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ABSTRACT 

Thinning of the continental crust beneath the western Galicia margin during rifting was associated with the emplace
ment of mantle-derived peridotite at the ocean/continent boundary. Constraints that must be considered in models of this 
rifting are (1) the delay of block tilting relative to the deepening and subsidence of the margin (i.e, crustal thinning); (2) the 
discrepancy between the amount of superficial distension and the amount of crustal thinning, with distension less than 
thinning; (3) the probability that thinning of the crust occurred mainly at the expense of its lower part; (4) the partial 
melting of the peridotite at high temperature (1250°-970°C) during the first stage of uplift and its subsequent behavior 
in a similar manner as the asthenosphere; and (5) the mylonitization of the peridotite at decreasing temperature (1000°-
850°C) and depth (30-7 km) in a simple-shear regime. These constraints point to models combining heterogeneous 
stretching of the lithosphere, gliding along detachment faults, and asthenosphere diapirism. 

Tectonic denudation of upper mantle by normal shear of the lithosphere accounts for the processes of crustal thin
ning and the brittle deformation and ultimate emplacement of the serpentinized peridotite on the seafloor. On the other 
hand, the asthenosphere diapirism model is in agreement with the physical conditions inferred for the melting and duc
tile deformation of the peridotite. Therefore, we propose a composite model consisting of two stages: (1) asthenos
pheric upwelling of the peridotites beneath a poorly (if at all) thinned continental crust and (2) crustal thinning and tec
tonic denudation of the cooled, poorly depleted peridotite by movement along a gently dipping normal detachment 
fault rooted in the upper mantle. This composite model accounts for all the data currently available from the Galicia 
margin. 

INTRODUCTION 

Investigating rifting processes on a typical passive margin was 
the main scientific objective of Ocean Drilling Project (ODP) 
Leg 103 (Shipboard Scientific Party, 1987a). The data collected 
on Leg 103 advanced understanding of the timing of events, the 
tectonic response to the crustal extension, and the sedimentary 
record of the subsidence related to rifting of the margin. How
ever, in our opinion, the most significant result confirms the 
emplacement of mantle rocks onto the seafloor at the continen
tal rift axis, the existence of which had been suspected from the 
dredge sampling of serpentinized peridotite at the ocean/conti
nent transition, 350 km to the west of the Galicia coast (Boillot 
et al., 1980). Results of drilling at Site 637 ("Site 637" chapter; 
Shipboard Scientific Party, 1987b) and diving on the deep mar
gin (Boillot et al., 1986a, this volume) demonstrate that serpen
tinized peridotites form a continuous belt bounding the margin. 

To account for the uplift of mantle rocks on the seafloor in 
relation to continental rifting, several distinct models have been 
proposed. These include diapiric emplacement (Nicolas et al., 
1987; Bonatti, 1987) and tectonic denudation by detachment 
faulting (Boillot et al., 1987). However, progressive uplift and fi
nal emplacement of peridotites at the Earth's surface seem to be 
related to the thinning of the continental crust beneath the rift. 
For that reason, in this paper we consider both crustal thinning 
in space and time, as shown by geological and geophysical data, 
and the evidence for peridotite upwelling from petrological and 
structural studies. All data are consistent and strongly constrain 
models for the lithosphere-stretching process. 

1 Boillot, G., Winterer, E. L., et al., 1988. Proc. ODP, Sci, Results, 103: Col
lege Station, TX (Ocean Drilling Program). 

TECTONIC SETTING 
The western Galicia margin (Fig. 1) was described in detail 

by Montadert et al. (1974, 1979), Groupe Galice (1979), Boillot 
et al. (1979), and, more recently, by Mauffret and Montadert 
(1987), Sibuet et al. (1987), and Thommeret et al. (this volume). 
To the northwest of Galicia Bank, the margin was involved in 
the Pyrenean fold belt (Grimaud et al., 1982). Conversely, the 
area drilled by ODP Leg 103 (Fig. 2) was not affected by Eocene 
tectonics and, therefore, has retained all of the structural—and 
even morphological—Mesozoic features of the continental rift 
since activity ceased 115 Ma ago (Figs. 3 and 4). Tilted crustal 
blocks in the area of the margin drilled by Leg 103 are about 15 
km wide, trend north-south, and are locally offset by northeast-
southwest transverse faults. To the west, the margin is bounded 
by the "peridotite" ridge (Fig. 2), at least 10 km wide and 130 km 
long, where serpentine has been sampled by dredging (Boillot et 
al., 1980), coring (Leg 103; Shipboard Scientific Party, 1987b), 
and diving (Galinaute cruise; Boillot et al., 1986a, this volume). 

Regional magnetic anomalies include the M0 anomaly, which 
seems to terminate northward at 40°20'N (Fig. 1). To the west, 
anomaly A34-33 is well defined, and the Iberian Abyssal Plain 
bounding the western Galicia margin is probably floored by 
oceanic crust included in the Cretaceous quiet magnetic zone 
(see discussion in Verhoef et al., 1986). The peridotite ridge is 
inferred to mark the ocean/continent boundary. 

On the Galicia margin, crustal rocks were sampled by dredg
ing (Capdevila and Mougenot, this volume), coring (Evans and 
Girardeau, this volume), and diving (Boillot et al., this volume). 
The samples consist of granodiorites, gneisses, some granites 
and mica schists, and a few metasedimentary rocks. All of these 
rocks belong to the upper part of the continental crust. Except 
for two pebbles of uncertain origin, no samples of high-grade 
metamorphic rock (granulite facies) were recovered at the edge 
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Figure 1. Location of the Galicia margin in the northeastern Atlantic. Magnetic anomalies after Guennoc et al. (1979), compiled by Mauffret and 
Montadert (1987). Bathymetry in fathoms, after Laughton et al. (1975). The location of Figure 2 is shown. 

of the margin. Thus, we suspect that the lower crust is missing 
and that the upper continental crust directly overlies the peri
dotite at the ocean/continent boundary. 

THINNING A N D DISTENSION OF THE 
CONTINENTAL CRUST 

In the following section, we focus on some peculiarities of 
the rifting process at the west Galicia margin. In particular, we 
compare the thinning coefficient, /?, for the lithosphere (McKen
zie, 1978) with the stretching coefficient, e, for the brittle crust 
(Chenet et al., 1982), and we also consider the delay between 
subsidence and tilting of the crustal blocks. 

Age of Crustal Thinning and Relationship Between 
Subsidence of the Margin and Tilting of the Crustal 

Blocks 
The history of western Galicia margin rifting can be con

structed from investigations at Sites 638 and 639 (Fig. 2). In the 
Tithonian (150 Ma), the present-day margin was occupied by a 
shallow-water platform that subsided slowly (Jansa et al., this 
volume; Moullade et al., this volume). At Site 639, some 40 m 
of hemipelagic calpionellid marlstone of early Valanginan age 
(135 Ma) was deposited on the subsiding platform as water depth 
increased up to 600 or 1000 m (Moullade et al., this volume). 
Shortly afterward, during the middle to late Valanginian 
(132 Ma), the calcareous sediments were buried by coarse quart-
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zose-feldspathic turbidite sands. Microfossils are scarce in these 
strata, but the presence of resedimented foraminiferal species 
representing neritic to infrabathyal environments suggests accu
mulation in relatively deep water (2000-3000 m, after Moullade 
et al., this volume). Thus, the data from Leg 103 show that the 
Galicia margin began to deepen rapidly in the early Valanginian 
(135 Ma), as calpionellid marls and coarse elastics replaced plat
form sediments. This deepening was an isostatic response to 
thinning of the continental crust, that is, a result of the rifting 
of the margin that began in the Berriasian or in the earliest Val
anginian (144-140 Ma). 

Multichannel seismic-reflection profile GP-101 (Figs. 3 and 4) 
illustrates the successive stages of deposition of the drilled se
quences. Above a strong reflector identified as the top of the 
Tithonian carbonate platform (Fig. 5B), the Valanginian-lower 
Hauterivian sandy turbidites form a relatively transparent seis
mic layer, tilted with the underlying carbonates and basement 
and showing a fairly uniform thickness from the summit of the 
tilted blocks traced into the half-grabens on the downthrown 
side of the blocks. This geometry, unexpected in a syn-rift se
quence, was what led to an error in interpretation of the seismic 
profiles prior to Leg 103; the transparent layer, tilted with the 
basement, was originally interpreted as a sequence of pre-rift 
sediments of Late Jurassic age. The results of drilling now en
able correction of this misinterpretation, but the deposition of 
detrital Valanginian sediment in fairly deep water prior to the 
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Figure 2. Location of drill sites (boxed numbers; Leg 103) and Galinaute dive sites (circled numbers; see Boillot et al., this 
volume) on the Galicia margin. Bathymetry in meters, after Lallemand et al. (1985). Location of the seismic line reproduced 
in Figure 3 and interpreted in Figure 4 is shown. P = peridotite ridge. 

tilting of the main crustal blocks remains problematic (Fig. 5). 
In other words, a significant amount of thinning of the crust, 
evidenced by the deepening depositional environment, seems to 
have preceded—by at least 4 or 5 m.y.—the most prominent in
dication of crustal extension, the tilting of the blocks. 

Thinning of the Continental Crust: Estimation of (3 
For the time being, there are no seismic-refraction data on 

the drilled area of the margin, and we cannot accurately locate 
the Moho beneath the thinned continental crust. Nevertheless, 
continental basement crops out on fault scarps bounding the 
westward edge of the tilted blocks, including the deepest one. 
Thus, it is possible to evaluate the crustal thickness by knowing 
the water depth and assuming isostatic equilibrium of the conti
nental basement (density = 2.8 g/cm3) upon mantle rocks (den
sity = 3.3 g/cm3). From this, we calculate a crustal thickness of 

less than 10 km at Site 638, including the sedimentary cover 
(1.2 km). Assuming an initial thickness of 30 km for the crust, 
the thinning coefficient (0) was 3.4 during rifting. At dive Site 
11 (Fig. 2), which is to the west of and in deeper water than Site 
638, the sampling of continental basement at 5200 m suggests a 
local crustal thickness of 6.5 km (/3 = 4.6). Further oceanward 
thinning of the continental crust is even more dramatic (Fig. 4), 
as mantle rocks crop out on the peridotite ridge at the western 
edge of the margin (see the next section). 

Estimation of the Amount of Superficial Extension (e) 
We have a sufficient number of good quality seismic profiles 

to formulate an estimate of the amount of horizontal stretching 
of the basement from the geometry of normal faults and tilting 
of blocks between faults. Such an estimate, however, is based on 
the assumption that tilted blocks are bounded by normal listric 
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Figure 3. Seismic line GP-101, recorded by the Institut Francais du Petrole (Mauffret and Montadert, 1987), showing the main structural and sedi
mentary features of the passive Galicia margin (tilted blocks and peridotite ridge). See Figure 2 for location and Figure 4 for interpretation. Detailed 
sections are given in Figures 5 and 8. Vertical scale in s TWT, horizontal scale is shot points, also on Figure 4. 

faults on which the blocks rotated during rifting of the margin 
(de Charpal et al., 1978; Montadert et al., 1979; Le Pichon and 
Sibuet, 1981). The geometry of the listric fault is given by the 
seismic reflector defining the sole of each half-graben, dipping 
20°-30° close to the surface and decreasing to 10°-15° at depth 
(Figs. 3 and 4A). Note that, according to this interpretation, the 
oceanward slope of a tilted block, when not entirely buried, 
must be a fault scarp in continuation with the listric fault indi
cated by the seismic record. 

This estimation can be applied to the deep western Galicia 
margin to calculate the coefficient e (total horizontal stretching 
of the upper crust). According to Chenet et al. (1982) and Boil
lot et al. (1986b), e is 1.6 or 1.9, respectively. From the present 
water depths at drill Site 638 and dive Site 11 (see the preceding 
section), the thinning factor would be more than 3 and even 
more than 4 at these respective sites, which is greater than the 
extension factor. Indeed, crustal stretching, as evidenced by su
perficial normal faulting, cannot entirely explain the crustal thin
ning of the margin. 

Discussion 

Galicia Margin 
Morphologic observations from the Galinaute cruise make 

the listric fault interpretation of the seismic records question
able. With the submersible Nautile, we visited several westward 
escarpments of tilted blocks, especially the deep one (dive Sites 
7, 8, and 11; see Boillot et al., this volume). Where the base

ment crops out, the morphology is comparable from one block 
to another. Rocky cliffs of several meters to several tens of me
ters high are separated by flat and smooth areas some hundred 
meters wide and covered by soft sediment. The slope of the 
cliffs is about 60° and looks like a normal fault scarp (Fig. 6). 
Conversely, the slope of the intervening flat areas does not ex
ceed 10°-15°. These observations suggest that the slope of the 
tilted blocks results from several steeply dipping normal faults 
arranged in tiers (Fig. 4B) instead of from a gently dipping sin
gle fracture (20°-30°), as proposed by the listric fault interpreta
tion. Despite its precision, Sea Beam mapping cannot record 
steps separated by flat areas that are hundreds of meters wide 
because it smooths the seafloor, showing only the average slope. 
According to in-situ observations, the slope is actually the enve
lope of elementary fault scarps, which have a dip considerably 
greater than that of the overall slope itself. Note that a similar 
interpretation was considered for Site 639 (Shipboard Scientific 
Party, 1987d) and was recently proposed by Jansa et al. (this 
volume) to explain the facies repetition in the Tithonian section 
recovered at Holes 639A through 639E. 

On the seismic lines, the block escarpments visited with the 
Nautile are prolonged by a well-defined reflector that is usually 
interpreted as the normal listric fault bounding the crustal block. 
We are now led to consider this reflector as a paleoslope formed 
by several stair-stepped elementary normal faults and now bur
ied by post- and syn-rift sediments (Fig. 4B). Like Sea Beam 
sounding, the seismic survey probably cannot record close fault 
scarps, and the sole reflector, previously identified as the listric 
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Figure 4. Synthetic cross section of the Galicia passive margin (see Fig. 2 for location), interpreted from seismic line GP-101 (Fig. 3). A. Listric fault 
interpretation for the normal faults and tilted block (after Boillot et al., 1986a, this volume; see also the same seismic line interpreted by Winterer et 
al., this volume). B. The steeply dipping normal fault hypothesis, discussed in the text. The location of the Moho assumes isostatic equilibrium, with 
densities of 2.8 and 3.3 g/cm3 for the thinned continental crust and upper mantle, respectively (see Fig. 11 for kinematic interpretation of the present 
structure). S = S seismic reflector. Shot points along the top of the figure are also shown in Figure 3. 

fault, more likely is the locus of the tops of elementary normal 
faults, each of which acts as a bright point for the acoustic 
waves. 

If true, this interpretation implies a coefficient of distension, 
e, that is even smaller than that determined by the listric fault 
hypothesis, as the sum of horizontal throws of steeply dipping 
elementary faults is less than the horizontal throw of a single 
gently dipping listric fault. Thus, the discrepancy between the 
thinning coefficient, 0, and the superficial stretching coeffi
cient, e, is increased. 

Armorican Margin 
Tilted blocks and listric faults were first described on the Ar

morican margin (de Charpal et al., 1978; Montadert et al., 1979; 
Montadert, 1984), and consideration of the seismic lines on 
which these structures were initially observed must be taken into 
account by our interpretation. The Armorican and Galicia mar
gins are very similar, in terms of the timing of events as well as 
the present-day structure, and they have probably experienced 
similar tectonic processes and evolution. 

According to Montadert et al. (1979), dipping reflectors in
terpreted as listric faults separate a well-layered pre-rift sedimen
tary sequence from the margin basement (Fig. 7A). If this is 
true, then each dipping reflector in effect corresponds to a fault 
instead of a buried paleoslope because it is younger (syn-rift) 

than the faulted terrain (pre-rift). But is the layered sequence re
ally pre-rift? 

The pre-rift Tithonian carbonate of the Armorican margin 
was drilled at DSDP Site 401, on the top of a tilted block 
(Montadert, Roberts, et al., 1979). At that site, the drilled car
bonate belongs to the acoustic basement and not to the layered 
sequence. Thus, the age of this layered sequence is uncertain. 
On the other hand, a similar layer that tilted with the basement, 
the Valanginian coarse detrital formation, was drilled on the 
Galicia margin at Site 638. Before Leg 103, this sequence was 
considered to be pre-rift (see the preceding discussion), and it 
was surprising to recover Valanginian sandstone instead of the 
expected Tithonian carbonate, which occurs deeper within the 
acoustic basement. According to the Leg 103 scientific party, it 
is highly likely that the layered formation of the Armorican 
margin that tilted with the basement also belongs to the Early 
Cretaceous syn-rift sequence and is not a part of the pre-rift 
carbonate formation (see "Site 638" chapter; Shipboard Scien
tific Party, 1987c). 

Thus, in our opinion, the Armorican margin data do not 
contradict the proposed interpretation for the dipping reflectors 
that sole the half-grabens of the Galicia margin. On both mar
gins, dipping reflectors that had been considered as listric faults 
could be paleoslopes resulting from several highly dipping nor
mal faults distributed along the entire slope of each tilted block 
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Figure 5. A. Tilting of the crustal block vs. time and subsidence at Site 
638. The curves represent the theoretical tectonic subsidence under sea
water (i.e., without sediment), calculated using the McKenzie (1978) 
uniform-stretching model (after Moullade et al., this volume). Line 1 
(solid): polyphase distension at 140 and 114 Ma. Line 2 (dashed): dis
tension event in the Tithonian (150 Ma) and continuous distension be
tween the Berriasian (140 Ma) and late Aptian (114 Ma). The tilting of 
the block is evaluated after the interpretation of the segment of seismic 
line GP-101 shown in Figure IB, assuming a seismic velocity of 2.3 km/s 
in the post-rift sediment and 4 km/s in the syn-rift sediment. B. Section 
of seismic line GP-101 showing the tilted block where Hole 638 was 
drilled, a = Tithonian; b and c = Valanginian; d = Hauterivian; e = 
Barremian-upper Aptian; f = uppermost Aptian-present. Vertical scale 
in s TWT. See Figure 3 for location. 

and now buried by syn-rift sediment (Figs. 4B and 7B). Conse
quently, the dipping reflectors possibly are not the surfaces on 
which the blocks rotated during rifting. The rotation (about 
15°-20°) could result from slow changes in the dip of the nor
mal faults, decreasing somewhat with depth from 60°-70° for 
the upper faults to 40°-50° on the axis of each half-graben. 

Figure 6. Submarine photograph of an escarpment directly overhanging 
the abyssal plain at dive Site 11 (see Fig. 2 for location). The escarpment 
is made of granodiorite and interpreted as a normal fault throw with 70° 
dip. Scale: Gorgonia are about 1 m high. 

Whatever the correct interpretation is (single listric fault or 
several normal faults), it is clear that the amount of superficial 
stretching that the continental crust underwent is significantly 
less than the amount of crustal thinning. 

THE PERIDOTITE RIDGE 
The Galicia margin is bounded to the west by a north-south 

basement ridge 10 km wide, 3 km high, and at least 130 km 
long (Figs. 2-4). In places, the ridge is symmetrical, with each 
slope dipping about 15° from the summit; in other places, it re
sembles a tilted block of the adjacent margin, with the west-fac
ing slope locally more inclined than the east-facing one (Mauf
fret and Montadert, 1987). The ridge is generally buried except 
for on a small Seamount (Hill 5100) and on the northwest slope 
of Galicia Bank, as a result of Eocene tectonics there. Dredge 
haul recovery from Hill 5100 in 1978, drilling at Site 637 in 
1985, and five dives of the Nautile in 1986 have produced evi
dence that the ridge consists of serpentinized peridotite (Boillot 
et al., 1980, 1986a, this volume; Shipboard Scientific Party, 
1987b). The peridotite recovered on the ridge is quite different 
from the Hercynian peridotite included in the Galicia folded 
belt of that age (Girardeau et al., this volume). The ridge rock 
was derived directly from the mantle and was probably emplaced 
during the Mesozoic in relation with the horizontal stretching of 
the lithosphere. 

Age of the Peridotite Ridge 
At Site 637, the first sediment deposited on the ultramafic 

basement was found to be latest Cretaceous in age (Doyle, this 
volume). However, the hole is located close to the top of the 
ridge, whereas seismic data show deeper and older sediments cov
ering the sides of the ridge (Fig. 8). Seismic lines on the eastern 
(marginward) side of the ridge show that it is onlapped by a 
complete post-rift sequence (upper Aptian to the present) and 
by a thin syn-rift sequence (deposited pre-late Aptian). On the 
oceanic side, we failed to recognize pre-rift sediments. Thus, 
emplacement of the ridge seems to have occurred at the very end 
of the rifting, just before seafloor spreading started in this part 
of the Atlantic during the late Barremian or early Aptian 
(120 Ma). 

The ridge is approximately in line with the M0 magnetic 
anomaly (actually some kilometers to the west; see Figs. 1 and 2). 
The M0 anomaly is identified just to the south (Groupe Galice, 
1979; Guennoc et al., 1979; Olivet et al., 1984; Verhoef et al., 
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Figure 7. Two possible interpretations for Institut Francais de Petrole seismic line OC-412, recorded on the Armorican margin. A. The listric fault 
interpretation by Montadert et al. (1979). Seismic velocities from refraction data along the left of the figure. B. The high-dipping normal fault inter
pretation (this paper). 1-3 = post-rift sediments; 4 = syn-rift sediments, considered as pre-rift in the previous interpretation. 

1986; Srivastava and Tapscott, 1987) and tentatively recognized 
on the ridge itself (Sibuet and Ryan, 1979). We conclude that 
the ridge and the MO anomaly are of approximately the same 
age, about 120 Ma, according to the Kent and Gradstein (1985) 
time scale. Thus, as far as the timing of the emplacement of the 
ridge at the seafloor is concerned, there is good agreement be
tween seismic and magnetic data. 

Location of the Ridge at the Ocean/continent 
Boundary 

The basement was not sampled to the west of the ridge, but 
refraction data suggest typical oceanic crust (Grau et al., 1973). 
Also, the contact between basement and sediment seen on seis
mic lines recorded to the west of the peridotite ridge looks like 

the typical diffracting top of basaltic layers in other oceans. 
Therefore, we presume that the basement on the ocean side of 
the peridotite ridge consists of oceanic crust belonging to the 
Cretaceous magnetic quiet zone. However, ultramafic seafloor 
could extend farther west beyond the ridge where peridotite was 
drilled. 

Eastward, transition with the typical continental crust sam
pled at dive Site 11 (Fig. 2) occurs beneath a 20-km-wide sedi
mentary basin (Figs. 4 and 8). Indeed, the peridotite ridge con
stitutes the boundary between continental crust to the east and 
probable Atlantic oceanic crust to the west. It forms a continu
ous belt where the crust is missing and where the mantle rocks 
crop out directly on the seafloor. The peridotite ridge probably 
represents the axis of the Early Cretaceous continental rift of 
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Figure 8. Section of Institut Francais du Petrole seismic line GP-101 (see Fig. 3 for location) across the sedimentary basin, bounded by the peridotite 
ridge to the west and by the deepest continental block of the margin to the east. Interpretation by Mauffret and Montadert (1987) is shown in the 
lower part: 1-3 = post-rift sediment; 4 = syn-rift sediment; O = olistostrome, included in the syn-rift sediment on the Figure 4 cross section. The S 
reflector seems to extend the eastern flank of the peridotite ridge. 

Galicia, which reached the last stage of its evolution 120 Ma 
ago. 

Petrology and Structure of the Peridotite Drilled at Site 
637 (Table 1 and Fig. 9) 

The peridotite recovered by drilling on the Galicia margin is 
deeply serpentinized (up to 80%) and often replaced by calcite. 
However, it contains relicts of primary phases (i.e., olivine, or
thopyroxene, clinopyroxene, spinel, and plagioclase). As pointed 
out by the behavior of Ti in the mineral assemblage, the plagio
clase seems to have grown mainly around spinel, possibly in 
subsolidus conditions (Kornprobst and Tabit, this volume). How
ever, some interstitial crystals and irregular thin veinlets could 
have resulted from "in-situ" crystallization of trapped liquid 
(Girardeau et al., this volume). According to modal repartition 
of the primary phases, most of the studied samples belong to 
diopside-spinel or spinel plus plagioclase-bearing harzburgites 
and lherzolites. "Diopside-less" harzburgites and dunites are 
scarce. The rock also displays a thin clinopyroxenite banding lo
cally (Girardeau et al., this volume; Kornprobst and Tabit, this 
volume). 

The peridotite underwent some partial melting, resulting in 
5%-10% melt extraction (Evans and Girardeau, this volume). 
Partial melting started at a relatively high temperature (1200°-
1250°C) and pressure (> 10 kbar) in the spinel field. The last ex
tracted liquid perhaps left the rock at a lower temperature 
(1100°-970°C) and pressure ( = 8 kbar or less) in the plagioclase 
facies field, indicating that melting occurred in hydrous condi
tions (Girardeau et al., this volume), as in Zabargad peridotites 
(Bonatti et al., 1986; Nicolas et al., 1987). 

Initially, the rock was coarse grained and locally orthopyrox
ene rich, as deduced from microstructural data. Later, it under

went plastic deformation in a noncoaxial regime, probably by 
simple shear. The deformation began at high temperature (above 
1000°C) and under low-stress conditions (—100 bar). It ended 
at lower temperature ( = 850°C) and under very high strain (7 = 
12) and stress (1.8-kbar) conditions, inducing development of 
the penetrative Sj mylonitic disrupted foliation recognizable in 
all samples (Girardeau et al., this volume). On average, the foli
ation dips 30° in the upper 50 m of the drilled section and up to 
70° in the lower 25 m (see Shipboard Scientific Party, 1987b). 
The lineation is downdip into the foliation, except in some sam
ples where it stands at 45° from the downdip line. According to 
shipboard paleomagnetic measurement and direct observation 
of the peridotite from diving at Site 4, the foliation is dipping to 
the east or northeast, and the mean lineation trends mostly in 
these directions. Shear-sense measurement indicates a top-to-the-
east sense of shear, which means that the plane along which the 
shearing occurred had a mostly normal component of movement. 

High-temperature (800°-900°C) amphibole developed in static 
conditions after the mylonitization event (Agrinier et al., this 
volume). Then the peridotite experienced intensive hydrother
mal alteration at decreasing temperatures (750°-350° to 100°C), 
resulting in the formation, under static conditions, of various 
types of amphiboles after clinopyroxene and of serpentine min
erals after olivine or orthopyroxene. This was followed by brittle 
normal faulting that resulted in eastward-dipping normal faults 
superimposed on the foliation, after which calcite precipitated 
into the fractures at low temperatures (<100°C). Finally, the 
seafloor peridotite underwent weathering at very low tempera
tures, inducing the transformation of most phases into clay min
erals or Fe-oxides (Boillot et al., 1980; Agrinier et al., this vol
ume; Evans and Baltuck, this volume; Kimball and Evans, this 
volume). 
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Table 1. Succession of structural and metamorphic events experienced 
by the Galicia margin peridotite, from studies in this volume by Evans 
and Girardeau, Girardeau et al., Kornprobst and Tabit, Agrinier et al., 
Kimball and Evans, and Evans and Baltuck. 

50 P 
I kbars 

Succession of events 

Assumed Assumed Structural 
temperature depth event 

(°C) (km) (W-E) 

Event 5 

Fracturing, then infilling of 
fractures by calcite 
(and serpentine) 

Event 4 

Ubiquitous serpentinization 

Event 3 

Beginning of serpentinization^) 
Crystallization of amphiboles in 
static conditions: 

hornblende and tremolite 
pargasite 

Event 2 

Stretching and mylonitization at 
decreasing temperature 
New foliation Si 

<10 

110-55 
(<300) 

350 

750 
900-800 

850 

1000 

<5 

Event 1 

End of the partial melting in 
hydrous conditions in the 
plagioclase facies 
Beginning of stretching 
Beginning of partial melting 

970 

1100 
1250 

<30 

Event 0 

Initial peridotite: coarse-grained 
spinel lherzolite; initial foliation S0 

Thus, the drilled peridotite differs significantly from typical 
oceanic harzburgite. Conversely, its phase composition is roughly 
similar to most oceanic diopside-bearing harzburgites and lher
zolites, although the rock is less depleted in basaltic compo
nents and more enriched in magmaphile elements such as Na, 
Al, and Ti. It also contains some plagioclase, developed around 
spinel or as interstitial crystals, which is generally missing in 
typical oceanic rocks. On the other hand, the mineral composi
tion is similar to that of the Zabargad Island peridotite (Bonatti 
et al., 1981, 1986; Nicolas et al., 1985, 1987). It also resembles 
some obducted suboceanic or subcontinental mantle peridotites 
exposed at Lanzo or Ronda, for example, whereas the Galicia 
margin peridotite differs significantly from the western Pyre
nean lherzolite and from all Variscan peridotites, including the 
Lizard massif (Kornprobst and Tabit, this volume; Girardeau et 
al., this volume). It is also quite different from typical ophiolitic 
harzburgite (Evans and Girardeau; this volume; Kornprobst and 
Tabit, this volume). 

INTERPRETATION OF THE PERIDOTITE RIDGE 
The peridotite drilled by the JOIDES Resolution and recently 

sampled with the Nautile on the Galicia margin is probably not 
part of a Hercynian sheet made of ophiolite and tilted with 
crustal blocks. All the structural and petrological data support a 
direct upper mantle origin. The uplift of the mantle rocks from 
a depth of several tens of kilometers to the surface is evidenced 
by their mineralogical evolution and their deformation, both of 
which imply a progressive drop of temperature and pressure. 

depth km 

Figure 9. Pressure-temperature evolution of the peridotite drilled at Site 
637 compared to that of Cabo Ortegal ophiolite (Girardeau et al., this 
volume), gt = garnet; sp = spinel; px = pyroxene; pl = plagioclase; 
1 = end of melting; 2 = ductile shearing of the peridotite; 3 = end of 
ductile shearing; 4 = beginning of hydrothermal alteration; 5 = ubiqui
tous serpentinization; ARD = adiabatic rising diapir; RHL = reheated 
lithosphere; E and P = eclogite and peridotite, respectively, at Cabo 
Ortegal. 

The peridotite of the Galicia margin resembles neither a typi
cal oceanic mantle nor a typical continental one. More likely, it 
represents the mantle underlying an active continental rift or an 
incipient oceanic rift. This interpretation is in good agreement 
with the location of the peridotite ridge at the ocean/continent 
boundary. 

According to estimates of the prevailing physical conditions 
during the melting and deformation of the peridotite, we should 
consider its behavior during the first stage of its emplacement to 
be the same as that of the asthenosphere. Specific petrological 
features of the rock suggest that it was derived either from rela
tively deep subcontinental lithosphere, reheated sufficiently to 
melt, or from a piece of asthenosphere mantle that was slightly 
remelted during an adiabatic uplift. 

Structural study scraps the transform fault hypothesis for the 
emplacement of the peridotite (Girardeau et al., this volume). 
The orientation of the stretching lineation to the east establishes 
that the rock was deformed by divergent lithospheric motion 
and not by strike-slip motion. Thus, we conclude that the rifting 
between the Iberian and American plates during the Mesozoic 
resulted in the emplacement of upper mantle rocks at the rift 
axis. This new concept is one of the most significant results of 
the Leg 103 and Galinaute cruises. 

The peridotite ridge was emplaced at the foot of the present 
margin probably during the late Barremian or early Aptian 
(120 Ma). We suppose that the final emplacement was associ
ated with the last stage of brittle fracturing of the serpentine. 
The shape of the ridge, locally resembling a tilted block, could 
result from this late normal faulting event, involving cold ser
pentinized ultramafic basement. This possible late tilting of the 
peridotite must be taken into account in discussing the present 
eastward dip of the Sj foliation. 

We currently have no data constraining the timing of the first 
stages of the peridotite evolution before its serpentinization. 
However, we think that the progressive uplift of the peridotite 
can be correlated to different stages in the Mesozoic rifting of 
the margin. 
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S SEISMIC REFLECTOR 
The S reflector is either a single strong seismic reflector, or a 

sequence of several elementary reflectors. It occurs in the deep 
margin basement at depths ranging from 1.6 to 0.6 s two-way 
traveltime (TWT) from the bottom of the layered sedimentary 
cover (Mauffret and Montadert, 1987). In the basin separating 
the peridotite ridge from the deeper tilted block of the margin, 
it seems to emerge at the surface of the basement and was not 
identifiable to the west, beneath the peridotite ridge itself (Fig. 8). 
Conversely, the S reflector deepens gradually to the east and dis
appears from the seismic record at Site 638 (Figs. 3 and 4). 

This enigmatic feature was discovered by de Charpal et al. 
(1978) and has been interpreted as the ductile/brittle boundary 
within continental crust, a level where listric faults rooted dur
ing the rifting of the margin (Montadert et al., 1979; Mauffret 
and Montadert, 1987). More recently, the Leg 103 Scientific Party 
interpreted the S reflector to be the contact between the base
ment of the margin (including possible Tithonian carbonates) 
and the syn-rift sediments that more or less detached and slid 
during rifting (see "Site 640" chapter; Shipboard Scientific Party, 
1987e). This interpretation is now obsolete because continental 
basement was sampled with the Nautile on the deeper tilted 
block of the margin, a place where the S reflector is obvious on 
seismic lines (dives 7, 8, and 11; see Boillot et al., this volume) 
(Figs. 4 and 8). 

The S reflector also exists on the deep Armorican margin. 
Recently, Barbier et al. (1986) and Le Pichon and Barbier (1987) 
concluded that it constitutes a tectonic discontinuity between a 
deep, high-velocity basement (Vp - 6.5 to 7.5 km/s) and a shal
lower, lower velocity layer (Vp = 6 to 4.6 km/s) that includes 
both continental basement and indurated sediment. The S re
flector is interpreted as a detachment fault that transformed the 
superficial distension of the Bay of Biscay rift into the lower 
crust, where ductile stretching is assumed to occur at the same 
time. 

The lack of seismic-refraction data on the Galicia margin 
makes comparison with the Armorican margin difficult. How
ever, the S reflector is very similar in the two margins, and it 
would be very surprising if it does not result from the same pro
cesses at both places. We can summarize the preceding review as 
follows, extending the results of studies on the Armorican mar
gin to the Galicia margin: 

1. The S reflector extends into or beneath the very thinned 
continental crust of the margin. It reaches the surface of the 
basement at or close to the ocean/continent transition and, con
versely, dips gradually on the continental side, disappearing from 
the seismic record at 2 or 3 s TWT below the seafloor. 

2. The S reflector is probably a tectonic contact between rocks 
with contrasting physical properties. It can be interpreted as the 
trace of a detachment fault. 

3. The S reflector is generally flat. Local differences in level 
can result from tectonic ramp features and/or late normal fault
ing. 

The new data obtained through drilling and diving do not di
rectly concern the S reflector; nevertheless, the sampling of ser
pentine on the basement ridge bounding the margin and the S 
reflector could tell us something about its nature and signifi
cance. Although the seismic records are unclear for the sedi
mentary basin bounding the peridotite ridge to the east, it seems 
that the S reflector prolongs the slope of the ridge beneath the 
tilted blocks of the margin (Fig. 8). If this is true, the S reflector 
should be the contact between the continental basement (the 
tilted blocks) and the serpentinized peridotite. Such a structure 
would explain the high acoustic impedance contrast giving rise 
to the reflector on the seismic records, as well as the tectonic na

ture of the S reflector, because the serpentine is a good candi
date for decollement. The presence of serpentine beneath the 
tilted blocks could also explain the tilting and faulting of these 
blocks because both processes need a decollement surface and/ 
or a mobile layer to occur (Brun and Choukroune, 1983; Brun 
et al., 1985). 

At Site 637, the ultramafic basement was found at 5400 m 
below the ocean surface. Assuming densities of 2.9 g/cm3 for 
the serpentine and 3.3 g/cm3 for the fresh peridotite, we can 
predict a 5-6-km-thick serpentine layer from simple isostatic cal
culation. On the other hand, the hydrothermal process responsi
ble for serpentinization can occur at a depth of several kilome
ters in the ocean. Thus, it is reasonable to propose that the ser
pentine layer extends laterally from the peridotite ridge, and the 
hydrothermal alteration of mantle rocks occurred to the east be
neath a very thinned and faulted continental crust. For these cir
cumstances, we propose to distinguish (1) the seismic Moho, 
that is, the boundary between serpentine and fresh peridotite 
(the hydrothermal front), and (2) the S reflector, presently as
sumed to be the contact between the continental crust and the 
mantle-derived serpentine and formerly interpreted as a detach
ment fault (see the next section for further discussion). Despite 
the speculative nature of this hypothesis, we think that it ex
plains many of the features on the deep Galicia margin (Fig. 4B). 

PROCESSES FOR CRUSTAL THINNING A N D 
EMPLACEMENT OF MANTLE ROCKS ON THE 

SEAFLOOR: A DISCUSSION 
From study of the Galicia passive continental margin, it ap

pears that the thinning of the continental crust and emplace
ment of the peridotite on the seafloor are closely associated in 
space and time. In space, the peridotite ridge at the ocean/con
tinent boundary trends north-south, as do the tilted blocks of 
the margin, and, at least locally, resembles these tilted blocks in 
shape, height, and width. In time, the peridotite ridge was prob
ably emplaced at the very end of the rifting, as an ultimate ef
fect of the crustal thinning, just before oceanic crustal accretion 
started. Furthermore, we think that this discussion must con
cern both processes controlling the thinning of the continental 
crust and the upwelling of mantle rocks, including their final 
emplacement on the seafloor bounding the margin. 

From the preceding sections, constraints on models for the 
processes of crustal thinning and peridotite emplacement at the 
seafloor are (1) the delay of the block tilting relative to the tim
ing of deepening and subsidence (i.e., crustal thinning) of the 
margin; (2) the discrepancy between the amount of superficial 
horizontal distension of the continental basement and the 
amount of crustal thinning, at least on the deep margin; (3) the 
presumption that thinning of the crust occurred mainly at the 
expense of its lower part, as no in-situ granulite rocks were re
covered at the edge of the margin; (4) the probable partial melt
ing of the peridotite at a high temperature during the first stage 
of its uplift; (5) the deformation the peridotite, experienced in a 
simple-shear regime, which excluded a pure shear stretching of 
the rock (see discussion on that point in Brun and Choukroune, 
1983; Gibbs, 1984; Spencer, 1984; Lister et al., 1986; and Cow
ard, 1986); and (6) the relationship between the thinning of the 
continental crust and the emplacement of mantle rocks on the 
seafloor, as emphasized above. 

These constraints suggest models combining heterogenous 
stretching for lithosphere and gliding along detachment faults. 
Two cases that differ in the location and attitude of the detach
ment fault can be considered: either the fault is rooted in the 
crust (see application of this model to the Armorican margin by 
Le Pichon and Barbier, 1987) or the fault cuts through the whole 
crust and roots in the upper mantle, as proposed by Wernicke 
(1981, 1985). In the first case, some asthenosphere diapirism 
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has to be considered to account for the uplift of peridotite onto 
the seafloor, a process that is not necessary in the second model 
because the peridotite can be emplaced by a simple tectonic 
denudation process (Boillot et al., 1986b, 1987). In the follow
ing sections, we shall discuss these two distinct models of de
tachment faulting and asthenosphere diapirism in light of the 
data recovered on both the crustal and mantle basement of the 
Galicia margin. 

Tectonic Denudation of the Upper Mantle by Normal 
Shear of the Lithosphere 

Wernicke (1981, 1985) and Wernicke and Burchfield (1982) 
conceived a model that explains the thinning of the continental 
crust and lithosphere by movements along a gently dipping (15°) 
normal detachment fault that cuts through the entire lithosphere. 
Boillot et al. (1986b, 1987) further extended the model by sug
gesting that movements along the detachment fault can result fi
nally in exposure of the upper mantle (Fig. 10). They applied 
this model to the Galicia margin, assuming that the detachment 
fault was dipping and plunging to the east, beneath the margin. 
The hypothesis has important implications that can be tested by 
our field data: 

1. There is not necessarily a relationship between the amount 
of superficial stretching and the amount of crustal thinning. On 
the hanging-wall side, the shallow normal faults are antithetic 
structures to the master detachment fault. On the footwall side, 
the tilted crustal blocks are allochthonous slices, left behind 
along the surface of the detachment fault. Thus, the two mar
gins of the ocean will be asymmetric. 

The discrepancy between the amount of superficial disten
sion and the amount of crustal thinning is well supported on the 
Galicia margin (see the preceding section). On this point, the 
model fits the data. However, for relationships between thinning 
and stretching, models involving detachment faults or different 
amounts of extension in the upper and lower parts of the crust 
(Royden and Keen, 1980) agree with the data. The possible asym
metry between the two conjugate margins, Galicia and New
foundland, is somewhat difficult to show because of the thick 
sedimentary layer covering the basement structures on the west
ern Atlantic margin. However, the structures of the deep New
foundland margin seem to be different from that of the Galicia 
margin (Parson et al., 1985; de Voogd and Keen, 1987; Keen 
and de Voogd, 1988). 

2. According to the assumed location and eastward dip of 
the detachment fault (Fig. 10), the thinning of the continental 
crust principally affects the lower crust of the Galicia margin. 
This implication of the model is in good agreement with the na
ture of the upper crust of the continental basement sampled at 
the western edge of the margin. It is also in agreement with the 
westward thinning of the lower Hercynian crust beneath the Ga
licia mainland near the margin (Cordoba et al., 1987). Con
versely, the continental basement at the edge of the Newfound
land margin has to be made of lower continental crust, that is, 
mainly of granulitic rocks. Unfortunately, data to test that im
plication are not available. 

3. A detachment fault rooted in the mantle would explain the 
exposure of upper mantle rocks at the end of the rifting period 
(Fig. 10). Thus, the S reflector, which was interpreted in the pre
ceding discussion as the continental basement/serpentine con
tact, could be the shallower part of the detachment fault, possi
bly offset by late faulting, and as such, would separate the up
per continental crust material from the mantle rocks altered by 
oceanic hydrothermal processes (Fig. 11). In addition, this inter
pretation accounts for the observed delay between deepening 
and block tilting for the margin (see the first part of this sec
tion). 

4. Along the assumed detachment fault, the mantle rocks 
initially will experience ductile deformation at great depth, and 
only in the later stage of faulting, when the rocks are near the 
surface, will they experience brittle deformation. Theoretically, 
the kinematic picture does not change appreciably as the shear
ing progresses, and late-stage brittle deformation is superim
posed on the ductile deformation with the same sense of shear. 

Such a structural evolution was effectively evidenced in the 
drilled peridotite of the Galicia margin, with a top-to-the-east 
sense of shearing. Note that the initial eastward dip of the shear 
planes (presently 30°-70°) was possibly increased by late tilting 
of the peridotite ridge (see Fig. 11 and the preceding discussion 
on the shape of the ridge). Thus, in our consideration of the ge
ometry of the shear planes and the kinematics of the deforma
tion, the data fit very well with the model proposed in Fig. 10. 

However, the physical conditions inferred for melting (tem
perature — 1250°C and pressure > 10 kbar) and deformation 
(temperature decreasing from = 1000° to 850°C for ductile shear
ing) of the peridotite require that the peridotite come either 
from the lower part of the lithosphere or from an ascending 
bulge of asthenosphere. If we accept that the peridotites were 
emplaced by tectonic denudation of the lower lithosphere, a 
low-angle fault must be assumed to cut through the entire litho
sphere, and we have to expect a large belt of ultramafic seafloor 
bounding the Newfoundland margin, representing the section 
of the lithosphere exposed at the Earth's surface by the detach
ment faulting. This conclusion is currently unverifiable and 
somewhat unrealistic, even if some tilted crustal blocks of conti
nental nature were emplaced upon peridotite as slices left be
hind on the detachment fault surface during rifting. 

This difficulty leads us to consider the asthenosphere dia
pirism model as an alternative or supplementary interpretation, 
at least concerning the peridotite emplacement. 

Asthenospheric Vertical Diapirism (Fig. 12) 
Because Zabargad peridotites experienced some melting and 

high-temperature-low-stress deformation during their uplift, as
thenospheric diapirism has been proposed to explain their em
placement onto the Earth's surface (Nicolas et al., 1987). Such a 
process of mantle uplift can be related either to the advection 
motion of the asthenosphere or to the density contrast that ex
ists between the hot ascending melting material and the sur
rounding colder rocks (true diapirism) (Nicolas, 1984, 1986a, 
1986b; Kornprobst and Vielzeuf, 1984; Vielzeuf and Kornprobst, 
1984). 

Whatever the model for the thinning of the lithosphere and 
the forces responsible for this process, a significant elevation of 
the thermal gradient, and therefore, some upwelling of the as
thenosphere, appears to be associated with the rifting process. 
Thermal gradient instability occurs beneath the rift, producing 
melting of the rising mantle as it crosscuts the peridotite solidus 
curve. The amount of melting experienced by the peridotite seems 
to depend on the depth at which the ascending material reenters 
the subsolidus field as it cools beneath the overlying cold litho
sphere. Accordingly, the upper mantle beneath continental rifts 
or incipient basins seems to be composed mainly of spinel- or 
plagioclase-lherzolites, respectively, and of harzburgites beneath 
ridges having spreading rates up to 1 cm/yr (Boudier and Nico
las, 1985; Nicolas, 1986a, 1986b). 

Beneath incipient basins and spreading ridges, the asthenos
pheric material ascending by advection motion seems to more 
or less constitute an open wedge, in accordance to the ascend
ing/spreading rate. This wedge displays the geometry of the flow 
(Ave Lallemand and Carter, 1970; Nicolas et al., 1971), and the 
deformation regime and foliation pattern in such a wedge seem 
to be quite simple. As shown by studies on ophiolites, the main 
foliation results primarily from simple shear that has a steep at-

751 



G. BOILLOT, J. GIRARDEAU, J. KORNPROBST 

R3 

Continental crust 
TTtTlTTTl M a n t l e 

B 30km 

iiiiTIi!iiiiiiiiii!iii:ii^iii» 
DessinY Descatoire 

Figure 10. The low-angle normal fault model of the tectonic denudation of the upper mantle, after Boillot et al. (1986b, 1987). The upper two cross 
sections are without vertical exaggeration; cross sections in the bottom row have a vertical scale x 3. Seismic velocities (km/s) are indicated on the 
cross sections. Rl, R2, and R3 = successive stages of the continental rift R, resulting in tectonic denudation of the uppermost mantle. 

titude in slow-spreading ridges or oceanic rifts and a flat atti
tude in medium- to fast-spreading ridges (see discussion in 
Boudier and Nicolas, 1985; Nicolas, 1986a, 1986b). 

True diapirs (with a bubble shape; Ramberg, 1967; Berner et 
al., 1973; Dixon, 1975) of asthenosphere that rise within the 
lithosphere (the rising force is the density contrast) exist at depth 
beneath continental rifts, as deduced from the specific textures 
of peridotites in alkali basalts (see discussion in Mercier, 1985). 
In such diapirs, the strain-stress pattern appears complex be
cause the deformation plane trajectory is expected to be hori
zontal at the top of the diapir and strongly inclined at the diapir 
edges and foot. Also, deformation intensity is at a maximum at 
the edges and foot and at a minimum in the core, where iso
tropic conditions and leading specific textures (poikiloblastic 
texture; Mercier, 1985) are reached. Moreover, deformation prob
ably occurs under high-temperature-low-stress conditions at the 
core of the diapir, whereas much lower temperature and higher 
stress conditions occur at its rims. 

The physical conditions inferred for the melting and defor
mation (primary and mylonitic deformation) of Site 637 peri
dotites can be considered to indicate diapiric emplacement of 
some asthenospheric material at the end of stretching, just be
fore the oceanic accretion stage (Girardeau et al., this volume). 
Nevertheless, the partial-melting products of the mantle rocks 
(basalts) are missing on the Galicia margin peridotite ridge. In 
our opinion, having no basalts present constitutes a serious prob
lem for the model of vertical asthenosphere diapirism, because 
this model predicts basalt flow at the top of the asthenosphere 
bulge. This lack or disappearance of basalts on the seafloor 
bounding the Galicia margin is surprising and must be explained. 

Discussion: A Composite Model 
As a tentative explanation of the uplift of Site 637 peridotites 

during the rifting phase prior to the opening of the Atlantic 
Ocean, we have presented two models (detachment faulting and 

asthenosphere diapirism). Theoretically, both models account 
for the physical conditions required for partial melting and de
formation of the drilled peridotite and for the geometry of the 
flow displayed by the rocks. The mylonitization experienced by 
the rock may develop either at the edge of an asthenosphere dia
pir or along a detachment fault by simple shear of the litho
sphere. In fact, the petrology and the fabric of the peridotite 
cannot be used to discriminate between the two models. Conse
quently, we must look at other geological and geophysical data. 

The hypothesis of low-angle, normal faulting of the conti
nental lithosphere is supported by (1) the discrepancy between 
the amount of superficial distension of the margin continental 
basement and the amount of crustal thinning; (2) the thinning 
of the continental crust at the expense of its lower layer (assum
ing a detachment fault dipping eastward, beneath the Galicia 
margin and mainland); and (3) the absence of basalt on the 
cored peridotite ridge (the products of partial melting of the 
peridotite being left behind above the detachment fault). The 
strongest argument against the hypothesis is the large belt of ul
tramafic seafloor (several tens of kilometers) that has to bound 
the Canadian margin (the section of the lithosphere crossed by 
the detachment fault), if we are assuming that the peridotite 
represents the lower part of the lithosphere. 

Conversely, the strongest evidence in support of vertical dia
pirism of the asthenosphere at the rift axis is the physical condi
tions (1) of melting (assuming that it occurred during the rifting 
of the margin) and (2) of the ductile deformation of the peri
dotite. According to our petrological study, the upwelling of the 
peridotite occurred in asthenospheric conditions as beneath a 
spreading axis. Arguments against vertical diapirism are (1) the 
absence of basalt on the seafloor, despite partial melting of the 
peridotite (which would be covered by melting products if it had 
ascended vertically) and (2) that this model does not consider 
the actual processes of crustal thinning (especially crustal stretch
ing-thinning relations). 
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Figure 11. Kinematic interpretation of the S reflector. A. Detachment faulting, resulting in thinning of the continental crust and tectonic denuda
tion of the upper mantle, as detailed in Figure 10. The normal faulting concurrent in the evolutionary sequence is considered remote to obtain a 
simplified diagram. B. Late normal faulting and tilting of the blocks, resulting in local differences in level for the S reflector with the normal fault 
in the plastic and mobile serpentine layer. See Figures 3 and 8 for seismic control and Figure 4 for comparison. 

Are the two models antagonistic and exclusive? Uplift of the 
peridotite by diapirism is highly likely, according to the petro
logical and structural data. But on the other hand, detachment 
faulting accounts perfectly for the crustal thinning and stretch
ing of the margin. Consequently, we propose a composite model, 
on the assumption that the main stage of asthenosphere upwell
ing occurred prior to the main stage of detachment faulting 
(Fig. 13). Asthenosphere would rise by diapirism beneath a 
poorly, if at all, stretched, thick continental crust (Fig. 13A), as 
proposed by Nicolas et al. (1985, 1987) and Bonatti (1987) to 
explain the uplift of Zabargad Island peridotite. The products 
of the peridotite partial melting would crystallize under high 
pressure as gabbros and be emplaced at the top of the astheno
sphere bulge, that is, at the bottom of the continental crust. At 
that stage, detachment faulting would either be initiated or not 
occur. Then, as the asthenosphere diapirism progresses, the de
tachment faulting beneath the Newfoundland margin (Fig. 13) 
could occur, which would result in tectonic denudation of the 
cooled peridotites that experienced low partial melting (Fig. 13B) 
prior to the beginning of oceanic spreading. Note that the base
ment of the opposite Galicia margin will include the gabbros 
crystallized during the initial stage (Fig. 13A). Because of iso-
static readjustment during thinning of the crust, these gabbros 
have to be tilted landward, causing them to dip as the Moho 
does beneath the margin. Landward-dipping reflectors have been 
observed at the ocean/continent boundary of the eastern Cana
dian margin, which is the Galicia conjugate margin (de Voogd 
and Keen, 1987). Following Keen and de Voogd (1988), we sug
gest that these reflectors are the gabbros missing on the Galicia 
peridotite ridge (Fig. 13B). 

CONCLUSIONS 
Whatever the processes of rifting on the passive continental 

margin may be, the most significant result of drilling and diving 
on the west Galicia margin is evidence of a continuous peri
dotite belt bounding the thinned continental crust. The mantle 
rocks crop out at the ocean/continent boundary in a place occu
pied by the rift axis 115 or 120 m.y. ago, just before "true" 

seafloor spreading started between Galicia and Newfoundland. 
Thus, the thinning of the continental crust by horizontal stretch
ing of the lithosphere can result, at least in some cases, in the 
denudation of the upper mantle. This conclusion is of great 
consequence in that it applies new constraints to stretching 
models of the lithosphere. It also provides a key to interpreting 
some of the ophiolitic association in fold belts formed by ser
pentine directly covered by sediments (Lemoine at al., 1987). 
These ophiolitic associations could be relicts of ultramafic sea
floor settled along continental margins prior to folding, as it is 
presently the case for the peridotites bounding the west Galicia 
margin. Alternatively, the serpentine could floor narrow oceans 
or oceans where the spreading rate was very low. In any case, the 
results of investigation of the peridotite ridge of the Galicia 
margin open the way for further research and speculation on 
the rifting and/or spreading processes and on the nature of the 
oceanic crust. 
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Figure 12. Sketch of asthenosphere diapirism and melt extraction as
thenosphere for a continental rift before crustal thinning, after Nicolas 
(1986a, 1986b). Dashed lines represent the frozen asthenosphere flow; 
the dotted area is the asthenosphere. This situation could be the initial 
stage for the west Galicia margin, 140 m.y. ago. 
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Figure 13. The composite model for the thinning of the continental crust and the emplacement of peridotite 
onto the seafloor along the Galicia margin (possible initial stage, see Fig. 12). A. Bulge of asthenosphere, 
yielding to low partial melting of the peridotite and possible crystallization of the partial-melting products as 
gabbro (G) at the crust/mantle boundary. This stage is derived from the models by Nicolas (1986a, 1986b), Ni
colas et al. (1985, 1987), and Bonatti (1987). B. Tectonic denudation of gabbro along Newfoundland margin 
and of cooled, poorly depleted peridotite along Galicia margin. This stage of evolution is described by the 
model of Boillot et al. (1987) (see Fig. 10). 1 = lithosphere subcrustal peridotite; 2 = upwelling peridotite ex
periencing low partial melting and behaving as an asthenosphere bulge; this poorly depleted asthenospheric 
peridotite further accreted to the lithosphere (= 3). The last stage of the evolution would be the beginning of 
classic ocean spreading. 
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