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ABSTRACT

We present a synthesis of the petrology, structure, and stratigraphic position of the oceanic peridotites drilled
away from transform faults, as part of the DSDP and ODP programs. This synthesis documents the fact that rocks
from the deepest parts of the crust, and from the upper mantle, are rather commonly exposed on the seafloor in the
immediate vicinity of the Mid-Atlantic Ridge, away from the transform fault scarps. The structural setting of the Site
670 serpentinized peridotites, cropping out just a few kilometers away from the axial volcanic ridge, helps to explain
the stratigraphy of the other drilled sites in the Atlantic, where serpentinized ultramafic or ultramafic-mafic breccias
either rest directly on a serpentinite basement (Sites 558 and 560), or are interbedded within the lava-flows in the
uppermost levels of the crust (Sites 395 and 395A). Blocks and rubble of serpentinized peridotites, equivalent to the
rocks of Site 670, may fall from submarine cliffs, and accumulate over the recent lava flows of the rift valley, to be
overlain by the lava flows subsequently emitted by the axial volcanoes. The emplacement of upper mantie and lower
crustal rocks on the seafloor may be a characteristic feature of slow spreading oceans: limited magma supply (i.e.,
limited thickness of the magmatic crust), and irregularities of the volcanotectonic cycle, with purely tectonic phases

of spreading, accommodated by the stretching of the crust along normal faults.

INTRODUCTION

One of the main results of the dives of the Alvin submers-
ible (Karson et al., 1987), and of Leg ODP 109 which took
place shortly afterward (spring-summer 1986), was the discov-
ery and sampling of serpentinized peridotites cropping out on
the western flank of the Mid-Atlantic Ridge (M.A.R.) axial
valley, 40 km south of the Kane Fracture Zone (Figs. 1 and 2).
The presence of rocks from the mantle or the deep oceanic
crust, in the uppermost levels of the crust away from a
transform zone, cannot be explained by the classical geolog-
ical interpretation of the three layers of the oceanic seismic
crust. It suggests that, in some areas, magma injection and
crystallization are not the only mechanism of oceanic
spreading.

The area explored during Leg 109 is not the first one where
serpentinized peridotites were found at very shallow levels in
the crust, away from the transform fault scarps. In the
Atlantic Ocean (Fig. 1), serpentinized peridotites were
dredged or drilled near the M.A.R. at 6°N (Bonatti et al.,
1975), at 15°N (Rona et al., 1987; Ridelente cruise, 1987, H.
Bougault pers. comm.), between 23°N and 24°N (Leg 45, Leg
109, and Alvin dives; Karson et al., 1987), between 35°N and
40°N (Leg 37 and Leg 82,) and between 43°N and 46°N
(dredging results reported by Phillips et al., 1968, and Au-
mento and Loubat, 1971). These areas may not be unique:
drilling in other nontransform localities most often stopped at,
or just below the sediment/basement (basalt) contact, and
large segments of the M.A.R. rift valley walls have not yet
been sampled.

Away from the M.A.R., serpentinized peridotites from
nontransform environments have been recovered at two
drilled sites: Site 637, at the foot of the Galicia continental
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margin (Leg ODP 103), and Site 651 in the Tyrrhenian Sea
(Leg ODP 107). Site 637 (Fig. 1) was located on the top of a
ridge, parallel to the Galicia Margin, and close to the very first
tilted blocks belonging to the continental margin (Shipboard
Scientific Party, 1987b). In the Tyrrhenian Sea, Site 651 (Fig.
1) was located in the small Vavilov Oceanic Basin on a ridge
interpreted as a fossil embryonic spreading axis (Kastens et
al., 1986). Blocks of serpentinized peridotite have also been
dredged on a ridge, parallel to the southwest Australian
margin (Nicholls et al., 1981). It is significant that all these
sites lie very close to a passive continental margin. The crust
at these sites is therefore probably contemporaneous with the
very first stages of seafloor spreading at a rifted continental
margin.

In this paper, we present a synthesis of the petrology,
structure, and stratigraphic position of the oceanic peridotites
drilled away from transform zones as part of the DSDP and
ODP programs. We choose not to discuss the dredged sam-
ples, as our focus is primarily on the stratigraphic relation-
ships between the serpentinized peridotites and the other
crustal units. We outline similarities, such as the stratigraphic
evidence found in all the M.A.R. sites for an emplacement of
the peridotites on the seafloor of the median valley. We also
briefly discuss the possible mechanisms of emplacement.

MAIN PETROLOGICAL AND STRUCTURAL
FEATURES OF THE SERPENTINIZED
PERIDOTITES

The protoliths of the serpentinized peridotites drilled at
Site 334 (Leg 37), west of the FAMOUS Area (Figs. 1 and 3),
are troctolites and lherzolites, interlayered with gabbros (Fig.
4). They are most probably of cumulate origin (Shipboard
Scientific Party, 1977). The other serpentinized peridotites,
drilled during Leg 45, 82, 103, 107, and 109, are harzburgites,
with occasional lherzolitic intervals in the case of Legs 45 and
109. The petrology of the Leg 107 serpentinized peridotites
has not yet been published. The Leg 45, 82, 103, and 109
peridotites have chemical and textural features thought to be
typical of mantle peridotites (Arai and Fujii, 1979; Sinton,
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Figure 1. Location of the sites where peridotites have been drilled in the uppermost crust as part of the DSDP and ODP programs.
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Figure 2. Location of Sites 395 and 670 in the area south of the Kane Fracture Zone.

1979; Boudier, 1979; Michael and Bonatti, 1985a; Shipboard
Scientific Party, 1987a; Evans and Girardeau, 1988; Korn-
probst and Tabit, 1988; Shipboard Scientific Party, 1987b).
The Leg 103 serpentinized peridotites, drilled at Site 637
close to the Galicia Margin (Fig. 1), are derived from feldspar-
bearing harzburgites. They are strongly deformed under the
stress and temperature conditions expected within the deep
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lithosphere (high deviatoric stresses and temperatures proba-
bly below 1000°C; Girardeau et al., 1988). Their mineral
chemistry (Evans and Girardeau, 1988; Kornprobst and Tabit,
1988) as well as their structural position (Shipboard Scientific
Party, 1987b) suggest that they represent subcontinental man-
tle uplifted along a major extensional ductile shear zone
(Boillot et al., 1987). In contrast, the Leg 107 harzburgites,
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drilled at Site 651 in the Tyrrhenian Sea (Fig. 1), are only
moderately deformed and do not contain feldspar (Girardeau,
pers. comm.).

In the Atlantic, the Leg 45, 82, and 109 serpentinized
peridotites also do not contain feldspar. The serpentinized
harzburgites drilled west of the FAMOUS Area (Sites 556,
558, and 560 of Leg 82; Fig. 3) have undergone high degrees of
partial melting (Michael and Bonatti, 1985a). The serpenti-
nized peridotites drilled south of the Kane Fracture Zone
(Sites 395, 395A of Leg 45, and Site 670 of Leg 109; Fig. 2) are
comparatively less depleted (Arai and Fujii, 1979; Sinton,
1979; Juteau et al., this volume). This difference in the
estimated amount of extracted melt may be related to a
regional variability, as the serpentinized peridotites dredged
on seamounts and in transform zones in the vicinity of the
FAMOUS Area are also more depleted (Michael and Bonatti,
1985b). The serpentinized mantle peridotites drilled in the
Atlantic (Legs 45, 82, and 109) are deformed in inferred
asthenospheric conditions (temperatures above 1000°C and
low to moderate deviatoric stresses), but a few samples also
show evidence for a very restricted deformation occurring
under high deviatoric stresses, probably in the lithosphere
gBoudier, 1979; Cannat et al., this volume; Cannat, unpubl.

ata),

Lastly, an important similarity between the peridotites
from all the sites mentioned in this paper is that their serpen-
tinization, often very extensive, is always static. It was not
accompanied, nor followed, by significant deformations
(Helmstaedt and Allen, 1977; Boudier, 1979; Girardeau et al.,
1988; Girardeau, comm. pers.; Cannat et al., this volume and
unpubl. data). However, material from discrete serpentinite
shear zones may have been preferentially washed away during
the coring operations, as suggest for example in the case of
Site 670 (Cannat et al., this volume).

STRATIGRAPHIC POSITION OF THE

SERPENTINIZED PERIDOTITES

The serpentinized peridotites of Sites 395 and 395A, south
of the Kane Fracture Zone (Leg 45; Fig. 2), occur as two

2’'w
Figure 3. Location of Sites 334, 556, 558, and 560 in the area west of the FAMOUS region.

I-m-thick intervals, associated with a carbonate cemented
mafic-ultramafic breccia which is interlayered in the basalt
sequence (Fig. 4). Their stratigraphic position indicates that
they are reworked blocks, fallen from a nearby cliff before the
end of the volcanic activity in the area (Shipboard Scientific
Party, 1979).

Isolated serpentinized peridotite fragments also occur in
the upper sedimentary unit of Site 395 (Fig. 4). This indi-
cates that peridotites repeatedly (and perhaps continuously)
cropped out in the area during a long period of time (the
sedimentary sequence ranges from the upper Miocene to the
upper Pliocene; Shipboard Scientific Party, 1979).

Intervals of carbonate-cemented breccias with nannofos-
sils occur within the interlayered serpentinized peridotite-
gabbro sequence of Site 334 (Shipboard Scientific Party,
1977; Fig. 4). These breccias may underline cataclastic faults
in an otherwise coherent cumulate sequence (Helmstaedt
and Allen, 1977). Alternatively, the breccia may be a sedi-
mentary formation, including the intervals of serpentinized
peridotite and gabbro cumulates as large blocks. In any
case, the presence of nannofossils in the carbonate matrix of
the breccia indicates that the serpentinized peridotite-
gabbro sequence was cropping out before the emplacement
of the overlying basalts (Shipboard Scientific Party, 1977).

There is no indication that the serpentinized peridotites
drilled during Legs 82 and 107 are themselves part of a
sedimentary breccia (there is no definite proof to the contrary,
either), but they are separated from the overlying basalt flows
by brecciated intervals (Fig. 4), interpreted as talus deposits
(Shipboard Scientific Party, 1985; Kastens et al., 1986).

Thus, the stratigraphic position of the Leg 37, 45, 82, and
107 serpentinized peridotites indicates that they once cropped
out in, or adjacent to, a volcanically active zone. This volca-
nically active zone was presumably the axial valley itself, at
least in the case of the M.A.R. sites. This interpretation is
supported by the stratigraphy and setting at Site 670 (Leg 109;
Fig. 1), drilled in the lower west wall of the M.A.R. axial
valley, where the peridotites are capped by only a few meters
of sediments (Fig. 4).
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Figure 4. Stratigraphic columns for Sites 334, 395, 556, 558, 560, 637, 651, and 670. Compiled and modified from Shipboard Scientific Party (1977;

1979; 1985; 1987b) and Kastens et al. (1986).

The possibility that the serpentinized peridotites may be fallen
blocks can be ruled out at Site 637 (Galicia Margin, Leg 103; Fig. 1).
The site is located on the top of a ridge (Shipboard Scientific Party,
1987a), and the textures and structures of the peridotites are
coherent over more than 70 m in depth (Girardeau et al., 1988).
Lastly, in the M.A.R. region, the age of the crust (based on the
magnetic anomalies) varies significantly from one site to another
(Shipboard Scientific Party, 1977; 1979; 1985; 1987b), and some
sites are located almost along the same flow line (Figs. 2 and 3). To
the south of the Kane Fracture Zone (Fig. 1), Site 670 (Leg 109) lies
in the median valley and Sites 395 and 395A (Leg 45) lie on anomaly
5(6.5m.y. to 7.2 m.y.). To the west of the FAMOUS Area (Fig. 3),
Site 334 (Leg 37) is on anomaly 5 (9 m.y.), Site 560 (Leg 82) is on
anomaly 5D (12 m.y.), Site 556 (Leg 82) is on anomaly 12 (35 m.y.)
and Site 558 (Leg 82) is on anomaly 13 (37 m.y.). The presence of
peridotites at shallow levels at all these sites attests to the long
lasting, or to the frequent activation over long periods of time, of the
processes responsible for the emplacement of mantle or lower
crustal rocks on the seafloor of the median valley.

SUMMARY AND CONCLUSION

Seismic reflection and refraction studies in the oceans and
correlations with the ophiolitic stratigraphy have favored the pop-
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ular model of a *‘three-layers’’ standard section for the oceanic
crust (sediment, basalt, and gabbro layers, respectively, overlying
the upper mantle peridotites). Historically, large submarine escarp-
ments have been used as windows into the deepest levels of the
oceanic crust and the upper mantle. Dredging programs on both
ridge-parallel and ridge-perpendicular submarine scarps, mainly
along fracture-zones, have yielded a wide range of rock-types
obviously coming from below the volcanic carapace of the oceanic
crust, including gabbros, metagabbros, diabases, greenstones, and
serpentinized peridotites (Melson et al., 1968; Miyashiro et al.,
1969; Melson and Thompson, 1971; Aumento and Loubat, 1971;
Bonatti et al., 1975; Engel and Fisher, 1975; Bonatti and Honnorez,
1976; Prinz et al., 1976; Hamlyn and Bonatti, 1980; Hébert et al.,
1983). More recently, upper crustal seismic layers in the vicinity of
major offset transform faults were found to be thinner than pre-
dicted by the “‘three layers’* models (Purdy and Detrick, 1986; Fox
and Gallo, 1984). Listric normal faulting processes were invoked by
Dick et al. (1981), and by Karson and Dick (1984) to explain the
wide range of deep crustal rocks exposed at the active corners of
the Kane Fracture Zone. The alternative hypothesis (Bonatti and
Honnorez, 1976; Francis, 1981) involves serpentinite diapirism.
The results compiled in this paper constitute a growing
body of evidence suggesting that rocks from the deepest parts
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of the crust and from the upper mantle are commonly exposed
on the seafloor in the immediate vicinity of the slow spreading
Mid-Atlantic Ridge and away from the transform fault scarps.
The stratigraphic position of these lower crustal and mantle
rocks further suggests that these deep rocks were exposed
either continuously or repeatedly on the median valley sea-
floor during rather long periods of time: at least from 37 m.y.
(Hole 558) to 0.5 m.y. (Hole 670).

The structural setting of the Site 670 serpentinized mantle
peridotites, cropping out just a few kilometers away from the
axial volcanic ridge, helps to explain the stratigraphy of the
other drilled sites of the Atlantic, where serpentinized ultra-
mafic or ultramafic-mafic breccias either rest directly on a
serpentinite basement (Holes 558, 560), or are interbedded
within the lava-flows in the uppermost levels of the crust
(Holes 395, 395A). Blocks and rubble of serpentinized peri-
dotites, equivalent to the rocks of Site 670, may become
detached from submarine cliffs, roll and accumulate over the
recent lava flows of the rift valley, and be overlain by the lava
flows subsequently emitted by the axial volcanoes.

Karson et al. (1987) suggested that the mantle rocks were
exposed in the median valley south of the Kane Fracture Zone
during purely tectonic phases of spreading, characterized by
the total absence of magmatic construction: the thinning and
stretching of the crust, helped by low angle normal and listric
normal faulting and by block rotations, would result in the
exposure on the seafloor of deep crustal rocks and upper
mantle peridotites. As far as we know, exposures of mantle
rocks away from transform zones are not observed along the
East Pacific Rise and other fast spreading centers, where
higher rates of magma production and more continuous mag-
matic activity have apparently produced an oceanic crust of
more uniform and substantial thickness (e.g., Hole 504B).
This suggests that a highly heterogeneous crustal structure,
significantly different from the ‘‘three-layers’ standard
model, is likely to be characteristic of slow spreading oceans
such as the Atlantic. Large variations in magma supply and
frequent irregularities of the volcanotectonic cycle along the
axis of the M.A.R. can explain this heterogeneity.

Outside the M.A.R. region, the two sites in which serpen-
tinized peridotites have been drilled in the uppermost crust
away from transform faults lie very close to a recent or ancient
passive continental margin (Galicia Margin for Site 637, Cala-
bria and Sardinia Margins for Site 651). The structural setting
of both sites suggests that the emplacement of the peridotites
was contemporaneous with the very early stages of seafloor
spreading of a rifted margin. The analysis of the Red Sea case
suggests that, during these early stages, the plate velocities
were low (Le Pichon and Francheteau, 1978) and the magma
supply limited and discontinuous (Bonatti, 1985). A parallel
with the situation in the slow spreading Atlantic can therefore
be tentatively drawn: low plate velocities and limited magma
supply resulting in the production of a thin magmatic crust,
and in the further thinning of this crust, or of the whole
lithosphere, along normal faults. In this model, serpentinite
diapirism may occur during the last stages of the process, as
faults and fractures allow seawater to circulate through the
thinned crust, into the mantle peridotites. In contrast, serpen-
tinites at Site 637 (Galicia Margin) represent upper mantle
material probably of subcontinental, rather than suboceanic,
origin, that was emplaced during the stretching and rifting of
the Galician continental lithosphere about 110 m.y. ago (Boil-
lot et al., 1987). The intense deformation of the Site 637
peridotites in the lithosphere, when compared with the limited
lithospheric deformation undergone by the serpentinized peri-
dotites from the Atlantic sites, may reflect the fact that the

rifting of a thick continental lithosphere involved a consider-
ably larger strain than the stretching of the thin oceanic crust,
or lithosphere, of the M.A.R. median valley.
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