installation d’un
régime thermique de type dorsale (c’est-a-dire controlé par 1’équilibre actif entre apports de chaleur et refroidissement, sans
héritage). Nous proposons que cette troisieme étape correspond a la définition la plus appropriée de 1’océanisation. Une quatriecme
étape pourrait étre le début d’un flux asthénosphérique focalisé, tel qu’il existe probablement sous les dorsales lentes. Nous
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proposons cette évolution par étapes comme un cadre pour approfondir 1’étude des processus d’océanisation, en combinant les
connaissances sur les rifts et sur les dorsales. Pour citer cet article : M. Cannat et al., C. R. Geoscience 341 (2009).
© 2009 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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1. Introduction

Ocean—continent transitions (OCTs) at rifted
continental margins represent the genetic and geo-
graphic link between the margin and the first oceanic
crust. Most OCTs are thermally equilibrated, not
tectonically active, and covered by thick sediments.
Processes which were active at the time of continental
breakup can therefore only be studied from indirect
proxies such as reconstructed subsidence rates, or the
seismic structure of the basement. The aim of this article
is to review concepts developed from the study of active
processes at mid-ocean ridges, which we think could be
used to better explain and quantify aspects of the
thermal, magmatic, hydrothermal, and tectonic evolu-
tion of OCTs.

We focus on so-called ‘““magma-poor continental
margins”, which are characterized by large domains of
exhumed mantle and hyperextended crust. Until
recently, most data and evidence for mantle exhumation
at OCTs came either from the Iberia margin [12,172], or
from the Alpine Tethys margins [41,52,89,91]. These
places therefore became type localities for what was
then viewed as an extreme, ‘“‘amagmatic” end-member
case of rifted margins. However, in the past 10 years, an
increased number of surveys have shown that a
hyperextended crust, which may be associated with
exhumed mantle, is relatively common along the
world’s deep margins. It is documented at the Iberia—
Newfoundland margins, where it is best studied
[8,12,109,145,163], in the South Atlantic [35] and
South Australian margins [47], in the Red Sea [33], and
in the eastern Gulf of Aden [39]. Mantle exhumation
also occurs at slow and ultraslow spreading ridges
[17,43,73]. The main objective of this paper is to
investigate to what extent the concepts which have been
developed for these mid-ocean ridge settings can be
used to understand mantle exhumation at magma-poor
OCTs.

Our starting hypothesis is that processes at OCTs,
and particularly mantle exhumation processes, should
have a lot of similarities to mid-ocean ridge processes,
and that differences most likely result from the
“inheritance” of OCTs. By this we mean that, while

all the characteristics of a mid-ocean ridge are the
results of mid-ocean ridge processes alone, mantle
exhumation and the onset of seafloor spreading at OCTs
are stages in the evolution of a margin and are therefore
also conditioned by the preexisting characteristics
(inheritance) of this margin. We will thus review
current concepts for slow and ultraslow spreading
ridges, and discuss possible thermal, magmatic,
hydrothermal, and tectonic similarities, or differences,
between OCTs, and these slow and ultraslow spreading
ridges, focusing on processes associated with mantle
exhumation. This will lead us to address fundamental
aspects of the evolution of magma-poor OCTs, such as
the timing of the rift to drift transition, the distribution
and extent of magmatism, the thermal regime and the
evolution of topography, the source of early magnetic
anomalies, and the extent of serpentinization.

2. OCT at magma-poor rifted margins

The discovery of exhumed mantle rocks along the
Galicia margin, first by dredging, then by drilling during
the ODP (Ocean Drilling Programme) Leg 103
[11,12,144] questioned the validity of the classical
McKenzie type rift models [94]. In these classical
models, the rifted continental crust is juxtaposed along a
sharp boundary, against a three-layer oceanic crust. This
initial discovery was followed by two decades of active
research, including three additional ODP Legs (Legs
149, 173, and 210; [136,165,171]) and numerous
geophysical surveys. Based on these results, the
Iberia—Newfoundland rifted margin system can be
subdivided (Fig. 1; [119]) into conjugate proximal
domains, necking zones, and OCT domains, comprising
conjugate zones of exhumed continental mantle
(ZECM) which form the transition to oceanic crust.
The proximal domains are characterized by a stretched
crust showing ‘“‘classical half graben type” sedimentary
basins (e.g. Jeanne d’Arc [157]). The more distal
domains show complex top-basement and intrabase-
ment reflections, often interpreted as detachment faults,
overlain by tilted blocks [90,132]. Crustal thinning from
normal continental crustal thickness (4 30 km) to less
than 10 km occurs in a “necking zone” which is less
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Fig. 1. Geological interpretation of the Newfoundland—Iberia magma-poor rifted margins, based on reflection and refraction seismic and ODP drill hole
data (modified after Péron-Pinvidic and Manatschal [119] and van Avendonk et al. [168]). This sketch identifies four successive phases of deformation.
Mantle exhumation and the transition to true ocean spreading occur as part of the phase referred to as exhumation phase. Black lines: ODP drill sites.
Orange dashed lines: magnetic lineaments. It is postulated that the OCT mantle was “infiltrated” by trapped melts on the Iberia side [109].

Fig. 1. Interprétation géologique des marges continentales pauvres en magma de Terre Neuve et de 1'Ibérie, établie a partir de profils de sismique
réfraction et réflexion et des données de sites de forage ODP (figure modifiée d’apres Péron-Pinvidic et Manatschal [119] et van Avendonk et al.
[168]). Ce schéma distingue quatre phases de déformation. L’exhumation du manteau et la transition vers une vraie accrétion océanique se produisent
lors de la phase dite « exhumation phase ». Traits noirs : sites ODP. Traits pointillés orange : anomalies magnétiques. Le manteau sous la TOC coté

Ibérie est figuré comme imprégné par du magma [109].

than 20 km wide [168]. At the South Atlantic and
northwestern Australian margins, the hyperextended
stretched continental crust, less than 10 km thick,
extends over tens to hundreds of kilometers [35,72,107],
with no seismic evidence for normal faulting.

Further oceanwards, in the OCT, the continental
crust tapers to zero and rocks derived from the
subcontinental mantle are exposed. In the Iberia—
Newfoundland rifted margin system, the Zones of
Exhumed Continental Mantle (ZECM) extend over
more than 100 km, as indicated by ODP drilling and
geophysical surveys [172]. The crustal layer in the
ZECM is characterized by velocity gradients different
from those of classical continental or oceanic crusts
[31,56,81,167]. Seismic velocities in the upper crust
(Vp: 4.5-7 km/s) are lower than those of adjacent
continental crust, whereas seismic velocities in the
lower crust (Vp > 7.6 km/s) are too high to correspond
to either the oceanic layer 3 or the underplated mafic
continental crust [40]. The observed gradual transition
to mantle velocities (V, = 8 km/s) could be explained
by a progressive decrease in the serpentinization of
mantle-derived peridotites [31], or by the occurrence of
isolated magmatic intrusions into the mantle [ 133]. The
mantle-derived rocks drilled in the ZECMs along the
Iberia—Newfoundland margins range from strongly
depleted serpentinized harzburgites (e.g. Newfound-
land), to serpentinized lherzolites which have

been enriched due to magma infiltration (Iberia
[9,37,79,109]).

IODP drilling also revealed that exhumation of
mantle-derived rocks in the ZECMs of the Iberia—
Newfoundland margins did not occur in a strictly
amagmatic environment, as was initially postulated
[27,38,70,109]. Although there is no evidence for
extrusive magmatic activity before breakup, these
studies conclude that magma was present and reacted
with the mantle rocks (infiltration) before they where
exhumed at the seafloor. Further oceanwards, at ODP
Sites 1070 and 1277, gabbros have been drilled and rare
clasts of Mid-Ocean Ridge (MOR) type basalts have
been found in Aptian debris flows (ODP Leg 149 [136]).
Dating of the gabbros [70,137] showed that their ages
are similar to those inferred for the magnetic anomalies
recorded at the same locations, as would be expected for
magmatic rocks emplaced during the accretion of new
oceanic crust.

Drilling during ODP Leg 210 provided evidence for
a widespread event of alkaline magmatism, which
postdated continental breakup and probably lasted a few
tens of millions of years [163]. Drilling at ODP Sites
1277 and 1276, respectively, sampled alkaline mag-
matic veins in basement [70], and sills in Aptian
sediments [61], that can be mapped throughout the
Newfoundland margin [121]. Thus, the magmatic
history of the margin is complex and little is known
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about how magma was formed and distributed during
final rifting, and about why magmatic activity continued
in the OCT after the onset of seafloor spreading at the
newly formed ridge.

The discovery of weak magnetic anomalies during
deep-tow magnetic investigations of exhumed mantle-
derived peridotite outcrops [154] indicates that mag-
netic anomalies are not restricted to volcanic terranes,
but can also be recorded in areas where gabbros and
serpentinized peridotites are found in the shallow
basement [145]. Discussions still go on, however, about
whether these anomalies may mark true, albeit magma-
poor, seafloor spreading [154], or could have been
created by magmatic intrusions within exhumed
peridotites representing former subcontinental mantle
lithosphere [133]. Another point of discussion is about
the source of these anomalies, which could be
magmatic, as proposed by Russell and Whitmarsh
[133], or associated to serpentinization of the exhumed
peridotites [145,154]. The timing of serpentinization
and its interaction with magmatic activity during
continental breakup is yet another pending issue [145].

Little is known about the thermal structure of OCT's
during continental breakup. The subsidence history is
commonly used as a proxy to determine this thermal
structure. Drilling in the Iberia margin suggests that
extreme thinning of the continental crust in the necking
domain (Fig. 1) occurred under shallow marine
conditions [119]. Paleowater depths in the OCT itself
are poorly constrained. A common observation is,
however, that the OCT appears deeper than the first
unambiguously oceanic crust [120]. Whether this
reflects colder thermal conditions at the time of breakup
remains to be ascertained. The difficulty is that this
thermal history is long past and poorly recorded at most
margins, and that the thermal structure related to
breakup has been equilibrated.

3. Slow and ultraslow spreading mid-ocean
ridges

The fundamental difference between ridge spreading
and rifting at divergent margins is that each increment
of plate separation at a ridge creates new lithosphere,
with no inheritance and with a thermal regime that is
determined solely by the balance between axial heat
supply and cooling. Current conceptual models of mid-
ocean ridges emphasize the interactions between three
fundamental processes, which are probably also key
processes at OCTs: tectonics, magmatism, and hydro-
thermal circulation. The ridge axis lithosphere (thermal
boundary layer) is where these processes take place, and

its thickness and thermal structure are critical para-
meters. They control faulting, and the width of the
tectonically active domain, through the thickness of the
brittle layer [123,143], and they affect the ability for
magma to pool at shallow depths [18], feeding eruptions
and providing heat to hydrothermal convection cells
[173].

Slow and ultraslow spreading ridges have a thick
axial lithosphere (Fig. 2) which allows for the
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Fig. 2. Flow line parallel section across the ultraslow spreading
eastern Southwest Indian Ridge (section located on Fig. 6; all data
from Cannat et al. [25]). Shown are, from top to bottom: principal
magnetic anomalies, seafloor topography, predicted subsidence curve
(dashed), base of crustal layer modelled from gravity data (dotted),
and two isotherms (700 and 1200 °C) calculated with a 2D half-space
cooling-with-age model. The 700 °C isotherm is inferred to corres-
pond to the base of the brittle lithosphere [65], and the 1200 °C
isotherm, to the top of the convecting asthenosphere. Note that the
crust does not thicken beneath topographic highs indicating that these
are dynamically supported tectonic features. Also shown: the inferred
axial detachment fault (thick grey line), and inferred flow lines in
asthenospheric mantle (dashed with arrows). The 1200 °C isotherm
defines a narrow subaxial channel. This configuration could favor
focused asthenospheric mantle upflow beneath the ridge, as proposed
by White et al. [169].

Fig. 2. Coupe parallele a la direction d’écartement des plaques a
travers I’axe de la dorsale ultralente Sud-Ouest indienne (coupe
localisée sur la Fig. 6; données de Cannat et al. [25]). Ce schéma
montre, du haut vers le bas de la coupe: les principales anomalies
magnétiques, la topographie du plancher océanique, la courbe de
subsidence prédite (pointillés), la base de la crotite modélisée a partir
des anomalies gravimétriques (pointillés courts), et deux isothermes
(700 et 1200 °C), calculés avec un modele de refroidissement avec
I’age en demi-espace. L’isotherme 700 °C est supposé correspondre &
la base de la lithosphere fragile [65] et ’isotherme 1200 °C, au
sommet du manteau convectif (asthénosphere). La crolite n’est pas
épaissie sous les reliefs élevés. Ces reliefs sont donc des structures
tectoniques non compensées. La ligne grise €paisse figure une faille de
détachement axial et les fleches figurent les déplacements de matiére
supposés dans le manteau asthénosphérique. L’isotherme 1200 °C
définit un canal asthénosphérique axial assez étroit. Cette configura-
tion pourrait favoriser une focalisation du flux asthénosphérique sous
les dorsales ultralentes, comme proposé par White et al. [169].
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development of large offset normal faults, and of a deep
(typically 500 to 2000 m deep) and wide (typically 5 to
25 km wide) axial valley [149]. Plate cooling and
thickening with age away from the axial region (Fig. 2)
also probably plays a significant role, keeping
deformation and magmatism localized in the thinner
lithosphere of the axial region. True ridge jumps (i.e.
ridge relocation out of the former axial deformation
zone) are excessively uncommon at slow spreading
ridges, except in the vicinity of hotspots [104].

In this section, we first outline nine key concepts, or
questions, regarding slow and ultraslow spreading
ridges, which we view as most relevant to discuss
OCT processes. We then focus our review on the eastern
part of the Southwest Indian Ridge (SWIR). This region
of the SWIR has a spreading rate of 14 mm/yr,
comparable to that inferred from the earliest magnetic
lineaments at the Iberia—-Newfoundland margin
[103,170]. It exposes large expanses of ultramafic
seafloor (called “‘a-volcanic seafloor” on Fig. 6), over
scales that are directly comparable to those of the well-
documented Iberia—Grand Banks corridor (Fig. 6b).

3.1. The role of the axial lithosphere thickness for
the exhumation of mantle-derived rocks

Most ridges receive enough magma to build a
magmatic crust that is 6 km thick on average [29]. The
depth to the base of the brittle lithosphere at slow
spreading ridges is constrained by the maximum depth
of earthquake’s hypocenters [6,161,162,174]. It is
commonly greater than 8 km at ridges slower than
3.5cm/yr (Fig. 3). These slow spreading ridges
therefore generally have an axial root of brittle mantle
(Figs. 2 and 3). This configuration allows for the axial
valley bounding faults to root into the subaxial mantle.
It can therefore be viewed as a prerequisite for mantle
exhumation. This is consistent with the distribution of
most documented outcrops of mantle-derived perido-
tites along ridges with spreading rates lower than 3 to
4 cm/yr [17,43].

3.2. The thermal balance of mid-ocean ridges: heat
supplied by magma and heat removed by
hydrothermal circulation

Conductive thermal models have been developed
that fit the seismic constraints on the lithospheric
thickness of mid-ocean ridges (Fig. 3). These con-
ductive models introduce magma as dikes or sills
injected at crustal depths [28,62,123,147]. Hydrother-
mal heat advection is most commonly approximated by
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Fig. 3. Lithosphere thickness at mid-ocean ridges as a function of the
half-spreading rate (redrawn from Chen and Morgan [28]). At fast
spreading ridges, lithosphere thickess is constrained by the depth of
seismic reflectors and of seismic velocity anomalies which are inter-
preted as due to the presence of a melt lens in the crust (open boxes
[42,106]). At slow spreading ridges, lithosphere thickness is cons-
trained by the maximum depth of axial seismicity. Black dots are
centroid depths from teleseismic studies [67]; stars are depths of
microearthquakes at 23°N on the MAR [162]. Thermal models of the
ridge axis (750 and 1100 °C isotherms) involve a component of
hydrothermal cooling, which is tuned to fit these observational
constraints [28]. The thickness of the magmatic crust calculated for
a “‘normal” temperature mantle [13] is shown as a dashed grey line. At
fast spreading rates, it corresponds to the average oceanic crustal
thickness of 6 to 7 km [29]. It decreases at the slowest spreading rates.
Mantle exhumation is common at ridges slower than about 3.5 cm/yr,
where the magmatic crustal thickness is on average less than the axial
brittle lithospheric thickness.

Fig. 3. Epaisseur de la lithosphére 2 1’axe des dorsales océaniques, en
fonction du taux d’expansion (modifiée d’apres Chen et Morgan [28]).
L’épaisseur de la lithosphere aux dorsales rapides est déterminée a
partir de la profondeur de réflecteurs sismiques et d’anomalies de
vitesse sismique attribuées a la présence d’une lentille de magma
[42,106]. L"épaisseur de la lithosphere aux dorsales lentes est déter-
minée a partir de la profondeur maximale des s€ismes. Points noirs :
hypocentres déterminés a partir d’études télésismiques [67]; étoiles :
hypocentres de microséismes enregistrés a 23°N sur la dorsale Médio-
Atlantique [161]. Les modeles thermiques axiaux [28] sont ajustés
pour reproduire la profondeur des isothermes correspondants (750 °C
pour la transition fragile—ductile et la profondeur maximale des
séismes et 1100 °C pour le solidus des magmas de type MORB).
Cet ajustement joue sur 1’intensité du refroidissement hydrothermal.
L’épaisseur de la crolite magmatique produite par fusion du manteau
sous la dorsale (trait pointillé gris épais) est calculée pour un manteau
de température normale [13]. Cette épaisseur correspond, sauf pour les
dorsales ultralentes, a 1’épaisseur moyenne de la croiite océanique, soit
6 a 7 km [29]. L’exhumation du manteau est fréquente aux dorsales
plus lentes que 3,5 cm/an environ, a 1’axe desquelles la lithosphere
fragile est en général plus épaisse que la crolite magmatique.

using enhanced thermal conductivity in a shallow
domain near the axis [123]. These enhanced thermal
conductivities are determined empirically so as to fit
seismic constraints on axial lithospheric thickness
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(Fig. 3). They typically correspond to eight to 10 times
the true thermal conductivity value for basaltic or
ultramafic rocks [123]. This enhancement factor is
comparable to estimates of the ratio of advected over
conducted heat (or Nusselt number) at mid-ocean
ridges, which have been made independently from off-
axis heat flow measurements [155]. More realistic
convective models of axial hydrothermal circulation
yield higher Nusselt values [53], but hydrothermal cells
at slow spreading ridges are probably transient in both
time and in space [68,173]. The enhanced conductivity
factor of conductive ridge thermal models can therefore
be viewed as an equivalent to the Nusselt number of a
time- and space-averaged axial hydrothermal system.

Magma is the principal carrier of heat to the axial
lithosphere [147]. However, current ridge thermal
models are significantly more sensitive to variations
in spreading rate, than to variations in magma supply
[30]. This can be understood because dikes or melt sills
in these models are mostly emplaced and crystallized
within the shallow domain of enhanced hydrothermal
cooling, so that the heat they release is rapidly
extracted. As will be discussed below, this needs not
always to be the case, particularly at ultraslow spreading
ridges and OCTs.

3.3. At what depth does magma crystallize in the
axial lithosphere?

The thick axial lithosphere imposes constraints on the
magma plumbing system of slow spreading ridges. One
constraint is simply that temperatures in the lower crust
on axis are too low for melts to form steady-state crustal
magma chambers, as they do at fast ridges [42,113].
Instead, crustal magmatic bodies at slow spreading ridges
should mostly form as intrusions within cooler host rocks
[17]. Geological mapping in domains of exhumed lower
crust and mantle-derived rocks at slow spreading ridges
indicates that the resulting (intruding) gabbro bodies are
up to a few kilometers in size [44,46]. This is consistent
with observations made in Alpine and Apennine
ophiolites [1,80].

The exhumed mantle at slow spreading ridges also
contains a variety of millimeter- to decimeter-sized
magmatic veins [19,21,75], as well as domains of melt-
impregnated peridotite [142,156]. Melt-impregnation in
the form of interstitial plagioclase, as observed in the
mantle-crust transition zone of ophiolites [143], in
Alpine ultramafic bodies such as Lanzo [110,124], and
possibly also in samples drilled in the Iberian OCT
[9,27,37,109], is rare in abyssal peridotites from slow
spreading ridges. It occurs within centimeters, or

decimeters, of gabbroic veins in otherwise plagio-
clase-free peridotites [21]. Outcrop-scale occurrences
of plagioclase-bearing peridotites have been reported in
transform faults, but are uncommon at ridges them-
selves [43]. Melt impregnation in the form of interstitial
CPX, representing less than 2 % of the rock volume, is,
however, common in peridotites from slow spreading
ridges [21,140,142], and olivine-rich troctolites found
at ODP Site 1309, Mid-Atlantic Ridge, have been
interpreted as deriving from mantle peridotite after
extensive melt-rock interactions [48].

While large gabbro bodies at slow spreading ridges are
commonly assumed to have formed at crustal depths [36],
the melt impregnated peridotites, as well as some of the
smaller gabbroic intrusions, have crystallized in hot
mantle rocks, probably within the lowermost, ductile
part of the axial lithosphere [19,21]. Magma crystal-
lization at subcrustal depths at slow spreading ridges is
also postulated based on studies of mineral-melt
and mineral-mineral partition coefficients in basalts
[24,59,63,99], and in melt-impregnated peridotites [74—
76]. These inferred higher pressure crystallization signals
could, however, also be explained by melt—rock reactions
within crustal gabbro bodies [85]. More work is therefore
needed to determine the proportion of deeply-crystal-
lized magmatic rocks at slow spreading ridges.

Another constraint imposed on the magma plumbing
system of slow spreading ridges, with direct impact on
the efficiency of magma transport and on the frequency
of eruptions, is linked with the extensional deformation
of the thick axial lithosphere. Behn et al. [7] have shown
that dike injection plays a role in the formation of the
axial valley topography, while flexure associated with
faulting could inhibit further diking because it generates
compression at the base of the brittle plate. This work
provides a conceptual framework in which to envision a
time evolution of the magma plumbing system at slow
spreading ridges, depending on the tectonic state of the
axis, and on the availability of fresh magma. This time
evolution could comprise periods of rapid magma
extraction through dikes, leading to eruptions on the
seafloor, and periods of dike suppression, favoring
magma crystallization at depth within the axial litho-
sphere. Understanding these tectonic and magmatic
interplays and their timescales is one of the current
frontiers for slow spreading ridge studies.

3.4. What is the proportion of magmatic rocks in
the oceanic crust?

It is important to note that, because magma crystal-
lization at slow spreading ridges occurs in a context of
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ongoing tectonic exhumation, even the end-member case thus store significant volumes of magmatic rocks
of 100% subcrustal magma crystallization, would not [18,148]. A few seismic studies of slow-spread
correspond to a magma-free oceanic crust. Instead, the lithosphere have also indicated anomalously low upper
oceanic crust may comprise mantle-derived rocks with mantle velocities (7.5 to 7.8 km/s), which have been
multiple generations of magmatic intrusions, formed at interpreted as due to partial serpentinization [71,102],
progressively shallower depths during tectonic exhuma- but may also be at least partially due to trapped

tion [19,21]. It can be predicted that if the deep magma magmatic rocks [86].
bodies form over a region that is wider than the region

over which exhumation operates, a significant proportion 3.5. What controls the ridge’s magma supply?
of the deeply-crystallized magmatic rocks will remain in
the mantle (Fig. 4). If, by contrast, the ridge’s magma The uprising asthenospheric mantle below the ridge
plumbing system is narrow relative to the width of the (Fig. 2) is a key, yet invisible actor: its dynamics,
tectonized domain, most deeply-crystallized magmatic temperature and composition determine the quantity
rocks will be tectonically emplaced in the oceanic of magma that is supplied to the ridge. When
crust [24]. expressed per increment of plate separation and per
While seismic refraction studies could detect large increment of ridge length, this quantity has the
(> 1 km) gabbroic bodies in the uppermost oceanic dimensions of a melt “‘thickness” and is commonly
mantle, they will most likely miss smaller intrusions, used to describe the ridge’s magma supply (Fig. 5).
unless they represent more than 10% of the overall Magma supply is linked to mantle temperature
volume of rock. This can be verified using an average because of the pressure dependence of peridotite
V,, velocity of 7.1 km/s for gabbros [101], 8 km/s for solidus temperatures [77,95,96]. Magma supply is
peridotite [32], and a 7.9 km/s overall velocity for the also linked to mantle composition: the more primitive
uppermost mantle. The thick mantle lithosphere of and volatile-rich the mantle, the more melt it produces
slow and ultraslow spreading ridges (Figs. 2 and 3) may [4]. Alternatively, low melt supply in ridge regions
(@)  domain affected (b) domain affected

by tectonic exhumation

low velocity crustal layer by tectonic exhumation

brittle lithosphere
brittle lithosphere
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Fig. 4. Schematic sections across a slow spreading ridge axis (redrawn from Figure 10 in Cannat et al. [24]). Brittle and ductile lithosphere are
inferred to be limited by isotherms, as on Figs. 2 and 3. Arrows show hypothetical flow lines for solid material. Some of the melt delivered from the
mantle is trapped and crystallizes into the axial lithospheric mantle (white for crystallizing mush, dark grey for gabbros or melt-impregnated
peridotites). On (a), deep melt trapping operates over the same width as tectonic exhumation. All of the magmatic rocks crystallized from deeply
trapped melts are therefore tectonically incorporated into the oceanic crust, together with their ultramafic host rock. On (b), deep melt trapping
operates over a domain that is wider than the domain affected by tectonic exhumation. Gabbros (and melt-impregnated peridotites) which
crystallized in the more external deep melt bodies are therefore incorporated into the upper lithospheric mantle and not into the crust.

Fig. 4. Coupes schématiques d’une dorsale lente (d’apres la figure 10 de Cannat et al. [24]). Les niveaux fragiles et ductiles de la lithosphere sont
limités par des isothermes, comme sur les Fig. 2 et 3. Des fleches montrent le déplacement trés simplifié du matériel solide, a cause de 1’écartement
des plaques. Une partie du magma issu du manteau est piégée et cristallise dans le manteau lithosphérique (en blanc le magma, en gris foncé les
gabbros ou les péridotites imprégnées par des gabbros). En (a), le magma est piégé dans un domaine aussi large que celui sur lequel opére
I’exhumation tectonique. Toutes les roches magmatiques qui ont cristallisé en profondeur sont alors exhumées et incorporées tectoniquement a la
croiite océanique, avec leur encaissant ultrabasique. En (b), le magma est piégé dans un domaine plus large que celui sur lequel opere 1I’exhumation
tectonique. Les gabbros (et les imprégnations magmatiques) qui ont cristallisé en profondeur dans les domaines les plus externes sont donc
incorporés au manteau lithosphérique, et pas a la croite.
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Fig. 5. Melt thickness (i.e. magma supply; see text for further explanations) calculated for mid-ocean ridges as a function of (a) the full spreading
rate for a “‘normal”” mantle potential temperature (i.e. corresponding to the production of enough magma to build a 6 km thick oceanic crust), and (b)
the regional axial depth (i.e. the axial depth averaged over a ridge length above 100 km and inferred to represent isostatic depth [77]). (a) is modified
from Minshull et al. [103]. Melt thickness is calculated for focused (black curve [13]), and for unfocused (grey and dashed curves [118,130])
asthenospheric corner flow beneath the ridge. Unfocused flow may prevail at and near OCTs [103,118]. Focused asthenospheric corner flow provides
a better fit to crustal thicknesses measured at slow and ultraslow spreading ridges [169]. At a spreading rate of 1.4 cm/yr, the rift to drift transition
may thus result in a more than two-fold increase in melt production. (b) is modified from Cannat et al. [26]. Melt thickness is calculated for a dry
peridotite solidus [64] and for the focused asthenospheric flow configuration of Bown and White [13]. Black dots: calculated melt thickness for a
range of mantle potential temperatures at a spreading rate of 1.4 cm/yr. At a given mantle potential temperature, slower spreading rates result in a
decrease in melt thickness. Crosses show this predicted decrease calculated for ““normal”” mantle potential temperature (1330 °C in this particular
melting model). Unfocused asthenospheric corner flow corresponds to a more pronounced calculated decrease, but the relationship between regional
axial depth and melt thickness remains the same.

Fig. 5. Epaisseur de magma (i.e. alimentation magmatique ; voir texte pour explication), calculée pour les dorsales océaniques en fonction (a) du taux
d’expansion pour un manteau de température potentielle « normale » (i.e. correspondant a la production d’assez de magma pour construire une
croiite de 6 km d’épaisseur) et (b) de la profondeur régionale de I’axe de la dorsale (i.e. 1a profondeur moyenne de I’axe sur plus de 100 km, supposée
représenter une profondeur isostatique [77]). (a) est modifiée d’apres Minshull et al. [103]. L’épaisseur de magma est calculée pour un flux
asthénosphérique de type « corner flow », focalisé (trait noir [13]) ou non focalisé (trait gris pointillé [118,130]). Un flux non focalisé pourrait
prévaloir dans les TOC [103,118]. Un flux focalisé permet de mieux reproduire les épaisseurs de crofite des dorsales lentes et ultralentes [169]. Pour
un taux d’expansion de 1,4 cm/an, le passage du rifting a1’océanisation pourrait donc s’accompagner d’un doublement de la production de magma.
(b) est modifi€ée d’aprés Cannat et al. [26]. L’'épaisseur de magma est calculée pour un solidus de péridotite seche [64] et pour un flux
asthénosphérique focalisé (méme configuration que pour Brown et White [13]). Points noirs: épaisseur de magma calculée pour une gamme de
températures du manteau et pour un taux d’expansion de 1,4 cm/an. Pour chaque température, une baisse du taux d’expansion se traduit par une
diminution de I’épaisseur de magma produite. Les croix montrent cette diminution, calculée pour un manteau de température potentielle normale
(1330 °C dans le modele de fusion utilis€). Un flux asthénosphérique non focalisé entrainerait une diminution plus prononcée, mais la relation
calculée entre épaisseur de magma et profondeur régionale de 1’axe serait la méme.

such as the 13°N region of the Mid-Atlantic Ridge, cooling effect, models which assume a simple corner
and the easternmost portion of the SWIR, has been flow upwelling geometry predict a pronounced decrease
interpreted as due to remelting of a previously of magma supply at spreading rates lower than 4 cm/
depleted asthenospheric mantle [98,141,142]. year (Fig. 5a [130]). However, as pointed out by White

Melt extraction patterns, and the dynamics of flow in et al. [169], this strong sensitivity to spreading rate does
the uprising mantle below the ridge are also important not fit seismic determinations of oceanic crustal
factors in determining the ridge’s melt supply. Faster, thickness, which remain close to the 6 km worldwide
active upwelling produces more melt, at all spreading average [30] down to spreading rates of 2 cm/yr. These
rates, than passive corner flow-type upwelling. At slow observed crustal thicknesses fit better with the focused
spreading rates, mantle upwelling velocities may be so corner flow model of Bown and White ([13]; Fig. 5a), in
slow that the mantle cools from above and stops melting which mantle upflow at slow spreading ridges is focused

at great depths [130]. Because of this nonadiabatic in a narrow axial channel, due to rapid cooling of the
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new lithosphere off-axis (Fig. 2). Going from unfocused
to focused upwelling at slow spreading ridges, or at
slowly rifted OCTs [103] could therefore result in a
more than two-fold increase in magma supply (Fig. 5a).

3.6. Regional variations of ridge depth
(bathymetry) as a proxy for magma supply

Mantle temperature, mantle composition, and
magma supply can be predicted to have an effect on
ridge depth, averaged over long portions of the axis
(> 100 km), and inferred to represent isostatic
equilibrium [77]. Colder mantle is more dense, and
produces less magma as it rises beneath the ridge,
resulting in a thinner, low density crustal layer, and in
greater isostatic seafloor depths. The order of magnitude
predicted for this effect is shown on Fig. 5b: to a
decrease of ~20°C in the temperature of the
asthenospheric subaxial mantle, should correspond
~ 1 km less melt, and a deepening of the axis by
~ 0.5 km. The role of mantle compositional variations
is more complex, because depleted mantle produces less
melt, but is more buoyant than fertile mantle [152]. Fast
spreading ridges typically lie at depths ca 2700 m,
corresponding to the predicted isostatic values for a
6 km thick crust and a “normal” temperature mantle
[77]. The effect of axial valley tectonics adds 200 to 400
m to this isostatic reference value at slow spreading
ridges [149].

3.7. Local variations of ridge depth, axial
segmentation and fault topography

Fast spreading ridges have an essentially 2D
structure, with little along-axis variations in axial
depth, crustal thickness, or crustal seismic structure.
Slow spreading ridges are, by contrast, markedly 3D.
Axial depth typically varies by 2000 m, around the
regional isostatic value, over distances of 30 to 100 km
[138]. Larger axial depth variations, over longer
distances, have been reported at some ultraslow
spreading ridges [34,97,115]. These deviations from
the regional average are associated with the segmenta-
tion of the ridge by axial discontinuities. Large
transform faults, with a typical spacing of 300-
400 km, are present at both fast and slow spreading
ridges. Smaller transform discontinuities, with offsets
of 50 km or less, are found only at slow spreading
ridges, and can migrate along-axis [57]. Slow spreading
segment ends correspond to a crust that is thinner than
the regional average, while segment centers generally
have a thicker crust, indicative of a higher magma

supply [84,160]. Although this has not been system-
atically confirmed by seismicity studies [6,174],
thermal models suggest that the lithosphere at the
magma-poor segment ends is thicker than at the more
magmatically robust segment centers [122]. The
volcanic system at slow spreading ridges is also
segmented, with volcanic morphologies indicative of
significant along-axis magma redistribution in the crust,
via blade-like dikes fed from the segment center [150].

Slow spreading segment ends, independent of the
offset of the discontinuity [10], correspond to deep and
wide axial valleys, while segment centers generally
have a shallower and narrower axial valley [138].
These segment-scale variations have been shown to
result primarily from along-axis variations in the
amplitude of the tectonically-induced topography,
possibly due to along-axis variations in the strength
of the axial lithosphere [112,143]. The largest
topographic effect occurs near segment ends, where
the axial valley wall that abuts the discontinuity (also
called the inside corner massif [139]), typically
reaches depths less than 2000 m below sealevel, while
the axial valley bottoms out at depths more than
4000 m. A significant part of this fault topography is
preserved in off-axis regions, in the form of abyssal
hills [58]. It is important to note that the amplitude of
the fault topography developed at slow spreading
ridges, over distances of only a few tens of kilometers,
commonly exceeds the full global range of regional
isostatic seafloor depth variations.

3.8. What is the cause of axial segmentation?

There are currently two interpretations for the origin
of the segmentation at slow spreading ridges. In one
interpretation [84,126], it is inferred to be due to
segmented upwelling (diapirs) in the asthenospheric
mantle below the ridge, feeding more magma to
segment centers. In this interpretation, ridge segments
are therefore anchored to individual asthenospheric
mantle diapirs, and the size and spacing of these diapirs
require very low upper mantle viscosities, which may be
due to the presence of interstitial melt in the uprising
asthenospheric mantle [127,128]. In the other inter-
pretation [88], segmentation is inferred to result from
the along-axis migration of magma in a permeable
horizon which is proposed to exist at the base of the
lithosphere [153]. This inferred permeable horizon is
deeper in colder regions of the axis (near ridge
discontinuities on-axis, and beneath older lithosphere
off-axis). The resulting slope is proposed to trigger 3D
gravity-driven magma migration, toward the ridge
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[153], and toward the segment centers [88]. Contrary to
the mantle diapirs hypothesis, this magma migration
hypothesis does not provide an explanation for the
initiation of ridge segmentation. However, magma
migration would help stabilize the ridge segmentation
pattern, acting as a feedback to whatever process
(including mantle diapirs) caused an initial thermal
perturbation, by redistributing magma and heat from
colder to hotter regions of the axis.

3.9. The context and extent of serpentinization

Serpentinization reduces the density and the seismic
velocity of ultramafic rocks [32,101], and helps
localize strain, due to the low frictional coefficient
of serpentine [50,129,131]. It also produces magnetite
that can record a remanent magnetization [116,159].
Studies of ultramafic samples from slow spreading
ridges show that their serpentinization occurred mostly
at relatively high temperatures: 200 to 350 °C [54],
corresponding to the optimum temperature range
determined experimentally for serpentinization reac-
tions [92].

Domains of exhumed mantle at slow spreading
ridges have crustal thicknesses less than 3 to 4 km
[20,102], and these crustal thicknesses are not seen to
increase off-axis. This indicates that very little if any
serpentinization occurs at greater depth, and virtually
none off-axis, except next to transform faults [102].
Numerical models for simplified ridge settings have
recently shown that serpentinization rapidly shuts
down, unless high permeabilities are maintained or
frequently reactivated by tectonic extension [49]. This
is due to the fact that serpentinization consumes large
volumes of water and results in a substantial volume
increase [78,114]. It has been proposed, in the context
of OCTs [145], that such large and reactivated
permeabilities could be due to bending and extension
at the rolling-hinge of the detachment faults that
accommodate mantle exhumation. Recently published
models of serpentinization at mid-ocean ridges also link
it with axial detachment faults [3,93].

Recent studies at the Mid-Atlantic Ridge have also
demonstrated that a substantial part of the serpentiniza-
tion there is linked with high temperature, black
smoker-type hydrothermal cells, which are primarily
fuelled by magmatic heat [2,87]. This has two important
implications: one is that at least part of the serpenti-
nization at mid-ocean ridges is associated to magmatic
injections; the other is that this magma-associated
serpentinization occurs in a context of vigourous
hydrothermal convection and is therefore controlled

by thermal gradients that cannot be approximated using
conductive thermal models.

3.10. Mantle exhumation, suppression of
volcanism, and magnetic anomalies at the magma-
poor, ultraslow eastern SWIR

Some sections of the SWIR, and of the Gakkel Ridge
in the Arctic are among the deepest mid-ocean ridge
regions on Earth, with average axial depths above 4500
m, and an average crustal thickness of only 3 to 4 km
[22,71,100,108]. These ridge regions are inferred to
represent a magma-poor end-member for the ridge
system worldwide. They expose ultramafic rocks for
tens of kilometers along-axis and on both ridge flanks
[25,45,100]. These characteristics differ from those of
more magmatic slow and ultraslow spreading ridges,
where ultramafics are generally exposed only within
20 km of axial discontinuities [20], and are intruded by
kilometre-sized gabbro bodies [46,69]. Instead,
magma-poor ultraslow spreading ridge regions recall
the setting inferred for the Newfoundland-Iberian
conjugate margins during the mantle exhumation phase
[82,119,145], and are therefore the best candidates for
our purpose of using present-day ridges to better
understand past mantle exhumation at OCTs. Now we
shall focus on three issues: the tectonic context of
mantle exhumation, magma distribution and the local
suppression of volcanism, and the origin of magnetic
anomalies in domains of exhumed mantle.

3.10.1. Tectonic context of mantle exhumation

The SWIR east of the Melville Fracture Zone (Fig. 6)
has been mapped up to seafloor older than magnetic
anomaly 8 (26.5 Ma [15]), revealing large expanses of
seafloor exposing serpentinized mantle-derived perido-
tites, with minor gabbros and basalts [141], and no
evidence for a volcanic upper crustal layer [25]. This a-
volcanic seafloor has been called a ““smooth seafloor”
because it occurs in the form of broad ridges, with a
smooth and rounded topography. Smooth seafloor
domains near the axis (Fig. 6¢) typically lie at depths
of 3500 m (crest of broad ridges) to 4500 m (troughs
between broad ridges). They deepen off-axis following
a standard cooling with age subsidence curve (Fig. 2).
Smooth seafloor represents 50% of the seafloor on
Fig. 6a. It formed simultaneously in both diverging
plates, by repeated shifts in the polarity of axial
detachment faults, leading to fault capture, over time
scales of 1 to 2 million years [25]. Successive master
faults extended 20 to 50 km along-axis, creating the
characteristic ridge and trough topography of smooth
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Fig. 6. (a): map of residual mantle Bouguer gravity anomalies in the easternmost SWIR (modified after Cannat et al. [25]), showing in black the
contours of seafloor domains which have a volcanic upper carapace and more negative gravity anomalies (thicker oceanic crust), and in yellow the
contours of corrugated seafloor domains. The remaining seafloor, covering about 50% of the mapped area, shows no evidence for volcanism and
forms “smooth” ridges and troughs, corresponding with more positive gravity anomalies (thinner crust); (b): a similar-sized box (600 km across-
axis and 500 km along-axis) in the Newfoundland-Iberia conjugate margin system, reconstructed at the time of breakup, and showing the
Newfoundland Seamounts and Tore Madeire volcanic provinces in blue [145]; (¢): shaded seafloor topography over a-volcanic, “smooth”
Southwest Indian seafloor —insert on (a). Dredge (green diamond) recovered serpentinized peridotites with minor gabbros and basalts [141].

Fig. 6. (a) : carte des anomalies gravimétriques de Bouguer résiduelles réduites au manteau pour la région orientale de la dorsale Sud-Ouest
indienne (d’apres Cannat et al. [25]), montrant en noir les limites de domaines du fond qui ont une carapace volcanique et des anomalies
gravimétriques plus négatives (crotite plus épaisse) et en jaune les limites de domaines du fond qui portent des cannelures et sont interprétés
comme des surfaces exhumées d’anciens détachements axiaux. Le reste des fonds cartographi€s, soit environ 50 % de la surface de la carte, ne
montre ni morphologies volcaniques, ni cannelures. Ces fonds & morphologie lisse ont des anomalies gravimétriques positives (croite mince) ;
(b) : une boite de taille comparable (600 km selon la direction de la divergence des plaques et 500 km perpendiculairement) dans le systeme de
marges conjuguées Terre Neuve-Ibérie, reconstruit pour I’époque du début de I’océanisation [145]. Les Newfoundland Seamounts et la province
volcanique de Tore Madeire sont en bleu ; (¢) : bathymétrie ombrée d’un domaine a morphologie lisse et non volcanique pres de la dorsale Sud-
Ouest indienne — encart en (a). Une drague (losange vert) a permis d’échantillonner des péridotites serpentinisées, avec une petite quantité de
basaltes et de gabbros [141].

seafloor domains, with an amplitude of 500 to 1000 m,
and a wavelength of 10-15km in the direction
perpendicular to the ridge (Fig. 6¢). Mantle exhumation
in the eastern SWIR is, therefore, not found to be
primarily associated with very long-lasting detach-
ments, as inferred in most current OCT models [82].
The ridge and trough morphology in smooth seafloor

domains compares well with the topography produced
in thermomechanical models of axial faulting, for high
proportions of tectonic versus magmatic extension
[83,166].

Mantle exhumation in the eastern SWIR is also not
found to be primarily associated with “corrugated”
surfaces. These characteristic features, which have first
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been identified at the faster spreading Mid-Atlantic
Ridge [16,166], are interpreted as the exhumed footwalls
of large offset axial detachment faults. In the eastern
SWIR, they represent only 4% of the total mapped area
and appear to have formed in conditions of slightly
enhanced magma supply, compared to smooth seafloor
[25]. In the Atlantic, they also form a few percent of the
seafloor [151,152,164], and are commonly associated
with extensive outcrops of gabbro [46,69].

3.10.2. Melt distribution and the local suppression
of volcanism

A first order characteristic of accretion in the
magma-poor eastern SWIR is that magma supply to
the ridge axis is highly segmented, over scales of 100 to
300 km [23,108,134]. The gravity map shows irregu-
larly spaced gravity low bull’s eyes (Fig. 6a), which
correspond to thicker crust, and to seafloor with clear
volcanic morphologies. These gravity low bull’s eyes
correspond to active (on-axis), and fossil (off-axis)
volcanic centers [23,26]. Volcanic terrains extend out of
these gravity low bull’s eyes, and are postulated to form
by along-axis dike propagation [22]. Magma distribu-
tion at the eastern SWIR therefore appears to involve
both focusing of the magma supply to volcanic centers,
and dike-controlled along-axis magma redistribution at
crustal level. This is comparable to the magma
distribution pattern inferred for less magma-poor slow
spreading ridges (cf. Section 3.6), but with nearly an
order of magnitude difference in the scale of the
magmatic segmentation (100-300 km against 30—
100 km), and with effective suppression of volcanism
in the ends of the long magmatic segments. The origin
of this magmatic segmentation remains an open
question (mantle diapirs, along-axis migration of melts,
or other processes to be determined; cf. Section 3.6).

3.10.3. The origin of magnetic anomalies in
domains of exhumed mantle

The conventional understanding of seafloor mag-
netic anomalies is that their source mainly resides in an
upper crustal layer of effusive volcanics [60]. Smooth
seafloor domains of the eastern SWIR, which lie out of
the reach of most dikes, lack such an effusive layer. Yet,
these smooth domains do record magnetic anomalies,
which can be followed into nearby volcanic domains
and are demonstrably related to magnetic inversions
[135]. Magnetic anomalies in smooth seafloor domains
have, however, variable amplitudes, and are generally
less defined than in adjacent volcanic domains,
indicating lesser magnetization contrasts between
adjacent blocks of opposite polarity [135].

Both serpentinized peridotites and gabbros are
capable of carrying a remanent magnetization, and
have been inferred to contribute to magnetic anomalies
observed over domains of exhumed mantle at other slow
and ultraslow spreading ridges [66,117,125,135,158],
and at OCTs [133]. Indeed, combining two sources in
variable proportions is a way to account for the
variability of the magnetic signature of these exhumed
mantle domains. Significant variability could, however,
also be produced by serpentinized peridotites alone:
their magnetic properties vary depending on their
degree of serpentinization, but also, for a given degree
of serpentinization, as a function of the chemistry of
serpentine phases [5,116,159]. In contrast to basalts and
gabbros, serpentinized peridotites can also carry a
significant component of induced magnetization
[111,116]. Shifts to more positive crustal magnetization
values observed in the magnetic record of mid-ocean
ridge exhumed mantle domains have been interpreted as
due to this induced component [66,117,125,135,158].

4. Discussion: constraining the conditions of
continental breakup using the concepts
developed at slow spreading ridges

4.1. The rift to drift transition

In classical models of rifted margins, the onset of
ridge spreading was defined as the time of formation of
the first basaltic oceanic crust. Evidence for widespread
mantle exhumation at present-day mid-ocean ridges
has, however, questioned this definition. Alternative
models have proposed the formation of early magnetic
anomalies, which may be due to serpentinization of the
exhumed mantle-derived component of the crust, as the
criteria for initial ridge spreading at melt-poor OCTs
[145,154]. Magnetic anomalies recorded in OCTs
could, however, also be produced by discrete magmatic
intrusions in exhumed subcontinental lithospheric
mantle [133].

Our review of mid-ocean ridge characteristics leads
us to take a different perspective, focusing on what we
see as the fundamental definition of oceanic accretion,
which is that each increment of plate separation creates
new lithosphere, with no inheritance and with a thermal
regime that is determined solely by the active balance of
axial heat supply and cooling. By contrast, the thermal
regime and the lithosphere at OCTs are, at least in their
early stages of development, partly inherited from
earlier stages in the evolution of the margin (Fig. 7). We
propose to define the onset of spreading as the time
when the OCT reaches the state of active thermal
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Fig. 7. Interpretation of the thermal structure of the rift to drift evolution at a magma-poor rifted margin system. The base of the ductile lithosphere is
inferred to be limited by an isotherm, as on Figs. 2—4. In this sketch we postulate that true ocean spreading begins (stage 2) when the thermal regime
in the zone of plate divergence results only from the active balance of heat supply (primarily from melts), and cooling (hydrothermal and
conductive). This requires that plate divergence has already become durably localized. Early magnetic anomalies may record this initial stage of
localization (stage 1). In a third stage (stage 3), we postulate that the upwelling pattern in the asthenosphere settles to its ridge-type, focused
configuration, resulting in a substantial increase in melt supply (Fig. 5a), which could locally and/or episodically favor the cessation of mantle
exhumation and the formation of a thicker, fully magmatic oceanic crust. Stage O in this proposed evolution corresponds to the initiation of rift-
related mantle melting, when plate divergence has thinned the lithosphere so that its base is shallower than the solidus of the underlying
asthenospheric mantle.

Fig. 7. Schéma interprétatif de la structure thermique pendant I’évolution du rifting a I’océanisation, dans une marge continentale peu magmatique.
La base de la lithosphere ductile est supposée correspondre a un isotherme, comme sur les Fig. 2—4. Nous proposons que 1’accrétion océanique
démarre (étape 2) quand le régime thermique dans la zone de divergence des plaques ne dépend plus que de 1’équilibre actif entre I’apport de chaleur
(principalement magmatique), et le refroidissement (hydrothermal et conductif). Cela suppose que la divergence s’est localisée de fagon durable.
Une telle localisation pourrait produire les premiéres anomalies magnétiques (étape 1). Dans une troisieme étape (étape 3), il est possible que le flux
asthénosphérique, initialement peu focalisé, évolue vers une configuration plus focalisée, associée a une production magmatique accrue (Fig. 5a).
Cette plus grande production magmatique pourrait entrainer, au moins localement et/ou de facon épisodique, I’interruption de 1’exhumation du
manteau et la formation d’une crofite océanique plus €paisse et de nature magmatique. L’ étape 0 dans ce schéma correspond a I’initiation de la fusion
du manteau sous le rift, quand la divergence des plaques a permis d’amincir la lithosphere continentale, de telle sorte que sa base soit moins profonde
que le solidus du manteau asthénosphérique sous-jacent.

equilibrium, which characterizes oceanic ridges (stage 2
on Fig. 7).

This active thermal equilibrium requires that plate
divergence has already become durably localized (stage
1 on Fig. 7). Analogies with ultraslow spreading ridges
indicate that this initial stage of strain localization
should be expected to produce conjugate magnetic
anomalies if it causes mantle exhumation, even without
volcanism. Plate cooling and thickening with age away
from this region of localized deformation should help to
keep deformation and magmatism localized in the
future, or “incipient” ridge region (Fig. 2). It is
conceivable, however, that plate divergence and
magmatism may relocate away from this incipient
ridge region, causing the ridge to “‘stutter” [70].
Analogy with present-day ultraslow spreading ridges
suggests that this is unlikely to happen once the
incipient ridge has functioned for more than 10 Ma,
because the off-axis oceanic lithosphere by that time

should be more than 40 km thick (Fig. 2), preventing
further relocalization of the main deformation zone.

This thick near-axis lithosphere would also bound a
relatively narrow asthenospheric channel (Fig. 2),
favoring the transition from a broad to a focused
asthenosphere upwelling pattern, as postulated by
Minshull et al. [103]. This evolution of the astheno-
spheric flow (stage 3 on Fig. 7) may produce a
substantial increase in melt supply (Fig. 5a), from
mostly a-volcanic OCT terrains, to the mostly volcanic
terrains more typical of slow spread oceanic litho-
sphere. Compositional heterogeneities in the subconti-
nental mantle [109] could also affect melt supply at the
new ridge.

The early life of the new ridge may also be
complicated by broadly distributed post-breakup tec-
tonic and magmatic events in the nearby OCT. These are
now well documented in the Newfoundland-Iberia
transect: morphotectonic event of Péron-Pinvidic et al.
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[120]; Aptian to Albian breakup unconformity of
Tucholke and Sibuet [163]; polymagmatic evolution
shown by Jagoutz et al. [70]. These events may result
from local mantle convection patterns which have been
proposed to form along the edge of the continent
[14,105]. Such local convection cells may be expected
to impact the dynamics of asthenospere upwelling at the
new ridge.

4.2. Distribution of magmatism

Mantle exhumation, at both mid-ocean ridges and
OCTs, clearly characterizes magma-poor plate diver-
gence. Our review of slow and ultraslow spreading
ridges shows, however, that the formation of an
ultramafic seafloor does not necessarily mean that
accretion is amagmatic. For one thing, melt distribution
is segmented along-axis, with higher melt supply
segment centres spaced by a few tens of kilometers (in
the Atlantic), to a few hundred kilometers (in magma-
poor sections of ultraslow spreading ridges). Wide-
spread mantle exhumation occurs at segment ends
[20,43], and even these domains are not amagmatic
since ultramafic rocks are intruded and impregnated by
a variety of magmatic rocks. A still poorly constrained
proportion of these magmatic rocks results from melt
crystallization below the crust (cf. Section 3.3). These
deeply crystallized magmatic rocks and their ultramafic
host rock would be tectonically exhumed by axial
detachment faults, or accreted to deeper, upper mantle
level in the diverging plates, where they would go
undetected by seismic methods up to a proportion of
~ 10%. Fig. 4 shows that the proportion of such
subcrustal magmatic bodies is expected to be larger in
ridge settings where magma is extracted from the
asthenospheric mantle over a wide region, while
faulting of the axial lithosphere is localized to a more
narrow domain.

These mid-ocean ridge findings lead us to stress the
potential for deep melt trapping to be an important
process at melt-poor OCTs. The asthenospheric upflow
zone at OCTs, i.e. the domain over which mantle
melting may occur, is generally modelled as wider than
the tectonic exhumation system [82,172]. Magma-poor
OCTs, in addition, would, at least in the early stages of
their evolution, have a thicker lithosphere than mid-
ocean ridges (Fig. 7). This thick lithospheric lid would
both stop mantle melting at greater depths (Fig. 8), and
therefore reduce melt production, and offer more
opportunities for melts to become trapped and to
crystallize at depth. Anomalously low upper mantle
velocities (7.5 to 7.8 km/s) in the ZECM of Iberia—

Newfoundland [31,56,81,167], which have been inter-
preted as due to partial serpentinization, may thus also
be at least partially due to magmatic rocks. This would
be consistent with sampling of melt-impregnated
peridotites, containing up to 20% former melt, as
described from ODP drilling off Iberia [9,38,79,109],
and in OCT remnants of the Alps [110].

Finally, the stuttering localization of the plate
divergence at OCTs [70] would be expected to produce
complex patterns of lithospheric thinning over the OCT
region. By analogy with ridge melt migration models
[88], we postulate that slopes in the basal surface of this
irregular lithospheric lid could favor 3D melt migration
and produce equally complex magmatic segmentation
patterns (Fig. 8).

4.3. Hydrothermal circulation and the extent of
serpentinization in the OCT’s upper mantle

Upper mantle serpentinization down to depths of 4 to
10 km has been inferred from seismic data at magma-
poor OCTs [31,40,55,146]. Numerical models of
continental margin evolution postulate that serpentini-
zation occurs down to the 400, or 500 °C isotherm,
which, given the cold thermal structure inferred for
OCTs, may indeed be 10 km deep [118]. However, our
review of mid-ocean ridge data shows that significant
serpentinization there does not extend to depths greater
than 3 to 4 km. It could be argued that this 3 to 4 km
depth limit corresponds to the depth at which axial
temperatures are hotter than 400 °C, and thus too hot for
efficient serpentinization [51]. If OCTs have a lower
temperature gradient, serpentinization there could then
be occurring at greater depths. This interpretation,
however, also implicitly requires that permeabilities at
depths greater than 3 to 4 km along slow spreading
ridges are too low for an active hydrothermal
convection to develop, because such a convection
would then cool these permeable regions of the axis,
allowing for deeper serpentinization.

We thus conclude that permeability is the primary
factor, controlling both the thermal gradient, and the
accessibility of water needed for serpentinization
reactions. If we are right, inferred serpentinization
at depths greater than 3 to 4km at OCTs would
require that the high permeability domain next to
the detachment faults there was thicker than that
inferred at slow spreading ridges. This may be the
case if detachment faulting at OCTs involves bending
of a thicker footwall plate. The alternative is that
reduced seismic velocities at depths greater than 3 to
4 km at magma-poor OCTs are instead caused by
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Fig. 8. Interpretation of the predrift evolution of a melt-poor continental margin system (between stages 0 and 1 on Fig. 7). The base of the ductile
lithosphere is inferred to be limited by an isotherm, as on Figs. 2-4. Black spots are melt impregnations and deeply crystallized gabbros.
Configurations (a) and (b) may develop successively, or may coexist along the margin, defining a melt-controlled segmentation. On (a) plate
divergence is distributed over a wide domain, and melt intrudes the lower continental lithosphere, where it crystallizes slowly, releasing heat and
bringing temperatures up to just below the solidus temperature of basaltic melts [148]. Heat conducted upward thins the brittle lithosphere. This
phase of deep melt crystallization thus leads to a thermal erosion of the margin’s lithosphere, maintaining shallow topography. Configuration (b)
develops when localized extension leads to mantle exhumation. Subsidence may then occur both because the low-density crustal layer (comprised of
tectonized and serpentinized peridotites) is thinner, and because localized deformation maintains high permeabilities in the upper lithosphere and
allows for more vigourous hydrothermal cooling. This cooling effect is expected to be maximum if melts are not trapped into the deep lithosphere,
but intrude into the hydrothermally cooled permeable upper lithosphere.

Fig. 8. Schéma interprétatif de 1’évolution tardive d’une marge continentale peu magmatique (entre les étapes O et 1 de la Fig. 7). La base de la
lithosphere ductile est supposée correspondre a un isotherme, comme sur les Fig. 2—4. Points noirs : imprégnations magmatiques et gabbros dans le
manteau lithosphérique. Les configurations (a) et (b) pourraient se succéder, ou coexister le long d’une méme marge, formant une segmentation
associée a I’apport magmatique. En (a) la divergence des plaques est distribuée sur un large domaine. Du magma est piégé en profondeur et
cristallise en dégageant de la chaleur qui maintient la température du manteau infiltré juste sous la température du solidus des magmas [148]. La
conduction de cette chaleur amincit la lithosphere fragile sus-jacente. Cette étape de piégeage profond de magma conduit donc a une érosion
thermique de la lithosphere et pourrait expliquer le maintien de topographies peu profondes, malgré un fort amincissement crustal. En (b), la
divergence est localisée sur une faille qui conduit a I’exhumation du manteau. Cette étape devrait correspondre a une subsidence, car la croite
composée de manteau serpentinisé et de roches magmatiques est plus mince que la crofite continentale amincie de (a) et parce que la déformation
localisée peut entretenir une perméabilité dans la lithosphere supérieure et donc favoriser le refroidissement hydrothermal. Ce refroidissement
devrait étre maximal si les magmas ne sont plus piégés en profondeur, mais mis en place dans le domaine a forte perméabilité qui est refroidi par
I’hydrothermalisme.

deeply crystallized magmatic rocks (see previous
section).

Serpentinization at mid-ocean ridges is at least
partially associated to high temperature, black smoker-
type hydrothermal cells, primarily fuelled by magmatic
heat [2,86]. Although we still do not know how much
serpentinization occurs in lower temperature and less
vigourous axial hydrothermal cells which may not be
fuelled by magmatic heat, there is therefore a distinct
possibility that serpentinization is enhanced when
magma is injected within the high permeability upper
lithosphere. If this is the case, we would expect
serpentinization to be less active in environments
(magma-poor ridges and OCTs) where mantle exhuma-

tion is not accompanied by significant magmatism, or
where magma is primarily crystallized in deeper
lithospheric levels, well below the permeable upper
domain of hydrothermal circulations.

4.4. Thermal regime, topography and subsidence

Thermal conditions in OCTs have direct implica-
tions for the survivability of syn- to postrift petroleum
systems in deep margins, which represent one of the last
frontiers for the exploration industry. The subsidence
record provided by sedimentary sections is used as a
proxy to reconstruct these thermal conditions. One of
the most unexpected results of recent continental
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margin studies is that extreme crustal thinning at
magma-poor OCTs appears to have occurred under
shallow marine conditions. In the Newfoundland-Iberia
system, it has been shown that both margins then rapidly
subsided during the phase of mantle exhumation [119].
This indicates that the initial lack of subsidence cannot
be explained by the addition of light material and must
therefore be mainly due to a hotter thermal regime
(otherwise the margin would not have subsided
afterwards to the normal expected depth).

One of the hypotheses proposed to explain this
delayed subsidence is that rapid crustal thinning was
accompanied by large-scale melt infiltration in the
continental mantle lithosphere [119]. Our review of
mid-ocean ridge processes leads us to support this
possibility: it stresses the potential for deep melt
crystallization in the mantle lithosphere of plate
divergence environments, and it suggests that melt
produced in the upwelling asthenosphere may also
migrate along the base of the lithosphere toward
regions where a thermal anomaly has been initiated
(Fig. 8). These regions may thus concentrate the melt
produced over a broader domain of mantle upwelling.
The thermal effect of deep melt trapping has been
modelled by Sleep and Barth [148] for a simplified
slow spreading ridge configuration. Melt heats the
deep mantle lithosphere, and the maximum amount of
melt which can crystallize corresponds to the release
of latent heat which would heat the host rock to the
melt solidus temperatures. Developments of this
thermal model to adapt it to the case of OCTs would
be needed, but the net effect can be predicted to be
thermal erosion of the preexisting mantle continental
lithosphere, with the formation of a thick domain of
hot lithospheric mantle, which would be maintained at
near basalt solidus temperatures (Fig. 8a). This hot
thermal regime could allow basement topography to
remain relatively shallow, even if the continental crust
above is very thin.

Further lithospheric stretching, which may be
expected to result in remelting of any melt crystallized
at earlier stages, could then favor more durable strain
localization, leading to mantle exhumation (Fig. 8b).
Rapid subsidence would be expected at this stage due to
further thinning of the low-density crustal layer (from
thinned continental crust to thinner partially serpenti-
nized ultramafic layer). The emplacement of melt at
shallower depths in the lithosphere could also resultin a
more efficient loss of magmatic heat to hydrothermal
fluids, and therefore in a colder overall thermal
structure (Fig. 8b). We also expect enhanced hydro-
thermal heat loss at this stage, both because fracturation

next to the exhumation fault should maintain high
permeabilities [145], and because shallow melt bodies
emplaced next to this highly permeable domain should
provide the heat to run more vigorous hydrothermal
convection [173].

Finally, seismic data in the Newfoundland-Iberia
margin system suggest that the OCT at the mantle
exhumation phase was deeper than the first basaltic
oceanic crust [120]. This shallowing may be due to a
larger influx of magma, resulting in the formation of a
thicker crust, following the transition from unfocused to
focused asthenospheric corner flow [103].

5. Conclusions

In classical plate tectonic models, the transition from
rifting to seafloor spreading was assumed to be abrupt in
time and space. This enabled one to define a precise age
for continental breakup and to map an ocean—continent
boundary that not only separated continental from
oceanic crusts, but also two communities of researchers
working with different concepts and models. The
discovery of mantle exhumation at slow and ultraslow
spreading ridges, and at OCTs has made this simple
picture obsolete. Today it looks as if the transition from
rifting to seafloor spreading is, at least in magma-poor
systems, more transitional and complex, than pre-
viously suggested. This discovery not only questions
paradigms, concepts and terms previously used to
describe the limits between oceanic and continental
crusts, but also encourages scientists to cross the
borders between the ridge and margin communities.
This is the approach we adopted in this paper, based on a
review of key concepts, or questions, concerning slow
and ultraslow spreading ridges. Rather than new results,
the main outcome of our review is a proposition for a
working model that includes four principal stages in the
rift to drift transition at magma-poor OCTs (Fig. 7). In
this model, we emphasize the role of the thermal
regime, as a key parameter for tectonic, magmatic and
hydrothermal processes associated with continental
breakup.

Acknowledgments

We thank our two anonymous reviewers for their
most helpful comments, and the convenors and
participants of the ‘“Ocean Continent Transition”
workshop in 2007 in Paris (Académie des sciences).
This work was partially supported by “Action Marges™
and CNRS-INSU. This is IPGP publication number
2433.



422 M. Cannat et al./C. R. Geoscience 341 (2009) 406—427

References

[1] E. Abbate, V. Bortolotti, G. Principi, Apennine ophiolite. A
peculiar oceanic crust, Ofioliti 1 (1980) 59-96.

[2] D.E. Allen, W.E. Seyfried, Serpentinization and heat genera-
tion: Constraints from Lost City and rainbow hydrothermal
systems, Geochim. Cosmochim. Acta 68 (2004) 1347-1354.

[3] M. Andreani, C. Mevel, A.M. Boullier, J. Escartin, Dynamic
control on serpentine crystallization in veins: Constraints on
hydration processes in oceanic peridotites, Geochemistry Geo-
physics Geosystems 8 (2007) Q02012.

[4] P.D. Asimow, C. Langmuir, The importance of water to oceanic
mantle melting regimes, Nature 421 (2003) 815-820.

[5] W. Bach, H. Paulick, C.J. Garrido, B. Ildefonse, W.P. Meurer,
S.E. Humphris, Unraveling the sequence of serpentinization
reactions: petrography, mineral chemistry, and petrophysics of
serpentinites from MAR 15 degrees N (ODP Leg 209, Site
1274), Geophys. Res. Lett. 33 (2006) L13306.

[6] A.H. Barclay, D.R. Toomey, S.C. Solomon, Microearthquake
characteristics and crustal Vp/Vs structure at the Mid-Atlantic
Ridge, 35°N, J. Geophys. Res. 106 (2001) 2017-2034.

[71 M.D. Behn, W.R. Buck, LS. Sacks, Topographic controls on
dike injection in volcanic rift zones, Earth Planet. Sci. Lett. 246
(2006) 188-196.

[8] M.O. Beslier, J. Girardeau, G. Boillot, Kinematics of peri-
dotite emplacement during North Atlantic continental rifting,
Galicia, northwestern Spain, Tectonophysics 184 (1990) 321—
343.

[9] M.O. Beslier, G. Cornen, J. Girardeau, Tectonometamorphic
evolution of peridotites from the ocean/continent of the Iberia
Abyssal Plain margin. Proceedings of the Ocean Drilling
Program, Scientific Results, 149 (1996) 397-412.

[10] D.K. Blackman, D.W. Forsyth, Axial topographic relief asso-
ciated with ridge-transform intersections, Earth Planet. Sci.
Lett. 95 (1989) 115-129.

[11] G. Boillot, S. Grimaud, A. Mauffret, D. Mougenot, J. Korn-
probst, J. Mergoil-Daniel, G. Torrent, Ocean—continent boun-
dary off the Iberian Marg in: a serpentinite diapir west of the
Galicia Bank, Earth Planet. Sci. Lett. 48 (1980) 23-34.

[12] G. Boillot, M. Recq, E.L. Winterer, A.W. Meyer, J. Applegate,
M. Baltuck, J.A. Bergen, M.C. Comas, T.A. Davies, K. Dun-
ham, C.A. Evans, J. Girardeau, G. Goldberg, J. Haggerty, L.F.
Jansa, J.A. Johnson, J. Kasahara, J.P. Loreau, E. Lunasierra, M.
Moullade, J. Ogg, M. Sarti, J. Thurow, M. Williamson, Tectonic
denudation of the upper mantle along passive margins. A model
based on drilling results (ODP LEG-103, Western Galicia
Margin, Spain), Tectonophysics 132 (1987) 335-342.

[13] J.W. Bown, R.S. White, Variation with spreading rate of
oceanic crustal thickness and geochemistry, Earth Planet.
Sci. Lett. 121 (1994) 435-449.

[14] W.R. Buck, Small-scale convection induced by passive rifting;
the cause for uplift of rift shoulders, Earth Planet. Sci. Lett. 77
(1986) 362-372.

[15] S.C. Cande, D.V. Kent, Revised calibration of the geomagnetic
polarity timescale for the Late Cretaceous and the Cenozoic, J.
Geophys. Res. 100 (1995) 6093-6095.

[16] J.R. Cann, D.K. Blackman, D.K. Smith, E. McAllister, B.
Janssen, S. Mello, E. Avgerinos, A.R. Pascoe, J. Escartin,
Corrugated slip surfaces formed at North Atlantic ridge-trans-
form intersections, Nature 385 (1997) 329-332.

[17] M. Cannat, Emplacement of mantle rocks in the seafloor at mid-
ocean ridges, J. Geophys. Res. 98 (1993) 4163-4172.

[18] M. Cannat, How thick is the magmatic crust at slow spreading
oceanic ridges? J. Geophys. Res. 101 (1996) 2847-2857.

[19] M. Cannat, J.F. Casey, 1995, An ultramafic lift at the Mid-
Atlantic Ridge: Successive stages of magmatism in serpenti-
nized peridotites from the 15°N region, in: R.L.M. Vissers, A.
Nicolas (Eds.), Mantle and lower crust exposed in oceanic
ridges and in ophiolites, Kluwer Academic publishers, Nether-
lands, pp. 5-34.

[20] M. Cannat, C. Mével, M. Maia, C. Deplus, C. Durand, P. Gente,
P. Agrinier, A. Belarouchi, G. Dubuisson, E. Humler, J. Rey-
nolds, Thin crust, ultramafic exposures, and rugged faulting
patterns at the Mid-Atlantic Ridge (22-24°N), Geology 23
(1995) 49-52.

[21] M. Cannat, F. Chatin, H. Whitechurch, G. Ceuleneer, Gabbroic
rocks trapped in the upper mantle at the Mid-Atlantic Ridge, in:
J.A. Karson, M. Cannat, D.J. Miller, D. Elthon (Eds.), Pro-
ceedings of the Ocean Drilling Program, Scientific Results, vol.
153, ODP, pp. 243-264.

[22] M. Cannat, C. Rommevaux-Jestin, D. Sauter, C. Deplus, V.
Mendel, Formation of the axial relief at the very slow spreading
Southwest Indian Ridge (49°-69°E), J. Geophys. Res. 104
(1999) 22825-22843.

[23] M. Cannat, C. Rommevaux-Jestin, H. Fujimoto, Melt supply
variations to a magma-poor ultraslow-spreading ridge (South-
west Indian Ridge 61° to 69°E), Geochemistry, Geophysics,
Geosystems 4 (2002-2003) GC000480.

[24] M. Cannat, J.R.Cann, J. Maclennan, Some hard rock constraints
on the heat supply to mid-ocean ridges, in: C. German, J. Lin, L.
Parson (Eds.), Mid-Ocean Ridges: Hydrothermal Interactions
Between the Lithosphere and Oceans, vol. 148: Geophysical
Monograph Series, AGU, pp. 111-150.

[25] M. Cannat, D. Sauter, V. Mendel, E. Ruellan, K. Okino,
J. Escartin, V. Combier, M. Baala, Modes of seafloor generation
at a melt-poor ultraslow-spreading ridge, Geology 34 (2006)
605-608.

[26] M. Cannat, D. Sauter, A. Bezos, C. Meyzen, E. Humler, M. Le
Rigoleur, Spreading rate, spreading obliquity, and melt supply
at the ultraslow spreading Southwest Indian Ridge, Geoche-
mistry Geophysics Geosystems 9 (2008) Q04002.

[27] G. Chazot, S. Charpentier, J. Kornprobst, R. Vannucci, B.
Luais, Lithospheric mantle evolution during continental brea-
kup: the West Iberia nonvolcanic passive margin, J. Petrol. 46
(2005) 2569-2592.

[28] Y. Chen, W.J. Morgan, A nonlinear rheology model for mid-
ocean ridge axis topography: J, Geophys. Res. 95 (1990)
17583-17604.

[29] Y.J. Chen, Oceanic crustal thickness versus spreading rate:
Geophys, Res. Lett. 19 (1992) 753-756.

[30] Y.J. Chen, J. Phipps Morgan, The effects of spreading rate, the
magma budget, and the geometry of magma emplacement on
the axial heat flux at mid-ocean ridges, J Geophys. Res. 101
(1996) 11475-11482.

[31] D. Chian, K.E. Louden, T.A. Minshull, R.B. Whitmarsh, Deep
structure of the ocean—continent transition in the southern
Iberia Abyssal Plain from seismic refraction profiles: Ocean
Drillng Program (Legs 149 and 173) transect, J Geophys. Res.
104 (1999) 7443-7462.

[32] N.I. Christensen, The abundance of serpentinites in the oceanic
crust, J Geology 80 (1972) 709-719.

[33] J.R. Cochran, G. Karner. Constraints on the deformation and
rupture of continental lithosphere of the Red Sea: the transition
from rifting to drifting, in: G.D. Karner, G. Manatschal, L.M.



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

M. Cannat et al./C. R. Geoscience 341 (2009) 406—427 423

Pinheiro (Eds.), Imaging, Mapping and Modelling Continental
Lithosphere Extension and Breakup. Geol. Soc. London, Spec.
Pub. 2007, pp. 265-290.

J.R. Cochran, G.J. Kurras, M.H. Edwards, B.J. Coakley, The
Gakkel Ridge: bathymetry, gravity anomalies, and crustal
accretion at extremely slow spreading rates, J Geophys. Res.
108 (2002, 2003) JB001830.

I. Contrucci, L. Matias, M. Moulin, L. Geli, F. Klingelhofer, H.
Nouze, D. Aslanian, J.L. Olivet, J.P. Rehault, J.C. Sibuet, Deep
structure of the West African continental margin (Congo, Zaire,
Angola), between 5 degrees S and 8 degrees S, from reflection/
refraction seismics and gravity data, Geophys J. Inter. 158
(2004) 529-553.

L.A. Coogan, P.D. Kempton, A.D. Saunders, M.J. Norry, Melt
aggregation within the crust beneath the Mid-Atlantic Ridge:
evidence from plagioclase and clinopyroxene major and trace
element compositions, Earth Planet. Sci. Lett. 176 (2000)
245-257.

G. Cornen, M.O. Beslier, J. Girardeau, Petrologic characteris-
tics of the ultramafic rocks from the ocean—continent transition
in the Iberia Abyssal Plain, in: R.B. Withmarsh, D.S. Sawyer,
A. Klaus, D.G. Masson (Eds.), Proceedings of the Ocean
Drilling Program, Scientific Results, vol. 149, 1996, pp.
377-395.

G. Cornen, J. Girardeau, C. Monnier, Basalts, underplatted
gabbros and pyroxenites record the rifting process of the West
Iberian margin, Min. Petrol. 67 (1999) 111-142.

E. d’Acremont, S. Leroy, M.O. Beslier, N. Bellahsen, M.
Fournier, C. Robin, M. Maia, P. Gente, Structure and evolution
of the eastern Gulf of Aden conjugate margins from seismic
reflection data, Geophys. J. Inter., 160 (2005) 869, doi:10.1111/
j-1365-246X.2005.02524 x.

S.M. Dean, T.A. Minshull, R.B. Whitmarsh, K.E. Louden,
Deep structure of the ocean—continent transition in the southern
Iberia Abyssal Plain from seismic refraction profiles: The IAM-
9 transect at 40°20°N, J. Geophys. Res. 105 (2000) 5859-5885.
F.A. Decandia, P. Elter, La ““zona” ofiolitifera del Bracco nel
settore compreso fra Levanto e la Val Graveglia (Appennino
ligure), Memorie della Societa Geologica Italiana 11 (1972)
503-530.

R.S. Detrick, P. Buhl, E. Vera, J. Mutter, J. Orcutt, J. Madsen, T.
Brocher, Multichannel seismic imaging of a crustal magma
chamber along the East Pacific Rise between 9°N and 13°N,
Nature 326 (1987) 35-41.

H.J.B. Dick, Abyssal peridotites, very slow spreading ridges
and ocean ridge magmatism, in: A.D. Saunders, M.J. Norry
(Eds.), Magmatism in the Ocean Basins, vol. 24, Geol. Soc.
London Spec. Pub. 1989, pp. 71-105.

H.J.B. Dick, J.H. Natland, J.C. Alt, W. Bach, D. Bideau, J.S.
Gee, S. Haggas, J.G.H. Hertogen, G. Hirth, PM. Holm, B.
Ildefonse, G.J. Iturrino, B.E. John, D.S. Kelley, E. Kikawa, A.
Kindom, P.J. LeRoux, J. Maeda, P.S. Meyer, D.J. Miller, H.R.
Naslund, Y.-L. Niu, P.T. Robinson, J. Snow, R.A. Stephen, P.W.
Trimby, H.-U. Worm, A.S. Yoshinobu, A long in situ section of
the lower oceanic crust: results of ODP leg 176 drilling at the
Southwest Indian Ridge, Earth Planet. Sci. Lett. 179 (2000)
31-51.

H.J.B. Dick, J. Lin, H. Schouten, An ultraslow-spreading class
of ocean ridge, Nature 426 (2003) 405-412.

H.J.B. Dick, M.A. Tivey, B.E. Tucholke, Plutonic foundation of
a slow-spreading ridge segment: the oceanic core complex at
Kane Megamullion, 23°30’N, 45°20’W, Geochemistry Geo-

(471

[48]

[49]

[50]

[51]

[52]

[53

—

[54]

[55]

[56]

[57]

[58]

[59]

physics  Geosystems 9 (2008) QO05014, doi:10.1029/
2007GC001645.

N.G. Direen, 1. Borissova, H.M.J. Stagg, J.B. Colwell, P.A.
Symonds, Nature of the continent—ocean transition zone along
the southern Australian continental margin: a comparison of the
Naturaliste Plateau, SW Australia, and the central Great Aus-
tralian Bight sectors. In: G.D. Karner, G. Manatschal and L.M.
Pinheiro (Eds.), Imaging, mapping and modelling continental
lithosphere extension and breakup. Geol. Soc. London, Spec.
Pub., 2007, pp. 239-264.

Drouin, M., Godard, M., Ildefonse, B. Origin of olivine-rich
troctolites from IODP Hole U1309D in the Atlantis Massif
(Mid-Atlantic Ridge): Petrostructural and Geochemical Study.
Eos Trans. AGU 88 (Suppl. Fall Meet.), 2007 (Abstract T53B-
1300).

S. Emmanuel, B. Berkowitz, Suppression and stimulation of
seafloor hydrothermal convection by exothermic mineral
hydration, Earth Planet. Sci. Lett. 243 (2006) 657-668.

J. Escartin, G. Hirth, B. Evans, Nondilatant brittle deformation
of serpentinites: Implications for Mohr—Coulomb theory and
the strength of faults, J Geophys. Res. 102 (1997) 2897-2913.
B.W. Evans, W. Johannes, H. Oterdoom, V. Trommsdorfl,
Stability of chrysotile and antigorite in the serpentine multi-
system: Schweiz, Miner. Petrog. Mitt. 56 (1976) 79-93.

D. Florineth, N. Froitzheim, Transition from continental to
oceanic basement in the Tasna nappe (Engadine window,
Graubiinden, Switzerland): evidence for Early Cretaceous
opening of the Valais ocean. Schweiz, Miner. Petrog. Mitt.
74 (1994) 437-448.

F.J. Fontaine, W.S.D. Wilcock, Two-dimensional numerical
models of open top hydrothermal convection at high Rayleigh
and Nusselt numbers: Implications for mid-ocean ridge hydro-
thermal circulation: Geochemistry Geophysics Geosystems 8
(2007) Q07010.

G. Fruh-Green, J.A.D. Connolly, A. Plas, Serpentinization of
oceanic peridotites: implications for geochemical cycles and
biological activity, in W.S.D. Wilcock, E.ED., D.S. Kelley, J.A.
Baross and S.C. Cary, (Eds.), The Subseafloor Biosphere at
Mid-Ocean Ridges, vol. Geophysical Monograph Series 144,
The American Geophysical Union, 2004, pp. 119-136.

T. Funck, J.R. Hopper, H.C. Larsen, K.E. Louden, B.E.
Tucholke, W.S. Holbrook, Crustal structure of the ocean—
continent transition at Flemish Cap: Seismic refraction results,
J. Geophys. Res. Solid Earth 108 (2003) 2531.

T. Funck, H.R. Jackson, K.E. Louden, S.A. Dehler, Y. Wu,
Crustal structure of the northern Nova Scotia rifted continental
margin (eastern Canada). J. Geophys. Res. 109 (2004) B09102,
doi:10.1029/2004JB003008.

P. Gente, R.A. Pockalny, C. Durand, C. Deplus, M. Maia, G.
Ceuleneer, C. Mevel, M. Cannat, C. Laverne, Characteristics
and evolution of the segmentation of the Mid-Atlantic Ridge
between 20°N and 24°N during the last 10 million years, Earth
Planet. Sci. Lett. 129 (1995) 55-71.

J.A. Goff, B.E. Tucholke, J. Lin, G.E. Jaroslow, M.C. Klein-
rock, Quantitative analysis of abyssal hills in the Atlantic
Ocean: A correlation between axis crustal thickness and exten-
sional faulting, J Geophys. Res. 100 (1995) 22509-22522.
T.L. Grove, RJ. Kinzler, W.B. Bryan, Fractionation of Mid-
Ocean Ridge Basalt (MORB), in: J. Phipps Morgan, D.K.
Blackman, J. Sinton (Eds.), Mantle flow and melt generation
at mid-ocean ridges, vol. 71: Geophysical monograph, Wash-
ington, American Geophysical Union 1992, pp. 281-310.



424
[60]

[61]

[62]

[63]

[64]

[65

[66

(671

[68]

[69]

[70

[71

[72]

[73]

[74]

[75

[76]

M. Cannat et al./C. R. Geoscience 341 (2009) 406427

C.G.A. Harrison, Marine magnetic anomalies: the origin of the
stripes, Ann. Rev. Earth Planet. Sci. 15 (1987) 505-543.
S.R. Hart, J. Blusztajn, Age and geochemistry of the mafic sills.
ODP site 1276, Newfoundland margin, Chem. Geol. 235 (2006)
222-237.

T.J. Henstock, A.W. Woods, R.S. White, The accretion of
oceanic crust by episodic sill intrusion, J Geophys. Res. 98
(1993) 4143-4161.

C. Herzberg, Partial crystallization of mid-ocean ridge basalts
in the crust and mantle, J Petrol. 45 (2004) 2389-2405.
M.M. Hirschmann, Mantle solidus: Experimental constraints
and the effects of peridotite composition, Geochemistry Geo-
physics Geosystems 1 (2000) 1042.

G. Hirth, J. Escartin, J. Lin, The rheology of the lower oceanic
crust: implications for lithospheric deformation at Mid-Ocean
ridges, in: W.R. Buck, P.T. Delaney, J.A. Karson, Y. Lagabrielle
(Eds.), Faulting and magmatism at mid-ocean ridges, vol. 106:
Geophysical Monograph Series, Washington D.C., AGU, pp.
291-303.

A. Hosford, M.A. Tivey, T. Matsumoto, H.J.B. Dick, H.
Schouten, H. Kinoshita, Crustal magnetization and accretion
at the Southwest Indian Ridge near the Atlantis II fracture zone,
0-25 Ma, J. Geophys. Res. 108 (2001) JB000604 (2003).

P. Huang, S.C. Solomon, Centroid depths of Mid-Ocean ridge
earthquakes: dependence on spreading rate, J. Geophys. Res. 93
(1988) 13445-134717.

S.E. Humphris, J.R. Cann, Constraints on the energy and che-
mical balances of the modern TAG and ancient Cyprus seafloor
sulfide deposits, J. Geophys. Res. 105 (2000) 28477-28488.
B. Ildefonse, D.K. Blackman, B.E. John, Y. Ohara, D.J. Miller,
C.J. MacLeod, Oceanic core complexes and crustal accretion at
slow-spreading ridges, Geology 35 (2007) 623-626.

0. Jagoutz, O. Miintener, G. Manatschal, D. Rubatto, G. Péron-
Pinvidic, D.B. Turrin, I.M. Villa, The rift-to-drift transition in
the North Atlantic: A stuttering start of the MORB machine?
Geology 35 (2007) 1087-1090.

W. Jokat, O. Ritzmann, M.C. Schmidt-Aursch, S. Drachev, S.
Gauger, J. Snow, Geophysical evidence for reduced melt pro-
duction on the Arctic ultraslow Gakkel mid-ocean ridge, Nature
423 (2003) 962-965.

G.D. Karner, N.W. Driscoll, Style, timing and distribution of
tectonic deformation across the Exmouth Plateau, Northwest
Australia, determined from stratal architecture and quantitative
basin modelling, Geol. Soc. London, Spec. Pub. 164 (2000)
271-311.

J. Karson, Seafloor spreading on the Mid-Atlantic Ridge:
implications for the structure of ophiolites and oceanic lithos-
phere produced in slow-spreading environments, in : J. Malpas,
E.M. Moores, A. Panayiotou, C. Xenophontos (Eds.), Procee-
dings of the Symposium ““Troodos 1987"’: Nycosia, Geological
Survey Department, Cyprus, 1990, pp. 547-555.

P.B. Kelemen, E. Kikawa, J. Miller, Shipboard Scientific Party,
Igneous crystallization and localized deformation above 15 km
beneath the Mid-Atlantic Ridge, 14-16N (abstract): Goldsch-
midt Conference 2004, Copenhagen.

P.B. Kelemen, E. Kikawa, D.J. Miller, et al., Proc. ODP, Init.
Repts., 209: College Station, TX (Ocean Drilling Program),
doi:10.2973/odp.proc.ir.209.2004.

P.B. Kelemen, E. Kikawa, D.J. Miller, Shipboard Scientific
Party, Leg 209 summary: processes in a 20-km-thick conduc-
tive boundary layer beneath the Mid-Atlantic Ridge, 14°~16°N,
in: P.B. Kelemen, E. Kikawa, D.J. Miller (Eds.), Proc. ODP, Sci.

(771

(78]

(791

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Results, 209: College Station, TX (Ocean Drilling Program), 1—
33, doi:10.2973/odp.proc.sr.209.001.2007.

E.M. Klein, C.H. Langmuir, Global correlations of ocean ridge
basalt chemistry with axial depth and crustal chemistry: J,
Geophys. Res. 92 (1987) 8089-8115.

S.C. Komor, D. Elthon, J.F. Casey, Serpentinization of cumu-
late ultramafic rocks from the North Arm Mountain massif of
the Bay of Islands ophiolite, Geochim. Cosmochim. Acta 49
(1985) 2331-2338.

J. Kornprobst, A. Tabit, Plagioclase bearing ultramafic tecto-
nites from the Galicia margin (Leg 103 Site 637): comparison
of their origin and evolution with low-pressure ultramafic
bodies in Western Europe, Proc. Ocean Drill. Program Sci.
Results 103 (1988) 252-268.

Y. Lagabrielle, M. Cannat, Alpine Jurassic ophiolites resemble
the modern central Atlantic basement, Geology 18 (1990)
319-322.

K.W.H. Lau, K.E. Louden, S. Deemer, J. Hall, J.R. Hopper,
B.E. Tucholke, W.S. Holbrook, H.C. Larsen, Crustal structure
across the Grand Banks-Newfoundland Basin continental mar-
gin. II. Results from a seismic reflection profile, Geophys. J.
Inter. 167 (2006) 157-170.

L.L. Lavier, G. Manatschal, A mechanism to thin the conti-
nental lithosphere at magma-poor margins, Nature 440 (2006)
324-328.

L. Lavier, W.R. Buck, A.N.B. Poliakov, Self-consistent rolling-
hinge model for the evolution of large-offset low-angle normal
faults, Geology 27 (1999) 1127-1130.

J. Lin, G.M. Purdy, H. Schouten, J.C. Sempere, C. Zervas,
Evidence from gravity data for focused magmatic accretion
along the Mid-Atlantic Ridge, Nature 344 (1990) 627-632.
C.J. Lissenberg, H.J.B. Dick, Melt-rock reaction in the lower
oceanic crust and its implications for the genesis of mid-ocean
ridge basalts, Earth Planet. Sci. Lett. 271 (2008) 311-325.
D. Lizarralde, J.B. Gaherty, J.A. Collins, G. Hirth, D.K. Sang-
myung, Spreading rate dependence of melt extraction at mid-
ocean ridges from mantle seismic refraction data, Nature 432
(2004) 744-7417.

R.P. Lowell, S. Gosnell, Y. Yang, Numerical simulations of
single-pass hydrothermal convection at mid-ocean ridges:
Effects of the extrusive layer and temperature-dependent per-
meability, Geochemistry, Geophysics, Geosystems 8 (2007)
Q10011.

L.S. Magde, D.W. Sparks, R.S. Detrick, The relationship
beween buoyant mantle flow, melt migration and bull’s eyes
at the Mid-Atlantic Ridge between 33°N and 35°N, Earth
Planet. Sci. Lett. 148 (1997) 59-67.

G. Manatschal, P. Nievergelt, A continent—ocean transition
recorded in the Err and Platta nappes (eastern Switzerland),
Eclogae Geol. Helv. 90 (1997) 3-27.

G. Manatschal, N. Froitzheim, M. Rubenach, B.D. Turrin,
The role of detachment faulting in the formation of an ocean—
continent transition: Insights from the Iberia Abyssal Plain,
in: Nonvolcanic Rifting of Continental Margins: A Compa-
rison of Evidence From Land and Sea. R.C.L. Wilson et al.
(Eds.), Geolog. Soc. London, Spec. Pub., 187, 2001, pp. 405—
428.

G. Manatschal, O. Miintener, L.L. Lavier, T.A. Minshull, G.
Péron-Pinvidic, Observations from the Alpine Tethys and
Iberia—Newfoundland margins pertinent to the interpretation
of continental breakup. in: G.D. Karner, G. Manatschal, L.M.
Pinheiro (Eds), Imaging, Mapping and Modelling Continental



M. Cannat et al./C. R. Geoscience 341 (2009) 406—427 425

Lithosphere Extension and Breakup. Geol. Soc. London, Spec.
Pub., 2007, pp. 291-324.

[92] B. Martin, W.S. Fyfe, Some experimental and theoritical obser-
vations on the kinetics of hydration reactions with particular
reference to serpentinization, Chem. Geol. 6 (1970) 185-202.

[93] AM. McCaig, R.A. CIliff, J. Escartin, A.E. Fallick, C.J.
MacLeod, Oceanic detachment faults focus very large volumes
of black smoker fluids, Geology 35 (2007) 935-938.

[94] D. McKenzie, Some remarks on the development of sedimen-
tary basins, Earth Planet. Sci. Lett. 40 (1978) 25-32.

[95] D. McKenzie, M.J. Bickle, The generation and compaction of
partially molten rock, J. Petrol. 25 (1984) 713-765.

[96] D. McKenzie, M.J. Bickle, The volume and composition of
melt generated by extension of the lithosphere, J. Petrol. 29
(1988) 625-679.

[97] V. Mendel, D. Sauter, L. Parson, J.-R. Vanney, Segmentation
and morphotectonic variations along a superslow spreading
center: the Southwest Indian Ridge (57°E-70°E), Mar. Geo-
phys. Res. 19 (1997) 505-533.

[98] C.M. Meyzen, M.J. Toplis, E. Humler, J.N. Ludden, C. Mével,
A discontinuity in mantle composition beneath the Southwest
Indian Ridge, Nature 421 (2003) 731-733.

[99] PJ. Michael, W.C. Cornell, Influence of spreading rate and
magma supply on crystallization and assimilation beneath mid-
ocean ridges: Evidence from chlorine and major chemistry of
mid-ocean ridge basalts, J. Geophys. Res. 103 (1998) 18325—
18356.

[100] PJ. Michael, C. Langmuir, H.J.B. Dick, J.E. Snow, S.L.
Goldstein, D.W. Graham, K. Lehnert, G.J. Kurras, W. Jokat,
R. Miihe, H.N. Edmonds, Magmatic and amagmatic seafloor
generation at the ultraslow-spreading Gakkel ridge, Arctic
Ocean, Nature 423 (2003) 956-961.

[101] D.J. Miller, N.I. Christensen, Seismic velocities of lower crustal
and upper mantle rocks from the slow-spreading Mid-Atlantic
Ridge, south of the Kane Transform zone (MARK): Procee-
dings of the Ocean Drilling Program, Scientific Results, 153,
1997, pp. 437-454.

[102] T.A. Minshull, M.R. Muller, C.J. Robinson, R.S. White, M.J.
Bickle, Is the oceanic Moho a serpentinization front?, in: R.A.
Mills, K. Harrison (Eds.), Modern Ocean Floor Processes and
the Geological Record, vol. 148: Geol. Soc., London, Spec.
Pub., 1998, pp. 71-80.

[103] T.A. Minshull, S.M. Dean, R.S. White, R.B. Whitmarsh, Ano-
malous melt production after continental breakup in the southern
Iberian Abyssal Plain, in: R.C.L. Wilson, R.B. Whitmarsh, B.
Taylor, N. Froitzheim (Eds.), Nonvolcanic rifting of continental
margins: A comparison of evidence from land and sea, The
Geological Society of London, vol.181, 2001, pp. 537-550.

[104] E. Mittelstaedt, G. Ito, M.D. Behn, Mid-ocean ridge jumps
associated with hotspot magmatism, Earth Planet Sci. Lett. 266
(2008) 256-270.

[105] 1. Moretti, P.Y. Chénet, The evolution of the Suez rift: a
combination of stretching and secondary convection, Tectono-
physics 133 (1987) 229-234.

[106] J.L. Morton, N.H. Sleep, A mid-ocean ridge thermal model:
Constraints on the volume of axial hydrothermal heat flux, J.
Geophys. Res. 90 (1985) 11345-11353.

[107] M. Moulin, D. Aslanian, J.L. Olivet, I. Contrucci, L. Matias, L.
Géli, F. Klingelhoefer, H. Nouzé, J.P. Réhault, Unternehr P,
Geological constraints on the evolution of the Angolan margin
based on reflection and refraction seismic data (ZaiAngo pro-
ject), Geophys. J. Inter. 162 (2005) 793-810.

[108] M.R. Muller, T.A. Minshull, R.S. White, Segmentation and
melt supply at the Southwest Indian Ridge, Geology 27 (1999)
867-870.

[109] O. Miintener, G. Manatschal, High degrees of melt extraction
recorded by spinel harzburgite of the Newfoundland margin:
The role of inheritance and consequences for the evolution of
the southern North Atlantic, Earth Planet. Sci. Lett. 252 (2006)
437-452.

[110] O. Miintener, T. Pettke, L. Desmurs, M. Meier, U. Schaltegger,
Refertilization of mantle peridotite in embryonic ocean basins:
Trace element and Nd-isotopic evidence and implications for
crust-mantle relationships, Earth Planet. Sci Lett. 221 (2004)
293-308.

[111] K.A. Nazarova, Serpentinized peridotites as a possible source
for oceanic magnetic anomalies, Mar. Geophys. Res. 16 (1994)
455-462.

[112] G.A.Neumann, D.W. Forsyth, The paradox of the axial profile:
Isostatic compensation along the axis of the Mid-Atlantic
Ridge? J. Geophys. Res. 98 (1993) 17891-17910.

[113] A. Nicolas, I. Reuber, K. Benn, A new magma chamber model
based on structural studies in the Oman Ophiolite, Tectono-
physics 151 (1988) 87-105.

[114] D.S. O’Hanley, Solution to the volume problem in serpentini-
zation, Geology 20 (1992) 705-708.

[115] K. Okino, D. Curwitz, M. Asada, K. Tamaki, P. Vogt, K. Crane,
Preliminary analysis of the Knipovich Ridge segmentation:
influence of focused magmatism and ridge obliquity on an
ultraslow spreading system, Earth Planet. Sci. Lett. 202 (2002)
275-288.

[116] O. Oufi, M. Cannat, H. Horen, Magnetic properties of variably
serpentinized abyssal peridotites, J. Geophys. Res., 107 (2002)
10.1029/2001JB000549.

[117] J.E. Pariso, C. Rommevaux, J.-C. Sempéré, Three-dimensional
inversion of marine magnetic anomalies: implications for
crustal accretion along the Mid-Atlantic Ridge (28°-
31°30’N), Mar. Geophys. Res. 18 (1996) p85-101.

[118] M. Perez-Gussinye, J.P. Morgan, T.J. Reston, C.R. Ranero, The
rift to drift transition at nonvolcanic margins: Insights from
numerical modelling, Earth Planet. Sci. Lett. 244 (2006) 458—
473.

[119] G. Péron-Pinvidic, G. Manatschal, The final rifting evolution at
deep magma-poor passive margins from Iberia—Newfoundland:
anew point of view. Inter. J. Earth Sci., 17 (2008) doi : 10.1007/
s00531-008-0337-9.

[120] G. Péron-Pinvidic, G. Manatschal, T.A. Minshull, D.S. Sawyer,
Tectonosedimentary evolution of the deep Iberia—Newfound-
land margins: Evidence for a complex breakup history: Tecto-
nics, 26 (2007) TC2011, doi:10.1029/2006TC001970.

[121] G. Péron-Pinvidic, D. Shillington, B. Tucholke, Characteriza-
tion of the U reflection on the Newfoundland margin: Evidence
for widespread early postrift magmatism on ‘““magma-poor”
rifted margin. AGU —American Geosciences Union, Fall
Meeting 2007, San Francisco (United States), December 10—
14, 2007 (Session T14).

[122] J. Phipps Morgan, D.W. Forsyth, Three-dimensional flow and
temperature perturbations due to a transform offset: Effects on
oceanic crustal and upper mantle structure, J. Geophys. Res. 93
(1988) 2955-2966.

[123] J. Phipps Morgan, E.M. Parmentier, J. Lin, Mechanisms for the
origin of Mid-Ocean Ridge axial topography: implications for
the thermal and mechanical structure of accreting plate boun-
daries, J. Geophys. Res. 92 (1987) 12823-12836.



426 M. Cannat et al./C. R. Geoscience 341 (2009) 406—427

[124] G.B. Piccardo, O. Miintener, A. Zanetti, T. Pettke, Ophiolitic
peridotites of the Alpine—Apennine system: Mantle processes
and geodynamic relevance, Inter. Geol. Rev. 46 (2004) 1119-
1159.

[125] R.A. Pockalny, A. Smith, P. Gente, Spatial and temporal
variability of crustal magnetization of a slowly spreading ridge:
Mid-Atlantic ridge (20°-24°N), Mar. Geophys. Res. 17 (1995)
301-320.

[126] M. Rabinowicz,A. Briais, Temporal variations of the segmen-
tation of slow- to intermediate-spreading mid-ocean ridges. 2.
A three-dimensional model in terms of lithospheric accretion
and convection within the partially molten mantle: J. Geophys.
Res. 107 (2002) 10.1029/2001JB000343.

[127] M. Rabinowicz, G. Ceuleneer, A. Nicolas, Melt segregation and
flow in mantle diapirs below spreading centers. Evidence from
the Oman Ophiolite, J. Geophys. Res. Solid Earth and Planets
92 (1987) 3475-3486.

[128] M. Rabinowicz, S. Rouzo, J.C. Sempere, C. Rosemberg, 3-
dimensional mantle flow beneath midocean ridges, J Geophys.
Res. Solid Earth 98 (1993) 7851-7869.

[129] C.B. Raleigh, M.B. Paterson, Experimental deformation of
serpentinite and its tectonic implications, J. Geophys. Res.
70 (1965) 3965-3985.

[130] I. Reid, H.R. Jackson, Oceanic spreading rate and crustal
thickness, Mar. Geophys. Res. 5 (1981) 165-172.

[131] L.A. Reinen, J.D. Weeks, T.E. Tullis, The frictional behavior of
serpentinite: implications for aseismic creep on shallow crustal
fault, Geophys Res. Lett. 18 (1991) 1921-1924.

[132] TJ. Reston, C.M. Krawczyk, D. Klaeschen, The S reflector
west of Galicia (Spain): Evidence from prestack depth migra-
tion for detachment faulting during continental breakup,
J. Geophys. Res. 101 (1996) 8075-8091.

[133] S.M. Russell, R.B. Whitmarsh, Magmatism at the west Iberia
nonvolcanic rifted continental margin: evidence from analyses
of magnetic anomalies, Geophys. J. Inter. 154 (2003) 706-730.

[134] D. Sauter, L.M. Parson, V. Mendel, C. Rommevaux-Jestin, O.
Gomez, A. Briais, C. Mével, K. Tamaki, E.S. team, TOBI
sidescan sonar imagery of the very slow spreading Southwest
Indian Ridge: evidence for along-axis magma distribution,
Earth Planet. Sci. Lett. 1999 (2002) 81-95.

[135] D. Sauter, M. Cannat, V. Mendel, Magnetization of 0-26.5 Ma
seafloor at the ultraslow-spreading Southwest Indian Ridge 61—
67°E: Geochemistry, Geophysics, Geosystems 9 (2008)
Q04023, doi:10.1029/2007GC001764.

[136] D.S. Sawyer, R.B. Whitmarsh, A. Klaus, et al., Proc. ODP, Init.
Repts, 149: College Station, TX (Ocean Drilling Program),
1994, doi:10.2973/odp.proc.ir.149.

[137] U. Schirer, J. Girardeau, G. Cornen, G. Boillot, 138-121 Ma
asthenospheric magmatism prior to continental breakup in the
North Atlantic and geodynamic implications, Earth Planet. Sci.
Lett. 181 (2000) 555-572.

[138] J.C. Sempéré, G.M. Purdy, H. Schouten, Segmentation of the
Mid-Atlantic Ridge between 24°N and 30°40’N, Nature 344
(1990) 427-431.

[139] J.P. Severinghaus, K.C. MacDonald, High inside corners at
ridge-transform intersections, Mar. Geophys. Res. 9 (1988)
353-367.

[140] M. Seyler, M.J. Toplis, J.P. Lorand, A. Luguet, M. Cannat,
Clinopyroxene microtextures reveal incompletely extracted
melts in abyssal peridotites, Geology 29 (2001) 155-158.

[141] M. Seyler, M. Cannat, C. Mével, Evidence for major element
heterogeneity in the mantle source of abyssal peridotites from

the southwest Indian Ridge (52 to 68° East), Geochemistry,
Geophysics, Geosystems 4 (2003) 2002GC000305.

[142] M. Seyler, J.P. Lorand, H.J.B. Dick, M. Drouin, Pervasive melt
percolation reactions in ultradepleted refractory harzburgites at
the Mid-Atlantic Ridge, 15°20’N: ODP Hole 1274A: Contrib.
Mineral. Petrol. 2007, doi:10.1007/s00410-006-0148-6.

[143] W.J. Shaw, J. Lin, Models of ocean ridge lithospheric deforma-
tion: Dependence on crustal thickness, spreading rate, and
segmentation, J. Geophys. Res. 101 (1996) 17977-17993.

[144] Shipboard Scientific Party, Introduction, objectives, and princi-
pal results: Ocean Drilling Program Leg103, West Galicia mar-
gin. G. Boillot, E.L. Winterer, A.W. Meyer et al., Proceedings of
the Ocean Drilling Program, Initial Reports, 103, 1987, pp. 3-17.

[145] J.C. Sibuet, S. Srivastava, G. Manatschal, Exhumed mantle
forming transitional crust in the Newfoundland—Iberia rift and
associated magnetic anomalies, J. Geophys. Res. 112 (2007)
B06105, doi:10.1029/2005JB003856.

[146] A.D.J. Skelton, J.W. Valley, The relative timing of serpentini-
sation and mantle exhumation at the ocean—continent transi-
tion, Iberia: constraints from oxygen isotopes, Earth Planet. Sci.
Lett. 178 (2000) 327-338.

[147] N.H. Sleep, Formation of oceanic crust: Some thermal cons-
traints, J. Geophys. Res. 80 (1975) 4037-4042.

[148] N. Sleep, G.A. Barth, The nature of the lower crust and shallow
mantle emplacement at low spreading rates, Tectonophysics
279 (1997) 181-191.

[149] C. Small, Global systematics of mid-ocean ridge morphology,
in: W.R. Buck, P.T. Delaney, J.A. Karson, Y. Lagabrielle (Eds.),
Faulting and magmatism at mid-ocean ridges, vol. 106: Geo-
physical Monograph Series: Washington D.C., AGU, 1998, pp.
1-25.

[150] D.K. Smith, J.R. Cann, Constructing the upper crust of the Mid-
Atlantic Ridge; a reinterpretation based on the Puna Ridge,
Kilauea volcano, J. Geophys. Res. 104 (1999) 25379-25399.

[151] D.K. Smith, J. Escartin, H. Schouten, J.R. Cann, Fault rotation
and core complex formation: Significant processes in seafloor
formation at slow-spreading mid-ocean ridges (Mid-Atlantic
Ridge, 13 degrees—15 degrees N): Geochemistry, Geophysics
Geosystems 9 (2008) Q03003, doi:10.1029/2007GC001699.

[152] C. Sotin, E.M. Parmentier, Dynamical consequences of compo-
sitional and thermal density stratification beneath spreading
centers, Geophys Res. Lett. 16 (1989) 835-838.

[153] D.W. Sparks, E.M. Parmentier, Melt extraction from the mantle
beneath spreading centers, Earth Planet. Sci. Lett. 105 (1991)
368-377.

[154] S.P. Srivastava, J.-C. Sibuet, S. Cande, W.R. Roest, L.R. Reid,
Magnetic evidence for slow seafloor spreading during the
formation of the Newfoundland and Iberian margins, Earth
Planet. Sci. Lett. 182 (2000) 61-76.

[155] C.A. Stein, S. Stein, Constraints on hydrothermal heat flux
through the oceanic lithosphere from global heat flow,
J. Geophys. Res. 99 (1994) 3081-3095.

[156] G. Suhr, P. Kelemen, H. Paulick, Microstructures in Hole
1274 A peridotites, ODP Leg 209, Mid-Atlantic Ridge: Track-
ing the fate of melts percolating in peridotite as the lithosphere
is intercepted: Geochemistry, Geophysics, Geosystems 9
(2008) Q03012, doi:10.1029/2007GC001726.

[157] A.J.Tankard, H.J. Welsink, W.A.M. Jenkins, Structural styles and
stratigraphy of the Jeanne d’Arc Basin, Grand Banks of New-
foundland, in: A.J. Tankard, H.R. Balkwill (Eds.), Extensional
Tectonics and Stratigraphy of the North Atlantic Margins, Amer.
Assoc. Petroleum Geol. Mem. 46, 1989, pp. 265-282.



M. Cannat et al./C. R. Geoscience 341 (2009) 406427 427

[158] M. Tivey, B.E. Tucholke, Magnetization of 0-29 Ma ocean
crust on the Mid-Atlantic Ridge, 25°30* to 27°10°N, J. Geo-
phys. Res. 103 (1998) 17807-17826.

[159] PB. Toft, J. Arkani-Hamed, S.E. Haggerty, The effect of ser-
pentinization on density and magnetic susceptibility: a petro-
physical model, Phys Earth Planet. Inter. 65 (1990) 137-157.

[160] M. Tolstoy, A.J. Harding, J.A. Orcutt, Crustal thickness on the
Mid-Atlantic Ridge: Bull’s eye gravity anomalies and focused
accretion, Science 262 (1993) 726-729.

[161] D.R. Toomey, G.M. Purdy, S.C. Solomon, M.H. Murray,
Microearthquakes beneath the median valley of the Mid-Atlan-
tic ridge near 23°N: hypocenters and focal mechanisms, J.
Geophys. Res. 90 (1985) 5443-5458.

[162] D.R. Toomey, G.M. Purdy, S.C. Solomon, Microearthquakes
beneath the median valley of the Mid-Atlantic ridge near 23°N:
tomography and tectonics, J. Geophys. Res. 93 (1988) 9093—
9112.

[163] B.E. Tucholke, J.C. Sibuet, Leg 210 Synthesis: Tectonic,
Magmatic, and Sedimentary Evolution of the Newfound-
land-Iberia Rift, in: B.E. Tucholke, J.C. Sibuet (Eds), Scientific
Results. Ocean Drilling Program, Texas A&M University,
College Station, TX, 2007, pp. 1-56.

[164] B.E. Tucholke, J. Lin, M.C. Kleinrock, Megamullions and mul-
lion structure defining oceanic metamorphic core complexes on
the Mid-Atlantic Ridge, J. Geophys. Res. 103 (1998) 9857-9866.

[165] B.E. Tucholke, J.C. Sibuet, A. Klaus, et al., Proc. ODP, Init.
Repts., 210: College Station, TX (Ocean Drilling Program),
2004, doi:10.2973/odp.proc.ir.210.2004.

[166] B.E. Tucholke, M.D. Behn, R. Buck, J. Lin, Role of melt supply
in oceanic detachment faulting and formation of megamullions,
Geology 36 (2008) 455-458.

[167] H.J.A. Van Avendonk, W.S. Holbrook, G.T. Nunes, D.J. Shil-
lington, B.E. Tucholke, K.E. Louden, H.C. Larsen, J.R. Hopper,
Seismic velocity structure of the rifted margin of the eastern
Grand Banks of Newfoundland, Canada, J. Geophys. Res. Solid
Earth 111 (2006) 404.

[168] H.J.A. Van Avendonk, L.L. Lavier, D.J. Shillington, G. Manat-
schal, Extension of continental crust at the margin of the eastern
Grand Banks, Newfoundland; Tectonophysics, doi: 10.1016/
j-tect0.2008.05.030 (2008).

[169] R.S. White, T.A. Minshull, M.J. Bickle, C.J. Robinson, Melt
generation at very slow-spreading oceanic ridges: Constraints
from geochemical and geophysical data, J. Petrol. 42 (2001)
1171-1196.

[170] R.B. Whitmarsh, P.R. Miles, Models of the development of the
West Iberia rifted continental margin at 40°30°N deduced from
surface and deep-tow magnetic anomalies, J. Geophys. Res.
100 (1995) 3789-3806.

[171] R.B. Whitmarsh, M.O. Beslier, P.J. Wallace, et al., Proc. ODP,
Init. Repts., 173: College Station, TX (Ocean Drilling Pro-
gram), 1998, doi:10.2973/odp.proc.ir.173.1998.

[172] R.B. Whitmarsh, G. Manatschal, Minshull TA, Evolution of
magma-poor continental margins from rifting to seafloor
spreading, Nature 413 (2001) 150-154.

[173] W.S.D. Wilcock, J.R. Delaney, Mid-ocean ridge sulfide
deposits: Evidence for heat extraction from magma chambers
or cracking fronts? Earth Planet. Sci. Lett. 145 (1996)
49-64.

[174] C. Wolfe, G.M. Purdy, D.R. Toomey, S.C. Solomon, Micro-
earthquake characteristics and crustal velocity structure at 20°N
of the Mid-Atlantic Ridge: The architecture of a slow-spreading
segment, J. Geophys. Res. 100 (1995) 24449-32447.



	Assessing the conditions of continental breakup at magma-poor rifted margins: What can we learn from slow spreading mid-ocean ridges?
	Introduction
	OCT at magma-poor rifted margins
	Slow and ultraslow spreading mid-ocean ridges
	The role of the axial lithosphere thickness for the exhumation of mantle-derived rocks
	The thermal balance of mid-ocean ridges: heat supplied by magma and heat removed by hydrothermal circulation
	At what depth does magma crystallize in the axial lithosphere?
	What is the proportion of magmatic rocks in the oceanic crust?
	What controls the ridge&apos;s magma supply?
	Regional variations of ridge depth (bathymetry) as a proxy for magma supply
	Local variations of ridge depth, axial segmentation and fault topography
	What is the cause of axial segmentation?
	The context and extent of serpentinization
	Mantle exhumation, suppression of volcanism, and magnetic anomalies at the magma-poor, ultraslow eastern SWIR
	Tectonic context of mantle exhumation
	Melt distribution and the local suppression of volcanism
	The origin of magnetic anomalies in domains of exhumed mantle


	Discussion: constraining the conditions of continental breakup using the concepts developed at slow spreading ridges
	The rift to drift transition
	Distribution of magmatism
	Hydrothermal circulation and the extent of serpentinization in the OCT&apos;s upper mantle
	Thermal regime, topography and subsidence

	Conclusions
	Acknowledgments
	References


