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S U M M A R Y
A new central Pangaea fit (type A) is proposed for the late Ladinian (230 Ma), together with
a plate motions model for the subsequent phases of rifting, continental breakup and initial
spreading in the central Atlantic. This model is based on: (1) a reinterpretation of the process
of formation of the East Coast Magnetic Anomaly along the eastern margin of North America
and the corresponding magnetic anomalies at the conjugate margins of northwest Africa and
the Moroccan Meseta; (2) an analysis of major rifting events in the central Atlantic, Atlas and
central Mediterranean and (3) a crustal balancing of the stretched margins of North America,
Moroccan Meseta and northwest Africa. The process of fragmentation of central Pangaea can
be described by three major phases spanning the time interval from the late Ladinian (230 Ma)
to the Tithonian (147.7 Ma). During the first phase, from the late Ladinian (230 Ma) to the
latest Rhaetian (200 Ma), rifting proceeded along the eastern margin of North America, the
northwest African margin and the High, Saharan and Tunisian Atlas, determining the formation
of a separate Moroccan microplate at the interface between Gondwana and Laurasia. During
the second phase, from the latest Rhaetian (200 Ma) to the late Pliensbachian (185 Ma), oceanic
crust started forming between the East Coast and Blake Spur magnetic anomalies, whereas
the Morrocan Meseta simply continued to rift away from North America. During this time
interval, the Atlas rift reached its maximum extent. Finally, the third phase, encompassing the
time interval from the late Pliensbachian (185 Ma) to chron M21 (147.7 Ma), was triggered
by the northward jump of the main plate boundary connecting the central Atlantic with the
Tethys area. Therefore, as soon as rifting in the Atlas zone ceased, plate motion started along
complex fault systems between Morocco and Iberia, whereas a rift/drift transition occurred in
the northern segment of the central Atlantic, between Morocco and the conjugate margin of
Nova Scotia. The inversion of the Atlas rift and the subsequent formation of the Atlas mountain
belt occurred during the Oligocene–early Miocene time interval. In the central Atlantic, this
event was associated with higher spreading rates of the ridge segments north of the Atlantis
FZ. An estimate of 170 km of dextral offset of Morocco relative to northwest Africa, in the
central Atlantic, is required by an analysis of marine magnetic anomalies. Five plate tectonic
reconstructions and a computer animation are proposed to illustrate the late Triassic and
Jurassic process of breakup of Pangaea in the central Atlantic and Atlas regions.

Key words: Magnetic anomalies: modelling and interpretation; Marine magnetics and
palaeomagnetics; Mid-ocean ridge processes; Oceanic transform and fracture zone processes;
Kinematics of crustal and mantle deformation.

1 I N T RO D U C T I O N

The breakup of Pangaea, and the subsequent origin of the modern
continents, occurred in two main steps, made up, in turn, by several
secondary tectonic phases. During the first, relatively short, interval
encompassing the late Triassic–early Jurassic time interval, both
Laurasia and southeast Gondwana separated from central Pangaea,
a large continental block comprising Africa and South America (e.g.

Schettino & Scotese 2005). The second, much longer, time inter-
val spanned the entire Cretaceous and was characterized by further
fragmentation of the three continental masses formed previously.
In this paper, we initially focus on the process of separation of
Laurasia from Gondwana and the subsequent formation of the cen-
tral Atlantic during the early Jurassic. We will show that this time
interval can be described by a succession of three distinct phases,
each being characterized by different tectonic style, plate boundary

1078 C© 2009 The Authors

Journal compilation C© 2009 RAS



Breakup of Pangaea 1079

system and kinematic parameters. Next, we will review how this ini-
tial mechanism of rifting affected the subsequent tectonic evolution
of the central Atlantic and Atlas regions until recent times.

The reconstruction of the initial phase of breakup of Pangaea,
and the subsequent opening of the central Atlantic, has been the
subject of detailed studies since the late 1960s. Bullard et al. (1965)
were the first authors to use rigorous computational methods for de-
termining the relative positions of the continents around the North
and South Atlantic before the late Triassic–early Jurassic phase of
breakup. This pioneering work was followed during the 1970s and
1980s by a series of studies focused on the details of the seafloor
spreading (SFS) process that took place after the rifting stage (Heirt-
zler et al. 1968; Le Pichon & Fox 1971; Pitman & Talwani 1972;
Franchetau 1973; Sclater et al. 1977; Olivet et al. 1984; Klitgord &
Schouten 1986; Sundvik & Larson 1988; Roest et al. 1992). In par-
ticular, a better knowledge of the seismic structure of the continen-
tal margins of eastern North America and northwest Africa, along
with the availability of new marine magnetic anomaly data, allowed
the development of comprehensive models for the early stages of
Pangaea breakup as well as for the subsequent tectonic evolution
of the central Atlantic ocean. More recently, Sahabi et al. (2004)
proposed a new fit of North America and northwest Africa, which,
for the first time, considers Morocco as an independent plate and
predates by 20 Myr, the formation of the first oceanic crust in the
central Atlantic with respect to the previous models.

The most widely used kinematic model is undoubtedly the
one proposed by Klitgord & Schouten (1986), where the North
American and northwest African pre-breakup relative positions are
estimated using post-breakup SFS data. These authors criticized
both the geometrical best fit of Bullard et al. (1965) and the re-
constructions based on palaeomagnetic data (e.g. Morel & Irving
1981; Van der Voo 1983); whereas the latter used too sparse data
that did not necessarily account for the pre-breakup geometry, the
reconstruction of Bullard et al. (1965) was simply obtained by
matching selected isobaths from both sides of the Atlantic Ocean.
This approach seemed rather arbitrary, because there is not a sim-
ple relationship between bathymetric features and continent–ocean
boundaries (COBs).

Bullard et al. (1965) applied the fitting algorithm to the 100, 500,
1000 and 2000 fm isobaths (1 fathom = 6 ft), then chose the best
fitting set of curves (500 fm = 914.4 m) as most representative of
the conjugate COBs. New geophysical data from the two conju-
gate margins, obtained during the 1980s, allowed a more accurate
definition of the COBs. We note, nevertheless, that Van der Voo
(1990) carried out a comparison of seven reconstructions of the
pre-breakup configuration of the North Atlantic region, six of them
being based on SFS data, and showed that the best match between
the North American and European apparent polar wander (APW)
paths for the Middle Ordovician through Early Jurassic interval
was obtained exactly using the tight North Atlantic closure pole of
Bullard et al. (1965). This surprising result can be easily explained
considering that SFS data alone do not include all the information
necessary to estimate the amount of continental stretching during
the rifting stage; accurate reconstructions of the pre-rift geometry
always require analysis and balancing of crustal profiles at both
continental margins.

In this regard, the central Atlantic fit proposed by Klitgord &
Schouten (1986) considers minimum and maximum Euler rota-
tions for the closure of the central Atlantic. Starting from anomaly
M25, the stage pole associated with these rotations was calculated
using fracture zone trends. The minimum closure angle simply re-
moves the oceanic crust between the East Coast magnetic anomaly

(ECMA) on the North American margin and a chain of salt diapirs
offshore northwest Africa, because these features were considered
markers of the COBs. The maximum closure angle was estimated
by assuming that basement hinge zones must not overlap because
they represent the limits of unstretched continental crust or, in other
words, the landward edges of marginal rift basins.

We will solve the problem of finding a reliable pre-breakup con-
figuration of central Pangaea on the basis of the following simple
observations: the southern segment of the ECMA and the Blake Spur
magnetic anomaly (BSMA; Fig. 1) are conjugate oceanic anomalies
that were generated during the initial pulse of SFS between North
America and northwest Africa. This concept, first proposed by Vogt
(1973), implies that the BSMA does not have a conjugate on the
African side because it formed at the African margin, just while
the ECMA was forming at the North American margin. Therefore,
a ridge jump occurred later that left both anomalies close to the
North American margin. If this scenario is correct, we can apply the
following steps for determining quantitatively the fit parameters:
(1) a geometrical best-fit algorithm, improved version of the classic
Bullard’s et al. (1965) procedure, is used to find the best match of the
ECMA against the BSMA and determine the closure reconstruction
pole of the proto-Atlantic ocean, which is the region bounded by
these two anomalies; (2) an algorithm for finding the location and
geometry of the African margin, conjugate to the BSMA at chron
M25, is then used to determine the reconstruction pole of North
America with respect to northwest Africa at the ridge jump time,
and (3) a crustal balancing procedure is finally applied to the North
American margin to estimate the pre-rift reconstruction parameters.

The northern segment of the ECMA, which is associated in part
with a non-volcanic margin (Keen & Potter 1995a; Keen & Potter
1995b), can be considered as the conjugate of the Moroccan margin
S1 anomaly (Roeser 1982; Verhoef et al. 1991; Roeser et al. 2002;
Figs 1 and 2). We will not assume rigid behaviour of northwest
Africa during the breakup of Pangaea. In fact, there is strong ge-
ological and geophysical evidence that support the existence of at
least one separate Moroccan Plate, first during the late Triassic and
the early Jurassic and later during the Oligocene–early Miocene.
However, in this instance, the lack of continuity and uncertainties
in the geometry of the S1 anomaly prevent the direct application of
geometrical best-fit algorithms for the determination of the oceanic
closure reconstruction pole. Therefore, we will use an indirect ap-
proach, based on the analysis of magnetic anomaly data from the
central Atlantic, to determine the reconstruction pole of Morocco
relative to North America at the time of formation of the first oceanic
crust. Then, the pre-rift configuration will be estimated as before
through crustal balancing of the stretched continental margins of
Morocco and Nova Scotia.

Apart from the different pre-breakup geometry of Pangaea, which
simply represents an improvement of previous Pangaea type-A mod-
els, the reconstructions discussed in this paper propose a signifi-
cantly different timing for the rifting and spreading events in the
whole central Pangaea domain, including the central Atlantic and
Atlas regions.

Klitgord & Schouten (1986) proposed the following estimation
for the time of formation of the first oceanic crust in the central
Atlantic. They observed that the velocity of full spreading between
chron M21 (147.7 Ma) and the oldest crust drilled at DSDP Leg
76 Site 534 (Fig. 1; middle Callovian, according to Gradstein &
Sheridan 1983) was constant and equal to 38 mm yr–1. Then, by
extrapolation of this rate to the location of the BSMA, they obtained
an age of 170 Ma. This time was not considered as the age of the
BSMA, but the time of the eastward ridge jump that left a remnant
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Figure 1. Magnetic anomalies of the eastern North American margin and the western central Atlantic, extracted from the global data set of Korhonen et al.
(2007). The 0 nT contour lines bounding the segments of the ECMA and BSMA are shown as black lines. JQZ and CQZ are, respectively, the Jurassic and the
Cretaceous quiet zones. BMA is the Brunswick magnetic anomaly. M-series lineations are from NGDC (1993).

oceanic seaway between the BSMA and the ECMA. Finally, further
extrapolation of the 38 mm yr−1 spreading rate allowed to estimate
an age of 175 Ma for the first oceanic crust in the proto-Atlantic.

Today accurate crustal, structural and stratigraphic studies of the
eastern North American and northwest African margins, published
since the 1990s, not only allow a better determination of the amount
of crustal extension during the rifting stages but also provide a pre-
cise timing of the tectonic events that occurred during the breakup
of Pangaea. For instance, it has been shown that both rifting and
onset of SFS at the eastern North American margin were spatially
diachronous events (Withjack et al. 1998; Schlische et al. 2002;
Schlische 2003). In particular, we now know that (1) the crust be-
low the ECMA in the zone between the Blake Spur fracture zone
and the Georges Bank Basin (Fig. 1), which was emplaced during
the first pulse of SFS as an anomalous oceanic crust (Sheridan et al.
1993; Holbrook et al. 1994a,b; Talwani et al. 1995; Oh et al. 1995;
Talwani & Abreu 2000), is correlated with a tectonic inversion of
the rift structures of the eastern margin of North America during
the latest Rhaetian (∼200 Ma; Schlische et al. 2002); (2) this event
is also coeval with the magmatic activity in the Central Atlantic
Magmatic Province (CAMP), because the age of the oldest lava
is close to the Triassic–Jurassic boundary (Fowell et al. 1994); (3)
more to the north, in the Fundy rift zone, basin inversion occurred at
a later time (∼185 Ma; Withjack et al. 1998), and (4) according to
Steiner et al. (1998), the age of the N-MORB flows and breccias at
the base of the Fuerteventura sequence in the Canary Islands, which
is located to the west of the S1 magnetic anomaly, is Toarcian.

These observations suggest that the first oceanic crust in the cen-
tral Atlantic formed at ∼200 Ma in the area bounded by the Blake

Spur and Atlantis fracture zones, whereas to the south and to the
north of this region, rifting was still in progress. Furthermore, the
stratigraphic record of the Fundy Basin requires a drift/rift transi-
tion at ∼185 Ma for the North American and Moroccan conjugate
margins and a corresponding age for the northern segment of the
ECMA and the S1 anomaly. We assume that this event was co-
eval with the ridge jump that isolated the proto-Atlantic area as an
oceanic remnant between the ECMA and BSMA anomalies. Finally,
the middle Callovian age of the oldest crust drilled at DSDP Leg 76
Site 534 (Gradstein & Sheridan 1983) suggests that the onset of SFS
in the area of the Blake Plateau occurred even later at ∼170 Ma, in
agreement with the estimation of Klitgord & Schouten (1986).

In the next sections, we will first determine the pre-rift configura-
tion of Pangaea in the central Atlantic, through the establishment of
a reliable fit of North America, Morocco and northwest Africa dur-
ing the late Triassic. Then, four tectonic phases and associated plate
reconstructions will be discussed to illustrate the changing evolu-
tion of the central Atlantic and Atlas regions in the time interval
from the late Ladinian to the Tithonian and during the Oligocene–
early Miocene building of the Atlas orogen. The geomagnetic time
scales of Cande & Kent (1995) and Grandstein et al. (1994) were
used respectively for anomalies younger than Chron 34 (83.5 Ma)
and for older times.

2 T H E F I T O F T H E C O N T I N E N T S
A RO U N D T H E C E N T R A L AT L A N T I C

The southern segments of the ECMA and the BSMA (Fig. 1) play
a key role in the reconstruction of the early stages of opening of the
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Figure 2. Magnetic anomalies offshore Morocco, extracted from the global data set of Korhonen et al. (2007). The 0 nT contour lines bounding the segments
of the S1 anomaly are shown as black lines. M-series lineations are from NGDC (1993).

Atlantic Ocean. The origin of these anomalies has been revealed
through the interpretation of several seismic profiles along the
eastern North American continental margin. Holbrook et al. (1994a)
analysed a seismic profile (Line 6) offshore South Carolina, showing
that the ECMA was associated with a transitional zone of thinned
crust having high seismic velocities (6.3–6.9 Km s−1) in the base-
ment, high densities (2870–3090 Kg m−3) and high magnetizations
(2.6–5.0 A m−1). Furthermore, the upper part of these bodies formed
a wedge of seaward dipping reflectors (SDR), which could be in-
terpreted as basaltic flows. Some time later Talwani et al. (1995)
and Talwani & Abreu (2000) reviewed seismic reflection and refrac-
tion data acquired by the EDGE project (Line 801, Sheridan et al.
1993) off New Jersey to show that the crust lying above the Moho,
and underlying the carbonate bank was an anomalous oceanic crust
composed by extrusive and intrusive rocks emplaced during the ini-
tial phase of drifting. Also in this interpretation, the upper part of the
anomalous body was represented by SDR responsible for the for-
mation of the ECMA. More to the north, at the latitude of the Nova
Scotia margin, the continent–ocean transition zone of eastern North
America assumes a non-volcanic character. For this area, Wu et al.
(2006) have recently shown that a low-amplitude ECMA (northern
segment) could be associated with the transition from extremely
thinned continental crust to exhumed serpentinized mantle.

In summary, the available data strongly support the idea that the
ECMA and, by consequence, the BSMA are true oceanic anoma-
lies as suggested by Roest et al. (1992). In fact, from the point of
view of plate kinematics the magnetic anomaly associated with the
emplacement of the anomalous oceanic crust observed by Talwani
et al. (1995) is perfectly equivalent to the anomaly generated by an

exhumed serpentinized mantle at the northern non-volcanic mar-
gin. Furthermore, in the interpretation of Vogt (1973), the ECMA
and BSMA are conjugate anomalies that can be used to constrain
the relative positions of North America and Africa at the time of
formation of the first oceanic crust. Accordingly, we used the re-
cent world digital magnetic anomaly map (WDMAM) of Korhonen
et al. (2007; Fig. 1) to determine, accurately, the geometry of these
anomalies. The application of an improved version of the Bullard’s
et al.’s (1965) geometrical best-fit algorithm (see Appendix) to the
0 nT contours of the ECMA and the BSMA furnished an Euler
pole e = (+24.51◦N, 47.00◦E), a rotation angle � = +1.49◦ and
a misfit χ 2 = 0.1745. The choice of the 0 nT contour lines for the
fitting procedure is justified by the fact that only the zero contour
line of the BSMA has sufficient continuity to produce a reliable fit.
These data determine location and angle of the stage pole of north-
west Africa relative to North America between the onset of SFS
(200 Ma) and the time of ridge jump (185 Ma).

Fig. 3 illustrates the fit of BSMA against the ECMA, obtained us-
ing the method described in the Appendix. This Figure also shows
the position of BSMA with respect to ECMA in the reconstruc-
tion of Klitgord & Schouten (1986). We note that the stage pole
of Klitgord & Schouten (1986) is in agreement with the prolon-
gation of the fracture zone trend within the Jurassic Quiet Zone
(JQZ). However, this reconstruction furnishes a very poor fit of
the ECMA–BSMA pair and predicts flow lines that are discor-
dant with respect to the pattern of gravity anomalies. This implies
that the trend of fracture zones within the proto-Atlantic area can-
not be obtained by prolongation of the trend observed outside this
region.
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1082 A. Schettino and E. Turco

Figure 3. Geometrical fit of BSMA against ECMA proposed in this paper (a) and fit of the two anomalies based on the stage pole of northwest Africa with
respect to North America in the model of Klitgord & Shouten (1986) (b). The background pattern of free-air gravity anomalies (Sandwell & Smith 1997)
shows that the trend of fracture zones cannot be extrapolated to the proto-Atlantic region; in this area, the pattern is in substantial agreement with the stage
pole proposed in this paper.
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Figure 4. African COB at chron M25 in the North American reference frame. This boundary has been built by rotation of the eastern margin of the BSMA
about the stage pole of northwest Africa relative to North America between 185 Ma and chron M21, in such a way that the areas A1 and A2 of the oceanic
lithosphere created to the east and to the west of the spreading centre are equal (dashed areas).

To complete the reconstruction of the position of North America
with respect to northwest Africa at the time of formation of the first
oceanic crust, we must now fit the BSMA against the northwest
African continental margin. This operation cannot be performed
accurately by direct match with the present day COB because there
is large uncertainty about the location of this boundary offshore
northwest Africa. The best geological constrain regarding the loca-
tion of the northwest African COB is represented by salt deposits
in the deepest half-grabens of the stretched margin, as they formed
during the last stage of rifting, immediately prior to the onset of
SFS (Tari & Pamić 1998; Davison 2005). However, these data only
determine the landward limit of a region where the true COB is
located and ‘not’ the COB itself. Therefore, we use kinematic con-
straints to determine the closure Euler pole of the central Atlantic
between North America and northwest Africa.

Consider the plate tectonic configuration of the central Atlantic
region at chron M25 (154.3 Ma). The analysis of fracture zone
trends shows that we do not introduce severe errors in the analysis
considering the time interval between the BSMA ridge jump (185
Ma) and chron M21 (147.7 Ma) as a single stage, characterized
by a unique stage pole. In this instance and in absence of other
constraints, we can assume that the location of the African margin
at chron M25 was symmetric, in North American coordinates, to
the BSMA about the location of the North American M25 isochron
(Fig. 4). From Fig. 4, it is evident that we cannot determine a fit be-
tween the BSMA and anomaly M25. This observation suggests that
an important change occurred at 185 Ma in the spreading direction,
which caused the re-orientation of ridge segments through propaga-
tion and asymmetric spreading, and confirms that the fracture zone
trends cannot be extrapolated to the proto-Atlantic zone. Therefore,
a curve that is symmetric with respect to the BSMA, representative

of the African COB at chron M25, can only be found by rotating the
BSMA about the BSMA-M21 stage pole by an angle �, so that the
amount of oceanic lithosphere on both sides of the M25 spreading
centre is the same. This is equivalent to select a rotation angle �

that is twice the average angle carrying individual points from the
eastern flank of the BSMA onto the M25 anomaly. We computed
the stage pole of northwest Africa with respect to North America
using the finite rotations of Klitgord & Schouten (1986). Then, the
rotation angle resulted to be � = 4.75◦. Therefore, the complete
stage pole for the time interval from 185 to chron M25 is (60.7◦N,
30.6◦E, 4.8◦).

We can estimate the geometry and location of the present north-
west African COB by rotating the curve specular to BSMA, which
was obtained using the procedure described above, through the
finite reconstruction pole of North America with respect to north-
west Africa at chron M25. Fig. 5 illustrates the resulting shape of
the margin as well as the location of two features that some authors
have considered as markers of the African COB. Regarding the
first of them, the seaward limit of the salt basins, we already stated
that this boundary does not constrain the precise location of the
COB but only the landward margin of the region, where the COB
is located. The second feature is represented by the West African
Coast magnetic anomaly (WACMA). Roussel & Liger (1983) er-
roneously interpreted this anomaly as the landward boundary of
the JQZ, conjugate to the ECMA, hence the magnetic marker of
the African COB. However, geophysical evidence suggests that
the anomaly conjugate to the ECMA is the BSMA. In our view,
no magnetic anomaly is expected at the northwest African margin
as an expression of the magmatic bodies that were emplaced at
the breakup time. Therefore, we will follow the interpretation of
Klitgord & Schouten (1986), who considered the WACMA as a
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Figure 5. Location of the northwest African COB, inferred from the geometry of BSMA and kinematic analysis. The map also illustrates the bathymetry along
the margin, the location of the West African Coast magnetic anomaly (WACMA) and the seaward boundary of the salt basin offshore Mauritania, according to
Tari & Pamić (1998).

marker of the basement hinge zone. Fig. 5 shows that the northern
part of the COB proposed here practically coincides with the base of
the continental scarp, whereas the southern segment is located 90–
120 km seaward of the salt basin. This discrepancy could imply that
(1) the M25–M21 stage pole cannot be extrapolated to the BSMA,
(2) the M25 finite reconstruction pole is wrong or (3) there was
no symmetry about the ridge at chron M25. All these hypothesis
should be investigated in future work, and new geophysical surveys
offshore Mauritania are necessary to assess the validity of the COB
location shown in Fig. 5, which is based on theoretical considera-
tions alone.

The finite reconstruction pole of BSMA relative to northwest
Africa can be easily calculated combining the stage pole of clo-
sure for the oceanic area between M25 and BSMA and the finite
reconstruction pole of N. America relative to northwest Africa at
M25. The result is listed in Table 1. To complete our fit of central
Pangaea, we must now consider the northern segment of ECMA
and its Moroccan conjugate, the S1 anomaly.

3 F I T T I N G M O RO C C O T O N O RT H
A M E R I C A

We mentioned the fact that a geometrical fit of the ECMA and S1
anomalies produces an unreliable result because of the discontinu-

ity of S1 and some uncertainty about its geometry. Therefore, we
adopted a fit based on SFS data and kinematic considerations. Our
starting point is represented by two observations: (1) a continental
block separated from northwest Africa during the late Triassic and
early Jurassic, leading to the formation of the Atlas Rift, a large
trough extending from Morocco to Tunisia (Laville & Piqué 1991;
Laville et al. 1995, 2004; Piqué & Laville 1995; Piqué et al. 1998a;
Le Roy & Piqué 2001), with a syn-rift sequence up to 12 km thick
and an estimated stretching factor β = 2.15 (Beauchamp et al.
1996); and (2) the rift structures were inverted during the Cenozoic,
forming the present Atlas mountain belt (Beauchamp et al. 1996;
Frizon de Lamotte et al. 2000; Piqué et al. 2002), whose elevations
reach 4000 m in the western region. Obviously, the independent
motion of the Moroccan Plate (including Algeria and Tunisia) rela-
tive to northwest Africa during the late Triassic–early Jurassic time
interval and, later, during the Cenozoic influenced the pattern of
SFS anomalies in the central Atlantic. In particular, considering the
region extending from the northern ECMA to the S1 anomaly, we
expect a larger area of Cenozoic oceanic crust with respect to the
region between the BSMA and the northwest African COB. This
is because when the Moroccan Plate was offset to the east during
the Atlas orogeny, a greater spreading rate with respect to North
America must have accommodated this eastward motion.

The boundaries of the oceanic part of the Moroccan Plate
can be established as follows. The northern boundary is clearly
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Table 1. Early Mesozoic and Tertiary rotation model for the central Atlantic and Atlas regions.

Age (Myr) Latitude (◦) Longitude (◦) Angle (◦) References

BSMA–northwest Africa
20.1 79.57 37.84 5.29 Klitgord & Schouten (1986)
33.1 76.41 7.12 9.81 Klitgord & Schouten (1986)

147.7 66.50 341.90 61.92 Klitgord & Schouten (1986)
154.3 67.15 344.00 64.70 Klitgord & Schouten (1986)
185.0 68.01 347.20 69.22 This paper

North America–BSMA
185.0 0.00 0.00 0.00 This paper
200.0 24.51 47.00 1.49 This paper
230.0 24.51 47.00 3.74 This paper

Southern Florida–northern Florida
154.3 0.00 0.00 0.00 This paper
185.0 −54.87 207.94 0.57 This paper
230.0 −55.17 152.55 0.95 This paper

Blake Plateau–northern Florida
175.0 0.00 0.00 0.00 This paper
185.0 17.42 272.77 1.90 This paper

Morocco–northwest Africa
19.0 0.00 0.00 0.00 This paper
33.1 −65.93 162.92 2.87 This paper

185.0 −65.93 162.92 2.87 This paper

Morocco–North America
185.0 −67.98 166.91 72.09 This paper
230.0 −68.35 170.43 73.19 This paper

represented by the Azores–Gibraltar Fracture Zone, which starts at
the Azores triple junction and presently separates Africa from Eura-
sia. Conversely, at first glance, the southern boundary is not so well
constrained—we only know that the eastward motion of Morocco
relative to northwest Africa must have been accommodated along
one or more fracture zones north of the BSMA. This implies that
the eastern tract of one or more fracture zones was converted into a
right-lateral strike-slip fault during the Tertiary, and that the eastern
termination of this fault was aligned with compressive structures in
western Morocco. The sketch in Fig. 6 illustrates the expected pat-
tern of deformation of the oceanic isochrons in the eastern central
Atlantic region, in the hypothesis that Morocco behaved as a single
rigid plate.

Three fracture zones are candidate to represent the southern
boundary of the Moroccan Plate. From the south to the north, they
are the Atlantis FZ, the Canary Islands FZ and the Hayes FZ (Fig.
7). The westernmost tract of the Atlantis FZ bounds to the north the
proto-Atlantic ocean. Therefore, it separates at the North American
margin the southern segment of the ECMA, which is conjugate to
the BSMA, from a northern segment conjugate to the S1. The east-
ernmost tract of this fracture zone is located in the Boujdour Basin
of Morocco. An important characteristic of both the Atlantis and
Hayes FZ is represented by the presence of eastward offsets of the
Mid-Atlantic Ridge (MAR) at the crossing point. This characteristic
is interesting because we expect that the Cenozoic eastward escape
of Morocco caused dextral offset of the spreading centre between
Morocco and North America, as illustrated in Fig. 6. This feature is
not present in the Canary Islands FZ. A second key characteristic,
which, this time, is shared by the Canary Islands and Hayes FZ, is
associated with the evident alignment of their eastern terminations
with offshore and on land transpressive structures.

Figure 6. Sketch map illustrating the process of deformation of oceanic
isochrons associated with the formation of the Atlas orogen. In (a), B is
a single plate and magnetic lineations have a constant original offset at
the fracture zone. At time (b), B starts deforming through the eastward
escape of its northern part B2; eastern isochrons are deformed, and the offset
between spreading segments is increased. From time (c) onward, newly
formed isochrons are undeformed and have the same offset of the ridge
segments.

We now consider the geological evidence of compressive and
transpressive structures onshore and offshore western Morocco,
which could be linked to right-lateral strike-slip motion in the
central Atlantic. The geology of the Canary Islands (Fig. 7),
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Figure 7. Tracks of available magnetic cruises north of the Hayes FZ (white lines). The base map shows bathymetry and relief in the area of interest. Traces
of used magnetic anomaly data are shown in orange. MAR, Mid-Atlantic Ridge; ATJ, Azores Triple Junction; GF, Gloria Fault; GR, Gorringe Ridge; DD, area
of diffuse deformation; CIR, Canary Islands Ridge; AA, Anti-Atlas; HA, High Atlas; SAF, South Atlas Fault.

located at the eastern termination of the corresponding fracture
zone, has been investigated since the 1960s. Their crustal structure
was first studied by Bosshard & MacFarlane (1970) using seismic
refraction and gravity data, whereas the sedimentary sequence and
Mesozoic palaeogeographic setting have been described by Steiner
et al. (1998), on the basis of the Fuerteventura stratigraphic record.
Anguita & Hernan (1975) were the first authors to propose a tec-
tonic origin for the islands chain. They assumed that the islands
were aligned along the seaward prolongation of the dextral trans-
pressive South Atlas Fault (SAF) during the Atlas orogeny. In their
hypothesis, Cenozoic volcanism would be associated with tensional
intervals between compressive pulses. The alignment of the Canary
Islands with the seaward prolongation of the SAF was also used
by Le Pichon et al. (1977) in their fit of the continents around the
central Atlantic. It is interesting to note that these authors proposed
a Kimmeridgian–Oxfordian reconstruction, which was based on the
fit of the seaward edges of the JQZ south of the SAF and its North
American counterpart (the so-called 40◦N fault). An interpretation
of the Canary Islands as uplifted crustal blocks in a compressional
or transpressive tectonic context was also stressed by Robertson &
Stillman (1979), Price (1980), Fernandez et al. (1997), Anguita &
Hernan (2000) and Gutiérrez et al. (2006). In summary, the avail-
able geological evidence supports the hypothesis that the NE–SW
oriented Canary Islands Ridge is a compressive structure linked
to the Atlas orogeny. In this instance, the E–W directed western
Canary Islands would be aligned along a dextral transpressive fault.

The existence of Cenozoic tectonic activity at the termination
of the Atlantis and Canary Islands FZ is also evidenced by major
erosional events at the Moroccan continental margin (Arthur et al.
1979; Hinz et al. 1982) and by the structural pattern of the Anti-
Atlas region of Morocco. It is generally accepted that the 2500 m
uplift of the impressive Anti-Atlas fold belt, of Palaeozoic age, oc-
curred during the Neogene (Helg et al. 2004; Burkhard et al. 2006),
whereas Malusà et al. (2007) have recently shown that this region
was affected by NW–SE transtension during the early Jurassic and

NW–SE shortening in a right-lateral transpressional context during
the Neogene. Therefore, the Anti-Atlas could have accommodated
part of the deformation associated with the eastward escape of
Morocco.

More to the north, the most important thrust structures of west-
ern Morocco are clearly represented by the High Atlas belt, whose
western end is located at the termination of the Hayes FZ (Fig. 7).
Figs 1 and 7 also show that the S1 anomaly appears to be com-
posed of two lineations, which are separated by the Hayes FZ; the
northern segment of this anomaly is clearly displaced to the east.
The southernmost structure of the Atlas belt is the SAF, a major
transpressive fault running from Morocco to Tunisia, which also
represented the southern boundary of the Atlas rift during the late
Triassic–early Jurassic phase of extension. The structural features
of the SAF have been described in detail by Frizon de Lamotte et al.
(2000). We assume that this fault accommodated most of the short-
ening associated with the eastward escape of the Moroccan Plate,
whereas a minor amount of compression was partitioned between
the Canary Islands Ridge and the Anti-Atlas region. Therefore, the
geological evidence shows that the Moroccan Plate behaved as a
single rigid plate only at first approximation, whereas in the central
Atlantic right-lateral strike-slip occurred mainly along the Hayes
FZ and, at a lesser extent, along the Atlantis FZ. A realistic scenario
could be the following. An initial phase of dextral strike-slip motion
could have occurred along the Atlantis FZ. In this instance, the de-
formation would have been transferred from the Atlantis FZ to the
Canary Islands FZ close to the eastern termination, at about 20◦W,
giving rise to the Canary Islands and Anti-Atlas uplifts. Then, some
time later, when right-lateral motion along the Atlantis FZ ceased,
the eastward escape of Morocco would have been accommodated
by right-lateral strike-slip along the Hayes FZ, triggering the main
Atlas orogenic phase.

To investigate the consequences of the Atlas orogeny on the pat-
tern of SFS in the central Atlantic, we first applied the Shaw’s
algorithm (1987) to generate synthetic fracture zones starting from
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the kinematic model. In fact, as already mentioned, the hypothesis
of an eastward escape of Morocco relative to northwest Africa re-
quires the existence of a larger area of oceanic lithosphere between
Morocco and North America with respect to the amount predicted
by the North America–northwest Africa reconstruction poles. In
particular, the length of synthetic fracture zones, generated using
these Euler poles, should be less than the observed distance be-
tween the conjugate COBs. The application of the Shaw’s algorithm
to three fracture zones on the Moroccan Plate and the conjugate
oceanic region in North America showed that model fracture zones,
built using rotation poles of the northwest Africa–North America
pair, did not reach the conjugate COBs (northern ECMA and S1)
and revealed a deficit in length of 150–180 km. Apart from the
geological evidence of an independent Moroccan Plate, represented
by the formation of the Atlas Rift in the late Triassic-early Jurassic
and the Atlas mountain belt in the Cenozoic, this represents a first
geophysical evidence that northwest Africa must be separated in at
least two blocks. However, a definitive word about this topic can
only be given through the analysis of marine magnetic anomalies in
the central Atlantic.

To do this, we analysed three magnetic profiles in the area north
of the Hayes FZ (Fig. 7), having an orientation compatible with

Figure 8. Magnetic anomaly profile along Line 1 of Fig. 7. Measured anomalies are shown in black; model anomalies are represented in red.

Figure 9. Magnetic anomaly profile along Line 2 of Fig. 7. Measured anomalies are shown in black; model anomalies are represented in red.

observed fracture zone trends (Lines 1–3, Fig. 7). The assumed dec-
lination and inclination of the geomagnetic field at the survey times
(1972 and 1973) were, respectively, D = 17.47◦W I = 55.31◦N,
D = 18.10◦W I = 56.43◦N and D = 19.30◦W I = 58.25◦N. The
thickness of the magnetized layer was set to 0.5 km. The mean palae-
olatitude and direction of the blocks at the magnetization time was
set on the basis of the global model of Schettino & Scotese (2005).
Finally, the bathymetry was considered to be coincident with the
external surface of the magnetized sources. Fig. 8 shows the model
and measured magnetic anomalies along the eastern side of Line 1.
This profile reaches anomaly 8 on Moroccan Plate. We excluded the
western trackline (on North American Plate) because the magnetic
data set was incomplete. Fig. 9 shows the model and measured mag-
netic anomalies along the Line 2, which reaches anomalies 13 on
North America and 7 on the Moroccan side. Finally, Fig. 10 shows
the interpretation of Line 3, which is entirely placed on North Amer-
ican Plate and reaches anomaly 18. The excellent matches of the
model and measured curves were obtained through the introduction
of many stages, characterized by different spreading rates, for the
time interval from chron C18n to the present. Conversely, standard
models of the central Atlantic comprise only four stages from chron
C21 to the present (e.g. Klitgord & Schouten 1986; Royer et al. 1992
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Figure 10. Magnetic anomaly profile along Line 3 of Fig. 7. Measured anomalies are shown in black; model anomalies are represented in red.

Figure 11. Full spreading velocities along Lines 1–3 of Fig. 7 (green, red and black solid lines) compared with the predicted velocity of northwest Africa
relative to North America along the same profiles (black dashed line). Each point is plotted at the mean age of the corresponding stage. Error bars are stage
lengths.

Müller et al. 1997). Fig. 11 shows a plot of the predicted full
spreading rates, according to the interpretation of the three mag-
netic anomaly profiles. For times preceding chron 13 (33.1 Ma),
the curve relative to Line 3 simply oscillates about the velocity
predicted for northwest Africa. We interpret this result as evidence
that Morocco and northwest Africa were a single plate from the
Pliensbachian (185 Ma) to the early Oligocene (33.1 Ma). Then,
the three plots show some prominent peaks and velocities that are,
on average, greater than the predicted spreading rate of northwest

Africa. This phase stops during chron C6n and is followed by a time
interval with velocities that are close to the predicted spreading rate
of northwest Africa, although three very short spikes of anoma-
lous high spreading rate can be observed at ∼15 , 12 and ∼6 Ma.
Hence, the main phase of the Atlas orogeny ceased at chron C6n
(19 Ma), and we do not introduce severe errors in the model assum-
ing that from this time the Moroccan Plate remained fixed to north-
west Africa. We exclude that the higher spreading rates shown in
Fig. 11 resulted from asymmetric spreading that favoured
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Figure 12. Amounts of right-lateral escape of Morocco relative to northwest Africa from chron C18n to the present, predicted from the analysis of Lines 1–3.
To compare the three results, the plot �s2(t) associated with line 2, which starts at t = 34 Ma, has been offset by the quantity �s3(34) = 16.6 km. Similarly, plot
�s1(t) associated with Line 1, which starts at t = 28.4 Ma, has been offset by the quantity [�s3(28.4) + �s2(28.4) + �s3(34)]/2 = 96.2 km. On an average,
∼180 km displacement of Morocco is required by the analysis of the three magnetic anomaly profiles.

accretion to the North American or the Moroccan plates before
chron C6. In fact, we have already shown through the analysis of
fracture zones that an anomalous higher amount of oceanic litho-
sphere is present between Morocco and North America. Therefore,
the analysis of three magnetic profiles independently points to the
same result as obtained before, in addition to furnishing a con-
straint on the timing of the eastward escape. Regarding the amount
of eastward escape, we can calculate this quantity by the following
formula:

�s (t) =
∫ t

t0

[
vMOR,NAM

(
t ′) − vNWA,NAM

(
t ′)] dt ′. (1)

Here �s(t) is the dextral offset of Morocco with respect to
northwest Africa at time t, t0 is the profile starting time (43.4
Ma) and vNWA,NAM and vMOR,NAM are, respectively, the velocities
of northwest Africa and Morocco relative to North America. The
curves �s = �s(t) for the time interval from C18n (39 Ma, Bar-
tonian) to the present are shown in Fig. 12. This figure illustrates
even more clearly the timing of the Atlas orogeny. We estimate
a total offset of 170–180 km during the time interval from the
early Oligocene (C13n, 33.1 Ma) to the Burdigalian (C6n, 19
Ma), which is consistent with the previous analysis of fracture
zones. Therefore, apart from the demonstration that Morocco be-
haved as an independent plate during the geological past, we ob-
tained a precise dating and amount of convergence for the Atlas
orogeny.

We now discuss another important evidence for the existence
of an independent Moroccan Plate during the Cenozoic. As stated
above (see Fig. 6), we expect a deformed pattern of SFS magnetic
anomalies in the area between Morocco and the MAR. Let δrC13

be the original total dextral offset at the MAR, during chron C13,
of the segment north of the Hayes FZ with respect to the spreading
segment south of the Atlantis FZ. Then, the total dextral offset at
chron C6 will be given by

δrC6 = 1

2

∫ t1

t0

[
vMOR,NAM

(
t ′) − vNWA,NAM

(
t ′)] dt ′ + δrC13

= 1

2
�s (t1) + δrC13,

(2)

where the integration is performed between t0 = 19.0 Ma and t1 =
33.1 Ma. This equation allows to estimate the quantity δrC13 if we
assume that δrC6 coincides with the present ridge offset (that is, if
we assume that the eastward escape of the Moroccan Plate ended by
chron C6, as suggested by Fig. 10). As shown in Fig. 12, the present
total offset at the MAR is δrC6 = 188 km. Therefore, using the 170
km estimate of eastward escape we obtain δrC13 = 188 − 85 =
103 km. A similar calculation allows to estimate the expected total
offset ζ of isochrons older than chron C13 in the eastern central
Atlantic. It results in

ζ =
∫ t1

t0

[
vMOR

(
t ′) − vNWA

(
t ′)] dt ′ + δrC13 = 1

2
�s (t1) + δrC6.

(3)

Therefore, we obtain ζ = 85 + δrC6 = 273 km. This value is
in very good agreement with the 271 km offset observed along the
C31 isochron (Fig. 13). In summary, not only the total offset of
the C31 isochron is much greater than the present MAR offset, but
the relationship between ζ and δrC6 through eq. 3 is almost exactly
that predicted by the magnetic profile modelling discussed above.
We conclude that geophysical and geological evidence requires the
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Figure 13. Offsets (in km) along the MAR and the chron 31 isochron from the Atlantis FZ to the Hayes FZ. The base map shows magnetic anomalies from
the WDMAM 2007 (Korhonen et al. 2007).

existence of an independent Moroccan Plate, first during the late
Triassic and early Jurassic, and later during the Oligocene–early
Miocene time interval.

To determine finite rotations for the Moroccan Plate, we must now
consider this as an approximately rigid block bounded to the south
by the Atlantis FZ and the SAF. The reconstruction pole with respect
to northwest Africa for times preceding chron 13 can be found if we
know the stage pole of motion during the Atlas orogeny. The fracture
zones trend indicate that Morocco and northwest Africa moved
about the same stage pole, though with different spreading rates,
during this time interval. Therefore, we can apply the following
approximation:

sMOR,NAM(33.1, 19.0) ≈ sNWA,NAM(33.1, 20.1) = (+68.2, 341.3),

(4)

where s indicates a stage pole location. Regarding the rotation
angle, we observe that at the latitude of line 3, 468 km of new
oceanic crust were created during this stage. This corresponds
to a rotation � = 7.92◦ about the stage pole. Therefore, the full
stage pole of the Moroccan Plate with respect to North America
is SMOR,NAM(19.0,33.1) = (+68.2◦N, 341.3◦E, −7.9◦). This stage
pole allowed us to calculate the finite reconstruction poles at chron
C13n relative to both North America and northwest Africa. Finally,
the last reconstruction pole allowed us to determine the relative
position of Morocco with respect to northwest Africa at the time
of maximum extension in the Atlas Rift (185 Ma) because no mo-
tion occurred in this region between the Pliensbachian and the early
Oligocene.

We have seen that the Pliensbachian is also the time of forma-
tion of the first oceanic crust between Morocco and North America.
Therefore, the finite reconstruction poles obtained so far allow a
complete description of the configuration of Pangaea at the time of
extinction of the proto-Atlantic ridge and onset of drifting between
Morocco and Nova Scotia. To complete our fit of Pangaea, we only
need to estimate the pre-rift positions of Morocco and northwest
Africa with respect to North America at the time of initiation of
the rifting process (∼230 Ma, late Ladinian). This estimation was
accomplished by crustal balancing of three available seismic pro-
files: profile SIS04 offshore Morocco (Contrucci et al. 2004), profile
SMART 2 at the Nova Scotia margin (Wu et al. 2006) and profile
EDGE Line 801 in the Baltimore Canyon Trough (Talwani & Abreu
2000).

To perform a correct balancing of these crustal profiles, we pro-
jected the data onto small circle arcs of the estimated stage poles
of motion during the rift stage. These Euler poles were assumed to
coincide with the location of the first stage poles during the drifting
stage because the corresponding flow lines are compatible with the
azimuths of rift structures in eastern North America and Morocco.
In particular, the location of the stage pole of North America with
respect to Morocco, between the late Ladinian (230 Ma) and the
Pliensbachian (185 Ma), was approximated by the corresponding
stage pole of North America relative to northwest Africa. From the
analysis of profile SIS04, we obtained a stretching factor β = 1.75
and a corresponding angle of rotation �1 = 0.75◦. Similarly, bal-
ancing of SMART 2 furnished β = 1.89 for the North American
margin and a rotation angle �2 = 1.20◦. Therefore, the estimated
total angle of rotation from the pre-drift configuration to the pre-rift
fit of Morocco against North America was � = �1 + �2 = 0.8◦ +
1.2◦ = 2.0◦. This implies a mean stretching rate of 4.8 mm yr−1 be-
tween the late Ladinian (230 Ma) and the Pliensbachian (185 Ma),
considerably lower than the initial mean spreading rate in this area
(∼14.1 mm yr−1).

We consider, now, the conjugate margins of North America and
northwest Africa. In this instance, we only had reliable crustal pro-
files from the North American margin. Therefore, the total an-
gle of rotation was estimated by doubling the angle recovered by
these data and adding the angle necessary to remove the ECMA
and BSMA anomalies. From the analysis of profile EDGE Line
801, we obtained β = 1.18 and a corresponding angle �1 =
0.05◦. Therefore, the total angle was estimated to be � = 2�1

= 0.10◦. Finally, this quantity was incremented by 2.2◦ to take into
account the space occupied by the ECMA and BSMA, giving a
total angle � = 2.3◦. Therefore, the mean stretching rate was 8.2
mm yr−1 between the late Ladinian (230 Ma) and the latest Rhaetian
(200 Ma), which is not much different from the estimated slow
spreading rate in the proto-Atlantic (∼10.9 mm yr−1). The finite
reconstruction poles resulting from the previous analyses are listed
in Table 1. The next section illustrates the geological consequences
of the kinematic model discussed above.

4 R I F T I N G E V E N T S D U R I N G
T H E L AT E T R I A S S I C

A fit of central Pangaea at 230 Ma (late Ladinian), which is based
on the kinematic model discussed in the previous sections, is
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Figure 14. Fit of central Pangaea at 230 Ma (late Ladinian). Large igneous provinces (LIPs) are shown in black, whereas the areas affected by the first rifting
events are bounded by the orange lines. Transform faults are shown in green. Dark red line is an incipient spreading centre. GF, Gafsa Fault; IB, Ionian Basin;
1, northwest Africa; 2, northeast Africa; 3, North America; 4, Morocco; 5, Blake Plateau; 6, N. Florida; 7, S. Florida; 8, Yucatan; 9, Brazilian craton; 10, Iberia;
11, Eurasia; 12, Adria; 13, Tunisia; 14, Menderes–Taurides Platform; 15, southern Greece; 16, Sakarya.

illustrated in Fig. 14. This reconstruction shows that a WSW–ENE
directed system of rifts established during the late Ladinian, which
cut central Pangaea from the Caribbean to the Tethys, where it was
possibly converted into an oceanic spreading centre. The subsequent
tectonic evolution of the central Atlantic and Atlas regions during
the first phases of breakup and onset of SFS is constrained by the
M25 and M21 anomalies. We divide the ∼82 Myr from the late
Ladinian to chron M21 (147.7 Tithonian) in three time intervals, or
phases, which group one or more consecutive tectonic stages that
are characterized by the same configuration of the plate boundaries.
Therefore, whereas the limits of usual stages are associated with
significant changes in the location of the poles of relative motion,
phase transitions also imply the formation or the extinction of plate
boundaries.

Starting from the fit illustrated in Fig. 14, the first phase includes
the entire late Triassic and terminates at the time of formation of
the first oceanic crust in the proto-Atlantic, close to the Triassic–
Jurassic boundary. Fig. 15 shows a plate tectonic reconstruction at
end of this time interval (200 Ma). The phase started with the for-
mation of the first rift structures in eastern North America (Klitgord
et al. 1988; Benson 1992; Schlische 1993, 2003; Withjack et al.
1998; Schlische et al. 2002), northwest Africa (Roussel & Liger
1983; Davison 2005), western Morocco (Piqué & Laville 1995; Le
Roy et al. 1998; Piqué et al. 1998b; Le Roy & Piqué 2001), and the
Atlas (Laville & Piqué 1991; Laville et al. 1995, 2004; Piqué et al.
1998a, 2002; Ait Brahim et al. 2002; Ellouz et al. 2003).

The western part of the rift system shown in Fig. 15 is repre-
sented by the extensional structures of southeastern North America
(South Georgia and Florida) and the Caribbean zone. The basic
mechanism of deformation of these regions was represented by a
combination of (1) left-lateral strike-slip across the Bahamas FZ
(Klitgord et al. 1984), which cuts peninsular Florida in NW–SE
direction (Fig. 1), (2) extension and emplacement of mafic mag-
mas along the axis of the Brunswick magnetic anomaly (Fig. 1)
(McBride & Nelson 1988; McBride et al. 1989; Heatherington &
Mueller 1991; Lizarralde et al. 1994) and (3) extension between the
Blake Plateau and northwest Africa. This partitioning of deforma-
tion caused a delayed start of spreading in the southern segment of
the central Atlantic (∼170 Ma). Phase 1 terminated at the Triassic–
Jurassic boundary, with the onset of SFS in the proto-Atlantic and
cessation of spreading in the Ionian Basin and the western Tethys.
From this time onward, Adria was part of the African Plate.

5 R I F T I N G A N D S P R E A D I N G D U R I N G
T H E J U R A S S I C

The second phase started at 200 Ma and terminated 15 Myr later
(Pliensbachian, 185 Ma), when extension ceased in the Atlas region
and the proto-Atlantic. Fig. 16 illustrates the Plate configuration at
the end of the phase. The formation of the first oceanic crust between
Morocco and Nova Scotia, and consequently of the northern ECMA
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Figure 15. Plate reconstruction at 200 Ma (Triassic–Jurassic boundary). Initial oceanic crust associated to the ECMA and BSMA is shown in yellow. Present-
day coastlines are shown for reference. Orange lines bound rift zones. Red lines are spreading centres. Blue lines are synthetic isochrons representing the
oceanic crust formed during the phase 1. Transform faults are shown in green. Arrows represent direction and amount of relative motion. Areas affected by
active rifting and thinning are shown in light brown.

Figure 16. Plate reconstruction at 185 Ma (Pliensbachian). Initial oceanic crust associated with the S1, BSMA and the two segments of the ECMA is shown
in yellow. Main areas with thinned crust are shown in dark khaki.
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Figure 17. Plate reconstruction at 147.7 Ma (chron M21, Tithonian). GiF, Gibraltar Fault; NPF, North Pyrenean Fault; Blue lines are synthetic isochrons
relative to the opening of the Ligurian and Alpine Tethys oceans.

Figure 18. Plate reconstruction at 20.1 Ma (Chron C6n, early Burdigalian). The middle Atlas deformation zone is not shown. Green lines are synthetic
isochrons bounding the distribution of oceanic crust in the western Mediterranean (after Schettino & Turco 2006).
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Figure 19. Geometrical fitting of conjugate lines. In a reference frame where the test Euler pole e has been carried to the North Pole, the fitting procedure is
reduced to finding the best rotation about the North Pole, by angle φ0, that minimizes the squared sum of longitude misfits.

and S1 magnetic anomalies, is considered coeval with the ridge jump
that caused the end of spreading in the proto-Atlantic.

During this time interval, rifting in the Atlas region continued,
but extensional structures became progressively more important at
the northern boundary of Morocco, separating this plate from Iberia
and the Newfoundland region of North America. It is also likely that
the southern Ligurian Basin, between Iberia and Tunisia, reached
the spreading stage during this phase.

Starting from ∼185 Ma and until the Oligocene–early Miocene
event, when the Atlas orogeny closed the Triassic and early Jurassic
rift valleys, the Moroccan Plate remained fixed to northwest Africa.
Therefore, a phase transition occurred during the Pliensbachian
(185 Ma), and the beginning of the third phase is characterized by
the transfer of the Atlantic kinematics to the Tethyan realm through
a new plate boundary located between Iberia and Morocco—the
so called ‘Gibraltar Fault’. The upper limit of this time interval is
placed at 147.7 Ma (chron M21, Tithonian), which is the time of a
further northward jump of the transfer zone, from the Gibraltar area
to the North Pyrenean Fault Zone (Schettino & Scotese 2002). A
plate reconstruction at the upper boundary of phase 3 is shown in
Fig. 17.

6 AT L A S O RO G E N Y

In a previous section, we have shown that the building of the At-
las mountain belt encompasses the Oligocene–early Miocene time

interval. As already discussed, the Moroccan Plate initiated to es-
cape eastwards with respect to northwest Africa during chron C13n
(33.1 Ma). In the Atlantic Ocean, at least one Ridge-Ridge-Fault
triple junction formed at the MAR to allow higher spreading rates
of the ridge segments facing the Moroccan Plate (i.e. North of the
Atlantis FZ). This motion caused the formation of compressional
structures at the eastern termination of the Atlantis, Canary Islands
and Hayes FZ, along the western continental margin of Morocco
and in the Atlas and Anti-Atlas regions. In particular, the Triassic
and Jurassic rift structures of the Atlas region were reactivated as
inverse faults, determining the Atlas uplift (Beauchamp et al. 1996;
Frizon de Lamotte et al. 2000; Piqué et al. 2002). Fig. 18 shows
a plate reconstruction at 20.1 Ma (anomaly 6, early Burdigalian).
For simplicity, Morocco has been considered in this paper as a
single rigid plate, although a more detailed reconstruction would
have considered motions along the middle Atlas during both the
Triassic–Jurassic rifting phase and the Tertiary orogeny, as well as
slip partitioning during the eastward escape. The phase of Atlas
orogeny terminated at 19 Ma (chron C6n, early Burdigalian), when
both the Atlas uplift and extension in the western Mediterranean
ceased and new plate boundaries formed in North Africa and in the
central Mediterranean.

7 C O N C LU S I O N

A new plate motions model has been discussed for the central At-
lantic and Atlas regions from the late Ladinian to the Tithonian.
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A consistent part of this paper has been devoted to describe a
new accurate pre-breakup fit of central Pangaea. Therefore, in
contrast to published fits based on extrapolated SFS data alone
(e.g. Klitgord & Schouten 1986), our kinematic model between
the initial rifting and the first identified magnetic anomaly (M25)
is not a simple backward prosecution of the M21–M25 stage. We
have seen that this kinematics predicts a specific style of defor-
mation in North Africa during the late Triassic–early Jurassic time
interval. However, it also predicts a specific deformation of the
SFS anomalies in the central Atlantic during the Atlas orogeny.
This pattern has been fully confirmed by the analysis of magnetic
anomaly profiles and fracture zone geometry in the zone north of
the Atlantis FZ. The analysis has allowed both a precise dating
of the Atlas uplift (33–19 Ma) and a confirmation of the good-
ness of fit for the central Pangaea region. In particular, we have
shown that the amount of oceanic crust between Morocco and North
America is greater than that predicted by the Klitgord & Schouten’s
model because synthetic fracture zones generated using their rota-
tion parameters do not reach the conjugate COBs. Furthermore, the
analysis of three magnetic anomaly profiles on the North Ameri-
can and Moroccan plates demonstrated the existence of a higher
spreading rate with respect to the one predicted by the Klitgord
& Schouten’s model. In this instance, a high spreading rate asso-
ciated with an asymmetric spreading which favoured accretion to
the North American or the Moroccan plates before chron C6 is
excluded by presence of an excess oceanic crust between the con-
jugate COBs. In fact, asymmetric spreading simply distributes the
new crust differently between the conjugate plates, without affecting
the total amount of accreted lithosphere. Furthermore, the excess
oceanic crust predicted by the magnetic anomaly modelling is com-
patible with the observed amount of lithosphere between Morocco
and North America, which definitely excludes asymmetric spread-
ing. The proposed model has important implications regarding the
plate kinematics of the Tethyan region during the late Triassic–early
Jurassic time interval, which will be published elsewhere. A com-
puter animation is available as Supporting Information in the online
version of this paper, which illustrates the tectonic evolution of the
central Atlantic and Atlas regions since the late Triassic.
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Laville, E., Piqué, A., Amrhar, M. & Charroud, M., 2004. A restatement
of the Mesozoic Atlasic Rifting (Morocco), J. Afr. Earth Sci., 38, 145–
153.

Le Pichon, X. & Fox, J.P., 1971. Marginal offsets, fracture zones, and
the early opening of the North Atlantic, J. geophys. Res., 76, 6294–
6308.

Le Pichon, X., Sibuet, J.-C. & Francheteau, J., 1977. The fit of the continents
around the North Atlantic ocean, Tectonophysics, 38, 169–209.
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A P P E N D I X

The difference between our algorithm and the method of fitting used
by Bullard et al. (1965) can be summarized as follows. Assume that
the lines to be fitted are represented by two series of unit vectors, re-
spectively (p1, p2, . . . , pN ) and (q1,q2, . . . ,qM ), in a reference frame
where a test Euler pole e = (λe,ϕe), originally located at latitude
λe and longitude ϕe, is placed at the North Pole (Fig. 19). Trans-
formation of standard geographic coordinates to this new reference
frame is easily obtained by rotating each position vector about an
Equatorial pole at (0◦, ϕe + 90◦) by angle −θe = −(π /2 − λe). For
each point pi on the first line, which can be carried onto the second

line at position p′
i by rotation about the North Pole, let φi(e) be the

longitude difference between the two locations. Similarly, for each
point qj on the second line, which can be carried back onto the first
one at position q′

j by rotation about the North Pole, let φ′ j (e) be the
longitude difference. In general, only n ≤ N points of the first line
can be projected onto the second line, and only m ≤ M points of the
second line can be projected back onto the first line. If we rotate the
western line by angle φ0 about the North Pole, the individual point
misfits are given by φi(e) − φ0. Similarly, if we rotate the eastern
line by angle −φ0 about the North Pole, we obtain individual misfits
φ′

j(e) − φ0. The total mean square misfit is given by

χ 2 (e) = N

n2

n∑
i=1

[φi (e) − φ0]2 + M

m2

m∑
j=1

[
φ′

j (e) − φ0

]2
. (A1)

This formula has some differences with respect to the one pro-
posed by Bullard et al. (1965). In fact, the formula of these authors
assumed that the same number of points was projected between
the two lines. This assumption is adequate when the two lines are
considered as perfectly conjugate, that is, when each line must be
fitted against the whole conjugate line and not against a subset of the
input data. In their work, Bullard et al. (1965) had complete infor-
mation on the geometry of the two conjugate margins. Therefore,
their assumption of a common number of projections appears to be
adequate. Conversely, in the fit of the ECMA and BSMA anomalies,
we could have missing information from one of the two lines (most
likely the BSMA). In this instance, we must search for a best fit
of one line against a subset of the second line, not necessarily a
whole geometrical fit. Eq. (1) takes into account the possibility of
missing information from one of the two lines. However, the search
must also try to maximize the percentage of matched segments
from each line, that is, the number of projected points, because we
could find wrong Euler poles that furnish very good fits of small
segments of the two lines. This problem is solved in eq. (A1) by
multiplying the squared misfit of each line, respectively, by N /n and
M /m.

Expression (A1) reaches a minimum when rotation angle φ0 =
φ0(e) is given by

φ0 (e) =
N
n2

∑n
i=1 φi (e) + M

m2

∑m
j=1 φ′

j (e)
N
n + M

m

. (A2)

Then, the fitting procedure will search for the Euler pole e, which
minimizes the misfit χ 2 in Expression (A1).

S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online
version of this article:

Movie S1. An animation illustrating the tectonic evolution of the
Central Atlantic and Atlas regions since the late Triassic.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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