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Summary 

The mid-Norway margin in NE Atlantic with its increasingly extensive database provides a natural laboratory to exemplify the integrated approach between observations and structural and stratigraphic modelling iteration in order to study continental breakup and fundamental volcanic rifted margin processes in time and space. In particular, recent subsidence analysis studies on the northern Vøring and Lofoten margin segments combined with all available seismic reflection and refraction data, and potential field modelling, clearly reveal distinct differences in crustal and lithospheric architecture between the two segments. The same integrated analysis suggests that the Bivrost Transfer System (including the continental transfer zone and the oceanic fracture zone) separating the two margin segments has acted as a first-order, across-margin tectono-magmatic boundary, greatly influencing the pre-, syn- and post-breakup margin development.
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The Norwegian margin is part of the NW European margin which has a prolonged history of intermittent extension and basin formation, from post-Caledonian orogenic backsliding and collapse in Devonian times (e.g. Doré et al. 1999), to post-early Eocene passive margin development governed by the widening and deepening of the Norwegian-Greenland Sea (e.g. Eldholm et al. 2002).
Fig. 1. Representative transects for Vøring and Lofoten margin segments. LCB, 7+ km/s lower crustal body; SDR, seaward dipping reflector sequences. Profile locations and other annotations in Fig. 4.
An extensive geophysical and geological database exists off mid-Norway, including a regional grid of deep wide-angle seismic data (OBS and ESP), deep and conventional multichannel seismic reflection profiles (MCS), potential field data, heat flow measurements, and scientific and commercial boreholes. Recent studies utilizing this database have refined the structural and stratigraphic framework landward of the continent-ocean boundary (COB) on the Vøring (e.g. Gernigon et al. 2003; Ren et al. 2003) and Lofoten-Vesterålen margins (Tsikalas et al. 2001). In particular, the dense seismic refraction coverage provides better resolution on the middle- and lower-crustal architecture demonstrating the progressive lateral focus of several post-Caledonian rift events towards the line of eventual opening (Fig. 1). It is also revealed that the structural margin configuration mainly evolved in response to the Late Jurassic-earliest Cretaceous rift episode, and exhibit structural and stratigraphic relations that indicate an Aptian-?Albian rift phase. The subsequent Late Cretaceous-Paleocene rifting, with onset in Campanian time, is characterised by prominent low-angle detachment structures. Complete lithospheric breakup was achieved near the Paleocene-Eocene transition and was accompanied by extensive magmatic activity (Fig. 1). After breakup, the passive margin evolved in response to subsidence and sediment loading during widening and deepening of the Norwegian-Greenland Sea. We observe a pulse of rapid progradation from the mainland in Oligocene, or alternatively late Middle Miocene, time and mid-Cenozoic intra-basinal doming in response to a regional compressive regime. The margin setting was changed in Late Pliocene when the Northern Hemisphere Glaciation led to rapid progradation forming a huge, regional depocentre near the shelf edge along the entire margin.

Depth Dependent Lithosphere Stretching 

Recent analysis of pre- and post-breakup subsidence has been carried out on the southern Lofoten and northern Vøring segments using reverse post-rift subsidence modelling, consisting of flexural backstripping and reverse post-breakup thermal modelling (Kusznir et al. 2004). The analysis has shown depth dependent stretching of continental margin lithosphere in which lithosphere stretching and thinning at continental breakup at ~55 Ma greatly exceeds that of the upper crust within 100 km landward of COB (Figs. 2 and 3). Depth dependent lithosphere stretching at rifted margins has been observed elsewhere for both volcanic and non-volcanic margins (Davis & Kusznir 2004). For the northern Vøring margin, lithosphere β stretching-factors of 2.5 are required at ~55 Ma to restore the Top Lava (top inner lava flow) and Top Paleocene reflectors to presumed sub-aerial depositional environments. In contrast, upper crustal faulting for the rifting immediately preceding breakup in Paleocene and Late Cretaceous has β stretching-factors <1.1. These observations are consistent with earlier work by Roberts et al. (1997). For the southern Lofoten margin, using a breakup lithosphere β factor approaching infinity west of the Utrøst Ridge (Fig. 1) still produces a residual water depth of ~1500 m (Fig. 2). The latter may be explained by an additional post-breakup Eocene subsidence phase (Kusznir et al. 2004). Alternatively, increasing evidence of lateral variations in the seismic character of extrusives along the northern Vøring and Lofoten segments offer indications for extrusive volcanism not only in a subaerial (or at sea-level) environment, but also possibly into a shallow sub-marine environment (e.g. Berndt et al. 2001). The latter may reduce, but not eliminate, the remaining residual water depth after tectono-stratigraphic restoration.
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Fig. 2. Restored transect for the northern Vøring and southern Lofoten margin segments produced by 2D flexural backstripping and reverse post-rift modelling (Kusznir et al. 2004). Top Tare=Top Paleocene. COB, continent-ocean boundary. Profile locations in Fig. 4. Note the different vertical scale for the two stretching-factor profiles.
In both margin segments, a Paleocene plume dynamic uplift of 300 m is incorporated in the modelling. Furthermore, the modelling incorporates earlier major pre-breakup rift events, with corresponding β stretching-factors, that represent the residual thermal subsidence of earlier rift events. In particular, a β stretching-factor of 1.3 was included for the prominent Late Jurassic-Early Cretaceous rift episode and <1.1 for the rifting immediately preceding breakup in Paleocene and Late Cretaceous. More detailed further work will also take into consideration the Aptian-?Albian (mid-Cretaceous) rift phase as evidenced by several recent studies in Vøring (e.g. Ren et al. 2003) and Lofoten-Vesterålen (Tsikalas et al. 2001) margins, as well as at the conjugate equivalents onshore (e.g. Whitham et al. 1999) and offshore (Tsikalas et al. 2004) E/NE Greenland. Concerning the Late Cretaceous-Paleocene extension on the northern Vøring and Lofoten margins, Tsikalas et al. (2004) have showed that although the extent of the mapped deformation reaches minimum widths along the Lofoten-Vesterålen margin, along its conjugate counterpart off NE Greenland it reaches widths of ~100-150 km. Based on updated plate reconstructions (Fig. 4) (Tsikalas et al. 2002) the Late Cretaceous-Palaeocene rift may have reached a total cross-margin width of 200-250 km and thus contributing to a slightly higher β stretching-factor for the upper crust. However even allowing for this, the stretching and thinning of the lithosphere, as deduced from post-breakup thermal subsidence, greatly exceeds that achieved by faulting in the upper crust at and prior to breakup (Fig. 3). Furthermore, iteration of modelling and data interpretation from the extensive database increases the resolution on the timing and distribution of particularly the oldest Late Paleozoic-Early Mesozoic rift structures that are not well defined. In this way, better [image: image3.png]Nw UR LR Mainland SE
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constrained stretching factors for all pre-breakup rift phases are defined for the entire rift system covering the conjugate margins.

Fig. 3. Thinning factors (1-1/β) at breakup for whole lithosphere and upper crust for the northern Vøring (profile 1) and southern Lofoten (profile 2) margin segments. Profile locations in Fig. 4.
The presence of lithosphere depth dependent stretching and the absence of significant Paleocene and Late Cretaceous upper crustal extension imply that depth dependent stretching of the southern Lofoten and northern Vøring margins occured during sea-floor spreading initiation or early sea floor spreading rather than during pre-breakup intra-continental rifting (Davis & Kusznir 2004; Kusznir et al. 2004). Moreover, refinement of the continent-ocean boundary, seafloor spreading anomalies, and the location of oceanic fracture zones along the conjugate margins (Tsikalas et al. 2002) provide improved geometrical and azimuthal constraints on early opening plate reconstructions (Fig. 4). Reconstructions of potential field images are also used to support and extend structural trends. Improved early reconstructions contribute to a better understanding of the coupling between volcanism and early sea floor spreading.
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Fig. 4. Plate reconstructions at Chron 23n.2n (51 Ma) and opening (~55 Ma). JMFZ, GpFZ, SrFZ, BFZ, JFZ, VFZ, GFZ, SFZ, Jan Mayen, Gleipne, Surt, Bivrost, Jennegga, Vesterålen, Greenland, and Senja fracture zones, respectively; VE, GE, Vøring and Greenland escarpments, respectively; NH, UH, RH, JH, Nyk, Utgard, Røst, and Jennegga highs, respectively.
Bivrost Transfer System: a Primary Tectono-magmatic Feature

The Norwegian margin (taking also into consideration its conjugate East Greenland margin) (Fig. 4) exhibits distinct along-strike segmentation. The Jan Mayen and Senja fracture zones and their landward prolongations represent first-order features. In between, we identify several second- and third-order features (Fig. 4). Of these, the Bivrost transfer system is the most prominent. Off Norway, it separates two different physiographic provinces, i.e. the Vøring and Lofoten-Vesterålen margins. Structural studies, analysis of potential field images on the conjugate margins, and plate reconstructions to early Tertiary opening suggest a landward prolongation of the Bivrost Fracture Zone on both margins. The prolongations appear as low-relief Late Jurassic-Early Cretaceous accommodation zones, reactivated during Late Cretaceous-Paleocene rifting. We recognize a difference in trend, and possibly in polarity, of the relative motion between the older transfer zone and the younger fracture zone. The more northerly sinistral relative motion along the fracture zone suggests two different stress regimes, however the older feature may have determined the initial location of the fracture zone. Pre-opening structural spatial relations may imply sinistral offsets also along the continental prolongations. Furthermore, we observe a northward decrease in thickness and volume of the high-velocity lower crust, interpreted as related to magmatic underplating, across the Bivrost Fracture Zone. Other changes north of the fracture zone include: breakup lavas over most of the continental slope, a reduction in the intensity of sill intrusions, and a change in style of the seaward dipping seismic reflector images to less prominent and shallower features without the typical, deep wedge-like pattern observed to the south.

Although there is a decrease in breakup magmatism with distance from the plume (Eldholm & Grue 1994) both the melt potential and melt distribution has to be considered with reference to the pre-breakup structural configuration between Greenland and Norway. Here, the lithosphere experienced considerable Late Jurassic-Early Cretaceous extension and subsequent major Cretaceous basin formation. The renewed Late Cretaceous rifting further thinned the lithosphere providing conditions for large scale regional magmatism when the plume-related partial melts were captured by the pre-existing lithospheric relief. In a regional sense, however, the continental reconstruction (Fig. 4) shows that the line of breakup is notably oblique to the Cretaceous basin trend resulting in breakup in different locations with respect to pre-existing rift systems on either side of the Bivrost transfer system. In fact, the actual breakup may occur in a variety of locations within a rift system, depending on the tectono-magmatic crustal configuration and the corresponding rheologies (e.g. Boutilier & Keen 1999). 

We interpret breakup occurring in different crustal configurations: in the south along the western flank of the deep Cretaceous Vøring Basin, and in the north along a deep-rooted detachment fault in relatively thick crust on the eastern basin flank (Figs. 1 and 2). The massive breakup magmatism caused uplift of the central rift zone, construction of the extensive marginal highs, and thickening of the lower crust, thereby reducing significantly the post-opening subsidence of these margin segments (e.g. White et al. 1995). In contrast, less magma was produced north of the Bivrost transfer system making the Lofoten-Vesterålen margin more susceptible to initial post-opening subsidence. Indeed, the narrow lava-covered, and progressively northward steepening, continental slope suggests rapid initial post-opening margin subsidence to bathyal depths (Tsikalas et al. 2001). The observations are in agreement with the distinct behaviour of the two margin segments during depth dependent lithosphere stretching. In total, both observations and modelling suggest that the Bivrost transfer system is a primary tectono-magmatic boundary, greatly influencing the pre-, syn- and post-breakup margin development in both crustal and lithospheric scales.
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