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ABSTRACT

The basement of the western European and eastern Canadian shelves is underlain in the northwest by metamor-
phosed terrains predating the late Precambrian; in the southeast, Cadomian deformations are widespread. These era-
tonic regions were broken up by the opening of two oceans during Paleozoic time. Remnants of Paleozoic ocean crust
are now preserved in the sutures of the Iapetus and Theic oceans.

Later deformations, related to the collision between Laurussia and Gondwanaland, resulted in the development of
three shear belts, oriented east to west, between middle and late Carboniferous time. Just before the Mesozoic opening
of the North Atlantic, a large dextral shear belt developed between Labrador and the Bay of Biscay, crosscutting all the
previously developed structures.

INTRODUCTION

It has often been said by marine geologists that trans-
atlantic basement correlations will represent the ultimate
stage in the investigation of the continental margins, and
many geologists believe that a good knowledge of the
Cenozoic and Mesozoic shelf evolution is necessary to
understand the deep basement structures. In fact, there
are so many problems in arriving at a detailed compre-
hension of the post-Paleozoic cover that interpretation
of the basement features seems always to be deferred to
a later date. Furthermore, the existence of major strike-
slip deformations—younger than the late Hercynian tec-
tonism but older than the Mesozoic opening—which
occur just at the poorly documented ocean-continent
boundary, suggests that progressive restoration is proba-
bly not the correct way to reorganize the preopening
basement pattern.

The recent discovery of listric faults on the conti-
nental margin of northwest Europe (de Charpal et al.,
1978; Guennoc, 1978) is convincing evidence that even
the best transatlantic fits are inaccurate in longitude; a
precise quantification of the stretching of the continen-
tal crust (related to the listric tectonism) is necessary for
an accurate preopening reconstruction. In addition, be-
cause of the dextral shears that developed after late Her-
cynian time (before the Early Jurassic rifting between
the Bay of Biscay and the Labrador Sea [Kay, 1969; Le-
fort, 1973]), none of the proposed Triassic reconstruc-
tions is really adapted to the transatlantic basement cor-
relations. Nevertheless, the second of those two handi-
caps can be partially mastered. To this purpose, a new
class of fit has been developed, based mainly on Her-
cynian transatlantic markers (Lefort, 1980). Those mark-
ers, already mapped for the continental crust on both
sides of the North Atlantic, can be followed offshore by
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their geophysical signatures beneath the shelves. Most
of them date from the late Carboniferous and appear as
east-west shear belts between latitudes of the Hercynian
Front and the South Atlas Fault (Lefort and Haworth,
1978, 1981; Max and Lefort, in press).

The resulting fit is characterized by the following ro-
tation poles (Lefort and Van der Voo, 1981):

Plate rotated with
respect to America Pole position

Angle of
rotation

Europe
Iberia
Africa

89.1°N, 150.3°E
68.1°N, 344.2°E
66.0°N, 346.6°E

29.0c

53.3C

76.7C

The latitudinal precision of this fit is probably better
than a few tens of kilometers, but unfortunately—be-
cause there are no meridian or submeridian structures
of this age—the longitudinal positions of the continents
have the same inaccuracy as the other classical recon-
structions. Because most of the older transatlantic struc-
tures are transverse with respect to the present North At-
lantic orientation, however, such an inaccuracy will not
affect the general basement pattern too much.

THE MAIN PRECAMBRIAN FEATURES
RECOGNIZED IN THE NORTH

ATLANTIC AREA

The Grenville Front

In Canada, the Grenville Front (Fig. 1) is the limit
between the Grenville (850- to 1500-m.y.-old orogeny)
and Churchill (1550- to 2400-m.y. old) chelozones; it is
bordered in the south by a continuous gravity low (Thom-
as, 1974), sometimes superimposed on a magnetic low
(Stockwell et al., 1965). The front has been extended,
using free-air gravity data, up to the Cartwright Arch
(van der Linden and Srivastava, 1975). On the Rockall
microcontinent (Scrutton, 1972), the geophysical and
geological data (Roberts et al., 1972; Miller et al., 1973)
suggest that Laxfordian terrains are separated from
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Figure 1. Preopening reconstruction of northern North Atlantic area (see text for criteria). Bathymetry in meters. The main basement features of the North Atlantic shelves (numbers refer to key at
bottom of figure): 1 = Grenville Front; 2 = Precambrian ridges; 3 = Paleozoic ridges; 4 = suture of the Iapetus Ocean; 5 = suture of the Theic Ocean (magnetic bodies are represented in
black); 6 = Petite Sole-Porto-Badajoz Paleozoic Transform Fault; 7 = late Paleozoic strike-slip faulting in France, Spain, and Canada; 8 = middle to late Paleozoic strike-slip faulting in
Scotland and Ireland; 9 = Hercynian Front; 10 = Carboniferous Basin.
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Grenvillian outcrops by an east-west gravity lineation
(Roberts, 1970). The proposed boundary delineated here
is not far from the limit already proposed by Roberts
(1975).

When the Rockall Trough is closed (Le Pichon et al.,
1977), the gravity low on the Rockall-Hatton Bank falls
just in front of an east-west magnetic high located on
the slope along the 56th parallel, which is already inter-
preted as the possible European extension of the front
(Bailey, 1975). This magnetic anomaly can be extended
eastward on the shelf (Gerard, 1979), where it is super-
imposed on a gravity low (Hydrographic Department,
1973). It is difficult, however, to distinguish whether this
gravity low corresponds to the signature of the front
or is related mainly to the narrow Mesozoic basin con-
trolled by this basement disruption (Gerard, 1979). The
postulated Grenville Front cannot be followed east of
8°W, where it is interrupted by the seaward extension of
the Camasunary-Skerryvore Transcurrent Fault (Bailey
et al., 1975).

In this area, the closest geological controls are located
on the Stanton Banks (8°00'W, 56°10'N), where the
Lewisian is known (Gerard and Boillot, 1977), and at
Erris Head (10.00'W, 54°15'N), where the Grenvillian
crops out (Van Breemen et al., 1976). Note that the pos-
tulated course of the front is everywhere bordered by a
morphological high, such as the Makkovik Bank on the
Cartwright Arch, the northern high of the Rockall Bank
on the Hatton-Rockall Plateau, or the Stanton Banks
north of Ireland (Fig. 1).

The Hadrynian Arches

Gravity and magnetic mapping on the Grand Banks
of Newfoundland (Haworth and Mclntyre, 1975) showed
a similarity between the disposition of deep structures
of the Avalon Platform and the arcuate shape of the Pa-
leozoic orogen in Spain and Portugal (Haworth, 1977).
Later, a more accurate study of the relationship between
the magnetic and gravity anomalies and the exposed
Appalachian structures of eastern Newfoundland gave
good arguments for proposing a Precambrian age for
the structures causing the anomalies (Haworth and Le-
fort, 1979). This proposed age was first based upon the
facts (1) that the westernmost anomalies were cut ob-
liquely at the Dover Fault—probably dating from the
Hadrynian (latest Precambrian, post-Grenvillian)—which
forms the western boundary of the Avalon Zone (Black-
wood and Kennedy, 1975; Blackwood and O'Driscoll,
1976), and (2) that the onshore extensions of three of
the lineated anomalies were shown to result from Ha-
drynian structures (Haworth, 1975). East of Newfound-
land, no direct proof for a Precambrian age was found.
It was suspected that although the general arcuate pat-
tern in basement structure (as indicated by the anoma-
lies) was Precambrian in origin, some magnetic and
gravimetric features on the Grand Banks were probably
younger, mimicking and thereby reinforcing the Pre-
cambrian basement trends.

In western Europe, the arcuate shape of the Ibero-
Armorican trends has been the subject of much debate.
Most authors believed it to be a Hercynian feature (Chou-

bert, 1935; Carey, 1958; Anderson and Owen, 1968;
Matte, 1968; Bard et al., 1971; Cogné, 1971; Matte and
Ribeiro, 1975; Ries and Shackleton, 1976). It has been
known for a long time, however, that the late Cambrian
and early Paleozoic sedimentation was controlled by ar-
cuate Precambrian ridges (Lötze, 1956; Matte, 1968; Ve-
gas, 1978). More recently, paleomagnetic experiments
on the Paleozoic series of the Spanish peninsula re-
vealed without any ambiguity that the Ibero-Armorican
arc was a secondary feature tightened during the Her-
cynian orogeny, the previous curvature being fully con-
centric with the Avalonian curvature (Lefort and Ha-
worth, 1979; Perroud, 1980).

The structures in the following discussion have been
recognized on the basis of geological and geophysical
data from southern Brittany, northern Spain, and their
adjacent continental margins.

Free-air gravity anomalies on the northern Iberian
(Spanish) Shelf (Sibuet, 1972) show an alternation of
highs and lows interpreted as representing a zone of high-
and low-density rocks. The alternation from + 30 mgal
in the west to - 30 mgal in the center, to +10 mgal in
the eastern part of the northwestern corner of the Iberi-
an Shelf is disrupted only by the strong negative gravity
anomaly caused by the deep Aviles Canyon at approxi-
mately 6°30'W. Such an alternation is most clearly ex-
plained by the onshore data (Matte, 1968), where two
basins of uppermost Precambrian and Paleozoic sedi-
mentary rocks (the eastern one may contain 10 km of
sediments) are separated by a ridge of metamorphic Pre-
cambrian rock with little or no Paleozoic cover. The ex-
istence of Hercynian granite bodies in the central zone
increases the density contrast between the Precambrian
ridge and the Paleozoic basins, and therefore empha-
sizes the gravity zoning. The geological zonation of the
Spanish and Portuguese Precambrian arc may therefore
be extended to the edge of the continental shelf north of
Spain.

The free-air gravity map of the South Armorican Con-
tinental Shelf (Day and Williams, 1970; Sibuet, 1972) al-
so exhibits a high-low-high alternation; this alternation
has been interpreted to be related to underlying Paleozo-
ic basins separated by a ridge of metamorphic rocks (Le-
fort, 1975), the same structural arrangement as noted on
the northern Spanish margin.

The hypothesis that the Bay of Biscay was closed be-
fore the opening of the present Atlantic Ocean faces lit-
tle objection these days, although there is continuing de-
bate as to the correct location of Iberia with respect to
France (Le Pichon et al., 1977). The reconstruction shown
in Figure 1 is compatible with the detailed stratigraphic
and paleontological correlation between the outer por-
tion of the Ibero-Armorican arc on both sides of the
Bay of Biscay (Henri et al., 1973), as well as with corre-
lations between the late Hercynian fault patterns in
France and Spain (Lefort and Haworth, 1978). On this
reconstruction, the width of the gravity zones associated
with the Armorican basins and those of Spain are in
good agreement. It is therefore considered here that the
structural zones south of Brittany, recognized by their
geophysical expression, are the northeastward extensions
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of the zones recognized geologically and geophysically
in northwestern Spain. This interpretation is reinforced
by seismic refraction data. Velocities ranging between
5.1 and 5.8 km/s, observed in the interpreted basins,
seem to be, as elsewhere in Brittany, characteristic of
slightly metamorphosed upper Precambrian and Paleo-
zoic rocks (Lefort, 1975). Deposition of those rocks was
probably controlled by the higher-velocity ridge. The
highest velocities, ranging between 6.3 and 6.5 km/s,
are recorded between the basins, and are found to be re-
lated in Brittany to crystalline or highly metamorphosed
rocks (Lefort and Haworth, 1979).

The northern Grand Banks area is characterized by
continuous magnetic-anomaly and more or less frag-
mentary gravity-anomaly trends (Haworth and Mcln-
tyre, 1975). Three linear magnetic highs are offshore ex-
tensions of magnetic highs associated with Hadrynian
volcanic rocks that outcrop on the Avalon Peninsula
(Haworth, 1975; Haworth and Lefort, 1979). A fourth
one lies close to Virgin Rocks and Eastern Shoals, where
nonvolcanic Precambrian rocks were sampled (Lilly, 1966).
The upper Hadrynian, dominantly subaerial volcanics
of Avalon have been interpreted both in terms of vol-
canic arcs associated with a subduction zone (Hughes
and Bruckner, 1971; Kennedy, 1976) and in terms of
rifting preceding the opening of Iapetus (Schenk, 1971;
Papezik, 1972; King, 1977). The magnetic expression of
the volcanic rocks does not permit discrimination be-
tween these hypotheses.

On the inner part of the shelf, volcanic ridges whose
seismic velocities range between 6.4 and 6.7 km/s are
characterized by gravity and magnetic highs. On the out-
er part of the shelf, concentric ridges, characterized by
the same gravity and magnetic highs, were reactivated in
Mesozoic time, and now form the cores of horsts which
probably controlled Mesozoic and Cenozoic deposition.

On the eastern and southern parts of Avalon Penin-
sula, the thickening of the sequence of Hadrynian sedi-
mentary rocks (Williams and King, 1976) correlates with
a reduction in the gravity and magnetic fields. The north-
eastward extension of this low coincides with the 5.9-
km/s layer observed on a refraction line. Such a velocity
may therefore be characteristic of the Hadrynian sedi-
mentary rocks lying between the higher-velocity vol-
canic highs.

It is possible that some of the basins between the vol-
canic highs are also infilled by lower Paleozoic rocks.
On the basis of seismic reflection profiling, Grant (1972)
has suggested this explanation for a gravity and mag-
netic low immediately east of the Avalon Peninsula.

If one compares the geophysical expression and geo-
logical interpretation of each of the different types of
sinuous trends identified in Figure 1, one point is imme-
diately evident: the Precambrian ridges in Europe have a
different expression from those in Canada. This may be
explained by the lack of large Hadrynian or Paleozoic
basic intrusions in Brittany and northern Spain, com-
pared with their extensive appearance in Newfoundland.
Localized Hadrynian basic intrusions do exist in the Eu-
ropean area (Den Tex and Floor, 1972; Cogné, 1974),
but their volume is too small to produce effects of the

magnitude seen in eastern Canada; the Precambrian
ridges and those reactivated in Mesozoic time appear to
have controlled even the post-Paleozoic sedimentation on
both sides of the Atlantic (Lefort and Haworth, 1979).

THE PALEOZOIC FEATURES RECOGNIZED IN
THE NORTH ATLANTIC AREA

The Suture of the Iapetus Ocean

The Iapetus Ocean, which separated Laurentia (Can-
ada and Greenland) from the Avalon prong (the eastern
Canadian Shelf and western central Europe), closed in
middle Paleozoic time. The major structural trends of
the eastern Appalachian border have been followed on-
shore by McKerrow and Cocks (1977) and Williams
(1979), and offshore by Jacobi and Kristoffersen (1976).
South of the Gulf of St. Lawrence, the structural zoning
has been interpreted from gravity and magnetic data
compiled by Haworth and Mclntyre (1977); the course
there of the suture of the Iapetus Ocean was first sug-
gested by Haworth (1974) and then slightly modified by
Haworth and Lefort (1979). North of Newfoundland,
more recent gravity and magnetic data (Haworth, Grant,
and Folinsbee, 1976; Haworth, Poole, et al., 1976) allow
one to suggest a possible extension for this suture. It
must be emphasized, however, that in this area the tra-
jectory is only suggestive, since in Britain and New-
foundland the suture does not necessarily coincide with
the magnetic expression of the ophiolitic layers, even
when they give rise to a clear magnetic signature. Here,
the course of the suture seems to veer north and then
northwestward toward the southern Labrador Shelf. This
has been interpreted more recently by Haworth and Ja-
cobi (1983). Just north of Newfoundland, the suture
shows a small dextral offset where it cuts across the west-
ern extension of the Hercynian Front (see discussion fol-
lowing). It is very difficult to link the suture at the
northern termination of the Appalachian orogeny with
its postulated course in Ireland (Stillman, 1979). There
is very weak evidence from the magnetic lineations that
the course swings northwestward between western Ire-
land and the Porcupine Bank (Max et al., 1982); it may
follow a large magnetic low and a small variation in the
wavelength of the anomalies west of the mouth of the
Shannon River. How, though, can this be linked with
the southern Labrador termination? There must be an
undescribed curvature of the Appalachian axis to the
south of the Rockall Bank. Such re-entrants of the Ap-
palachian orogen are well known onshore in the south,
and are typical of this mountain belt (Rankin, 1976).
The only geophysical data supporting this interpreta-
tion, however, are the magnetic data collected by Vogt
and Avery (1974) at the southwestern end of the Rockall
Plateau. Although this bending of the belt is difficult to
follow, it is the only way to link the Appalachian fea-
tures with contemporaneous features known in the Cale-
donides of Europe, if the position of the suture mapped
by Haworth and Jacobi (1983) is correct.

If we accept this interpretation, it must be noted that,
in our reconstruction, the weak magnetic trends south
of Rockall Plateau and north of Porcupine Bank show
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an offset of approximately a hundred kilometers just
where the Dover Hermitage Fault and its seaward exten-
sion (Haworth, 1977) should link with the southwestern
prolongation of the Great Glen Fault (Riddihough and
Max, 1976) and associated fractures. Because these faults
acted as sinistral shears (after the closure of the Iapetus
Ocean) on both sides of the North Atlantic (for the
Dover Fault it is a rejuvenation of the previous Hadry-
nian displacement; Blackwood and Kennedy, 1975; Han-
mer, 1981; Max, 1978), it is highly possible that this
apparent offset is a consequence of strike-slip tectonics
rather than an artifact born of the lack of accurate geo-
physical data.

The Suture between Laurussia and Gondwanaland

Two crescent-shaped mafic belts south of Brittany and
south of the Grand Banks of Newfoundland are linked
by a large shear belt which strikes across Spain and Por-
tugal. These structures are believed to represent two seg-
ments of the suture of the Theic Ocean, which once sep-
arated Laurussia from Gondwanaland (the term Theic
Ocean is used, following Lefort [1983], instead of the
terminology of McKerrow and Ziegler, 1972); the two
structures are joined together by a fossil transform fault
(Porto-Badajoz Fault). Those three features will be de-
scribed in succession.

1. Recent studies of magmatic and metamorphic events
between Hadrynian and Carboniferous time in southern
Brittany suggest that the Hercynian mountain-building
should be separated into two cycles (Cogné, 1977). An
earlier cycle, extending from Silurian to late Devonian
time, was probably the result of northward subduction
beneath South Armorica (southern Brittany); a later cy-
cle, extending from Dinantian to Westphalian time, in-
volved an ensialic (intraplate) evolutionary cycle affect-
ing the whole area.

Some of the Silurian and Devonian events are local-
ized onshore in Brittany (Armorican Massif), and in the
Massif Central (France). However, the conclusive data
supporting the existence of a suture are based mainly on
marine geology and offshore geophysical interpretations
(Lefort, 1983).

The marine geophysical and marine geological data
now available (Audren and Lefort, 1977; Lefort and Se-
goufin, 1978; Lefort et al., 1981) allow a more accurate
location of the possible suture and support the follow-
ing points:

A. The submerged blueschist outcrop located around
Groix Island is probably not the ancient location of the
South Armorican suture; the whole of the blueschist
belt is now regarded as a flat-lying obduction sole or a
klippe which was emplaced northward during Silurian
or early Devonian time (Quinquis, 1980).

B. Marine studies have delineated the suture approx-
imately 60 km to the south of Groix, where gravity and
magnetic discontinuities display an arcuate belt which
parallels the present coastline beneath the Mesozoic and
Cenozoic cover (Lefort, 1979a).

C. This belt separates two different structural domains.
The southwesternmost domain is characterized by gravi-
ty highs and lows trending east-west (Sibuet, 1972); these

represent remnants of the Ibero-Armorican arc, which
links with the Galician arc when the Bay of Biscay is
closed. The airborne magnetic data show, after a sec-
ond-derivative calculation (Horn et al., 1974), the same
structural trends, which are cut in places by a late set of
faults oriented N130° (Lefort, 1975).

To the north and east, the same magnetic data reveal
the existence of structures which are parallel to the South
Armorican orogen. Gravity data are sparse in this area,
but they are sufficient to show that the alternation of
"highs" and "lows" disappears on the Armorican side of
the inferred suture. In general, the postulated suture,
which is buried beneath the Mesozoic and Cenozoic cov-
er, is characterized by a small volume of magnetic rocks.

The postulated suture, and associated mafic bodies
(e.g., at 47°N, 4°W), can be extended westward by an
elongated magnetic anomaly (amplitude 120 nT) mapped
between 6 and 10°W; this anomaly terminates close to
the Meriadzek Terrace (10°30'W).

Even though it is at times parallel to the continental
margin, this magnetic body cannot be considered in the
west as an edge effect between the ocean crust and con-
tinental crust, for the following reasons: (1) the mag-
netic structure is an extension of a continental structure
of the inner shelf (see the foregoing); (2) there is no equiva-
lent edge effect south of Brittany; (3) the boundary be-
tween ocean crust and continental crust is located 90 km
to the south (Guennoc, 1978).

2. The magnetic anomaly of the Meriadzec Terrace is
interrupted by two faults, oriented N40°E, which are
recognized in seismic reflection data (Guennoc, 1978).
These faults are considered to be old features, rejuve-
nated during the Mesozoic North Atlantic opening. The
N40° faults acted as transform directions for the contact
between the present-day ocean crust and continental
crust, indicating that they were probably preexisting (Le-
fort, 1979b).

The interruption of the South Armorican Paleozoic
suture at Shamrock Canyon by two major faults near
10°30' W now explains why the previously described Pre-
cambrian and lower Paleozoic magnetic arcs on the
Grand Banks of Newfoundland (Haworth and Lefort,
1979) are still intact along the 47th parallel. In the fol-
lowing discussion, the faults which terminate the South
Armorican trends (the transform origin of which will be
discussed later) will be called the Petite Sole lineament,
after the name of a bank located north of the Meriad-
zek Terrace. This lineament may be extended southward
to the Spanish block.

When using the "fit" already cited, one can see the
clear extension of the Petite Sole lineament into the
Spanish Shelf. Adjacent to the N40° faults mapped on
the Armorican margin, there is a deep furrow which is
filled by Mesozoic and Cenozoic sediments. This inner
basin, separating Spain from Galicia Bank, has been in-
terpreted to be the result of Mesozoic rifting which de-
veloped along an old line of weakness (Auxietre and Dun-
and, 1978). The eastern limit of the Galician Basin links
with the submerged end of the Porto-Badajoz-Cordoba
Fault (Lefort et al., 1981). This fault, which extends be-
tween Porto and the Guadalquivir Basin, acted as a ma-

1108



MAIN BASEMENT FEATURES

jor structure during the entire Paleozoic history of Ibe-
ria. It is considered as an important boundary for the
early Paleozoic faunas (Paris and Robardet, 1977), and
separates the Centro-Iberian domain (with Armorican
likeness) from the South Iberian domain (South Portu-
guese Zone).

3. Despite the gap which exists (as in every transat-
lantic "fit") between the Tail of the Banks and the South
Portuguese Zone, it is possible to connect the gravity
and magnetic anomalies existing in these two areas. In
southern Portugal the absence of magnetic data in the
east does not preclude this connection, since the geo-
physical data stop just where the Iberian mafic belt be-
gins. This belt is made up of (1) gabbro-dioritic zone of
Beja and (2) the Aracena complex. The former contains
gabbros, basalts, and serpentinites with ophiolitic com-
position (Andrade, 1979), whereas the latter has felsic
and mafic tuffs associated with layered amphibolites iden-
tical to abyssal tholeites (Bard, 1977; Bard and Moine,
1977). Both exposures occur in a narrow line which has
been interpreted as a "geosuture" (Tamain, 1978). The
mafic belt tends to link, beneath the Guadalquivir Ba-
sin, with the southern end of the Petite Sole-Cordoba
Transform Fault. Near Beja, the intrusions are Devoni-
an, whereas the volcanics of Aracena are pre-Silurian
(Bard, 1977). None of these rocks, however, are consid-
ered as true ophiolites, and they do not show tectonites
in their lowest parts.

The entire South Portuguese Zone has been interpreted
as the location of a Devono-Carboniferous subduction
zone dipping northeast (Bard, 1971; Carvalho, 1972; Bard
et al., 1973; Vegas and Munoz, 1976). Although broadly
convincing, this model must be modified to take into ac-
count recent geochemical analyses (Munha, 1979). In
Munha's interpretation, the Iberian mafic belt probably
results from back-arc crustal extension (Bard and Moine,
1977); the true suture must be looked for a few kilome-
ters to the south, beneath the Carboniferous cover of
the South Portuguese Zone.

The linear magnetic anomaly which faces the Portu-
guese mafic belt on the Grand Banks of Newfoundland
has been called the Collector Anomaly (Haworth and
Mclntyre, 1975). This structure extends into Nova Sco-
tia, where it has been interpreted as a suture (Poole,
1976). The calculated mafic body, which exists at depth,
never crops out, and is probably not related to the Cobe-
quid Mountains and Antigonish Highlands volcanics.
Westward, the Collector Anomaly disappears beneath the
Bay of Fundy, perhaps hidden below the thick sediments
there (Belt, 1968). Moreover, Keppie (1977) concludes
that the graben is the location of an old subduction
zone.

Near Passamaquoddy Bay (U.S.A.), the thickness of
the sediments decreases (Ballard and Uchupi, 1975), and
mafic rocks that give rise to the Collector Anomaly are
again exposed; farther south, down to Cape Ann, su-
perimposed magnetic and gravity highs indicate a con-
tinuance of mafic rocks (Kane et al., 1972). This body is
called the Bay of Maine igneous complex (Chapman,
1962); it is composed of volcanics (old andesites and rhyo-
lites) of early Silurian to early Devonian origin and De-

vonian gabbroic rocks (Gates, 1969). The Bay of Maine
mafic complex is probably adjacent to a suture (Osberg,
1978): the geochemical relationships of some associated
ultramafic-mafic rocks strongly suggest an ocean-crust-
al affinity and origin (Gaudette, 1980).

Thus, the same geophysical markers may be followed
from south of Brittany to south of Iberia and south of
the Maritimes. Apparently they are caused everywhere
by Silurian or Ordovician volcanics associated with De-
vonian gabbros and diorites. True obducted ophiolites are
not found in America, but a Paleozoic volcanic arc, de-
veloped on or adjacent to ocean crust, is known to be
present. The best evidence suggesting that this body is
the suture of the Theic ocean is, however, the recent pa-
leomagnetic data for the gabbros of Beja (Portugal).
Those rocks give an African pole for the late Devonian
(Perroud et al., 1982). A few kilometers north of the
gabbros, the Paleozoic sediments contain typical Euro-
pean faunas.

The Late Hercynian Transatlantic Shear Belts

After the collision between Laurussia and Gondwana-
land, a series of intraplate deformations occurred; they
constituted the Hercynian deformational episode. One
of the chief events at that time was the appearance of
large east-west shear belts which are now delineated on
both sides of the North Atlantic. All of these acted as
dextral transcurrent shear zones between middle and late
Carboniferous time. Four shear belts are now known
between the latitudes of southern Ireland and Morocco.

The Hercynian Front in Europe has been considered
for years as a typical north-facing thrust, but new data
(Max and Lefort, in press) suggest that it is associated in
places with a dextral shear which developed at the north-
ern margin of an upper Paleozoic basin with an east-
west trend. It is probable that the transition from low-
intensity folding to overfolding and overthrusting or hori-
zontal shearing depends on the position and shape of
the southern edge of the northern pre-Variscan base-
ment, which seems to be fairly shallow beneath south-
ern Wales. In Ireland, the classical Hercynian Front
runs approximately parallel to the northern side of the
Munster Basin, which is quite steep in the western part
of the island (Naylor and Sevastopulo, 1980). That is prob-
ably why the front is better expressed in that region. Al-
though no basement core samples have been taken on
Porcupine Bank, the basement features can be tenta-
tively deduced from geophysical data. Porcupine Sea
Bight has to be closed before any correlation can be
achieved, in order to accommodate the magnetic strip-
ing recently mapped in the Bay of Biscay (Lefort and
Max, in press); in this area, Porcupine Bank is now in-
terpreted to have drifted slightly northwestward, follow-
ing transform directions trending N130°. Two main east-
west features are known on the bank. The southernmost
zone at 52° latitude, where seismic reflectors are known
beneath the cover (Bailey, 1975b), probably represents
the western extension of the axis of the Cornubian Ba-
sin. The northernmost feature is an east-west lineated
magnetic feature at 52°30'N (Riddihough and Max,
1976), although new magnetic data (Max et al., 1982)
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suggest that the feature might be more correctly located
at 52°40N, where Lefort and Max (in press) tentatively
delineated the location of the front. This linear feature
correlates with the possible extension of the front west of
Ireland. The line is more or less coincident with the
53°N flexure described by Bailey (1975a). I suggest that
the northern line reflects the Hercynian Front (a shear
or a thrust), and that the gravity and magnetic data a lit-
tle farther south are related to the northern boundary of
the basin in the east, already described.

Few geological and geophysical data are available for
Orphan Knoll (Lefort and Haworth, in press), on the
western side of the North Atlantic. The free-air gravity-
anomaly map of offshore eastern Canada (Shih in Keen
and Hyndman, 1979) shows, however, a strong low caused
by a thick Mesozoic basin, probably related to a base-
ment feature, with a similar orientation, located just in
front of the east-west Irish structures. South of the Lab-
rador Shelf, a seismic reflection profile oriented parallel
to the boundary between the ocean crust and the conti-
nental crust shows the same structural succession as in
Cornwall: a 4570-m-thick basin filled with Visean and
Namurian strata (Cutt and Laving, 1977) is interrupted
in the north by a thrust boundary clearly seen on shal-
low seismic reflection records (Lefort and Haworth, in
press). North of Newfoundland, the pattern of the fold
axis recognized in the Mississippian and Pennsylvania stra-
ta trends north-south, but displays a dextral bending,
which suggests that the north-facing thrusts in the area
were associated with a general dextral transcurrent dis-
placement.

The weak cleavage in the basement TOCK specimens of
the Goban Spur does not provide any real constraint for
the position of the Hercynian Front, since intense cleav-
age and Hercynian folding is known south of this posi-
tion, as well as north of it in England and Ireland. Fur-
thermore, the folding recorded north of Newfoundland
in Carboniferous strata (Lefort and Haworth, in press),
and the weak cleavage observed in some samples from
wells on the Grand Banks of Newfoundland and the
Labrador Continental Shelf, suggest that the Hercynian
deformation does not die out at the western end of the
European continental crust. Because the metamorphism
in the samples is weak, it is clear that Sites 548 and 549
are probably north of the main Hercynian metamorphic
belt of Europe, but south of the northern margin of im-
portant regional Hercynian deformation seen in Ireland.

The east-west Carboniferous shear belts delineated
between Brittany, Spain, and the Grand Banks of New-
foundland (Lefort and Haworth, 1978) will now be de-
scribed. Because of the dearth of good magnetic and
gravimetric data for the Iberian Shelf, basement frac-
tures were identified using seismic reflection data alone.
The Mesozoic and Cenozoic faults in the area result on-
ly from the reactivation of basement faults (Groupe Ga-
lice, 1976; Lamboy, 1976).

Within Iberia (Spain and Portugal), several sets of
wrench faults have been recognized, each with a distinct
orientation (Arthaud and Matte, 1975). A few years ago,
the pre-Mesozoic locations of Iberia and Galicia Bank

were not well defined, and many slight variations from a
basic rotation of a composite Iberia and Galicia Bank
were proposed (see Choukroune et al., 1973). With a ro-
tational closure of the Bay of Biscay by approximately
30° and a southeastward shift in the location of Galicia
Bank relative to Iberia (Le Pichon et al., 1977), one of
the fault systems in Iberia and Galicia Bank becomes
approximately parallel to the well-known east-west fault
system west of France. This basic rotational closure has
been slightly improved in longitude since the recognition
of the geophysical zoning in the Ibero-Armorican arc
(see the earlier discussion of the Hadrynian Arches).

Seismic (King and McLean, 1970, 1976; Grant, 1972,
1973, 1975), magnetic, and gravimetric data (numerous
sources used by Haworth and Mclntyre, 1976) have been
employed to define a pattern of east-west fractures on
the Grand Banks. Most of the faults have been defined
by magnetic and gravity data, as described at the begin-
ning of this section. Because of the possibility of misin-
terpreting the contoured data (Haworth and Mclntyre,
1976), all north-south magnetic profiles were individu-
ally examined to justify each of the proposed fractures.
Most of these fractures offset or interrupt southwest-
trending magnetic zones that correlate with horsts com-
posed of volcanic rocks of the Avalon Platform, New-
foundland (Haworth and Lefort, 1979).

The main east-west fractures and those oriented close
to that direction show good general continuity between
the onshore and offshore structures in Brittany, Spain,
Portugal, and Nova Scotia. (The presentation has been
simplified onshore in order to produce a homogeneous
map.) In particular, two major belts of east-west frac-
tures, each reasonably limited in width, can be seen.
The first one, at the same latitude as the South Armori-
can Shear Zone (Cogné, 1960) and the Molene-Mont-
contour Fault (Chauris, 1969), continues westward to the
east of Newfoundland just north of the 48th parallel. It
does not appear to extend into Newfoundland itself. The
other belt extends the Cobequid-Chedabucto Fault Zone
(Webb, 1969) across the southern part of the Grand
Banks, to Galicia Bank and northern Spain, and then to
the Montagne Noire and Cevennes regions of southeast-
ern France (Arthaud and Matte, 1975).

Without the information provided by the markers al-
ready recognized on the continental shelves, it might be
suggested that the two major belts of the South Armori-
can Shear Zone and the Cobequid-Chedabucto Fault
Zone were continuous in the late Paleozoic, but this would
necessitate a southeastward shift of France and the Brit-
ish Isles by about 500 km. Such movement does not per-
mit complete late Paleozoic closure of the Atlantic north
of 48°N (Srivastava, 1978).

The onshore fractures within the two major belts al-
ready cited are reputed to have originated in the Car-
boniferous (Cogné, 1960: Poole, 1976). In Nova Scotia,
Brittany, the northwestern part of the Iberian Peninsula,
and the Montagne Noire, the east-west fractures show
dextral displacement. There is no indication of the di-
rection of fault motion along the offshore fractures of
the northern belt, but the offset of some seismic and mag-
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Figure 2. The last basement shearings before the actual North Atlantic opening.

netic features by fractures forming part of the southern
belt on the Grand Banks and south of Galicia Bank sug-
gest dextral movement.

The timing and distribution of the dextral shearing
recognized on both sides of the present North Atlantic
show that the Hercynian deformations were controlled
overall by a shear regime which extended between the
Hercynian Front and the South Atlas Fault. This partic-
ular regime was associated with limited sinistral displace-
ments now well documented in places along the Appala-
chian belt. Both displacements resulted from the im-
pingement on Laurussia (North America and Europe) of
the West African craton (Lefort and Van der Voo, 1981).

THE PREOPENING FEATURES RECOGNIZED
ON THE ATLANTIC MARGINS

It has been recognized for a few years that dextral
offsets, caused by N13O0 strike-slip faults, have affected
western Brittany (Cogné, 1960) and Vendee (Butel and
Ters, 1952), as well as Cornwall (Dearman, 1963). This
earliest set of faults crosscuts all the late Hercynian
shears of Stephanian age, and is intruded by 190- to
205-m.y.-old dolerites (Leutwein et al., 1972; Dymond
in Leutwein et al., 1972). Thus, this transcurrent move-
ment developed after the Hercynian events and before
the North Atlantic opening. This faulting is widespread
offshore (Lefort, 1973, 1975; Vigneresse, 1978)—west
of Brittany, west of Cornwall (Bott et al., 1958), and
west of Ireland (Lefort and Max, in press)—and seems
to concentrate just at the edge of the continental mar-
gin. This fault system is much more developed on the
European margins than on the Grand Banks of New-
foundland and the Labrador Shelf (Haworth and Lefort,
1979; Lefort and Haworth, in press). On the shelves
themselves offsets are seldom greater than a few hun-
dreds or thousands of meters, but the displacements
seem to increase toward the boundary between the ocean
crust and the continental crust; this increasing displace-
ment is the reason why a late Hercynian transatlantic fit
has been preferred to a Triassic reconstruction for the
North Atlantic area (see the Introduction). This fault sys-
tem parallels the postulated Biscay Bay-Labrador fault
system (Kay, 1969), which preceded the Mesozoic North
Atlantic opening. Although sometimes disputed (Rob-
erts et al., 1981), remnants of the shear belt are known

onshore in Labrador (Krank, 1947), Greenland (Allaart,
1967), northern Spain (Parga, 1969), and France (Le-
fort, 1973). Because of the poor continuity of the trends
which constitute this shear belt, however, it is not repre-
sented on Figure 1.

SUMMARY
The basement underlying the continental margin of

the northern part of the North Atlantic is as old as the
upper Hadrynian; this basement, however, incorporates
much older terrains of Lewisian and Grenvillian age, in
the north, as well as Pentevrian inliers in western Britta-
ny. The oldest large-scale structures actually recognized
are concentric arches, which are typical of the Cado-
mian orogeny between the Avalon Peninsula and west-
ern Europe. In the west and in the north, the suture of
the Iapetus Ocean separates those terrains from Grenvil-
lian and older outcrops of Laurentia (America and Green-
land); in the south, the suture of the Theic Ocean sepa-
rates the Cadomian area from Gondwanaland. The clo-
sure of the Iapetus Ocean generated the northern Appa-
lachian belt in middle Paleozoic time, and the closure of
the Theic Ocean was responsible for the development of
the Appalachian and Hercynian orogenies.

Later, in the Carboniferous time, intraplate deforma-
tions accommodated the stress between Gondwanaland
and Laurussia. This was responsible for a large dextral
shear zone, 3000 km wide, which affected the earlier struc-
tures.

Further dextral shearing affected all basement struc-
tures between Labrador and the Bay of Biscay, just be-
fore the Mesozoic opening of the North Atlantic (Fig. 2).
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