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ABSTRACT 

A ridge of peridotite, 100 km long and a few kilometers wide, borders the western edge of the Galicia passive conti
nental margin (Spain) at the contact with oceanic crust. This ridge was drilled at Hole 637A during ODP Leg 103. The 
peridotites are serpentinized diopside-rich spinel- or spinel + plagioclase-bearing harzburgites and lherzolites that un
derwent only limited melt extraction during their ascent within the lithosphere. 

The foliation in the peridotites shows a nearly constant attitude; dip is constant (20°-30°) to the east-northeast in 
the upper 50 m of the section and increases to 70° in the deepest 20 m. The stretching lineation is generally downdip 
(i.e., nearly east-west) except locally, where it is at 45° to the downdip direction. The peridotite, initially coarse grained, 
displays a mylonitic disrupted texture. It has been plastically deformed in a rotational regime (simple shear), under 
high-stress conditions (~ 180 MPa), at high but decreasing temperatures (from up to 1000° to 850°C), and probably at 
very shallow depths (<7 km). High strain intensities (7 = 12) are estimated for the mylonite formation. After ductile 
shearing, the peridotite underwent some brittle deformation, allowing for complete serpentinization and the opening of 
fractures that are now filled by serpentine and calcite. Some fracturing continued after the calcite injection. 

The Hole 637A peridotites probably represent asthenospheric material emplaced in a stretched continental margin 
during the first stage of ocean accretion. The geometry and kinematics of the peridotite emplacement are consistent 
with a roughly east-west opening of the Atlantic Ocean. 

INTRODUCTION 

From samples recovered by dredging and drilling in oceanic 
domains, it is now known that the oceanic floor is not always 
made of mafic rocks but also consists locally of serpentinized 
peridotites. These peridotites comprise escarpments or protru
sions in transform faults (Bonatti and Honnorez, 1976; Bonatti 
and Hamlyn, 1978; 1981) and blocks forming topographic highs 
along oceanic ridges (Mid-Atlantic Ridge; Aumento and Loubat, 
1971; Tiezzi and Scott, 1980) or are intercalated within sedi
ments or basalts (Mid-Atlantic Ridge, DSDP Leg 37—Helm
staedt, 1977; Sigurdsson, 1977; DSDP Leg 45—Boudier, 1979; 
Sinton, 1979; DSDP Leg 82—Michael and Bonatti, 1985; ODP 
Leg 109—Bryan et al., 1986). Peridotites also crop out on the 
ocean floor of some incipient oceans (Red Sea—Bonatti et al., 
1981, 1986; Styles and Gerdes, 1983; Nicolas et al., 1985, 1987) 
or small oceans (Tyrrhenian Sea—Kastens et al., 1986), and they 
locally form elongate ridges at the boundary between continen
tal and oceanic domains (southwest of Australia—Nicholls et 
al., 1981; northwestern part of the Iberian margin—Boillot et 
al., 1980, 1986a). Similar occurrences are documented in an
cient rocks, as shown by studies of remnants of oceanic floor 
such as the Western Alps ophiolites (Decandia and Elter, 1982; 
Lombardo and Pognante, 1982; Lagabrielle, 1982; Lemoine et 
al., 1987). 

Explanations for the presence of peridotites on or close to 
the seafloor are still debated. These occurrences can result from 
secondary tectonics (fault displacement) or from primary man-

1 Boillot, G., Winterer, E. L., et al., 1988. Proc. ODP, Sci. Results, 103: Col
lege Station, TX (Ocean Drilling Program). 2 Present address: CA8, NASA, Johnson Space Center, Houston, TX 77058. 

tie upwelling processes. In places where the oceanic crust is very 
thin, such as along transform faults or along ridge valleys of 
slow-spreading ridges, it is quite possible that the peridotites 
were carried directly onto the oceanic floor by motion along 
normal faults. Such a mechanism has been proposed to explain 
the uplift of the peridotites recovered along ridges or transform-
fault segments of ridges. However, this does not explain the 
original ascent of peridotites exposed on Zabargad Island (Ni
colas et al., 1985, 1987; Bonatti et al., 1986), in the Alps (Nico
las, 1984), in the Betics (Obata, 1977; Tubia and Cuevas, 1987), 
and in the Pyrenees (Vielzeuf and Kornprobst, 1984; Kornprobst 
and Vielzeuf, 1984) in consideration of their petrological and 
structural characteristics; these peridotites probably resulted from 
hot mantle uplift during continental rifting or transcurrent crustal 
thinning. Finally, to explain the peridotites cropping out at the 
boundary between continents and oceans, Boillot et al. (1986b, 
1987) proposed that the rise of peridotites to the surface can re
sult simply from tectonic denudation of the mantle as a conse
quence of stretching of the lithosphere during rifting. 

The peridotites cropping out along the oceanic crust at the 
foot of the Galicia margin (northwestern Spain) were cored at 
Hole 637A during Ocean Drilling Program (ODP) Leg 103. 
This paper presents a structural study of these peridotites aimed 
at defining their deformation history. From the geometry of the 
peridotite ridge, the kinematics of emplacement of the peridoti
tes, and the physical conditions prevailing during their uplift as 
inferred from microstructural and petrological data, we attempt 
to constrain mantle-rising processes during the first stages of 
ocean formation. 

REGIONAL BACKGROUND 
The Galicia margin is a deep, 300-km-wide passive continen

tal margin extending west from the Iberian Peninsula (Fig. 1). 
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Figure 1. Sketch map showing the continent pattern before the North Atlantic opening (modified after Lefort, 1980; Lefort and Ribeiro, 1980; Burg 
et al., 1981). The circled arrows give the sense of displacement of the nappes; CO = Cabo Ortegal (data from Iglesias et al., 1983; Matte, 1983; 
1986); V = Vendee and L = Limousin (Burg, 1981; Brun and Burg, 1982; Girardeau et al., 1986; Burg et al., 1987). 

The lithology of the Galicia margin plutonic and metamorphic 
basement from dredge data indicates that the Galicia margin be
longs to the Ossa-Morena Zone, rather than the Central Iberia 
Zone (Capdevila and Mougenot, this volume). The Galicia mar
gin is separated from the central part of Iberia by a major tec
tonic discontinuity (Lefort, 1980; Lefort and Ribeiro, 1980) 
corresponding to the northern extension of the Porto-Badajoz-
Cordoba sinistral shear zone (Burg et al., 1981), which repre
sents the major Variscan suture zone (Fig. 1). Kinematics of the 
Variscan collision zone imply a top-to-the-southeast shear dur
ing nappe emplacement in Galicia area (Iglesias et al., 1983; 
Matte, 1983, 1986) making interpretation of Hole 637A peri
dotites as remnants of a Variscan sheet difficult. Petrologic and 
structural comparison between the Hole 637A peridotites and 
the Variscan peridotites (Cabo Ortegal—Vogel, 1967; Van Cal-
steren, 1978; Ibarguchi et al., 1987) (Limousin—Dubuisson et 
al., 1987) supports this, and we will not further consider the 
Variscan nappe hypothesis in this paper. 

The Galicia margin is made up of several blocks that are well 
defined on Sea Beam bathymetric maps (Sibuet et al., 1987) and 
on seismic profiles (Montadert et al., 1974, 1979; Groupe Ga
lice, 1979) (Figs. 2A and 2B). The blocks are tilted to the east 
(Fig. 2B) and the resulting half-grabens are filled by Lower Cre
taceous syn-rift sediments and disconformably covered by a 
post-upper Aptian post-rift sedimentary sequence (Sibuet and 
Ryan, 1979). The southern part of the margin was not affected 
by the Pyrenean tectonics, unlike its northern part, which was 
gently tilted and uplifted (Boillot et al., 1979). 

A 100-km-long, 10-km-wide ridge of peridotites borders the 
western part of the margin along the Iberian Abyssal Plain. 
Geophysical data suggest that this abyssal plain is underlain by 
typical oceanic crust. The ridge, generally buried under Meso
zoic and Cenozoic sediments, crops out on Hill 5100 in the 
southwestern part of the margin, and resembles a dome or a 
tilted block on seismic profiles (Figs. 2C and 2D). Petrologic 
study of a strongly weathered sample recovered by dredging re
vealed that the ridge is composed of totally serpentinized spinel-
plagioclase-bearing lherzolite showing subcontinental affinities 
(Boillot et al., 1980). These authors proposed that the ridge was 
made of totally serpentinized peridotites emplaced by diapirism 
(buoyancy) during the first stages of formation of the Atlantic 
Ocean. 

HOLE 637A PERIDOTITES 

Petrographic Data 
Seventy meters of peridotites was cored on the eastern flank 

of Hill 5100 at Hole 637A (Cores 103-637A-23R through 103-
637A-30R), but only 39 m of rock was recovered, consisting of 
yellow to brown peridotites that generally display a well-defined 
foliation (Fig. 3A). The section is locally crosscut by mylonitic 
shear zones (Fig. 3B) except at the top (Core 103-637A-23R and 
part of Core 103-637A-24R), where they are almost totally re
placed by calcite, and the base (parts of Cores 103-637A-28R 
and 103-637A-29R), where they are strongly brecciated and cross
cut by abundant calcite or serpentinite veins. Calcite veins are 
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Figure 2. Location of Hole 637A at the boundary between the stretched continental margin (Galicia margin) and the Iberian Abys
sal Plain on Hill 5100. A. Bathymetry after Lallemand et al. (1986). B. Interpreted cross section from Boillot et al. (1986a). C. Sea 
Beam bathymetry from Sibuet et al. (1979). D. Seismic profile from Institut Francais du Petrole (courtesy of L. Montadert). 
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Figure 3. Core photographs. A. Representative texture of the Hole 637A peridotites (Sample 103-637A-26R-2, 69-91 
cm). The peridotite is rich in orthopyroxene, with a well-developed foliation plane roughly corresponding to the Sx my
lonitic foliation. B. Five-cm-thick shear zone crosscutting the S! foliation (Sample 103-637A-25R-4, 110-120 cm). Note 
that the peridotite becomes less depleted in orthopyroxene downsection. 
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common throughout the cored section (Samples 103-637A-23R-
2, 135-150 cm, 103-637A-23R-3, 0-100 cm, 103-637A-24R-1, 0-
150 cm, 103-637A-25R-1, 0-150 cm, 103-637A-25R-2, 0-150 cm, 
103-637A-25R-3, 0-105 cm, 103-637A-25R-4, 20-100 cm, 103-
637A-25R-5, 0-150 cm, 103-637A-25R-6, 0-80 cm, 103-637A-
26R-1, 1-40 cm, 103-637A-26R-3, 0-150 cm, 103-637A-26R-4, 
0-60 cm, 103-637A-27R-1, 1-105 cm, 103-637A-27R-2, 1-110 
cm, 103-637A-27R-3, 1-50 cm, 103-637A-27R-4, 1-105 cm, 103-
637A-27R-5, 0-105 cm, 103-637A-27R-6, 1-105 cm, 103-637A-
28R-1, 30-150 cm, and 103-637A-28R-2, 40-150 cm) and proba
bly correspond to minor (centimeter- to meter-thick), late brittle 
faults of unknown geometry. 

Although the peridotites are generally strongly serpentinized 
or replaced by calcite, most of the more than 70 samples studied 
contain fresh relicts of the primary phases, that is, olivine, spi
nel, orthopyroxene, clinopyroxene, and some plagioclase. The 
original modal composition of the peridotite would have varied 
mostly from diopside-rich harzburgites (diopside = 2%) to 
lherzolites (diopside = 5%-7%). However, more depleted facies 
occur in some places (Samples 103-637A-25R-4, 125-150 cm, 
103-637A-26R-4, 60-75 cm, 103-637A-27R-1, 110-150 cm, and 
103-637A-28R-2, 1-40 cm). The peridotites also display locally 
some orthopyroxene-rich facies (Samples 103-637A-25R-5, 17-
30 cm, 103-637A-25R-6, 89-91 cm, 103-637A-26R-1, 128-150 
cm, and 103-637A-27R-4, 60-65 cm) and, more rarely, thin 
clinopyroxenite lenses, about 5 mm thick and a few centimeters 
long (Samples 103-637A-25R-1, 100-102 cm and 103-637A-26R-
3, 29-30 cm). Although fresh clinopyroxene and spinel occur in 
almost all of the samples studied, only a few still contain olivine 
relicts. Plagioclase is rarely fresh and is, therefore, difficult to 
recognize; it rims spinel, constitutes isolated interstitial crystals 
(Fig. 4A), or forms discontinuous veinlets (Fig. 4B). Secondary 
products, including various types of amphiboles and serpen
tines, chlorite, magnetite, hematite, and clay minerals, have de
veloped in the peridotites to various degrees in the presence of 
water (Agrinier et al., this volume). Despite the pervasive altera
tion of the rocks, the shapes of some of the primary phases (in 
particular that of orthopyroxene), are recognizable in thin sec
tions or on polished samples. 

Structural and Microstructural Data 

Previous Data 
The main tectonic structures observed in the Hole 637A peri

dotites, foliation planes of the peridotites and injection planes 

1mm 

Figure 4. Photomicrographs of thin sections showing plagioclase (PL) ft 
veinlets (Sample 103-637A-27R-2, 114-117 cm). OL = olivine; SERP = 

: T U R A L ANALYSIS O F PLAGIOCLASE-BEARING PERIDOTITES 

of the calcite veins, were directly measured aboard ship. The 
former structures have been related to high-temperature plastic 
deformation and the latter to brittle deformation that would 
have occurred after the peridotite was serpentinized (i.e., proba
bly after the peridotite was in its present tectonic position). 
From our shipboard study, we concluded that the main foliation 
plane (Fig. 5) in the peridotite dips about 20°-30° in the upper 
50 m of the cored section (Cores 103-637A-23R through 103-
637A-28R), increasing to 70° in the bottom 20 m of the section 
(Cores 103-637A-28R and 103-637A-29R). According to the pa
leomagnetic data (see "Site 637" chapter; Shipboard Scientific 
Party, 1987), the foliation dips to the east; this interpretation 
was later confirmed by diving with the submersible Nautile on 
the western flank of Hill 5100 (Boillot et al., 1986a; this vol
ume). The lineation is oriented downdip in the foliation (i.e., 
east-west), and shear sense indicates a top-to-the-east motion 
along the shear planes. The calcite veins were injected in planes 
parallel to the foliation or in planes perpendicular to both folia
tion and lineation in the peridotite. Their attitudes are consis
tent with normal displacement along late faults parallel to the 
peridotite foliation. This paper does not give any new structural 
data about the calcite vein injection, which occurred at very low 
temperature when the peridotite was close to the seafloor (Agri
nier et al., this volume; Kimball and Evans, this volume; Evans 
and Baltuck, this volume). Note, however, that some fracturing 
of the peridotite postdates injection of the calcite veins. 

New Data 
Structural analysis of the peridotites presented in this paper 

was performed on about 70 samples. All of these samples were 
cut parallel to the foliation plane to measure the stretching lin
eation, which was not identified aboard ship. Thin sections 
were cut parallel to the XZ and YZ planes for strain-stress anal
ysis. 

Shore-based analysis of the general attitude of the foliation 
agrees with that determined aboard ship (Fig. 5). This foliation 
roughly corresponds to the Sj mylonitic foliation obvious through
out the recovered section (Figs. 3A and 6A). However, deforma
tion is heterogeneous, as is best evidenced in the freshest sam
ples (Samples 103-637A-27R-3, 31-33 cm, and 103-637A-27R-3, 
46-48 cm), which exhibit several types of textures that allow for 
understanding of the evolution of the peridotite. 

A "primary" S0 foliation can be recognized in the peridoti
tes, marked by spinel crystals (Fig. 6B). The S0 foliation is cross-

rming (A) interstitial crystals (Sample 103-637A-27R-3, 46-66 cm) or (B) 
serpentine. 
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Figure 5. Schematic structural and microstructural cross sections of peridotite recovered at Hole 637A. Shear intensity (far right column) determined 
using the formula y = 2cotg2a (solid circles) and y = \{ - X2 (open triangles). 

cut at a small angle (15° to 30°) by an Sj mylonitic foliation that 
is well defined by highly stretched orthopyroxene crystals (Figs. 
6A-6D). When present, the olivine porphyroclasts (which are 
poorly recrystallized at their periphery into large neoblasts) are 
elongate parallel to this S! foliation, displaying wide kink bands 
(Figs. 6C and 6D). Along the mylonitic bands, all primary 
phases, such as pyroxenes (both orthopyroxene and clinopyrox
ene), olivine, and spinel, have recrystallized into a fine-grained 
matrix (Fig. 6E). The thickness of these mylonitic bands varies 
from a few millimeters to more than 10 cm. One of the most im
portant characters of these mylonites is the existence of thin 
(generally less than 1 mm thick) ultramylonitic bands that cross
cut the whole rock (Figs. 6C and 6D). In these bands there is a 
drastic grain-size reduction with respect to that observed in the 

mylonitic foliation (Fig. 6E). The ultramylonitic bands produce 
some boudinage of the orthopyroxene crystals and lead to the 
formation of a disrupted texture in most of the peridotites stud
ied. Where olivine no longer exists, the mylonitic foliation and 
the ultramylonitic bands can still be recognized (Fig. 6A). On 
the other hand, the S0 foliation, S, mylonitic foliation, and ul
tramylonitic bands dip the same direction, with St being steeper 
than S0 and the ultramylonitic bands steeper than S,. The rota
tion of these successive structures is consistent with that ex
pected from the shear sense determined from these rocks (see 
the following sections). 

Plagioclase has recrystallized together with the other primary 
phases along the ultramylonitic bands. It generally rims spinel, 
concentrates in bands parallel or oblique to the Sx foliation, or 
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Figure 6. Photomicrographs of thin sections showing representative textures of the Hole 637A peridotites. A. Totally serpentinized peridotite. The ex
tremely elongated orthopyroxene (OPX) crystals (now completely transformed into bastite) that define the S, mylonitic foliation coexist with rounded 
ones. Clinopyroxene (CPX) has completely recrystallized and locally forms asymmetric lenses. This heterogeneous disrupted texture is the most com
mon texture of the Hole 637A peridotites (Sample 103-637A-28R-2, 2-25 cm). B. Attitude of S0 foliation marked by elongate spinels (black) relative to 
the Sj mylonitic foliation defined by the orthopyroxene crystal (OPX) elongation. Note that spinel is rimmed by plagioclase (white) (Sample 103-
637A-27R-3, 31-33 cm). C and D. Attitude of the Sj mylonitic foliation marked by strongly elongated orthopyroxene crystals (dashed crystals) rela
tive to the ultramylonitic bands along which the grain size is extremely reduced. Note the presence of large olivine porphyroclasts remnants (OL) and 
of totally recrystallized clinopyroxene (CPX) lenses. The ultramylonitic bands crosscut the Sx foliation at about 20°, producing some boudinage of 
the orthopyroxene crystals. Displacement along the ultramylonitic bands sometimes reaches 1 cm (Sample 103-637A-27R-3, 31-33 cm). E. Reduction 
in grain size from the S t mylonitic foliation to the ultramylonitic C-band (Sample 103-637A-27R-3, 31-33 cm). F. Spinel (black) asymmetric crystalli
zation queue developing from a rounded asymmetric orthopyroxene crystal (OPX). Note that spinel is rimmed by plagioclase (white) (Sample 103-
637A-23R-3, 44-46 cm). 
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forms interstitial crystals that may have crystallized from trapped 
magmas (Fig. 4A). More rarely, the plagioclase constitutes crys
tallization aggregates of asymmetrical, subspherical orthopy
roxene crystals (Fig. 6F), which may suggest that plagioclase 
formed partly during the S{ deformation. However, these struc
tures might simply reflect some migration of plagioclase during 
deformation. 

The stretching lineation is generally subparallel to the folia
tion downdip direction. However, it sometimes stands at about 
45° from the foliation, particularly in samples for which the fo
liation dips sharply (Fig. 5), as is also the case to the north of 
the studied area (Beslier et al., 1988). 

Physical Conditions of Deformation 

Regime of Deformation and Shear Sense 
The noncoaxial regime of the deformation is evidenced at 

different scales, principally by the development of the ultramy
lonitic bands interpreted as shear bands (Figs. 6C and 6D) or 
the a obliquity on petrofabric diagrams (Fig. 7), but also by the 
asymmetry of the pyroxene crystals and subsequent crystalliza
tion aggregates (Fig. 6F). Figures 6C and 6D show that the oliv
ine glide plane (perpendicular to the kink band boundaries), the 
orthopyroxene glide planes (parallel to the exsolution lamellae), 
and the ultramylonitic bands are all parallel, indicating that 
they formed during the same deformation event. Four represent
ative olivine- and orthopyroxene-porphyroclast-petrofabric dia
grams are shown in Figure 7. Olivine displays good crystallo
graphic orientations (Figs. 7A and 7C), with the [010] axes ori
ented at a high angle to the foliation and the [100] axes close to 
the spinel lineation. Such a fabric indicates that the deforma
tion occurred in a noncoaxial regime by translation glide ac
cording to the [100] (010) slip system, which is activated at high 
temperature (> 1000°C for geological strain rates, that is, = 1014/ 
s; Carter and Ave Lallemant, 1970; Mercier, 1986). The ortho
pyroxenes (Figs. 7B and 7D) also show a good preferred orienta
tion in agreement with the (100) [001] slip system activated at 
high temperature. Following Mercier (1986) and in consider
ation of the deviatoric stress values estimated here for myloniti
zation of the peridotite (=180 MPa; see next section), the (010) 
[100]/{0kl}[100] olivine glide-system transition curve attitude, 
and also that of the enstatite slip-twinning inversion, we can esti
mate that the deformation responsible for the formation of the Sj 
foliation occurred at a minimum temperature of 1000°C. 

The absence of double maxima or conjugate girdles of [010]ol 
and [100]en (projections of the glide planes) on the petrofabric 
diagrams strongly suggests that deformation occurred dominantly 
by simple shear or that the pure shear component was negligi
ble. The constant attitude of the orthopyroxene slip planes with 
respect to the foliation in all study samples is consistent with 
such a hypothesis. 

The shear sense can be best determined on petrofabric dia
grams using the angle a between the foliation and shear planes. 
The shear sense can also be determined using the obliquity be
tween the elongation plane of the orthopyroxenes and their 
(100) exsolution glide planes. Single-crystal shear senses are all 
consistent and therefore, are regarded as reflecting the general 
sense of shear of the rocks. Regardless of which of the three 
methods is used, all measurements give the same sense of shear 
(Fig. 5). 

Strain Intensity 
The strain intensity, y, can be estimated using the formula y 

= 2cotg2a (Nicolas and Poirier, 1976). The obliquity, a, is the 
angle between the foliation plane and the shear plane and can 
be measured on olivine fabrics or directly estimated on thin sec
tions in which orthopyroxenes present a strong elongation, with 

the shear plane being parallel to the (100) clinopyroxene exsolu
tion lamellae. The a obliquity ranges from 10° to 20°, yielding 
7 values ranging from 2.3 in the least deformed facies to 11.6 in 
the true mylonites (Fig. 8A). 

The strain intensity can also be estimated using the formula 
y = \ ! - X2 (Ramsay, 1967), assuming that deformation oc
curred by simple shear. It is possible to reconstruct the initial 
shapes of the stretched orthopyroxene crystals because their elon
gation results from gliding along the (100) slip planes marked by 
the exsolution lamellae. This allows direct estimation of X by us
ing the formula X = 1 + e, where e = (\x - 10)/10 and 10 and 
l t represent the initial and final lengths of the crystal, respec
tively. The X values obtained by this method vary from 0.2 to 
8.2. (Fig. 8B). 

Reconstructed orthopyroxene crystals sometimes have typi
cal rectangular or rounded shapes. However, many of them have 
their (100) slip plane perpendicular to their elongation (as those 
defining the "b" lineations of Darot and Boudier, 1975). This 
implies that these orthopyroxene crystals derive from what were 
once much larger crystals that were disrupted along subgrain 
boundaries during an earlier deformation possibly related to the 
formation of the S0 foliation. Therefore, we consider that the 
initial peridotite had a very coarse grain characterized by the 
presence of large orthopyroxene crystals. The latter feature, how
ever, could come from previously existing orthopyroxene-rich 
bands, now strongly boudinaged and scattered within the peri
dotite. 

The 7 strain intensities obtained by these two methods largely 
underestimate the bulk deformation encountered by the peri
dotite, because most of the stretching of the rock occurred by 
plastic gliding of the olivine matrix, which is much less compe
tent. The average stretching amount calculated from the pyrox
ene elongation is about 280% for the whole section, with a 
maximum value of 730%. 

Stress Estimates 
The deviatoric stress aD = ax - <r3 can be directly estimated 

from the olivine recrystallized grain size, according to experi
mental data (Post, 1973; Mercier et al., 1977; Ross et al., 1980). 
Depending on the recrystallization process, two distinct laws 
have been established for stress estimates: 

CTD = 74.5D-1 for subgrain rotation (SGR) (Mercier, 1980) 
(jD = 4.81D0787 for grain-boundary migration (GBM) (Ross et 

al., 1980), 

where the deviatoric stress is in MPa, and D represents olivine 
grain size measured in millimeters. 

Although the peridotites are generally strongly serpentinized, 
some samples contain abundant olivine remnants (Samples 103-
637A-27R-3, 31-33 cm, and 103-637A-27R-3, 46-50 cm). They 
display well-developed disrupted textures with several genera
tions of neoblasts growing from preexisting porphyroclasts (Fig. 
6C). The latter are rather scarce, but a few of them persist in the 
peridotites. They are only poorly recrystallized into large, poorly 
oriented neoblasts ( = 1 mm); thus, it is possible to define their 
initial shapes and thereby estimate their minimum sizes. The 
larger crystals are 10 mm long (Figs. 6C, 6D, and 9), which evi
dences a low-stress (0.7 to 7 MPa) deformation history before 
the development of the Sj mylonitic foliation and ultramylonitic 
bands. Intensive recrystallization occurred during the formation 
of the Sj mylonitic foliation, along which the neoblast grain size 
averages 0.3 mm (Figs. 6E and 9), which leads to aD stress esti
mates of about 190 MPa. In the ultramylonitic bands, the neo
blast grain size is extremely reduced to only 0.01 mm on average 
(Figs. 6E and 9), which also yields very high stress values for 
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Figure 7. Olivine (A and C) and orthopyroxene (B and D) preferred orientation (equal-area projection, lower hemisphere). The solid lines 
represent the trace of the foliation (s) and the solid dots the attitude of the lineation; the dashed lines (c) represent the trace of the shear 
planes. Contours are for 18%, 13%, 8%, and 4% for olivine; 43% and 21% for orthopyroxene. 
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2cotg2a and (B) 7 = X - X2, with Xj and X2 determined from orthopy
roxene shapes. 
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Figure 9. Variations in olivine grain size within the Hole 637A peridoti
tes. 

formation (several tens of GPa using SGR—i.e., unrealistic val
ues—and about 180 MPa using GBM). The high stress values 
inferred for the mylonitization event that probably occurred at a 
temperature around 850°C (see next section) are consistent with 
that necessary to nucleate the exsolution lamellae in the ortho
pyroxenes by twinning or lattice inversion at this temperature 
( = 250 MPa; Mercier, 1986). 

Temperatures and Pressures of Equilibrium 
Because the geochemical signature of Hole 637A peridotites 

is discussed in other chapters in this volume (Evans and Girar
deau; Kornprobst and Tabit), we present here only the data neces
sary to document evolution of the equilibrium condition(s) dur
ing peridotite emplacement. 

Chemical compositions of mineral phases were obtained with 
a CAMEBAX microprobe (Camparis Universite Paris VI), us
ing oxide standards and natural minerals (PHN 1611) for tests. 
The accelerating voltage was 15 kV, the beam current 40 fiA, 
and the counting time varied from 30 to 50 s, depending upon 
the elements. The olivine and spinel crystals were analyzed at 
their cores to best estimate their primary compositions, using 
normal point-analysis techniques. Because orthopyroxenes from 
Hole 637A peridotites are characterized by the presence of abun
dant exsolution lamellae, microprobe point-analysis techniques 

(even with a broad beam) can not give the original composition 
of the pyroxene crystals. Therefore, we have integrated the exso
lution lamellae composition to obtain the bulk-pyroxene origi
nal composition for the best estimate of the primary equilib
rium conditions or, at least, conditions close to those existing 
during formation (Mercier et al., 1984). In the Hole 637A peri
dotites, the clinopyroxenes are much smaller than the orthopy
roxenes (more than 10 times) and do not show any exsolution la
mellae, as is generally observed in clinopyroxenes from myloni
tes. This indicates that they have been rehomogenized and/or 
reequilibrated during the mylonitization event. 

If some degree of equilibrium was achieved during peridotite 
emplacement, one would expect to find correlations between 
certain determinant geochemical parameters tying orthopyrox
ene, clinopyroxene, and spinel. To test the equilibrium state, we 
will refer to theoretical equilibrium curves worked out using in
dependent thermometric methods (Benoit, 1987). Figure 10 shows 
Al* 

(opx) corrected for Cr dilution effect by spinel vs. the Ca* of 
pyroxenes corrected for their Na content (Mercier and Bertrand, 
1984; Bertrand and Mercier, 1985). In Figure 10A (Al*(?px) vs. 
Ca*(opx), most of the data plot above the theoretical equilibrium 
line, which indicates that clinopyroxene is not in equilibrium 
with orthopyroxene, as suggested by the clinopyroxene specific 
texture (see preceding discussion). However, orthopyroxene re
cords a previous equilibrium state with a clinopyroxene buffer, 
as the data points now fall on the Al*/Ca* correlation curve 
(Fig. 10B). 

Several mineralogical thermometers or thermobarometers based 
on transfer reactions have been proposed to estimate the tem
perature and pressure of equilibrium of the studied peridotites. 
Using the aluminum content of coexisting orthopyroxene and 
spinel phases (Bertrand et al., 1987) or the diopside-transfer re
action (Benoit, 1987), the calculated equilibrium temperatures 
range from 970° to 1130°C for the porphyroclasts and from 
730° to 970°C for the neoblasts from the shear zones (Figs. 11A 
and 11B). When using the En-transfer reaction of Bertrand and 
Mercier (1986), which is almost insensitive to the orthopyroxene 
composition as a result of the form of the equilibrium constant, 
we obtain much lower temperatures, ranging from 830° to 870°C 
for both porphyroclasts and neoblasts (Fig. 11C). A 0.2-GPa 
(Fig. 11D) maximum reequilibration pressure is inferred from 
the pyroxene composition using the Mercier et al. (1984) barom
eter. 

We consider that the 830°-870°C temperature and 0.2-GPa 
pressure reflect conditions at which the clinopyroxene recrystal
lized, therefore, corresponding to those at which peridotite my
lonitization ended. However, this mylonitization event began at 
a much higher temperature (> 1000°C), as evidenced by the ac
tivation of olivine and orthopyroxene high-temperature glide 
systems. The 970°-1130°C temperatures are difficult to inter
pret; they probably reflect the prevailing conditions when the 
last melts were leaving the peridotite. 

DISCUSSION 
During their uplift, the initially coarse-grained and locally 

orthopyroxene-rich peridotites cored at Hole 637A underwent 
two major high-temperature events: 

1. Limited partial melting. These rocks suffered, at most, 
6% to 9% partial melting and melt extraction (Evans and Girar
deau, this volume). Traces of melt have apparently been trapped 
in the peridotite and crystallized into isolated interstitial crystals 
and irregular feldspar veins (Figs. 4A and 4B). Melting possibly 
started in the spinel facies (if we accept that they came from an 
adiabatic rising diapir; see subsequent discussion on this sub
ject) and possibly ended at the spinel-plagioclase transition (point 
1; Fig. 12). However, we cannot exclude the possibility that sig-
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Figure 10. Correlation diagrams for pyroxenes. Al* in orthopyroxene = (Al + Cr - Na)(opx)/ 
(A1/[A1 + Cr + Fe3 + ])(sp) vs. Ca*(Ca/[l - Na]) in (A) clinopyroxene and (B) orthopyroxene. 
The solid lines on both figures represent the theoretical equilibrium curves determined by Benoit 
(1987) using independent thermometric methods. 

nificant amounts of melt existed within the peridotite until very 
shallow depths to account for the low temperature (1100°-970°C) 
of equilibrium recorded by the primary phases. On the other 
hand, the melt extraction possibly ended with the beginning of 
the peridotite stretching, as suggested by the textural relation
ships between plagioclase crystallization and mylonitic foliation 
development. 

2. High strain-stress stretching event. This deformation be
gan at high temperature (above 1000°C) (point 2; Fig. 12) and 
probably ended at 850°C (point 3; Fig. 12) at very shallow 
depth (< 7 km). Deformation occurred by plastic flow in a sim
ple shear regime, under high strain (7 = 12) and stress (180 
MPa) conditions, inducing the development of a penetrative Sj 

mylonitic foliation that is locally crosscut by ultramylonitic bands. 
High-temperature (800°-900°C) amphiboles developed in static 
conditions just after the peridotite mylonitization (Agrinier et 
al., this volume). This suggests that mylonitization of the peri
dotite occurred in hydrous conditions, which would explain the 
relatively low recrystallization temperatures for the clinopyrox-

After these two major high-temperature metamorphic events, 
the peridotite underwent some hydrothermal alteration, which 
probably began at high temperature (point 4; Fig. 12). Then it 
was intensively serpentinized at a temperature below 300°C (point 
5; Fig. 12) (Agrinier et al., this volume). This alteration oc-
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Figure 11. Calculated temperatures and pressures for the Hole 637A 
peridotites. The horizontal strips on the histograms are for porphyro
clasts and the vertical ones are for the recrystallized grains from the 
shear zones. A. Orthopyroxene-spinel thermometer; Bertrand et al. (1987) 
and Mercier et al., 1987. B. Diabase-transfer thermometer; Benoit et al. 
(1987). C. Enstatite-transfer thermometer; Bertrand et al. (1985). D. 
Empirical two-pyroxene barometer; Mercier et al. (1984). 

curred in static conditions and probably after the final emplace
ment of the peridotite in its present position. During its ascent, 
the peridotite probably underwent some lower temperature duc
tile deformation, which was overprinted by later alterations and 
is not observed in the studied samples. 

The Hole 637A peridotites display a homogeneous St folia
tion crosscut by thin, ultramylonitic shear bands. Both dip 30° 
on average in the upper 50 m drilled, increasing up to 70° down
section. The lineation maintains a constant attitude throughout 
the cored section; it is mostly oriented downdip in the foliation 
except in a few places where it is at about 45° from the downdip 
line. The foliation in the peridotite appears to dip to the east or 
east-northeast (see "Site 637" chapter; Shipboard Scientific Party, 
1987; Boillot et al., 1986b, 1987). The plane along which shear
ing occurred had a northeast normal component of movement 
with a local north-northeast strike-slip component. The overall 
attitudes of both foliation and lineation are not compatible with 
transform fault displacement, which makes it unlikely that these 
rocks were emplaced in a transcurrent zone. 

ORIGIN OF THE HOLE 637A PERIDOTITES 
Assuming that the Hole 637A peridotites were emplaced dur

ing continental rifting, one can formulate two hypotheses for 
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Figure 12. Pressure-temperature evolution of the peridotites drilled at 
Hole 637A. A = adiabatic rising mantle path (Nicolas, 1986); B and C 
= reheated lithosphere paths; 1 = possible end of melting; 2 = field of 
beginning of mylonitization of the peridotite; 3 = end of mylonitiza
tion; 4 = field of beginning of hydrothermal alteration; 5 = field of in
tensive serpentinization; Gt = garnet; Sp = spinel; Pl = plagioclase; 
Px = pyroxene; E and P = eclogites and peridotites from Cabo Ortegal 
Massif (Galicia, Spain). 

origin: (1) the peridotites represent a piece of the lithospheric 
subcontinental mantle of the Iberian plate or (2) the peridotites 
represent asthenospheric material accreted to the lithosphere 
during rifting. Any answer must account for the fact that the 
peridotite underwent a small amount of partial melting during 
its uplift, followed by an extremely strong deformation under 
very high-stress conditions, high but decreasing temperature (1000° 
to 860°C), and probably at very shallow depth ( < 7 km). 

Considering realistic geothermal gradients (Mercier and Carter, 
1975; Allegre and Bottinga, 1974; Mercier, 1980; Sclater et al., 
1980; Bertrand et al., 1986) and the temperature and pressure of 
melting estimated for the Hole 637A peridotites, we conclude 
that this melting could not have occurred within either passive 
continental mantle or passive oceanic mantle lithosphere but 
only beneath a tectonically active domain where the isotherm 
pattern is perturbed by the rise of hot asthenospheric material 
close to the surface. Beneath areas with high thermal gradients, 
such as steady-state spreading ridges, heat loss by conduction in 
ascending hot material passing through the lithosphere is signif
icant even at great depth. This has been shown by theoretical 
modeling, which indicates that the adiabatic regime is perturbed 
at a depth of about 26 km for rising velocities below 1 cm/yr 
(Bottinga and Allegre, 1973; Allegre and Bottinga, 1974). Hence, 
at shallow levels, it appears quite impossible for subcrustal peri
dotites to be heated sufficiently to melt (path C; Fig. 12). Be
cause the cooling effect is particularly large beneath stretched 
continental lithosphere (Alvarez et al., 1984), we consider that 
the partial melting of the Hole 637A peridotites occurred within 
some asthenospheric rising material (path A; Fig. 12) and that 
they were accreted later to the lithosphere. Kornprobst and Tabit 
(this volume) suggest that this asthenospheric material initially 
represents some subcontinental material that has been reheated 
at great depths (path B; Fig. 12). 

The peridotite has not undergone a large melting event, but 
only limited melt extraction, which probably ended at the spi
nel/plagioclase boundary (Evans and Girardeau, this volume), 
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indicating that adiabatic conditions were not achieved at depth 
during the peridotite ascent (point 1; Fig. 12). This can reflect a 
very cold thermal regime for the lithosphere through which the 
hot mantle was rising or very low rising velocities. Both possi
bilities are consistent conditions for a rift environment (Boudier 
and Nicolas, 1985). 

We have observed that the dip of the mylonitic shear planes 
for the Hole 637A peridotites varies from 30° to 70° to the east 
or east-northeast, that the shear directions trend east or east-
northeast, and that the shear sense is normal (with a local 
strike-slip component) along the shear plane. These geometric 
and kinetic data are compatible with those expected at the edge 
of a rising asthenospheric dome. Because the mylonitic struc
tures result from high-strain-high-stress deformations, we sug
gest that they formed when the asthenospheric material arrived 
near the surface, where steep thermal gradients are expected be
tween the ascending material and the surrounding lithosphere. 
Such conditions are expected in a rift environment (Mercier, 
1977; Boudier and Nicolas, 1985) or where the stretched litho
sphere has just reached the oceanic accretion stage. 

The foliation and lineation attitudes are also compatible 
with those formed by displacement along a gently dipping nor
mal fault, as proposed by Boillot et al. (1986a, 1987). But in this 
case, the fault would have to pass at the edge of or through an 
asthenospheric dome to account for the physical conditions pre
vailing during the melting and subsequent shearing of the Hole 
637A peridotites. 

CONCLUSIONS 
The structural and microstructural data presented in this 

study support the continental rift origin already proposed for 
the Hole 637A peridotites using petrochemical arguments (Boil
lot et al., 1980). This study has shown that the Hole 637A peri
dotites were probably asthenospheric material that rose adiabat-
ically within the lithosphere. Upon arrival near the surface, this 
material underwent a high-strain-high-stress mylonitization event 
(i.e., in lithospheric conditions), and the geometry and kine
matics of the mylonitization phase are consistent with a roughly 
east-west opening of the Atlantic Ocean. After emplacement in 
its present position, the peridotite was strongly serpentinized 
and fractured. 
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