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SUMMARY

The primary objective of this report is to interpret refraction crustal profiles on and across 
the Nova Scotia margin in order to determine: 

� the maximum seaward extent of continental crust; 
� the existence of regions of serpentinized mantle and post-breakup volcanic 

oceanic crust; 
� the minimum seaward extent of original unstretched continental crust. 

We begin in section 1 with a review of rifting history of the Nova Scotia margin and 
previous deep seismic observations. These observations indicate that the Nova Scotia 
margin is characterized by a transition between typically volcanic margins to the south 
and non-volcanic margins to the north. However, only the south-western-most region of 
the Scotian margin shows clear volcanic characteristics. Thus the majority of the Nova 
Scotia margin has a rift structure typical of a rifted margin formed without major syn-rift 
volcanism. This process resulted in a very wide and complex margin transition between 
original continental crust and fully-developed oceanic crust. 

In section 2, we analyze the new refraction profile collected by Geopro GmbH in 2009 
along the ION/GX NovaSPAN Line 2000 under contract to OETR. We compare this new 
profile with previous refraction profiles across the margin. The new profile is consistent 
with previous results, indicating that the central and northern sections of the margin 
formed by non-volcanic rifting. The continent-ocean transition (COT) is represented by 
very thin crust above a partially serpentinized mantle. The nature of this thin crust 
appears variable along the margin and is not uniquely defined by the existing models. 

In section 3, the interpreted refraction structures across Nova Scotia are related to plate 
reconstructions of the conjugate margin with Morocco. We include an updated analysis 
of the SISMAR refraction profile across the Morocco margin. This analysis indicates that 
the two conjugate margins are highly asymmetric, with the Moroccan margin much 
narrower and including a sharp COT. Revised poles of rotation are determined for the 
maximum (at breakup) and minimum (before rift) extent of continental crust. The first-
order geometry of the rifting appears relatively simple without need for major 
discontinuities for the central-to-northern segment of the margins. 



1. INTRODUCTION 

This contribution aims to provide a 
better characterization of the rifting 
mechanism and tectonic structure of the 
rifted Scotian margin. The data used in 
this study include wide-angle seismic 
refraction data and coincident multi-
channel seismic reflection data across 
the central and northern Nova Scotia 
margin. The derived crustal structures 
across the central and northern Nova 
Scotia margin have been correlated with 
other existing margin transects off Mo-
rocco and Nova Scotia, from which this 
conjugate margin pair is reconstructed to 
the continental breakup and pre-rift posi-
tion. The rifting geometry across the 
conjugate margin pair are elucidated in 
the breakup reconstruction.

Section 1 gives a general overview 
of the crustal structure and geology of 
the Nova Scotian margin from earlier 
studies. Section 2 details and compares 
new refraction data across the northern 
Nova Scotian margin collected and ana-
lyzed under contract to Geopro GmbH. 
Section 3 considers plate reconstructions 
of the Nova Scotia – Morocco conjugate 
margin in terms of the crustal structures 
previously discussed. Much of this study 
is taken from the PhD thesis of Wu 
(2007).

1.1 Rifted Continental Margins

1.1.1 Formation of Rifted Continental 
Margins

Rifted continental margins are 
formed during the extension and breakup 
of continents. As rifting begins, the con-
tinental crust thins and extends. A rift 
valley appears as the thinned continental 
crust subsides through faulting and 

stretching. As the continental crust thins, 
the reduced pressure allows the underly-
ing lithosphere and hot asthenosphere to 
rise and partially melt to form magma. 
The magma may intrude into the ex-
tended crust or solidify and underplate at 
the base of the crust. The magma may 
also find its way through faults and rise 
to surface, forming volcanoes and basal-
tic lava flows. As rifting proceeds, the 
increasingly thinned continental crust 
becomes entirely brittle (Perez-Gussinye 
and Reston 2001) and eventually breaks 
up, resulting in the formation of conti-
nental margins and opening of oceans. 
The North Atlantic passive margins were 
formed during the opening of the North 
Atlantic Ocean between the North 
American, African and European conti-
nents (Figure 1.1). Recent studies of the 
crustal structures along this margin sys-
tem have shown many complications 
compared to the above simple view for 
the formation of rifted continental mar-
gins (e.g. Louden and Chian 1999). 

1.1.2 Volcanism of Rifted Continental 
Margins

Rifted continental margins can be 
divided into two major categories: vol-
canic and non-volcanic. Volcanic mar-
gins are those that have been extensively 
affected by syn-rift volcanism, which 
has modified or obscured the extensional 
fabric within the crust. The crustal struc-
ture of volcanic margins is characterized 
by the large quantities of volcanic rocks. 
Figure 1.2a shows a typical crustal struc-
ture for a volcanic margin—the southern 
Baltimore Canyon Trough along EDGE 
801 (SB, Figure 1.1; Holbrook and 
Kelemen 1993; Talwani and Abreu 
2000), where seaward dipping reflec-
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tions (SDR), indicative of volcanic ex-
trusives, are observed in the basement 
across the ocean-continent transition 
(OCT), and a thick high-velocity lower 
crustal (HVLC) layer of intrusives un-
derplates the base of the rifted crust. The 
SDR sequences are produced by exten-
sive subaerial lava flows that have since 
subsided and rotated seaward, giving 
them a characteristic appearance on 
seismic-reflection records as sequences 
of seaward-dipping reflectors. The exis-
tence of extrusive rocks has been con-
firmed by drilling on the Outer VØring
Plateau of the Norwegian Sea margin 
(Eldholm et al. 1986) and the SE 
Greenland margin (Fitton et  al. 1995),  
while  the  presence  of  underplated  
rocks  was  interpreted  from   seismic 
refraction data based on the characteris-
tic lower crustal velocity (vp=7.2-7.5
kms-1), and anomalous thickness of ig-
neous rocks (e.g. 15-25 km; e.g. Hol-
brook and Kelemen 1993).  

The excessive volcanism (including 
extrusion and intrusion) has been attrib-
uted to the rising decompressional melt-
ing of anomalously hot asthenosphere 
during the formation of rifted continental 
margins. White and McKenzie (1989) 
showed that the amount of observed 
magmatism across the Hatton Bank 
margin could result if the potential tem-
perature of the asthenosphere under the 
rifted continental margin was raised by 
~100-150°C from the normal tempera-
ture (1300°C) at the oceanic spreading 
center. Along the North Atlantic margin 
system, the southwestern-most part of 
the Scotian margin and the entire US 
East Coast margins are largely classified 
into this category (e.g. Holbrook and 
Kelemen 1993; Keen and Potter 1995a; 
Talwani and Abreu 2000). Holbrook and 
Kelemen (1993) estimated that a total 
volume of 3.2×106 km3 of igneous rocks 

was produced by magmatism during the 
formation of the US East Coast margin. 
A mantle plume was proposed to have 
been situated off present day Florida at 
~200 Ma, which may have initiated the 
continental rifting of the North Ameri-
can and African continents and wide-
spread volcanism along the North Atlan-
tic margin system (Sleep 1996; Ernst and 
Buchan 2001). Previously de Boer et al. 
(1988) had proposed a weak mantle 
plume that moved southward from New 
England to Florida. Non-plume models 
were also suggested to create volumi-
nous volcanism, which require shallow 
thermal anomalies or rapid upwelling of 
the mantle material (e.g. Vogt 1991; 
Anderson et al. 1992). Mutter et al. 
(1988) suggested that small scale mantle 
convection at the continental edges, pos-
sibly due to lateral and vertical tempera-
ture gradients between colder lithosphere 
and warmer upwelling lithosphere could 
enhance magmatic activity in the ab-
sence of elevated mantle potential tem-
peratures.  

Non-volcanic margins, on the other 
hand, are often characterized by limited 
melt generation, which may be a result 
of slow extension rates or cold upper 
mantle (Sleep and Barth 1997; Reston et 
al. 2003). In this case, a relatively thin 
layer with velocity of vp =7.2-7.6 kms-1

is observed across the transition zone 
(Figure 1.2b). Such velocity layers are 
associated with basement highs on the 
Galicia Bank/Iberia Abyssal Plain, 
which have been evidenced by drilling at 
ODP (Ocean Drilling Program) Sites 
637 (Shipboard Scientific Party, 1987; 
Figure 1.2), 897, 899 and 1068 as peri-
dotite ridges, indicative of exhumed up-
per mantle (Sawyer et al. 1994). The ex-
humed mantle presents P-wave velocity 
anisotropy of 5-7 % at depth of 3-7 km 
below the top of acoustic basement 
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(Cole et al. 2002). Most models of P-
wave azimuthal seismic anisotropy sug-
gest that the fast velocity direction is 
parallel to the direction of stretching, 
normal to the rift (e.g. Vauchez et al. 
2000). This is an indicator of initial 
stretching direction in a region adjacent 
to oceanic crust where no fracture zones 
have been identified, as well as an indi-
cator for exhumed mantle due to stretch-
ing instead of underplated rocks with 
similar velocities. In contrast to the vol-
canic margins, the non-volcanic margins 
are devoid of surface volcanic activity. 
Along the North Atlantic margin, mar-
gins north of Nova Scotia, from the 
Grand Banks/Newfoundland-Iberia 
Abyssal Plain conjugates (e.g. Reid 
1994; Dean et al. 2000; Funck et al. 
2003; Lau et al. 2006a) to the Labrador 
Sea-SW Greenland margins, also have 
similar crustal structures (Chian and 
Louden 1994; Chian et al. 1995a).

The limited melt generation for the 
northern North Atlantic margins may be 
a result of one or several of the follow-
ing factors in the course of rifting. The 
temperature anomaly of hot astheno-
sphere for the volcanic US East Coast 
margins, which was suggested to have 
originated from a mantle plume located 
off Florida (Sleep 1996), may be dimin-
ishing toward the northern passive mar-
gins, which are thousands of kilometers 
away from the anomaly center. Sec-
ondly, the rifting rates for the northern 
North Atlantic margins should be lower 
than that of the southern US East Coast 
margins because the Mesozoic rotation 
poles were located north or northeast of 
Iceland (Klitgord and Schouten 1986; 
Roest et al. 1992). Reduced rifting rates 
will affect the thermal regime by allow-
ing more time for vertical diffusion to 
reduce the thermal anomaly associated 
with rifting. In addition, compared to the 

sharp necking of the US margins, the 
wider zones of lithospheric thinning of 
the Scotian margin, the Galicia Bank 
margin (Whitmarsh and Miles, 1995; 
González et al., 1999), and the Labrador 
Sea margin (Chian et al. 1995a; Louden 
and Chian 1999), may result in reduced 
melt production. As shown by the melt 
generation models of Bown and White 
(1995), melt production can be com-
pletely suppressed if rifting lasts 15-20 
m.y., despite extreme continental thin-
ning. Minshull et al. (2001) also sug-
gested that melt production at the time of 
continental breakup may have been re-
duced by effects of lateral heat conduc-
tion, depth-dependent stretching or re-
duced mantle temperature.  

1.1.3 Volcanic to Non-Volcanic Transi-
tion

Based on the above characterization, 
the Nova Scotia margin is located at the 
transition along the North Atlantic from 
volcanic margins to the south to non-
volcanic margins to the north (Figure 
1.1). The southwestern-most Scotian 
margin near Georges Bank is volcanic, 
evidenced by the SDR sequences on 
multi-channel seismic (MCS) reflection 
lines 89-3, 4 (Figure 1.3; Keen and Pot-
ter 1995a), similar to the volcanic US 
East Coast margins (e.g. Holbrook and 
Kelemen 1993). The northern Nova Sco-
tia margin has been classified as a non-
volcanic rift margin based on the ab-
sence of SDR sequences along MCS line 
89-1 (Figure 1.3; Keen and Potter 
1995b). Hence, the volcanic to non-
volcanic transition should have occurred 
somewhere along the central Scotian 
margin. 

Figure 1.3 shows the regional mag-
netic anomaly offshore Eastern Canada 
and US. Along the volcanic margin from 
the US Atlantic coast to the southwest-
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ern-most margin of Nova Scotia near 
Georges Bank, a strong, linear magnetic 
anomaly, referred to as the East Coast 
Magnetic Anomaly (ECMA), is well de-
veloped and coincident with a ~100 km 
wide zone of thick igneous wedge (e.g. 
Holbrook and Kelemen 1993; Keen and 
Potter 1995a). Magnetic models showed 
that the high-amplitude ECMA is attrib-
uted to the extrusive rocks or the entire 
igneous wedge (Alsop and Talwani 
1984; Talwani and Abreu 2000; Dehler 
et al. 2003). The ECMA progressively 
weakens northward and eventually dis-
appears within the northern Scotian 
margin, which has been identified as a 
non-volcanic rifted margin without evi-
dence of excessive volcanism (Keen and 
Potter 1995b). However, along the cen-
tral portion of the Nova Scotia margin, 
the magnetic anomaly is still pro-
nounced. There is no evidence for an 
SDR sequence on MCS line 88-1A 
(Keen et al. 1991b), although it may be 
obscured by prominent diapiric salt 
structures. The concurrence of magnetic 
and seismic reflection signatures leads to 
an ambiguous character for the central 
margin segment. 

1.2 Geological Setting of Eastern 
Canada

1.2.1 The Appalachian Orogen 
Figure 1.4 is the geological map of 

eastern Canada, including the coastal 
area (after Wheeler et al. 1997). The 
basement rocks have recorded the his-
tory of late Precambrian rifting and the 
development of a Palaeozoic passive 
continental margin during the opening of 
the Iapetus Ocean, a Palaeozoic equiva-
lent of the Atlantic Ocean (Keen et al. 
1990). The Iapetus Ocean was closed in 
the Ordovician (Williams 1979), which 

produced the Appalachian Orogen after 
subduction and accretion of oceanic 
crust (Colman-Sadd 1982). The conti-
nental crust of eastern Canada, including 
the Nova Scotia, New Brunswick and 
Newfoundland, was formed during the 
Appalachian Orogen.

Closing of the Iapetus destroyed the 
Palaeozoic continental margin and sev-
eral large exotic terranes were added to 
North America. Starting from the south, 
the basement of southern and central 
Nova Scotia consists of rocks of the Me-
guma Terrane, intruded by granitoid 
rocks (William 1979; Keppie 1989; 
Clarke and Chatterjee 1992). The Me-
guma terrane is composed of fine-
grained siliciclastic turbidites and is of 
Gondwanan affinity based on its disper-
sal pattern (Schenck 1970). Keppie and 
Dallmeyer (1995) suggested that the 
basement rocks are Precambrian. Pa-
laeozoic intrusions occurred during 380-
370 Ma (Keppie and Dallmeyer 1995) 
and the South Mountain Batholith is the 
largest in the Appalachian Orogen (Benn 
et al. 1997). Hotspot activity may have 
caused the intrusion of granites and less 
mafic rocks (Murphy et al. 1999). The 
northern Nova Scotia shore, Cape Breton 
Island, and the eastern Grand Banks and 
southeastern Newfoundland belong to 
the Avalon Terrane (Williams and 
Hatcher 1982; Barr and Baeside 1989), 
which is separated from the Meguma 
Terrane to the south along the Cobequid-
Chedabucto fault zone (CCFZ, Figure 
1.4; Withjack et al. 1995). The fault is 
steep from surface to ~6 km depth 
(Webster et al. 1998). Off Cape Breton, 
the Meguma-Avalon contact dips south-
ward (Marillier et al. 1989; Jackson et al. 
in preparation). Farther to the north, the 
Gander Terrane, the Dunnage Terrane 
and Humber Terrane are east to north-
east trending (Figure 1.4). North of the 

1-4



Appalachian Orogen is the Laurentian 
Shield (Figure 1.4), which was not in-
volved in the Palaeozoic opening and 
closing of Iapetus Ocean.

1.2.2 Episodes of Mesozoic Rifting 

Mesozoic rifting and the subsequent 
seafloor spreading created the North At-
lantic Ocean and the contemporary At-
lantic passive margin system. Figure 1.5 
shows plate reconstructions for the pri-
mary Mesozoic rifting episodes between 
North America and Africa, Europe, and 
Greenland. The Nova Scotia margin was 
formed by separation of Africa from 
North America in the middle Triassic to 
Early Jurassic (230-175 Ma; Welsink et 
al. 1989). The rifted margin east of the 
Grand Banks, and the rifted margin 
northeast of Newfoundland Flemish Cap 
margin, the Labrador Sea margin, and 
their conjugates were all formed during 
the following episodes of Mesozoic rift-
ing (Figure 1.5),  starting  in  early  Cre-
taceous (~130 Ma)  and  ending  in late  
Cretaceous (~80 Ma; Hiscott et al. 1990; 
Watt 1969; Moullade et al. 1988; 
Louden and Chian 1999). The Sco-
tian/Moroccan margin conjugates, in-
cluding the US East Coast margins and 
their conjugates (Figure 1.1), represent 
the earliest episode of Mesozoic rifting 
along the North Atlantic (Figure 1.5; 
Klitgord and Schouten 1986). 

1.2.3 Volcanism during Mesozoic Rift-
ing

Two periods of magmatism were as-
sociated with early Mesozoic continental 
rifting of eastern Canada (Figure 1.6; Pe-
Piper et al. 1990). The earlier igneous 
activity on the Nova Scotia margin oc-
curred during the earliest stage of Meso-
zoic rifting by intrusion, which is repre-
sented by alkaline dikes in the Northum-

berland Strait F-25 well and in southwest 
Nova Scotia. The former consists of 
rocks of sodic high-alumina olivine 
tholeiites, with a whole-rock K/Ar date 
of 214 ± 9 Ma or older date of 239 ± 10 
Ma on removal of pyroxene phenocrysts 
(Pe-piper and Jansa 1986). The latter 
contains mafic dikes of similar age 
(Rogers, 1985). One dike from the 
Wedgeport pluton (Figure 1.6) was 
about 225 Ma defined by 39Ar/40Ar
(Reynolds et al. 1987).

The younger period of igneous activ-
ity is associated with the main phase of 
Mesozoic rifting (Pe-piper et al. 1990). 
The igneous rocks are tholeiitic basalts, 
represented by both dikes and extensive 
multiple lava flows. Large igneous dikes 
include the Shelburne dike (Papezik and 
Barr 1981) and the Caraquet dike (Burke 
et al. 1973; Greenough and Papezik 
1986). These dikes show multiple injec-
tions of magma and are tens of meters 
wide and more than 100 km long. The 
Shelburne dike extends more than 450 
km along the southern shore of Nova 
Scotia and into offshore region indicated 
by its magnetic signature (Figure 1.6). 
Precise dates of these dikes tend to clus-
ter into two groups, one about 191 Ma 
and the other about 201 Ma (Pe-Piper et 
al. 1992). Short dikes are also exposed 
on Minister Island (near St. Andrews, 
New Brunswick; Figure 1.6). Basaltic 
lava flows from this stage of igneous 
activity form the landscape features in 
and around the Bay of Fundy. Onshore, 
the North Mountain of Nova Scotia ex-
tends from Cape Blomidon to Brier Is-
land. Basaltic flows also cover much of 
the Grand Manan Island, New Bruns-
wick (Pringle et al. 1974), and appear 
along the northern shore of the Minas 
Basin in Nova Scotia, at Cape d’Or near 
Advocate Harbour in the west, around 
Parrsboro-Five Islands-Bass River area 
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(Greenough et al. 1989), and at Econ-
omy Mountain in the east. K/Ar dates of 
the North Mountain Basalt range from 
195 ± 4 Ma (Armstrong and Besancon 
1970) to 200 ± 10 Ma (Carmichael and 
Palmer 1968). Offshore, the North 
Mountain Basalt underlies most of the 
Bay of Fundy (Pe-Piper et al. 1992; Fig-
ure 1.6), which has been sampled in two 
wells, the Chinampas N-37 (Greenough 
and Papezik 1987) and the Cape Spencer 
#1 (Pe-Piper et al. 1992). Radiometric 
dating suggested an age of 191 Ma for 
the North Mountain Basalt (Hyatsu, 
1979), which is consistent with the age 
of the onshore North Mountain Basalt. 

On the Nova Scotia shelf, basalt 
rocks of a total thickness of 153 m ap-
pear in the Glooscap C-63 well (Pe-Piper 
et al. 1992; Figure 1.6). This well is lo-
cated at the center of Triassic Mohican 
rift graben (Given 1977), with 7 km 
southward dipping sediments. The vol-
canic rocks appear at the depths of 3893-
3935 m, 3935-3998 m, and 3998-4046 m. 
Whole-rock K/Ar dating suggested an 
age of 176 ± 7 Ma. The upper layer is 
overlain by Toarcian and the lower unit 
underlain by Carnian-Norian strata with 
a sharp contact by red beds intercalated 
with thick salt layers. Basement was not 
reached in the well. 

The two periods of magmatism are 
related with two phases of rifting. The 
earlier one occurred with the onset of 
Mesozoic rifting when basins formed by 
extension and normal dip-slip faults, and 
were filled by thick terrigenous clastics 
and evaporites. However, the associated 
igneous activity is of such a limited ex-
tent that rifting is lacking in volcanic 
rocks in most areas around eastern Can-
ada (Pe-Piper et al. 1992) and the re-
maining Central Atlantic Margins (Olsen 
et al. 1981; Marzoli et al. 1999). The 
younger phase of magmatism involved 

flexural uplift along and landward of the 
hinge zone and subsidence seaward 
(Jansa and Wade 1975). The igneous 
activity in this period contains extensive 
extrusion, which is not only observed as 
outcrops onshore and in wells offshore 
Nova Scotia (Pe-Piper et al. 1992), but 
also prevailed in all the Central Atlantic 
Magmatic Provinces (CAMP; Figure 
1.7), including once-contiguous parts of 
North America, South America, Africa 
and Europe associated with the breakup 
of Pangea (e.g. Sutter and Smith 1979; 
Olsen et al. 1981; Sutter 1985; Pe-Piper 
et al. 1992; Olsen 1997; Marzoli et al. 
1999). However, the total volume of ob-
served magmatic material in the circum-
Atlantic region is small and most of this 
wide-spread magmatism event was con-
sistently emplaced over a short time in-
terval, within a few million years with a 
peak at ~200 Ma (Olsen et al. 1981; Sut-
ter 1985; Pe-Piper et al. 1992; Olsen 
1997; Marzoli et al. 1999; Hames et al. 
2000). The main magmatic phase took 
place ~25 m.y. before the separation of 
continental crust and the first formation 
of oceanic crust (Pe-Piper et al. 1992).  

1.3 Deep  Seismic Observations

1.3.1 Early Seismic Refraction Profiles 
Offshore Nova Scotia, a large 

amount of seismic refraction data was 
collected in the past half century. The 
early seismic refraction experiments 
were carried out by Officer and Ewing 
(1954), Barrett et al. (1964), Jackson et 
al. (1975), Keen et al. (1975) and Keen 
and Cordsen (1981). Location of the se-
lected previous profiles is shown in Fig-
ure 1.8. Officer and Ewing (1954) no-
ticed that the rifted continental crust off-
shore southern Nova Scotia subsides 
from 5,000 feet to 20,000 feet under the 
continental slope. Barrett et al. (1964) 
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measured velocities of 5.5 km/s, 6.1 
km/s and 8.1 km/s for upper crust (Me-
guma rocks), lower crust and upper man-
tle, respectively. An expendable sono-
buoy wide-angle reflection and refrac-
tion survey was also carried out offshore 
Nova Scotia, from which detailed sedi-
ment velocities were obtained (Jackson 
et al. 1975). Jackson et al. (1975) sug-
gested that the continent-ocean transition 
off Nova Scotia may be limited to a 75-
km-wide zone based on refraction data. 
Keen et al. (1975) reported that a 10-km-
wide layer south of Sable Island with 
velocity of ~7.4 km/s was directly over-
lain by sediment.  

These early seismic refraction sur-
veys laid the framework for future re-
search. However, the velocity models 
obtained are not detailed enough for un-
derstanding the rifting process of the 
Scotian margin. The reasons are due to a 
number of factors. One is that most of 
the previous profiles only had a few re-
cording stations with large spacing, 
some of which were deployed on the 
coast while shooting offshore (e.g. Bar-
rett et al. 1964). The shot spacing was 
also very large (e.g. 15 km for explosive 
shooting) such that the detailed crustal 
structure was not recorded by the acqui-
sition system. This contrasts to recent 
studies where  tens  of  ocean  bottom 
seismometers (OBS) are deployed on the 
seabed at much narrow spacing along the 
survey track and with airgun shooting at 
about 100 m intervals coincident with 
the track of OBS deployment. The other 
limiting factor to early studies is that all 
of the previous profiles were short (see 
Figure 1.8), and none of them crossed 
the entire margin from un-stretched con-
tinental crust to unequivocal oceanic 
crust. The longest refraction profile off-
shore OA is also composed of many 
short sections (Officer and Ewing 1954; 

Figure 1.8). Other refraction profiles are 
carried out along the strike, e.g. 78-3, 
78-5 (Keen and Cordsen 1981), and they 
are short as well. Therefore, it is difficult 
to derive the full crustal structure for the 
rifting process across the entire margin 
from such limited data. In addition, it is 
hard to demonstrate the along strike 
variation of crustal structure with a 
number of short but scattered refraction 
profiles conducted along the margin. 

Two long refraction profiles (99-1 
and 99-2) were acquired more recently 
(Jackson et al. 2000; Jackson et al. in 
preparation). The refraction data along 
these lines provide detailed velocity con-
straint for the Meguma Supergroup and 
the internal structures of Mesozoic ter-
ranes, such as the geometry of the suture 
between the Avalon and Meguma Ter-
ranes (CCFZ, Figure 1.4). However, 99-
1 is parallel and very close to the shore-
line and 99-2 is partly onshore and partly 
on the Scotian shelf. These long profiles 
were not intended to investigate the 
crustal structure across the continent to 
ocean transition of this margin. To study 
the crustal structural variation, including 
the varying volcanism along the margin, 
a series of across-margin refraction tran-
sects are required to be carried out along 
the entire margin. 

1.3.2 Deep Academic Seismic Reflec-
tion Profiles 

Reflection seismic surveys for stud-
ies of crustal structure started as early as 
the refraction surveys (e.g. Jackson et al. 
1975; Keen et al. 1975; Barrett and Keen 
1976). Early seismic reflection profiles 
were acquired across the refraction lines 
so as to allow layers in the refraction 
survey to be related to particular reflec-
tors (e.g. Jackson et al. 1975). Based on 
seismic reflection images offshore Nova 
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Scotia, Barrett and Keen (1976) identi-
fied Mesozoic magnetic anomalies M26-
M28 in the Jurassic Magnetic Quiet zone 
(JMQZ). However, the deep structures 
beneath the basement surface were 
barely recognizable in the early seismic 
reflection profiles due to limited number 
of hydrophone groups and short streamer 
array (e.g. Barrett and Keen 1976). A 
number of seismic reflection profiles 
were carried out to define the internal 
structures  of  Meguma  and  Avalon  
terranes  or  the  crustal  structure  of  
early stage of Mesozoic rifting, e.g. 
MCS lines 88-2, 3, 4 (Keen et al. 1991a) 
and 86-5A and 5B (Marillier et al. 1989). 
Numerous seismic reflection lines were 
acquired offshore Nova Scotia by indus-
tries for petroleum exploration (e.g. TGS, 
GSI; Figure 1.9). These lines have 
densely covered the Scotian slope area; 
but most of them are short and were in-
tended to investigate the sedimentary 
structure.

In order to study the crustal exten-
sion and varying volcanism along the 
Nova Scotia margin,  a  number  of  
across-margin  MCS  profiles  were ac-
quired in late 1980s (Figure 1.10), such 
as MCS lines 89-3, 4, 5 (Keen and Potter 
1995a), 88-1,1A (Keen et al. 1991b), and 
89-1 (Keen and Potter 1995b). MCS 
lines 89-3, 4, 5 to the southwest of Nova 
Scotia cross the ECMA that parallels 
much of the margin of eastern North 
America, including the southwest of 
Nova Scotia. Studies along the US At-
lantic coast margin suggest that the 
ECMA may be related to the emplace-
ment of a large thickness of late rift-
stage or early drift-stage igneous wedge 
which is characterized by SDRs at the 
basement surface and by HVLC layers 
underneath (Austin et al. 1990; Sheridan 
et al. 1993; Holbrook and Kelemen, 
1993). The seismic image of 89-3 (Fig-

ure 1.11) shows that the SDR are still 
observed southwest of Nova Scotia, in-
dicating that the area of the southwestern 
Nova Scotia margin is volcanic. 

MCS lines 88-1, 1A span the central 
Nova Scotia margin across the LaHave 
Platform, the Naskapi Graben Complex, 
and the Mohican Graben (Given 1977). 
In the upper crust, Mesozoic extension is 
reflected by normal faults (NF, Figure 
1.12), which flatten and end at mid-crust. 
In the lower crust and upper mantle, 
Mesozoic rifting produced dipping re-
flectors, which are interpreted to be ma-
jor detachment faults (DF, Figure 1.12; 
Keen et al. 1991b). According to Keen et 
al. (1991b), there are some landward 
dipping reflections that may be corre-
lated with igneous rocks beneath the 
thinned continental crust (I, Figure 1.12). 
These landward dipping reflections ap-
pear roughly underneath the ECMA, 
which is located at the seaward edge of 
the slope diapiric structure (Figure 1.10), 
indicating that the central margin may be 
volcanic in character. However, the 
seemingly landward dipping reflections 
observed beneath the salt might be arti-
facts caused by the irregular geometry of 
the salt/shale diapirs. Such artifacts have 
been observed along recent seismic pro-
files offshore Nova Scotia (e.g. NovaS-
pan profile 1600 shown in chapter 3). In 
addition, it is not clear if SDR sequences 
exist beneath the salt/shale diapirs. The 
problem is that the slope diapiric salts 
along line 88-1A may have masked the 
deep structure. It is possible that large-
scale volcanism has occurred beneath 
the diapiric salts but that the overlying 
salt has obscured the SDR produced by 
extrusive rocks. Therefore, the absence 
of the SDR is not sufficient to conclude 
that seaward dipping reflectors associ-
ated with volcanism do not exist along 
88-1A. The Glooscap C-63 well on the 
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outer shelf did show 153 m of basalt in 
sediment but the well did not penetrate 
the basement rocks.  

These facts leave uncertainties about 
the nature of the margin along 88-1A 
and the location of the volcanic/non-
volcanic transition. In this case, the MCS 
data alone are not able to address these 
problems. To identify whether the cen-
tral Nova Scotia margin is volcanic or 
non-volcanic, will rely on the following 
evidence: 1) whether or not a thick layer 
of underplated rocks exists beneath the 
rifted continental crust, and 2) whether 
or not large-scale volcanic rocks appear 
at the basement surface beneath the 
ECMA. The first problem will depend 
on whether a thickened layer of anoma-
lously high velocity exists. This requires 
cross-margin transects of wide-angle re-
fraction seismic experiments. To solve 
the second problem requires using recent 
migration techniques to improve the 
seismic reflection image such that we 
may be able to verify whether or not 
SDR sequences, indicative of volcanic 
lava flows, exist beneath the salt struc-
ture.

The extreme seaward end of the pro-
file 88-1A is characterized by increasing 
basement relief associated with listric 
normal faults and linear landward-
dipping intrabasement reflections. Wade 
and MacLean (1990) mapped the land-
ward limit of oceanic crust at shot point 
(SP) 3800, as that position marked the 
landward extent of the diagnostic hyper-
bolic character of oceanic basement on 
unmigrated MCS sections. Keen et al. 
(1991b) interpreted the smooth zone (SP 
3650-3800) seaward of the slope diapiric 
structure as basaltic rocks that extruded 
upon continental rocks, and used this 
interpretation to assign a continent-ocean 
boundary (COB) between the smooth 
and rough zones. However, this is also 

questionable because the deep crustal 
structure beneath the slope diapiric salts 
was masked such that the character of 
the basement across this region is un-
clear.

For the continental margins further 
north along the North Atlantic, the con-
tinent to ocean transition appears to be a 
wide transition zone with a thin upper 
layer of unclear character overlying par-
tially sperpentinized mantle, such as the 
Newfoundland Basin continental margin 
(Lau et al. 2006a) and the Labrador Sea 
margin (Chian et al. 1995a). Such is also 
the case for the northern Scotian margin 
along 89-1 (Keen and Potter 1995b; Fig-
ure 1.13), where the OCT zone is char-
acterized by a ~70-km-wide zone of flat 
basement topography (B, Figure 1.13) 
and a constant thickness (~2 km) of the 
upper basement layer. The landward 
limit of this zone appears to be blurred 
by overlying salt structures or synkine-
matic wedge on top of salt (shaded area, 
Figure 1.13; Ings and Shimeld 2006). 
Further seaward of this zone anoma-
lously thin (~4 km) oceanic crust is im-
aged along BGR 89-12 (Wu 2007). This 
OCT zone was interpreted as consisting 
of a ~70-km-wide zone of exposed man-
tle which separates the rifted continental 
crust and the oceanic crust (Funck et al. 
2004).

1.3.3 SMART Seismic Refraction Pro-
files

Previous refraction profiles were 
mostly short and none of them crossed 
the entire margin. A more detailed study 
of the crustal structure and varying vol-
canism can be achieved by acquiring 
new refraction profiles coincident with 
existing MCS profiles. The Scotian 
MARgin Transects (SMART) refraction 
seismic experiment was designed off-
shore Nova Scotia to image the along-
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strike variation in crustal structure from 
a volcanic to a non-volcanic style of rift-
ing. Three wide-angle seismic refraction 
profiles (Lines 1-3) were acquired in 
2001 (Figure 1.10). Line 1 is parallel to 
two deep MCS lines (89-1, BGR 89-12) 
and extends 490 km seaward off Cape 
Breton Island. Line 2 runs parallel to a 
MCS line 88-1 and farther seaward it 
coincides with MCS line 88-1A (Keen et
al. 1991b) and an unpublished BGR line 
89-11, forming a 500-km-long compos-
ite profile from the continental shelf to 
the deep ocean basin. Line 3 crosses the 
southwest-most part of the Nova Scotia 
margin near MCS lines 89-3, 4, 5.  

The purpose of the SMART refrac-
tion profiles was to reveal whether a 
sharp COB or a wide OCT zone exists 
between the continental crust and normal 
oceanic crust and whether the volcanic 
nature of the transition varies from SW 
to NE along the margin. 

The velocity model along SMART 
Line 2 (Wu et al., 2006) is compared 
with the model for Line 1 (Funck, et al, 
2004) in Figure 1.14. Both models indi-
cate a non-volcanic character for the 
northeastern part of the Nova Scotia 
margin. Nonetheless, significant differ-
ences occur during the continental ex-
tension and the transition to seafloor 
spreading along the two margin seg-
ments 

The velocity models for Lines 1 and 
2 (Figure 1.14) show that both margin 
segments contain an OCT zone. The 
OCT zone of Line 2 consists of a par-
tially serpentinized upper mantle (PSM), 
overlain by highly faulted continental 
crust in the northwest and oceanic crust 
in the southeast. Thin oceanic crust 
forms immediately following continental 
breakup with a distinct continent-ocean 
boundary (COB). In contrast, the OCT 

zone of Line 1 is characterized by a 70-
km-wide upper layer that has been inter-
preted as exhumed and highly serpenti-
nized mantle (HSM) overlying a layer of 
partially serpentinized mantle.  

This suggests that at the time of 
breakup, limited magma supply was 
generated across the central margin 
segment while no melt was created 
across the northern Nova Scotia margin. 
The PSM layer in the OCT zone of Line 
1 is ~6 km thick with velocities of 7.2-
7.6 km/s; the corresponding layer for 
Line 2 is less than 4 km with higher ve-
locities of 7.6-7.95 km/s. This suggests a 
relatively low degree of mantle serpenti-
nization across the central margin seg-
ment, and an increasingly higher per-
centage of serpentinized mantle toward 
the northern part of the margin. The oce-
anic crust across the northern margin 
segment is only ~4 km thick compared 
with 7.1±0.8 km for normal oceanic 
crust (White et al., 1992), indicating a 
magma-starved margin after seafloor 
spreading. The oceanic crust at the sea-
ward end of Line 2 has a more normal 
thickness of 6-7 km, which is 2-3 km 
thicker than on Line 1. The thickness 
variation also implies an increase of 
magma supply from the northern Nova 
Scotia margin to the central margin seg-
ment.  

The preliminary results for Line 3 
show an underplated lower crustal layer 
within the OCT zone (Dehler et al., 
2003) coinciding with the SDR sequence 
that is observed nearby on MSC profiles 
89-3 and 4 (Figure 1, Keen and Potter, 
1995a). This further suggests a continu-
ing increase of volcanism towards the 
southern Nova Scotia margin where the 
margin eventually changes its character 
from a non-volcanic margin to a vol-
canic margin.  
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1.4 Objectives of this Study

More recent seismic data, collected 
and/or re-processed for the Play Fairway 
Analysis of the Nova Scotian margin, 
will be analyzed to further constrain the 
rifting pattern of the margin. In particu-
lar, we will: 

1) Analyze the new refraction pro-
file collected by Geopro GmbH along 
the ION/GX NovaSPAN Line 2000. 

2) Combine the refraction models 
with the ION/GX deep reflection pro-
files to better define the nature of the 
basement within the OCT. 

3) Reconsider plate reconstructions 
of the Nova Scotia – Morocco conju-
gates to better constrain minimum clo-
sure (ie breakup) and maximum closure 
(ie pre-rift) positions of the margins. 

4) Combine the revised seismic re-
fraction models on the conjugate mar-
gins to better constrain the rifting style 
of the margin. 
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Figure 1.2. (a) A crustal section along line EDGE 801 across the southern Baltimore Canyon Trough. 
Major crustal layers are labeled with P-wave velocities (unit: kms-1);. SP: shot point. Area highlighted 
with pattern indicates a high-velocity lower crust (HVLC) layer. After Talwani and Abreu (2000). (b) A 
crustal section consisting of the line drawing of reflection travel time profile GP101 (Mauffret and 
Montadert 1987) and the velocity model for coincident refraction line 6 (Whitmarsh et al. 1996) in the 
west of the Galicia Bank. Boxes with arrows give locations of Ocean Drilling Program borehole sites 
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Figure 1.5. Plate reconstructions of the North Atlantic at 180 Ma, 130 Ma, and 80 Ma, 
respectively. Dashed lines are magnetic anomalies of oceanic crust. NFZ–Newfoundland 
Fracture Zone; GFZ–Charlie-Gibbs Fracture Zone; BTJ–Biscay Triple Junction. 
Reconstructions from Coffin et al. (1992), after Louden and Chian (1999).
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Figure 1.7. Mesozoic volcanism in the Central Atlantic Magmatic Province (CAMP). The base map is 
the pre-Atlantic reconstruction modified from Klitgord and Schouten (1986). The paleo-equator is 
from Olsen (1997). The SDR wedge basalt location is from Holbrook and Kelemen (1993). Dikes, 
sills and basalts in Africa are mainly as shown by Deckart et al. (1997). Basaltic rocks in Atlantic 
Canada were from Pe-Piper et al. (1992) and Pe-Piper et al. (1990). Volcanic features in Eastern USA 
were from Sutter and Smith (1979) and Sutter (1985). CAMP features in South America were 
collected mainly from Marzoli et al. (1999), Baksi and Archibald (1997), Montes-Lauar et al. (1994), 
and Oliveira et al. (1990). Labels are WA = West Armoricain dike swarm, France (Caroff et al., 1995); 
ME = Messejana dike, Portugal and Spain (Schermerhorn et al., 1978); A = Avalon dike, 
Newfoundland (Papezik and Hodych, 1980); C = Caraquet dike, New Brunswick and Maine 
(Greenough and Papezik, 1986); S = Shelburne dike, Nova Scotia (Papezik and Barr, 1981); X = 
Christmas Cove dike, Maine (McHone et al. 1995); H = Higganum-Holden-Onway dike system, 
Connecticut-Massachusetts-New Hampshire (Philpotts and Martello, 1986); Z = Foum Zguid dike, 
Morocco (Bertrand, 1991); KK = Ksi-Ksou dike, Algeria (Bertrand, 1991); CE = Ceara alkali basalt, 
northern Brazil (Marzoli et al., 1999); MA = Maranhao dikes and basalts, Brazil (Fodor et al., 1990); 
MO = Mosquito basalt, western part of the Maranhao province (Baksi and Archibald, 1997); RO = 
Roraima dike swarm, Brazil (Marzoli et al., 1999); AM = Amazon Basin sill province (Marzoli et al., 
1999); AN = Anari basalt, western Brazil (Montes-Lauar et al., 1994); TP = Tapirapua basalt, western 
Brazil (Montes-Lauar et al., 1994); BP = Blake Plateau area, western Atlantic; FL = Florida, southern 
USA; SGR = South Georgia Rift terrane (basalts described by Sundeen, 1989; Gohn et al., 1978; 
Arthur, 1988; McBride, 1991); MS = Mississippi Embayment (basalt dated by Baksi, 1997). This 
CAMP map is adapted from Hames et al. (2002) and McHone (2000).
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Figure 1.11. Line drawing of MCS profile 89-3. SDR: seaward dipping 
reflections. After Keen and Potter (1995a). See Figure 1.10 for location.

Figure 1.12. Line drawing of the composite profile of 88-1 and 88-1A. SDP: slope diapiric province; 
COB: continent-ocean boundary; NF: normal faults; DF: detachment faults; I: intrusives; ECMA: East 
Coast Magnetic Anomaly. After Keen et al. (1991b). See Figure 1.10 for location.
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Figure 1.13. Line drawing (upper panel) and interpretation (lower panel) of MCS profile of 89-1 
shot point 101-3100. Heavy lines and letters in the lower panel are the interpretation. B: top of 
basement; C: subbasement reflector. The ages of the sedimentary horizons are indicated by Aì 
(Oligocene), â (Barremian), J1 (Top Jurassic), J2 (Callovian-early Oxfordian) and J3 
(Upper/Middle Jurassic). Shaded regions are salt diapirs. After Keen and Potter (1995b). OCT: 
ocean-continent transition. The location of the well Tantallon is indicated in Figure 1.6. 
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 Figure 1.14. A comparison of velocity models along Line 1 (upper panel, Funck et al., 
2004) and Line 2 (lower panel; Wu et al., 2006). P-wave velocities are indicated by a colour 
scale and numbers in the models (in km s-1). Abbreviations: COB, continent-ocean boundary; 
OCT, ocean-continent transition zone with a double-arrow marking its horizontal region; PSM: 
partially serpentinized mantle; HSM: exhumed and heavily serpentinized upper mantle; FB, 
faulted basement blocks; HVLC, high velocity lower crust; ECMA, East Coast magnetic 
anomaly. 



2. OETR REFRACTION PROFILE 

As part of the Play Fairway Analysis, a 
new refraction profile was collected by Geopro 
GmbH (Geopro hereafter) under contract to 
OETR along the pre-existing MCS reflection 
profile ION/GXT NovaSPAN-2000 (Figure 
2.1). Geopro was also responsible for OBS data 
processing and velocity modeling. Our objec-
tive was to interpret their resulting velocity 
model based on a comparison with existing 
models (see Section 1). However, we first 
found it necessary to investigate the methodol-
ogy by which the velocity model was obtained 
and its resolution in order to allow a more rig-
orous interpretation.

Therefore, in section 2.1 we will provide 
details of the Geopro processing sequence that 
are missing in their previous survey and proc-
essing reports. Then in section 2.2, we will dis-
cuss the velocity models determined from the 
refraction data. Finally in section 2.3, we focus 
on interpretations of the Geopro velocity model 
as provided. 

2.1 Geopro Data Processing

At the beginning, we received from Geo-
pro a set of processed OBS data. These are 
SEGY files of common station gathers (CSG) 
with one file for each of the four components of 
each OBS. Channels are numbered as such: 

Ch1: vertical geophone 
Ch2: horizontal geophone 
Ch3: horizontal geophone 
Ch4: hydrophone 

However, contrary to the survey report, we only 
found in the trace headers the following infor-
mation:  

• Water depths at receiver (gelev) 
• Receiver position on the distance axis of the 
velocity model (gx) 
• Offset between receiver and shot positions 
on the model distance axis 
• Delay recording time (delrt) 

The problem with these values is that they are 
not raw values but dependent on specific as-
pects of the velocity model formulation. Nor-
mally, the headers should contain all of the raw 
acquisition geometry in geographical coordi-
nates, so that the data can be used for differing 
purposes such as formulation of independent 
velocity models. Geopro also provided us with 
their first-arrival picks and the layer tomogra-
phy picks. However, these were picked using 
the processed data mentioned above. 

Based on our experience in velocity mod-
eling of refraction data, we determined that the 
uncertainties present in the geometry and in the 
processing of the data could not be quantified 
sufficiently in order to justify further analysis 
or interpretation. Therefore, with the help of 
RPS Energy, we were able to retrieve the miss-
ing information from Geopro needed to fully 
process the data. This information will guaran-
tee the reliability of the acquired data for other 
future users. 

 2.1.1 Geometry
In any OBS SEGY data file, each trace 

corresponds to a single shot. These traces 
should have been uniquely identified by their 
individual shot times and shot point numbers, 
which is standard practice for MCS reflection 
data. However, Geopro did not use shot point 
numbers for processing due to requirements of 
their modeling software. This explains why 
there was no shot point numbers in the headers. 
Unfortunately, shot times were also not re-
corded in the headers. Without such informa-
tion, we were unable to correlate the observed 
trace with the shot position according to the 
shot time and position table (shot table, hereaf-
ter), which uses the same shot identifiers. Thus, 
we were unable to assign the raw shot-receiver 
geometry to the headers. 

We contacted Geopro for this information 
and they sent us a new set of SEGY data files 
with shot point numbers in the headers. How-
ever, they did not at that time have a shot table 
which can correlate these shot point numbers 
with shot positions. In the end, a Geopro em-
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ployee visited our lab to solve this problem
with us. We then found that for some OBS 
SEGY files, both shot points and shot times 
were recorded in the headers. We could, there-
fore, obtain the shot geometry by the following 
steps:

• The shot time for each shot point number is 
obtained from the headers of those OBS 
SEGY files where both of these values ex-
isted. The shot times in the headers are UTC 
time. Fortunately, these cover all of the shots. 
These were used to create shot time logs.  
• Ship navigation files for the dates of shoot-
ing were obtained from Geopro. The times in 
the ship’s navigation files are UTC time, de-
spite being identified as local times in the 
files. Please see Appendix A for a list of data 
files submitted in a hard disk together with 
this report. Processed navigation files are lo-
cated under the Navigation directory with 
filenames “phase[#].nav” with “#” being the 
phase number of shooting (Figure 2.2).  
• For the purpose of bookkeeping, a constant 
heading was assumed for each phase and was 
calculated using two points on the shot profile 
that are far away. These were added to the 
navigation files mentioned above but they 
were not used in subsequent processing. 
• A shot table was created for each of the 
three phases of shooting using our own soft-
ware. The ship’s position at the time of the 
shot were interpolated from the ship’s naviga-
tion. A gun delay of 50 ms and the difference 
in location between the airguns and the GPS 
antenna were input to determine the position 
and time of the shot. The ship’s headings used 
in this calculation were also interpolated from 
the ship’s navigation. The shot tables are lo-
cated under the Navigation directory. Shot 
positions are plotted in Figure 2.2. Shots that 
overlap within phase 1 have been edited out 
both in the shot table and in the SEGY data 
files.  

As for the receiver (OBS) geometry, we 
followed these steps: 

• The OBS positions obtained from Geopro 
are the deployed positions (Figure 2.2). They 
are located in the Navigation directory. Note 

that the “deployed position” in the survey re-
port is actually the planned position. 
• Geopro also provided us with bathymetry 
along the profile and the OBS depths. These 
were obtained assuming a water velocity of 
1.5 km/s applied to some old sea floor picks 
and from the ETOPO2 Grid (U.S. Department 
of Commerce, 2006). (N.B. The echo sounder 
on board did not work). However, we prefer 
to recalculate the OBS depths using our sea-
floor horizon picks from profile NovaSPAN-
2000 and the GEBCO_08 Grid (30 sec) 
(GEBCO, 2009) to be consistent with the co-
incident MCS data. This also made use of the 
water velocity of the NovaSPAN-2000 pre-
stack depth migration model. 

The shot and OBS positions were then 
converted to UTM (WGS84, Zone 21 N) and 
offsets were calculated for each trace in the 
SEGY files.   

 2.1.2 Time corrections 
Geopro has performed a time correction 

to the data for a gun delay, a constant receiver 
time delay and the OBS clock drift (see survey 
report for details). The file with the details of 
the clock drift correction is located under the 
Navigation directory. However, we also found 
that in addition to the above standard proce-
dures in OBS time correction, Geopro also ap-
plied a non-standard static time shift which is 
specific to the individual OBS. Both the stan-
dard and the non-standard time corrections 
were summed into the Delay Record Time 
(delrt) headers. We speculate that the non-
standard time correction was a quick fix to 
eliminate errors in OBS positions and the water 
depths at the OBS. Therefore, this additional 
time correction will prevent us from determin-
ing the correct OBS positions on the sea floor 
(see section 2.1.3).

As a result, we requested Geopro to sepa-
rate the standard and non-standard time correc-
tions. They then sent us the last set of SEGY 
files in which: 

• the standard time corrections have been ap-
plied to the binary part of the data 
• the non-standard time correction is pre-
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For this dataset, we input the new geome-
try and time correction into the headers using a 
Linux shell script named “in-
put_geom_head.cmd” found under the Script
directory. The output files are located under the 
OBS_data directory. Since headers for all chan-
nels of each OBS should be identical, we only 
have done this for one channel (ch4). Note that 
all channels do not necessarily contain useful 
seismic data. 

 2.1.3 OBS repositioning 
The OBS drifts as it sinks from its de-

ployed location on the sea surface to its position 
on the sea floor. This drift is unknown but can 
be estimated by modeling the recorded seismic 
arrivals that travel through the water column to 
the OBS (direct water arrivals). This OBS repo-
sitioning is rather time consuming. However, it 
results in more accurate values of the receiver-
to-source offsets, and hence, more accurate 
travel-time versus offset data for the observed 
reflected and refracted phases used in determin-
ing the velocity model. 

Geopro used their own method for OBS 
repositioning, which is different from the con-
ventional method that is used academically. 
Please see Appendix B for details on methodol-
ogy and a comparison between the two meth-
ods. The original offset values in the SEGY 
data we received were calculated based on the 
Geopro repositioned OBS locations.  

However, the Geopro method can only 
approximate the OBS location if it lies on the 
same vertical plane as the shots (i.e. the profile 
plane), which is not generally the case. There-
fore, we decided to reposition all of the OBSs 
before proceeding further with velocity model-
ing. Unfortunately, due to time restrictions, we 
could reposition only three OBSs (file “Naviga-
tion/OBS_relocate_coord_latlon.txt”), and have 
updated only the header of OBS 92 (located 
under the OBS_data/relocate directory). This 
result is sufficient to show that we now have all 
the information needed to complete this task 
and that they give sensible results. 

2.2 Velocity Modelling

 2.2.1 First arrival tomography 
During the period when the data process-

ing issues were being sorted out, we continued 
with analysis of the initial velocity modelling 
results that we received from Geopro. Figure 
2.3a shows the final velocity model resulting 
from their first arrival tomographic inversion. 
Geopro also provided us with their first arrival 
travel time picks that were used to constrain the 
model. However, this model does not show suf-
ficient detail for interpretation of the crustal 
structure. Therefore, we found it necessary to 
investigate their model further by using the 
academic program FAST (First Arrival Seismic 
Tomography; Zelt and Barton, 1998). 

The first step in tomographic inversion is 
to begin with the best possible starting model. 
Our initial plan was to use the final tomography 
model provided by Geopro, which should fit the 
picks reasonably well. However, a large portion 
of the model depends on the sediment and wa-
ter velocities that are poorly constrained by 
first-arrivals. In contrast, the water and sedi-
ment velocities in the pre-stack depth migration 
model of the ION/GXT profile NovaSPAN-
2000 are much better constrained.  

Therefore, we replaced the Geopro ve-
locities above the basement with the Nova-
SPAN-2000 migration velocities (Figure 2.3b). 
This profile covers only the landward part of 
the model (< 282 km model distance in Figure 
2.3b). For greater distances, the sediment and 
water velocities were extrapolated following 
the seafloor depths. The basement horizon was 
picked using the pre-stack depth migrated sec-
tion of profile NovaSPAN-2000 (Figure 2.4a). 
Beyond the seaward limit of the profile, we 
used the OBS data to pick the basement reflec-
tion at zero offset (Figure 2.4b). Although the 
geometry was not correct in these data as de-
tailed in section 2.1, they were the best we had 
at the time. Finally, Moho depths were modi-
fied in our starting model to remain flat at the 
seaward end of the profile. 
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Another issue in modeling the data is that 
the shot line and OBS profile do not follow a 
great circle path, with a bend at ~ SP 2700 
(Figure 2.2a). The Geopro model is, however, 
defined by the positions of OBS 1 and the sea-
ward-most shot, and is not a best fit to the 
shot/OBS profile. To avoid this problem, we 
only focus on modeling the data from Phase 1, 
which is the seaward half of the model that 
covers  the transitional and oceanic crust.  

Figure 2.5a shows the resulting model. 
Although the velocities above the basement 
were fixed in this model, similar results were 
obtained by allowing the lower part of the sedi-
ment to be updated by the inversion. The ve-
locities for distances <260 km remained essen-
tially the same as the starting model, meaning 
that no improvement in fit could be made. For 
distances >260 km, some variations were intro-
duced by the inversion. On average, this result 
is evidence in support of a thin oceanic crust 
and lower crustal velocities in this region com-
pared with the initial model and compared with 
the crust in the landward direction (ie distances 
<260 km). Some instabilities also can be ob-
served in the crust for distances >320 km, 
which were likely due to the lack of ray cover-
age in this part of the model (Figure 2.5b). 
These artifacts are most likely produced by the 
large intervals between the Geopro picks, 
which are often >500 m. Although this model is 
still not sufficient for any detailed interpretation 
of the crustal structures, we were primarily con-
cerned with fixing the data processing issues 
and we did not proceed further with this first 
arrival tomography model. 

 2.2.2 Layer tomography 
A velocity model is better constrained 

when second and later arrivals are considered in 
addition to the first arrivals. This is accom-
plished through a layer tomography approach. 
We were provided with Geopro's layer model 
together with the picks that were used to con-
strain the inversion. However, in order to justify 
any interpretation of the model, we first need to 
determine how well the model fits with the ob-
servations. The only method to do it is by ray 
tracing through the model.  

Since we did not have access to results 
using Geopro's modeling software, we instead 
used the RayInvr program (Zelt and Smith, 
1992). One advantage to this approach is that it 
replicates the same procedure used to determine 
the velocity models from the SMART profiles. 
We first converted the Geopro model result into 
the RayInvr format (v.in file format). This ve-
locity model file (Geopro_layer.v.in) is located 
in \Dalhousie\Velocity_model\. Source files for 
the velocity model provided by Geopro are also 
located in the same directory. The velocity 
model is plotted in Figure 2.6. 

We used the OBS positions provided by 
Geopro since we did not have sufficient time to 
calculate the true OBS positions as detailed in 
section 2.1. The Geopro positions presumably 
place the apexes of the direct water waves at 
the vertical axis (distance=0; see Appendix B). 
For the same reason as in the first-arrival tomo-
graphy (section 2.2.1), we redefined the model 
profile for Phase 1 between shotpoint 1 and 
shotpoint 2800 (Figure 2.2a). The OBS posi-
tions were then projected onto the velocity 
model profile plane and their corresponding 
coordinates in model distances were obtained. 
The OBS water depths were input using our re-
determined bathymetry along the profile. This 
information is written in file 
“OBS_model_dist_depth.txt” in the 
\Dalhousie\Navigation\ directory. 

According to Figure 2.6, the Geopro 
model appears quite simple in structure with 
very low velocity gradients in most layers. By 
ray tracing, we can evaluate the constraints 
from the data for difference parts of the model. 
Figures 2.7-2.10 show the ray tracing results 
from four different OBSs. Individual seismic 
phases are colour-coded and match the ray-
traced paths through the various layers in the 
velocity model.  

OBS 73 (Figure 2.7) is at the boundary 
between the partially serpentinized mantle layer 
(with velocity of 7.3 km/s) on its left and the 
oceanic crust on its right. It shows that the 
phase through the upper crust (light blue) is 
poorly constrained as it does not fit with any 
observed arrivals. The same is true for other 
OBSs. However, the lower and thicker layer of 
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the oceanic crust (green and purple) fits very 
well with the observed arrivals, except that the 
low velocity gradient of these layers causes the 
ray-traced arrivals to extend to greater offsets 
than observed. The mantle diving phase (yel-
low) also fits well, constraining the overall 
thickness of the oceanic crust.  

On the other side of the OBS, the phase 
through the partially serpentinized mantle 
(pink) does not fit the observed arrivals very 
well. An improved  fit might result if a larger 
velocity gradient with a lower velocity at the 
top is used for this layer. For OBS 76 (Figure 
2.8), however, which is only slightly further 
seaward, the same phase fits very well, suggest-
ing that the Geopro model is overly simple or 
there are errors in the data. OBS 76 also shows 
evidence for the seaward dipping boundary be-
tween the serpentinized mantle and the oceanic 
crust (purple line landward).

Farther seaward on the oceanic crust, 
OBS 92 (Figure 2.9) shows the presence of the 
oceanic crustal phase (green) on both sides of 
the OBS. The crustal thickness is also well con-
strained as the mantle phase (yellow) fits well 
with the data. However, the fit is not as good 
for OBS 95 (Figure 2.10), which is only 10 km 
seaward from the previous OBS, indicating that 
the model is overly simple or that there are er-
rors in the data.  

Although only four OBSs are shown, we 
have performed additional raytracing for OBSs 
41-100. Fits between the modeled arrivals and 
the data indicate additional inconsistencies be-
tween OBS. Furthermore, our results indicate 
that there are insufficient constraints from the 
modeled data on the velocity structure of the 
crustal layer above the partially serpentinized 
mantle layer. One reason for the discrepancies 
between OBS could be inaccuracies in the OBS 
positions. Therefore, there is a need to first re-
position all of the OBS to eliminate this uncer-
tainty. We then suggest that the data be remod-
eled with a focus on the upper crust of the tran-
sition zone, in order to better define the crustal 
composition of the middle part of the model 
within which serpentinized mantle is inter-
preted.

2.3 Interpretation 

The OBS repositioning and the remodel-
ing of the data will take an extended period of 
time and so are not possible before the end of 
the present contract. We, therefore, take the 
original Geopro layer model to make a first-
order interpretation. As major features in the 
model appear to be well-constrained, given the 
average fit between the modeled travel times 
and the observed arrivals, we expect that the 
remodeling will primarily change the detail 
structures (especially the velocity gradients for 
some layers) but not the large scale structures 
of the original model.  

The velocity structures of the Geopro 
layer model (referred in following as profile 
OETR) show the presence of three different 
crustal zones (Figure 2.6 & 2.11a). In the NW, 
the continental crust, with the highly compact 
sediment above, has thinned over a relatively 
wide zone (> 180 km) until rupture. In the SE, 
oceanic crust is interpreted between 255-
405 km model distance, consisting of crustal 
layers 2 and 3 with a total thickness of 4-5 km. 
Between these two zones, there is a transitional 
zone (COT; 180-255 km distance) that cannot 
be explained by either a standard continental or 
oceanic crustal model.  

The COT is modeled as two layers above 
the normal mantle. The lower layer has a veloc-
ity of 7.3 km/s and thickness of ~ 6 km. We in-
terpreted this to be partially serpentinized man-
tle. The upper layer has a velocity of ~ 5.3 km/s 
and an overall seaward decrease in thickness (4 
to 2 km). Its crustal origin is the most uncertain 
part of the model. It is tentatively interpreted as 
oceanic layer 2, since it is continuous with this 
layer on the seaward end. This interpretation 
implies the formation of ultra-slow spreading 
oceanic crust. Such crust is usually highly tec-
tonized (e.g. Srivastava and Keen, 1995) and 
therefore, is inconsistent with the low vertical 
velocity gradient as modeled. Results of our ray 
tracing in section 2.2.2 suggest, however, that 
such a low gradient in the model is not consis-
tent with the observed data. An alternative in-
terpretation of this layer as extruded basalt 
flows seems inconsistent with the absence of 
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such flows on the coincident reflection data 
(Figure 2.12).

Another possibility is that the layer con-
sists in part of highly thinned continental crust. 
Although it is difficult to identify the basement 
top in the reflection profile, the Moho suggests 
an overall gentle thinning and so the continental 
crust may extend beyond the seemingly abrupt 
termination at ~ 170 km distance (Figure 2.6). 
This interpretation appears to disagree with the 
seaward dipping discontinuity in basement 
layer velocities between the upper continental 
crust (5.5-5.8 km/s) and the upper transitional 
crust (5.25-5.35 km/s) at a distance of 150-180 
km. However, we note that a similar discontinu-
ity in velocities exists in the model for SMART 
Line 1 (at 230 km distance in Figure 2.11b), 
where the continental crust was interpreted to 
extend over the partially serpentinized mantle 
until replaced by exposed highly serpentinized 
mantle (at 285 km). A final possibility is that 
this layer consists of highly serpentinized ex-
humed mantle, as interpreted for the seaward 
part of the COT on SMART Line 1 (285-360 
km). However, we do not observe additional 
supporting evidence for this interpretation.

 2.3.1 GXT 2000 reflection profile 
An overlay of the NovaSPAN-2000 mi-

grated section with the coincident Geopro layer 
model should facilitate direct comparison be-
tween the two (Figure 2.12). However, since 
the pre-stack depth migration velocity model 
used for NovaSPAN-2000 is not the same as the 
Geopro velocity model, the depths between the 
two cannot be correlated directly. Unfortu-
nately, we do not have a time section of profile 
NovaSPAN-2000 to correct for this difference. 
Therefore, Figure 2.12 represents the best com-
parison we have at present.

This comparison shows that there are 
some important mismatches between the MCS 
profile and the velocity model. Firstly, the 
basement top beneath the shelf does not follow 
any particular reflector. If the depth of this 
boundary is controlled by sediment compaction 
rather than a change in lithology, the same 
should also be true beneath the continental 
slope where the layer instead changes depth. 
Another discrepancy occurs for the basement 

within the COT beneath the slope and the sea-
ward basin. The basement is observed in the 
MCS data as an undulating surface of possible 
faults or small ridges, but is simplified to a rela-
tively smooth boundary in the velocity model. 
It is possible that this misrepresentation of the 
basement in the velocity model might contrib-
ute to the misfit we observed with the OBS 
data. The basement reflection for distances 
>200 km in the model is difficult to observe in 
the MCS profile. It would be very helpful to 
have the re-processed NovaSPAN-2000 section 
available to us for clarifying the detailed base-
ment geometry.  

Another reason for our interest in the re-
processed GXT dataset is that we expect a 
strong reflection between the low velocity up-
per crust and the higher velocity partially ser-
pentinized mantle layer, although such a 
boundary is not observed in the MCS profile. 
However, a strong reflection potentially equiva-
lent to this boundary is observed on other GXT 
profiles such as the profile NovaSPAN-5100 
(W-reflection; Figures 2.1 & 2.13). Therefore, 
an improved image of the upper crust in the re-
processed data will allow us to map this reflec-
tion within the COT and to discriminate be-
tween the different models for its crustal origin. 

 2.3.2 Comparison with SMART profiles 
To compare profile OETR with profiles 

SMART-1 & 2, we plot them together using the 
same parameters and scale (Figure 2.11). A de-
tailed discussion of the comparison can be 
found in Appendix C. Below is a summary of 
relevant points: 

• Profile OETR is more similar to SMART-1 
than to SMART-2. 
• All three profiles display non-volcanic mar-
gin structures, showing similar characters in 
the three major crustal zones: 

- The continental crusts thin over a wide 
zone.
- Oceanic crust is relatively thin (~ 4-6 km) 
for both Layers 2 and 3. 
- Within the COT, a very thin upper crust is 
observed above a lower layer interpreted as 
partially serpentinized mantle based on its 
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velocity and thickness. 
• Despite the variable structures observed, 
these profiles show a general southward trend 
of more fully developed oceanic crust above par-
tially serpentinized mantle.

• A mapping of the serpentinized mantle layer 
shows close correlation with regional struc-
ture and the presence of a strong crustal re-
flection (W). 

2.4 Future steps 

The following addition work is planned 
for August-October as a conclusion to the pre-
sent contract: 
1. Proper repositioning of all OBSs as outlined 
above.
2. Updating all OBS SEGY datafiles with cor-
rect geometry in the headers. 

Complete remodelling of the OETR pro-
file cannot be completed within the timeframe 
of the Play Fairway Project, but instead will be 
undertaken as a longer-term academic study. 
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3. RECONSTRUCTION OF THE NOVA SCOTIA  
AND MOROCCO MARGINS 

3.1 Introduction

Early reconstructions of the relative 
positions of the Nova Scotia and Mo-
rocco margin conjugates were based on 
geometric fits of coastlines, isobaths, 
seafloor spreading magnetic lineations, 
fracture zones, or paleomagnetic data 
(e.g. Bullard et al. 1965; LePichon et al. 
1977; Lefort and van der Voo 1981). 
More recently, the slope magnetic 
anomalies and the relative locations of 
salt basins on the opposite sides were 
also used to match the conjugates (e.g. 
Klitgord and Schouten 1986; Sahabi et 
al. 2004). In addition, Tari and Molnar 
(2005) proposed a reconstruction of this 
margin pair by correlating the syn-rift 
structure based on recent seismic reflec-
tion and gravity data. Relevant plate re-
construction poles of the conjugates are 
listed in Table 3.1.

With the recent seismic data from the 
margin conjugates, the crustal structure 
now is better defined by detailed veloc-
ity structures. For instance across the 
central Nova Scotia margin, the velocity 
model for SMART Line 2, as well as the 
characteristic reflection seismic images, 
indicates that the continent-ocean bound-
ary (COB) is located at the seaward edge 
of a series of faulted basement blocks 
(FB), which is ~50 km seaward of its 
previous interpretation (Salisbury and 
Keen 1993). Prestack migration of the 
coincident MCS data (Wu 2007) also 
shows that the basement changes its re-
flectivity pattern across the COB and 
therefore further supports the interpreta-
tion of the velocity model. These en-
hanced seismic images and more recent 

industry profiles (e.g. ION/GXT Nova-
SPAN Project lines) across the central 
Nova Scotia margin demonstrate that 
seaward dipping reflectors (SDR) are not 
imaged in the basement beneath the low-
amplitude East Coast Magnetic Anomaly 
(ECMA). The combined results of MCS 
data and OBS data indicate that the 
ECMA in this region is not caused by 
excessive volcanism at the COB and 
therefore cast doubt about the reliability 
of using this anomaly to reconstruct the 
conjugates.

The conjugate reconstructions are 
examined based on the new seismic 
processing results. This chapter begins 
with the reconstruction at chron M25. 
The conjugates are further reconstructed 
to pre-seafloor-spreading time based on 
the detailed velocity models derived 
from recent OBS data and the correlation 
with seismic reflection images, slope 
magnetic anomalies and salt distribu-
tions from both conjugates. The goal is 
to detail the formation of the Nova Sco-
tia and Morocco conjugates from their 
pre-to-post-rift geometry. 

3.2 Reconstruction to Chron M25

Figure 3.1 shows the reconstruction 
of the Nova Scotia and Morocco margin 
conjugates at chron M25 (Tucholke and 
Ludwig, 1982; Table 3.1). Magnetic 
anomaly M25 (155.7 Ma; Gradstein et al. 
2004) is the earliest seafloor spreading 
magnetic anomaly that can be correlated 
on both sides of the conjugate margins 
(Klitgord and Schouten 1986; Verhoef et 
al. 1991). From anomaly M25 to the 
coasts of Nova Scotia and Morocco, un-
til the appearance of the slope magnetic 
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anomalies, the seafloor is characterized 
by weak magnetic anomalies created 
during the Jurassic magnetic quiet zone 
(JMQZ; Vogt, 1973). Within the JMQZ, 
some of these weak reversal sequences 
were later identified as seafloor spread-
ing magnetic anomalies prior to chron 
M25 along both conjugate margins (e.g. 
Barrett and Keen 1976; Roeser et al. 
2002). However, these magnetic linea-
tions are not continuous along the mar-
gin and can not be correlated unambigu-
ously with each other. Therefore, ages 
and seafloor spreading rates older than 
M25 can not be determined from sea-
floor spreading magnetic lineations.

Figure 3.1 also shows the basement 
depths on both flanks of M25. The 
basement depth off Nova Scotia is taken 
from Oakey and Start (1995). The base-
ment depth off Morocco is calculated 
from the bathymetry (National Geo-
physical Data Center, 1988) and the total 
sediment thickness (Divins 2007). Ac-
cording to this figure, the basement off 
Nova Scotia, particularly off Cape 
Breton Island, is ~5 km deeper than that 
around the Safi Basin off Morocco. The 
deep basement of the Scotian Basin may 
due to thick (~16 km) sediment loading, 
which is ~10 km thicker than the sedi-
ment fill off Morocco. The shallower 
basement off Morocco may have been 
affected by the Atlas compression in the 
northern region (Beauchamp et al., 
1999). The wide-spread hotspot activity 
on the Morocco side may also have ele-
vated the basement (Louden et al. 2004; 
Holik et al. 1991).

On the other hand, the basement off 
Nova Scotia demonstrates a gradual 
deepening in contrast to the basement off 
Morocco, which dramatically deepens 
offshore with dense depth-to-basement 
contours closely following the coastline. 
This indicates an asymmetry across the 

margin pair. The 5-km depth-to-
basement contour along the Scotian 
margin (thick grey line) roughly follows 
the hinge zone based on the refraction 
velocity models (Dehler et al. 2003; 
Funck et al. 2004; Wu et al. 2006). Al-
though this contour off Morocco is less 
consistent with the hinge zone (Tari and 
Molnar 2005), they are still close to each 
other from the Agadir Basin to the Safi 
Basin. This contour on both sides is 
adopted to represent the relative posi-
tions of the margin pair for further re-
constructions. To restore the positions of 
the conjugates prior to chron M25, addi-
tional geological and geophysical infor-
mation is required. This report utilizes 
the slope magnetic anomalies, salt  dis-
tribution,  and  more  importantly,  the 
results of the recent seismic profiles on 
the opposite sides to constrain closures 
at continental breakup and pre-rift posi-
tions.

Figure 3.2a shows the slope mag-
netic anomalies (red lines) offshore 
Nova Scotia and Morocco. The ECMA 
off North America shows the distribu-
tion of positive values taken from Ver-
hoef et al. (1996). The West African 
Coast Magnetic Anomaly (WACMA) 
consists of three components. The north-
east portion, the S anomaly, is the posi-
tive anomaly taken from Roeser et al. 
(2002). The WACMA between 36°N 
and 40°N is taken from Verhoef et al. 
(1996). The anomaly south of 36°N 
(Tarfaya Basin) is digitized from the 
available magnetic profiles (Liger 1980), 
and is only shown for completeness but 
will not be used for further reconstruc-
tion for this margin pair. In past decades, 
the ECMA and WACMA were thought 
to mark the COB along either side of the 
conjugates (e.g. Roeser 1982; Klitgord 
and Schouten, 1986; Holik et al. 1991; 
Keen et al., 1991b; Keen and Potter, 

3-2



1995a; Roeser et al. 2002). Based on this 
feature, the Nova Scotia and Morocco 
margins were reconstructed to continen-
tal breakup (e.g. Klitgord and Schouten, 
1986; Sahabi et al., 2004), which will be 
presented in section 3.3. 

Figure 3.2b shows the distribution of 
salt diapirs along the opposite sides of 
the conjugates (red lines). The salt limit 
off Nova Scotia is taken from Shimeld 
(2004), indicative of the distribution of 
autochthonous salt. The salt boundary 
along the Morocco margin denotes the 
distribution of present-day salt taken 
from Tari et al. (2003). Across the 
southern and northern portions of the 
margin, the seaward salt mobilization is 
limited based on existing MCS profiles 
(e.g. <10 km; Holik et al., 1991; 
Contrucci et al. 2004; Maillard et al. 
2006). Across the central part of the Mo-
roccan margin (near the Essaouira Ba-
sin), the salt may have mobilized ~40 
km over the steepest slope area; however, 
the maximum salt mobilization at the 
seaward edge of the salt basin is esti-
mated to be 15-20 km (Tari and Molnar 
2005). Therefore, the present-day salt off 
Morocco is considered be autochthonous 
at the scale of these reconstructions. The 
salt basins on the opposite sides were 
used to indicate the relative locations of 
the conjugates (e.g. Sahabi et al. 2004). 
This study compares the distribution of 
autochthonous salt as a proxy for the 
landward and seaward limits of rifted 
continental crust on both sides, assuming 
that the salt formed in a uniform rift ba-
sin (Klitgord and Schouten 1986).

More importantly, recent wide-angle 
seismic refraction profiles are located 
across both sides of the margin conju-
gates (Figure 3.2). These transects ex-
tend from continental crust with full 
thickness into the JMQZ, almost ap-
proaching M25 where unequivocal oce-

anic crust exists. SMART lines S-1, S-2 
and S-3 (Dehler et al. 2003; Funck et al. 
2004; Wu et al. 2006) and the most re-
cent OETR line G-1 present good cover-
age along the Scotian margin; while only 
a single refraction seismic transect, 
SISMAR S-4, is available across the 
northern Moroccan margin (Contrucci et 
al. 2004). Thus, no refraction data are 
available at the conjugate locations of 
SMART Lines S-2 and S-3..  

Based on the velocity models de-
rived from the modern ocean bottom 
seismometer (OBS) data, the seaward 
limit of the continental crust (SLCC) is 
determined by removing the oceanic 
basement (e.g. S-2) and exposed upper 
mantle (e.g. S-1, Funck et al. 2004; and 
G-1, see section 2). The SLCC along S-3 
is interpreted half way from the land-
ward appearance to the oceanward dis-
appearance of the SDR sequences, as-
suming that the transition zone consists 
of half, highly-thinned continental crust 
and half initial oceanic crust (Dehler, 
personal communication, 2007). The 
pre-rift positions are also calculated by 
balancing the cross-sectional area before 
and after rifting. The better constrained 
estimations of the crustal structure 
across the entire margin pair provide an 
opportunity to re-examine and conse-
quently, to improve the previous recon-
structions.

3.3  Reconstruction to the Onset 
of Seafloor Spreading (Minimum 
Closure)

3.3.1 Minimum Closure of Klitgord and 
Schouten (1986) 

Minimum closure is a reconstruction 
of a margin pair after removal of oceanic 
crust from both sides. Figure 3.3 shows a 
reconstruction of Nova Scotia and Mo-
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rocco by Klitgord and Schouten (1986). 
It represents a minimum closure of these 
conjugates by rotating the NW African 
plate to the North American continent 
(Table 3.1). In this reconstruction, the 
SLCC along the east coast of North 
American plate was considered to be 
marked by the ECMA, which was sup-
posed to match its counterpart, WACMA, 
along the NW African plate. Due to data 
scarcity and the weak amplitude of 
WACMA, this minimum closure was 
accomplished by placing the ECMA 
against the seaward edge of the NW Af-
rican salt diapiric province, which was 
also thought to mark the oceanward limit 
of continental crust (Jansa and Wied-
mann, 1982; Roeser et al., 2002).  

To examine the fit of this minimum 
closure, current delineations of the 
WACMA and salt distribution off Mo-
rocco (Figure 3.2) were rotated to the 
Nova Scotia side using the pole of rota-
tion of Klitgord and Schouten (1986). 
Figure 3.3a indicates that the WACMA 
(red) does not match very well with its 
counterpart ECMA (green) with an ob-
vious longitudinal misfit of ~150 km. 
The overall fit of magnetic anomalies 
from the opposite sides can be improved 
by an eastward movement of the Mo-
rocco margin, as indicated by the arrow. 
Note that the northeast portion of the 
WACMA, the so-called S anomaly 
(Roeser et al. 2002), does not have its 
homologue on the Nova Scotia side and 
will be further discussed by correlating 
with results of the recent seismic data.  

Figure 3.3b indicates that the distri-
butions of salt units from the opposite 
sides largely overlap with each other. 
The autochthonous salt should indicate 
the original locations of the rifted basin, 
assuming that all autochthonous salt 
units from both sides formed within a 
uniform basin (Klitgord and Schouten, 

1986). The overlap of salt distribution 
suggests an overlap of rifted continental 
crust for the closure at the SLCC. This is 
still true if seaward salt mobilization oc-
curred before the continental breakup. If 
the salt structures on the conjugates were 
not deposited within a uniform basin, the 
exact location of the COB or SLCC can 
not be inferred by restoring the past po-
sitions of the salt units. However, the 
salt distributions from the conjugates 
should not overlap at the minimum clo-
sure because overlapped salt distribution 
suggests overlapped rifted continental 
crust, assuming that all autochthonous 
salt formed within restricted basins in 
the nascent Atlantic (Klitgord and 
Schouten, 1986; Holik et al. 1991). A 
better fit of the salt distributions from 
the conjugate margins would require less 
closure (indicated by an arrow). 

The fit of the closure is further ex-
amined by comparing the results of re-
cent seismic data. Figure 3.3c shows that 
the SLCC derived from recent OBS pro-
files. Across the northern part of the con-
jugates, SMART S-1, OETR G-1 and 
SISMAR S-4 are nearly conjugate to 
each other in this reconstruction. At this 
conjugate location, the continental crust 
derived from SMART S-1 and OETR G-
1 overlaps  the  African  continental  
crust.  Similarly,  the  SLCC interpreted 
along S-4 (Contrucci et al. 2004) is lo-
cated on the continental shelf interpreted 
on SMART S-1, where autochthonous 
salt is imaged further seaward (Shimeld 
2004). Across the central and southern 
portions of the conjugates, the continen-
tal crust derived from S-2 and S-3 also 
overlaps the Moroccan continental crust, 
with the landward limits located at the 
Morocco side of the restored positions of 
magnetic anomalies and salt units. The 
overlapped continental crust also indi-
cates less closure for the opposing sides. 
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The minimum closure of Tari and 
Molnar (2005) is based on fitting the 
basement embayment of the Sable sub-
basin and the basement promontory off-
shore Essaouira. The pole of rotation is 
similar to that of Klitgord and Schouten 
(1986). The misfit of the slope magnetic 
anomalies and salt distributions and 
overlapping of continental crust in this 
reconstruction will be similar to that 
seen above. Therefore, less closure 
should also be suggested as a minimum 
closure for this conjugate. 

3.3.2 Minimum Closure of Sahabi et al. 
(2004)

To improve the fit of the minimum 
closure above, Sahabi et al. (2004) pro-
posed a reconstruction by fitting the 
magnetic anomalies and salt basins from 
the conjugate sides (Figure 3.4). In this 
case, both the ECMA and WACMA are 
still thought to mark the COBs (i.e. 
SLCC in this case) along both margins. 
One difference for this closure is that the 
conjugate margins are less closed com-
pared to the closure of Klitgord and 
Schouten (1986). The other difference is 
that the WACMA is divided at a position 
near the Agadir Basin into a southern 
portion and a northern portion, which are 
rotated to fit the ECMA using separate 
poles of rotation (Table 3.1). The main 
purpose of a separate rotation for the 
northern part is to account for the 
younger Atlas compression (Beauchamp 
et al. 1999) and to improve the overall fit 
with ECMA.

Figure 3.4a demonstrates an im-
proved fit of the WACMA and ECMA. 
The WACMA presents an almost identi-
cal shape to the ECMA, with a slight 
overlap across the SW Nova Scotia mar-
gin. A problem for this fit is that the S 
anomaly does not have a clear homo-

logue on the Nova Scotia side, which 
casts doubt about the reliability of using 
this anomaly to constrain the minimum 
closure of the margin pairs. If the S 
anomaly is generated by the SLCC, 
similar magnetic anomalies should be 
observed on the Scotian side. Lack of a 
magnetic homologue for the S anomaly
indicates that this anomaly may not mark 
the SLCC. The recent refraction velocity 
models also show that the high-
amplitude ECMA across the SW Scotian 
margin along S-3 roughly coincides with 
the SLCC. However, the low-amplitude 
ECMA from SMART S-2 (Wu et al. 
2006) to S-1 (Funck et al. 2004) does not 
represent the location of the SLCC. 
Therefore, the magnetic anomalies from 
the central part of the conjugates to the 
north should not be used to match the 
seaward termination of the continental 
crust.

Figure 3.4b shows the restored salt 
distributions from the conjugate sides. 
Across the southwest conjugate locations, 
the salt limits fit very well. Across the 
northeastern-most conjugate locations, 
the salt limits still overlap with each 
other (e.g. along SISMAR S-4), suggest-
ing less closure at the time of continental 
breakup. Hence, a separate rotation, 
which is intended to improve the fit of 
magnetic anomalies, is not required for 
this part of the conjugates. Across the 
central margin conjugates (from S-2 to 
S-1), a gap exists between the seaward 
limits of the salt. Since the autochtho-
nous salt across the southwest and north-
east conjugate locations is well defined 
by MCS profiles (Holik et al., 1991; 
Contrucci et al. 2004; Maillard et al. 
2006), the misfit for the central conju-
gates suggests that the salt structures 
from the opposing sides may not form 
within a uniform basin. Alternatively, 
salt may form in one rifted basin but it 
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may be truncated over basement highs 
during syn-rift times, such as some area 
of the Tafelney Plateau off Morocco that 
is conjugate to the central Nova Scotia 
margin (Molnar et al. 2002).  

The SLCCs derived from recent 
OBS profiles are projected onto this clo-
sure (Figure 3.4c). Although the fit of 
continental crust for the central and 
southern conjugate locations are not 
constrained by OBS data on the Mo-
rocco side, the SLCCs interpreted along 
S-2 (Wu et al., 2006) and S-3 (Dehler, 
personal communication, 2007) are close 
to the matched magnetic anomalies (grey 
lines). Across the northern part of the 
conjugates, the seismically derived con-
tinental crust overlaps with each other 
for more than 100 km, unless this part of 
the margin separated along a transform 
zone. However, this seems to be unlikely 
because the SLCC (short dashed line) 
derived from S-4 is situated on the Nova 
Scotia shelf, where extensive autochtho-
nous salt is observed (Figure 3.4b; 
Shimeld, 2004). The overlapped conti-
nental crust from the opposite sides also 
suggests less closure, which is consistent 
with the implications derived from the 
overlap of oceanward salt limits. There-
fore, a separate rotation for the northern 
part of the conjugates is not required. 

3.3.3 A Modified Minimum Closure 

A modified minimum closure is sug-
gested below based on the combined 
correlation of magnetic anomalies, salt 
limits, and seismic results. For this 
modified closure, the southern and 
northern conjugate locations are fit by 
different types of constraints. Across the 
southern conjugate locations, no OBS 
data are available on the Morocco side. 
However, this part of the conjugates is 
volcanic and the slope magnetic anom-

aly is directly related with rifting volcan-
ism (Keen and Potter 1995a). The 
ECMA on the Nova Scotia side has been 
modeled as a result of extrusives evi-
denced by SDR sequences that occupy 
the seaward end of the rifted continental 
crust (Alsop and Talwani 1984; Dehler, 
et al. 2003). Therefore, the slope mag-
netic anomalies from the opposite sides 
are still utilized to fit the southern part of 
the conjugates.

For the northern conjugate locations, 
the minimum closure is constrained by 
seismic results derived from the recent 
OBS profiles S-1, G-1 and S-4. However, 
the COB or SLCC along S-4 is previ-
ously based on the location of the S 
anomaly. This relationship of the SLCC 
and the S anomaly is re-examined in the 
velocity model and adjacent MCS data. 
Figure 3.5a shows the original and re-
vised velocity models along S-4. No ma-
jor velocity boundary or significant ve-
locity variation is observed across the S 
anomaly (Contrucci et al., 2004; Sibuet, 
personal communication, 2010). Rather, 
the main change in basement velocity 
occurs further landward where the ve-
locities decrease. We also observed that 
along both SMART S-1 and S-2 off 
Nova Scotia, the thinned continental 
crust extends ~50 km seaward of the 
ECMA (Funck et al. 2004; Wu et al. 
2006). This suggests that the S anomaly, 
or even most of the WACMA in this re-
gion, does not mark the COB or SLCC 
on the Morocco margin. 

Figure 3.5b shows the seismic image 
for a perpendicular MCS profile 
SISMAR 10 (see Figure 3.2 for location). 
According to this profile, the continental 
crust pinches out against a northeast dip-
ping reflector L (Maillard et al. 2006), 
and its seaward limit, based on this pro-
file, has been delimited by the last occur-
rence of salt. This seismic image shows 
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that the S anomaly is about 30-40 km 
further seaward of the SLCC and obvi-
ously related with a basement high un-
derneath and therefore, it does not mark 
the COB or SLCC. Similar seismic im-
ages with salt diapiric structure are ob-
served along S-4 (Contrucci et al., 2004; 
Maillard et al. 2006), suggesting that the 
SLCC should also be delimited by the 
last salt diapir (SLCC' between OBS 8 
and 9, Figure 3.5b). This re-
interpretation is supported by the veloc-
ity model where strong lateral gradients 
are present landward of the salt unit but 
vanish seaward of the salt structure, con-
sistent with a transition from continental 
crust to oceanic crust.

With the above constraints, the 
modified reconstruction is represented in 
Figure 3.6. The pole of rotation of this 
reconstruction is same as that of Sahabi 
et al. (2004) for the southern part of the 
conjugates (Table 3.1), but only one ro-
tation is required to reconstruct the entire 
Morocco margin with its conjugate Nova 
Scotia margin. This produces a reduced 
closure for the northern conjugate loca-
tions, but the same fit as that of Sahabi et 
al (2004) for the central and southwest-
ern conjugate segments.  

In this reconstruction, the ECMA 
and WACMA fit very well across the 
southern conjugates, but they start to 
separate from the central part of the con-
jugate to the north (Figure 3.6a), indicat-
ing a change in character across the cen-
tral margin segment. The salt limits from 
the opposite sides fit very well across the 
southern and northern parts of the conju-
gates respectively (Figure 3.6b). A gap 
still exists between the restored salt dis-
tributions across the middle part of the 
conjugates. This gap may be due to the 
basement highs that lack salt deposition 
during syn-rift time, such as the faulted 
basement blocks off Nova Scotia and the 

Tafelney plateau off Morocco. With the 
re-interpretation of SLCC (SLCC', Fig-
ure 3.6c) along S-4, the continental crust 
across the northern margin conjugates 
are matched with each other.    

3.4 Reconstruction to Pre-Rift Po-
sition (Maximum Closure)

3.4.1 Maximum Closure of Klitgord 
and Schouten (1986) 

Maximum closure is a reconstruction 
of a margin pair to the pre-rift position 
after removal of extended continental 
crust from both sides. Reconstruction to 
the pre-rift position requires the estima-
tion of the landward limit of crustal ex-
tension. Klitgord and Schouten (1986) 
used the landward edge of the rifted ba-
sins to represent the pre-rift positions, 
from which the pole of rotation was cal-
culated (Table 3.1). Their maximum clo-
sure of the Nova Scotia and Morocco 
margin conjugates is presented in Figure 
3.7.

With the recent wide-angle seismic 
refraction data carried out on both sides 
of the conjugates, the landward limits of 
crustal extension can be better estimated 
from the well-defined  velocity  models  
by  balancing  the  cross  sectional  area 
before and after rifting, assuming that 
the continental material is volumetrically 
conserved. The pre-rift position is ob-
tained from the total cross sectional area 
of continental crust, including the rifted 
portion, divided by the thickness of un-
stretched continental crust. The calcu-
lated pre-rift positions are projected onto 
the maximum closure. Across the north-
ern part of the conjugates, the SMART 
S-1 and S-4 were exactly conjugate to 
each other at the pre-rift position. Ac-
cording to this projection, the interpreted 
continental crust with full thickness from 
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the opposite sides still overlaps more 
than 50 km, indicating the maximum 
closure should be placed further apart 
about 50 km. Unfortunately, there are no 
refraction seismic lines available so far 
at the conjugate locations of S-2 and S-3.

3.4.2 A Modified Maximum Closure 

An alternate reconstruction to the 
pre-rift positions is determined so as to 
eliminate the overlapping of continental 
crust. Section 3.3 demonstrated that the 
modified minimum closure of Sahabi et 
al. (2004) improved the correlation of 
the seismically derived results as well as 
the slope magnetic anomalies and salt 
distributions from both sides of the con-
jugates. Using this modified minimum 
closure as starting point (Figure 3.8a), 
the conjugates are further reconstructed 
to match the full thickness continental 
crust on both sides (Figure 3.8b), assum-
ing a constant pole of rotation from the 
initial rift to final continental breakup. In 
the modified maximum closure, the tran-
sect S-4 is more closely conjugate to G-1 
than S-1, although both S-1 and G-1 
contain similar structures. The over-
lapped continental crust in the closure of 
Klitgord and Schouten (1986; Figure 3.7) 
is eliminated  by  a  reduced  closure.  
The  reconstruction  pole for this maxi-
mum closure is shown in Table 3.1. This 
maximum closure may be further con-
strained if additional OBS transects be-
come available across the central and 
southern Morocco margin. 

3.5 Conclusions

A number of reconstructions of the 
Scotian/Moroccan margin conjugates 
have been re-examined based on the lat-
est results derived from the recent seis-
mic refraction and reflection data, as 
well as magnetic and salt distribution 

from both sides of the conjugates. The 
seismic data show that the pre-rift full 
thickness continental crust overlaps in 
the maximum closure determined by 
Klitgord and Schouten (1986). A new 
maximum closure of this margin pair is 
suggested by eliminating the overlapped 
pre-rift full thickness continental crust 
between the northern margin conjugates.  

The minimum closure of Sahabi et al. 
(2004) improved the fit of the two sides 
of the margin pair compared to that of 
Klitgord and Schouten (1986); however, 
the S magnetic anomaly off NW Mo-
rocco does not have a clear homologue 
offshore Nova Scotia. In addition, veloc-
ity models of refraction data show that 
the rifted continental crust still overlaps 
in the minimum closure after two sepa-
rate rotations of the southern and north-
ern Morocco margin. A modified mini-
mum closure is suggested so as to elimi-
nate the overlapped rift crust across the 
northern margin conjugates. This pro-
posed minimum reconstruction is similar 
to the rotation of Sahabi et al. (2004) for 
the southern portion of the conjugates, 
but no additional rotation is required for 
the northern part of conjugates. This 
minimum reconstruction also improved 
the correlation of magnetic anomalies 
and salt distribution from the opposing 
sides of the conjugates. 

The final reconstructions shown in 
Fig. 3.8 demonstrate two first-order pat-
terns to the geometry of the continental 
rifting.

(a) There is a major asymmetry be-
tween the Nova Scotian and Moroccan 
conjugate structures in the northeastern 
section. The Nova Scotia margin shows 
a very wide region of extended crust, 
while the Moroccan side shows a narrow 
region.
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(b) No major discontinutities exist in 
large-scale structures along the margin 
conjugates from the beginning to the end 
of rifting. However, further comparison 
of conjugate reflection profiles need to 
be made using these reconstructions in 
order to define possible second-order 
variations. Such variations are suggested 
by the termination of the volcanic se-
quences north of S-3 that may be coinci-
dent with changes in the salt basins, and 
by the presence of the large tilted fault 
blocks observed on several profiles near 
S-2 that may be linked to similar struc-
tures on the Tafalney Plateau (Wu 2007). 



Table 3-1 Plate reconstruction poles of the NW African plate (Morocco) relative to the 
North American plate. 

Closure Age (Ma)** Latitude Longitude Angle of 
rotation Reference*

M25 156 66.7° -15.85° -64.9° [1]

175 66.97° -12.34° -74.57° [2]

64.31° -15.19° -77.09° (south) 
195

66.31° -11.78° -72.59° (north) 
[3]

N/A 66.92° -12.45° -74.42° [4]

N/A 66.92° -12.45° -74.42° [5]

Minimum  

167 64.31° -15.19° -77.09° [8] 

175 66.95° -12.02° -75.55° [2]

N/A 67.6° -14.0° -74.8° [6]

N/A 66.95° -13.35° -76.74° [7]

Maximum  

176 64.31° -15.19° -80.58° [8] 

*   [1] Tucholke and Ludwig (1982), [2] Klitgord and Schouten (1986), [3] Sahabi et al. 
(2004), [4] Tari and Molnar (2005), [5] LePichon et al. (1977), [6] Bullard et al. 
(1965), [7] Lefort and van der Voo (1981); [8] Wu (2007).

**  Ages for the modified minimum and maximum closure [8] are determined from chron 
M25 (155.7 Ma; Gradstein et al. 2004) using a spreading rate of 1.9 cm/y (Klitgord 
and Scouten 1986). The ages for the remaining minimum or maximum closures 
come from the original references [2] and [3].  
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Figure 3.5. (a) Original and revised velocity models along SISMAR 4. The red lines indicate 

the original velocity contours (dotted lines in km/s) and crustal bouondaries (solid lines) of 

Contrucci et al. (2004). The colours and solid black lines indicate the revised model of J.-C. 

Sibuet (personal communication, 2010). The filled circles above the velocity model mark 

the locations of OBS instruments, labelled by numbers. S denotes the location of S anomaly, 

which was thought to represent the COB. SLCC’  is the seaward limit of continental crust 

re-interpreted from the combined results of velocity structure and seismic image. PR: pre-

rift position. (b) The seismic image of MCS profile SISMAR 10 (Maillard et al. 2006). Its 

location is shown in Figure 3.2, and also indicated by a vertical bar below OBS 9 in (a).  L: 

landward dipping reflector.
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Appendix B - OBS Relocation

A brief note on Geopro approach 
and Dalhousie approach

By Helen Lau

Dalhousie UniversityJune 24, 2010



Geopro data as is

� An example plot of bandpass filtered OBS data as is provided by Geopro
� Odd: data are observable very near to zero (offset) distance (red line), implying that OBS did not drift much from 

its deployment position (unusual for deep water)
� At the beginning, we found no geographical positions of both shots and OBSs in the trace headers � unable to 

trace the cause
� We later understood that the offsets as provided are between shots and planned OBS position plus an along 

profile shift such that the minimum water arrival time (A) is at zero offset. A new OBS position is obtained 
accordingly.

� There is also a static shift applied to the data to fit the modeled water arrival times

A



True geometry considered

� To determine if the Geopro approach is in agreement with conventional methods, we tested on a few OBSs using 
our usual approach honouring the listed requirements.

� Geopro later provided us with the required shotpoint and static shift information we needed for our processing
� A new OBS record section is plotted using true geometry information to calculate offsets.
� The minimum point (A) is observed to be in the negative quadrant, implying a drift in the negative distance 

direction 
� The direct water arrivals were then picked using given shotpoint locations and without filtering.

A

Requirements

• shot locations on all 
traces

• water depth of OBS

• velocity profile above 
the OBS

• the deployed OBS 
position

• Undo static time shifts

Water



Relocation using water arrival picks

� Water velocities and depths 
= NovaSpan-2000 model 

� Water depths = NovaSpan-
2000 model or GEBCO_08

� The water arrival picks were 
inverted for a set of 
corresponding offset ranges 
through raytracing

� For any assumed OBS 
position, another set of offset 
ranges can be calcuated and 
compared with the inverted 
set

� The position within our 
search grid of 5x5 km which 
gives a minimum RMS 
difference (i.e. error) is our 
relocated position.

� Two minima are a result of 
shot profile being a straight 
line

� We found drift in both inline 
and crossline directions

Water arrival 
picks = shot 
locations

Deployed position

Minimum error � relocated
position 

inline

crossline

m



Relocated geometry

� Corrected offsets were calculated using the relocated OBS position and the true shot positions.
� The corrections due to inline drift place the water arrival symmetrical about the time axis at zero distance (red 

line)
� The corrections due to the crossline drift produce a gap in observed data near zero distance. Such gaps are 

commonly seen in publications as OBSs often drift from deployment positions.
� This exercise is important in getting the near offsets right. Accurate modeling of area near the OBS would 

required correct offsets for near traces. Inaccuracy may translate into errors in depths of layer boundaries for 
other parts of the velocity model.
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ABSTRACT
The East Coast Magnetic Anomaly and associated seaward dipping reflectors, both suggesting 

volcanism, are observed on the south-western Nova Scotia margin but quickly reduce in magnitude to 
the northeast. A comparison of seismic observations across three previous refraction profiles (from 
NE to SW: SMART-1,2,3) also shows a parallel decrease in syn-rift volcanism as the margin becomes 
non-volcanic near the central line (SMART-2). A velocity model from a new profile northeast of 
SMART-1 suggests continuation of non-volcanic features, such as serpentinized mantle and thin 
oceanic crust, to the north-eastern end of the margin. Being conjugated to SISMAR-4 on the 
Moroccan margin, this new profile facilitates a better constrained kinematic reconstruction of the 
rifting and breakup of the complete Nova Scotia-Morocco conjugate margins. 

KEYWORDS: Nova Scotia, Morocco, Atlantic, Conjugates. 

1. Introduction 
The Nova Scotia rifted continental margin lies in a transitional segment between the 

volcanic US East Coast margin to the south and the non-volcanic Newfoundland margin to 
the north. The East Coast Magnetic Anomaly (ECMA) and the associated seaward dipping 
reflectors (SDR), both well-known volcanic margin phenomena, are observed off Georges 
Bank on the south-western part of the margin, but they quickly reduce in magnitude to the 
northeast (FIG.1). A comparison of seismic observations across different parts of the margin 
also shows a parallel decrease in syn-rift volcanism as defined by three previous cross-margin 
refraction profiles (SMART-1,2,3). The margin changes from volcanic to non-volcanic 
between the southern line (SMART-3; Dehler et al., 2004) and the central line (SMART-2; 
Wu et al., 2006).

In addition to the lack of evidence for syn-rift volcanism, there is another feature that 
uniquely defines the non-volcanic part of the margin. Existing data between the central and 
the northern line (SMART-1; Funck et al., 2004) show a wide continent-ocean-transition 
(COT) zone characterized by a pervasive layer with velocities of 7.3–7.9 km/s, intermediate 
between crust and mantle, that we interpret as partially serpentinized mantle (FIG.1, 2b & c). 
The nature of the crust overlying the partially serpentinized layer is, however, difficult to 
define as it was under-sampled due to sparse receiver spacing. Furthermore, there is a lack of 
a conjugate pair profile with the SISMAR-4 profile on the Moroccan margin. Therefore, new 
data acquisition was necessary to reduce the uncertainties in crustal interpretations and 
conjugate margin reconstructions. 

In November 2009, a new refraction profile was acquired by the Offshore Energy and 
Technical Research (OETR) Association of Nova Scotia along a coincident deep reflection 
profile (ION/GXT NovaSPAN 2000) to the northeast of SMART-1 (FIG.1). The profile was 
obtained using 100 ocean-bottom seismometers and with particularly dense spacing (2.5 km) 
within the COT that gives greatly improved resolution in this region. It also extends 125 km 
seaward of the reflection profile to better constrain the oceanic crust. Please refer to Makris et
al. (in section Nova Scotia, this conference) for details on data acquisition and velocity 
modelling. In this paper, we present our interpretation of this new velocity model and 
integration with other observed refraction and coincident multi-channel reflection profiles in 
the study area. This comparison clearly demonstrates a northeastward continuation of the non-
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volcanic structures. A comparison of conjugate margin structures confirms a marked 
asymmetry with a much narrower COT off Morocco. 

FIG.1 – Magnetic anomaly map of Nova Scotia margin. Red line – new refraction profile 
(OETR). Thick black lines – SMART profiles. Thin black lines – Lithoprobe profiles. Dashed 
black lines – ION/GXT NovaSPAN profiles.

2. Structural variations 
FIG. 2a shows the velocity model of the OETR profile. This simple model shows 

structures very similar to those determined for SMART-1 (FIG.2a & b). This comparison 
indicates similar non-volcanic characteristics of the three major crustal zones, namely 
continental, transitional and oceanic. Firstly, the continental crust in the NW of profile OETR 
thins over a relatively wide zone (> 180 km). Even wider rifts are observed on the SMART-1 
and SMART-2 profiles. Secondly, the oceanic crust composed of layers 2 and 3, is found to 
be thinner than average. In the SE of profile OETR, oceanic crust is 4–5 km thick, which is 
similar to SMART-1, while for SMART-2, it increases only slightly to ~ 6 km. Thirdly, there 
is a wide transitional zone (COT) on all profiles that cannot be explained by either a 
continental or oceanic crustal model. The COT is modeled on profiles OETR and SMART-1 
as two layers above normal mantle. The lower layer, interpreted as partially serpentinized 
mantle, has velocities of 7.2–7.6 km/s and a thickness of ~ 6 km. A similar layer is observed 
on profile SMART-2 but with higher velocities (7.6–7.8 km/s) and smaller thicknesses, 
suggesting a lower degree of serpentinization.

The upper layer of the COT is the most variable crustal feature along the margin and its 
crustal origin is least constrained due to its small thickness and large depth. According to 
profile OETR, this layer has a velocity of ~ 5.3 km/s and an overall seaward decrease in 
thickness (from 4 to 2 km). It is best interpreted as oceanic layer 2 as it is continuous with this 
layer on the seaward end. On SMART-1, a thin layer, with similar velocities, is interpreted as 
exhumed mantle for the seaward half of the COT. Since we do not see evidence for exhumed 
mantle on profile OETR and SMART-2, we reinterpret this layer to be ultra-thin oceanic 
crust. As oceanic layers 2 and 3 are interpreted for the seaward part of the COT on SMART-
2, we observe a southward trend of more fully developed oceanic crust above serpentinized 
mantle.  

On the landward part of the COT, the upper layer is interpreted as continental crust on 
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SMART-1 and -2. On SMART-2, it is observed as rotated fault blocks with fanning syn-rift 
sediment layers in the reflection data. Therefore, on profile OETR, continental crust may 
possibly extend beyond the seemingly abrupt thinning at ~ 170 km.  

FIG.2 – P-wave velocity models across the NE Nova Scotia margin. 

A mapping of the COT zone (FIG.1) shows close correlation with the hinge line of the 
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rift basin, implying a common regional scale forcing behind its formation. Within this zone, a 
strong crustal reflection (W) is observed on reflection profile NovaSPAN 5100 (FIG.3) at 
about the depth of the top of the interpreted serpentinized mantle, suggesting an abrupt 
velocity contrast across the boundary. Therefore, a mapping of the 3-D geometry of this 
reflection would help to discriminate between the different crustal models of the transitional 
upper crust. 

A kinematic reconstruction of the rifting and breakup of the complete Nova Scotia-
Morocco conjugate margins will be presented using these new results. After plate 
reconstruction, a dramatic asymmetry in all three crustal zones (i.e. width of continental 
thinning, nature of the COT and oceanic crustal thickness) is clearly observed on the 
Moroccan margin along profile SISMAR-4, which is nearly conjugate to NovaSPAN 2000 
(Contrucci et al., 2004). Either a ridge jump or post-spreading volcanism may be required to 
explain such asymmetry.  

FIG.3 Prestack depth migrated section of NovaSpan 5100. 

4. Future work 
We will refine existing models targeting detailed velocity structures of the upper 

transitional crustal layer. For line OETR, the close spacing of OBS receivers should allow a 
refined model with unprecedented level of detail for the structures already identified. We will 
also map in 3-D the strong reflection within the OCT using newly reprocessed MCS data.  
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