The role of inheritance in the formation of the North Atlantic
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Introduction (Tony & Christian)

10/11/2017 CS
13/11/2017 CS

Inheritance, definition, scales?
Why important? Why important for the NA?
Pre-existing strucutres and fabric, orientation of stress field -> deformation
Scale of inheritance -> style of reactivation

This is a more generic itro into the north atlantic.
The Circum-North Atlantic Region (CNAR) comprises the North Atlantic Ocean, Labrador Sea-Baffin Bay, Iceland and the surrounding continental landmasses, including Greenland, Scandinavia, northern Europe, the British Isles and northeastern North America. The geology of the region is defined by billions-of-years old, stable continental cores in the interior of Greenland, North America and Scandinavia, while the geology along the continental margins and northern Europe was mainly (re-)shaped during the past 500 Ma. 
The CNAR inspired some major aspects of plate tectonic theory including the Wilson Cycle which envisages closure and reopening of oceans along former continental sutures, where continental breakup is guided by lithospheric inheritance from previous orogenesis (Dewey and Spall, 1975; Wilson, 1966). Inheritance, rejuvenation and control of pre-existing structure on localising deformation occurs on various scales and styles beyond large-scale breakup of continents (Holdsworth et al., 1997; Manatschal et al., 2015). Inherited features may include crustal or lithospheric thickness variations, structural and compositional heterogeneity across terrane boundaries, accreted terranes, sedimentary basins and/or intruded, metamorphosed and metasomatised material and fabrics. These heterogeneities may also cause thermal and rheological anomalies that vary in size, depth and degree of anisotropy, that can potentially be rejuvenated given the appropriate stresses (Krabbendam and Barr, 2000; Manatschal et al., 2015; Tommasi et al., 2009; Tommasi and Vauchez, 2015). Inheritance is an important control on rifting, passive-margin end-member style (e.g., volcanic or non-volcanic) (Bowling and Harry, 2001; Chenin et al., 2015a; Duretz et al., 2016; Manatschal et al., 2015; Petersen and Schiffer, 2016; Schiffer et al., 2015b; Svartman Dias et al., 2015; Vauchez et al., 1997), the formation of fracture zones, transform faults, transform margins (Doré et al., 2015a; Gerya, 2012; Thomas, 2006), magmatism (Hansen et al., 2009; Whalen et al., 2015), compressional deformation (Gorczyk and Vogt, 2015; Heron et al., 2016; Sutherland et al., 2000), the breakup of supercontinents and supercontinent cycles (Audet and Bürgmann, 2011; Frizon de Lamotte et al., 2015; Vauchez et al., 1997).
The North Atlantic has opened along the former sutures of at least two temporarily distinct orogenic events – the Neoproterozoic Grenvillian-Sveconorwegian and the early Palaeozoic Caledonian-Variscan orogenies (Bowling and Harry, 2001; Misra, 2016; Ryan and Dewey, 1997; Thomas, 2006; Vauchez et al., 1997). Before the North Atlantic Ocean formed, Europe, North America and Greenland comprised a single continental land mass, Pangaea. Assembly of the supercontinent Pangaea involved subduction of the Iapetus Ocean and collision of three palaeocontinents – Laurentia, Baltica and Avalonia – as well as smaller terranes, culminating in the Caledonian orogeny at 450-425 Ma (Gee et al., 2008; Leslie et al., 2008; Roberts, 2003) (Fig. 1A, B). The dominant geological and topographic features in the CNAR are attributed to this large mountain range. The close relationship of the British-Irish, East Greenland and Scandinavian Caledonides is well-established from correlation of Caledonian rocks and fault systems on both sides of the North Atlantic Ocean, as well as palaeogeographic reconstructions. Continental breakup of Pangaea along the Caledonian Orogen from ~55 Ma formed the North Atlantic, surrounded by rifted continental margins (Skogseid et al., 2000; Talwani and Eldholm, 1977). This was accompanied by the eruption of large volumes of magma along large parts of the North Atlantic rift zone, the North Atlantic Igneous Province (NAIP)(Saunders et al., 1997; Storey et al., 2007). The initial voluminous magmatic outburst (Storey et al., 2007) was succeeded by prolonged elevated magmatism along the Greenland-Iceland-Faroe Ridge (GIFR)(Holbrook et al., 2001a; Mjelde and Faleide, 2009). The Iceland melt anomaly (IMA), which is volcanically active already for tens of millions of years, forms the central part of the GIFR. 
Caledonian Orogeny
While the general tectonic elements of the Caledonian orogeny are understood, the details of timing, direction, location and the number of involved subduction events are not completely resolved. Ages of metamorphic rocks and intrusions within the Caledonides range from 500 to 360 Ma in the East Greenland and Scandinavian Caledonides(Corfu et al., 2014; Gasser, 2013) indicating a complex and prolonged evolution with multiple collision and subduction events (Fig. 2). The main Scandian phase at approximately 425 Ma is mainly supported by dating of high pressure rocks in the Western Gneiss Region of Norway (Dobrzhinetskaya et al., 1995; Hacker et al., 2010; van Roermund and Drury, 1998) and Liverpool Land in East Greenland (Augland et al., 2010; Johnston et al., 2010), as well as orogenic granitic intrusions in East Greenland (Kalsbeek et al., 2008). An early Caledonian east-dipping subduction is reported in the  British-Irish Caledonides (Grampian phase (Karabinos et al., 1998; van Staal et al., 2009)) and the North American Caledonides (Taconian phase (Dewey, 2005; Van Staal et al., 1998)). Older ages (435– 500 Ma) of igneous and metamorphic rocks in the Scandinavian Caledonides (Corfu et al., 2014; Steltenpohl et al., 2003) also indicate early orogenic phases and accretion of magmatic arcs. Similar ages (455–422 Ma) are found in the East Greenland Caledonides (Kalsbeek et al., 2008). Younger metamorphic ages of ∼360 Ma have been identified in Northeast Greenland and indicate a late compressional event in the Caledonides (Gilotti et al., 2014; Gilotti and McClelland, 2007). This evidence has led to departures from a simple model of only west-dipping Scandian subduction and collision. Other suggested models include scenarios with additional early west-dipping (Brueckner, 2006; Brueckner and van Roermund, 2004)  or east-dipping subduction events (Andréasson et al., 2003; Gee et al., 2008; Roberts, 2003; Yoshinobu et al., 2002), and late intracratonic eastward underthrusting (Gilotti and McClelland, 2011).
Post-Caledonian Evolution
Following the collision of Laurentia, Baltica and Avalonia in the Ordovician and Silurian (Gee et al., 2008; Leslie et al., 2008; Roberts, 2003), the CNAR experienced “passive” gravitational collapse due to the load of the Caledonian mountain range (Dewey, 1988; Dunlap and Fossen, 1998; Fossen, 2010; Rey et al., 2001) and a ~300 Ma long period of intra-continental rifting (Andersen et al., 1991; Dewey et al., 1993). In Scotland, several major Caledonian thrust faults are exposed at the surface that were reactivated in extensional and strike-slip movement (Fossen, 2010; Wilson et al., 2010). These faults continue north to the Shetland Islands and to Mid-Norway over the Walls Boundary Fault and the Møre-Trøndelag Fault Complex and/or towards East Greenland and Svalbard (Dewey and Strachan, 2003; Fossen, 2010), where also large post-Caledonian strike-slip deformation was active. This initial and prolonged phase of intracontinental rifting finally transitioned into continental breakup and seafloor spreading between Greenland and Europe from approx. 55 Ma (Skogseid et al., 2000; Talwani and Eldholm, 1977). In the late Mesozoic, the breakup axis propagated simultaneously southward from the Arctic Ocean along the Mohns Ridge and Aegir Ridge and northward along the Reykjanes Ridge from the Central Atlantic into the North Atlantic, while abandoning the Labrador Sea/Baffin Bay rift system (Doré et al., 2008; Srivastava, 1978a). In the area between East Greenland, Scotland and Norway, these rift systems have never merged forming an overlapping spreading centres, thereby, isolating a continental fragment that would now be buried under Iceland (Ellis and Stoker, 2014; Schiffer et al., in press). From around 40 Ma, the North Atlantic rift axis delocalised and highly extended the southern part of the proto-JMMC, culminating in the complete relocalisation of the spreading axis to the Kolbeinsey Ridge west of the JMMC, propagating northward through the East Greenland continental margin (Gaina et al., 2009). This renewed continental breakup broke off a continental piece from Greenland, the JMMC (Gaina et al., 2009; Gernigon et al., 2012, 2015). The initial Aegir Ridge was completely abandoned in the Oligocene. Full continental breakup along the entire length of the North Atlantic was first completed after the total separation of the JM at approx. 20 Ma (Schiffer et al., in press). Rifting in the North Atlantic has created a spectrum of passive continental margins that vary in internal structure, the depth of accumulated rift-related sediments, the width of the continental shelf and the volumes of magmatic products (Franke, 2013; Lundin and Doré, 2011; Skogseid et al., 2000).
Some aspects of the North Atlantic geology remain enigmatic, such as the formation of the North Atlantic Igneous Province (NAIP) (Foulger and Anderson, 2005; Meyer et al., 2007; Vink, 1984; White and McKenzie, 1989), the development of the spectrum of passive continental margins (Franke, 2013; Geoffroy et al., 2015), the formation of the Iceland Melt Anomaly (IMA) and the development of the Jan Mayen Microplate Complex (JMMC) (Foulger et al., 2003; Gaina et al., 2009; Gernigon et al., 2015). The JMMC comprises both oceanic and continental crust, probably highly thinned and magmatically modified (Kuvaas & Kodaira, 1997; Blischke et al., 2016 and references therein). Large parts of it remain to be studied, however. Other continental fragments have been identified in the North Atlantic region (Nemčok et al., 2016) and more may underlie parts of Iceland and/or the Iceland-Faroe Ridge (Fedorova et al., 2005; Foulger, 2006; Gernigon et al., 2012; Paquette et al., 2006; Torsvik et al., 2015). 
The exact mechanisms and processes forming the North Atlantic with its specific structural elements and peculiarities (IMA, GIFR, JM) are a matter of debate. In this contribution we will review and assess the importance of inheritance on the North Atlantic and concepts of rejuvenation, reactivation and reworking of inherited structures.


[image: C:\Users\Christian\AppData\Local\Microsoft\Windows\INetCache\Content.Word\figure1.png]
Figure 1: The two study areas (orange boxes) and geodynamic evolution of the Circum-North Atlantic Region. (A) Reconstruction at ~450 Ma showing Laurentia, Avalonia and Baltica and Taconian/Grampian and Scandian subduction events. (B) Reconstruction of the Caledonian Orogen (white) at ~425 Ma. Purple line – Iapetus suture (IS), Thor Suture (TS). Red – Caledonian upper mantle structures (CF – Central Fjord structure, FL – Flannan reflector, ML – Mona Lisa lines). (C) Caledonides at 425 Ma. Dark red – incipient rift axes. CDF – Caledonian deformation front. Other same as (B). (D) Sketch of the present day North Atlantic with features from (B). Dotted red and black line – interpolation between the CF-FL structure and CDF indicating correlation with the Greenland-Iceland Faroe Ridge (GIFR) and the Jan Mayen microplate (JM)


[image: Fig_NA_magma]
Figure 3: Overview of magmatic products observed in the CNAR 


Definition and scales of inheritance/reactivation/reworking from lithospheric to grain scale (Bob)
10/11/2017 CS

Include: (Zwaan et al., 2016) – obliquity and transfer zones (analogue modelling)



[image: ]Holdsworth et al. (2001)
Long-term evolution of the continents is characterised by repeated modification of the lithosphere during periods of tectonic rejuvenation 
Reactivation involves the repeated focussing of deformation along discrete pre-existing features, e.g. faults, shear zones or lithological contacts
Reworking involves the repeated focussing of metamorphism, ductile deformation & magmatism into the same crustal or lithospheric volume
Former controlled by mechanical properties of pre-existing structures, whilst latter is controlled by thermal structure & history of lithosphere (+ composition of lower crust)
[image: ]Tikoff & Teyssier (1998)
Lithosphere deformation is characteristically heterogeneous, focussed into localized deformation zones (LDZs) 

Faults, shear zones, dykes, compositional boundaries, orogens…..many of which are long lived & reactivated

So what controls their behaviour & the processes of tectonic inheritance?


[image: ]
(make figure consisten, if possible: lithospheric scale – basin scale – sub-basin scale)


If they are big: weak at all depths
[image: ]
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Examples: 
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Deformation zone networks
Larger, more interconnected LDZs require smaller volumes of weak fault rocks in order to form a through-going weak zone that controls overall strength

[image: ]
Imber et al (2001)
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Size and orientation
Big steep faults are pre-conditioned to slip:

Cut main load-bearing regions of lithosphere

Geometrically simpler, with fewer bends & offsets

The steeper it is, the smaller the length (area) that has to be reactivated….this may explain why…
[image: ]


Obliquity
Basement structures generally oblique to rift margin & extension vector

Reactivation leads to oblique non-plane strains: Transtension

[image: ]De Paola et al. (2005)
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Analogue modelling used very successfully to show how oblique reactivation leads to regional-scale complexity

Compared to natural examples on basin-scale

[image: ]
[image: ] Corti et al., (2012), Agostini et al. (2009)

Transfer zone complexity
[image: ]
Complexity due to influence & reactivation of variably oriented pre-existing structures in basement & cover
As a result Permian-age North Coast Transfer Zone more diffuse  & complex than classical models


SUMMARY
During crustal deformation, tectonic inheritance & reactivation influences deformation across a range of scales, but this is rarely straightforward
Large reactivated structures are weak: steeper structures especially so
The scales of faulting & displacement magnitudes associated with reactivation events may be modest BUT can lead to kilometre & smaller scale complexity: 
	Oblique non-plane strains (transtension/transpression) 
	Non-Andersonian, multimodal faulting
	Multi-scale domainal deformation with partitioning
	Earthquake-driven stress loading & failure of stable fracture set
Such complexity matters! It impacts significantly on the development of subsurface geological architectures & their economic importance, e.g.:
	Location & nature of fluid channelways/baffles
	Trap geometries
	Reservoir performance






Overall North Atlantic structure (Erik)
North Atlantic inheritance at different scales (observations and models/concepts)
The Wilson Cycle and modifications/extensions (Christian)
15/11/2017

In the early 20th century, observations of the shapes of the continents, rocks and palaeontology led to the proposal of the continental drift theory (Wegener 1922). The theory described the drift of the continents and the opening North Atlantic, however, geodynamic mechanism has not been suggested. Later, first mechanisms were proposed to explain the movement of the continental plates, utilising a convective system, an early form of plate tectonic theory /Holmes, 1928). Continental drift (proto-plate tectonics was, however, not accepted until the second half of the 20th century, during which a uniform plate tectonic theory was developed, including subduction, mantle convection, plate motions, seafloor spreading, continental collision and the distinction of continental and oceanic crust. First models were proposed in the 60s (Wilson, 1963). New, more and better Earth observation allowed a much more comprehensive understanding of Earth processes, especially in the deep. Improved seismological (Barzangi and Dorman, 1969; Isacks et al., 1968; Isacks and Molnar, 1971; McKenzie and Parker, 1967; Wilson, 1968), geodetic, geochemical analyses and measurement of seafloor magnetisation and age, bathymetry and crustal structure (Dietz and Holden, 1970; Le Pichon, 1968; Le Pichon and Heirtzler, 1968; Morgan, 1968) formed a much better picture of the Earth’s structure and positively tested predictions of the plate tectonic theory.
Given these new concepts tested by a steadily growing geophysical and geological database, Wilson (1966) proposed that the Atlantic Ocean has “closed and then reopened”. The palaeo-Atlantic (Iapetus Ocean) would have closed under subduction, continent-continent collision and mountain building, after which it would have opened along a similar trend as the Caledonian mountain range.
This major concept, that Oceans may close and open along similar trends has dominated our understanding of plate tectonics and the Earth’s behaviour since. The concept has been used for other Ocean (refs) and back in time. However, this general, yet major concept, did not have a conclusive answer for why and how this reopening of the Atlantic could happen (causes). During the following 50 years much more data has been acquired, new and revised concepts ad theories have been proposed, and, yet, the mechanisms behind this first order geodynamic hypothesis are still a matter of debate. The simplest explanation of explaining breakup of a continent along former orogens are that orogens represent the weakest zones in a recently assembled continent, hence, applied stresses will most likely deform these inherited weaknesses and inhomogeneities, rather than the stable continental interiors. This basic concept of reactivation/reworking/rejuvenation of  structural, compositional and thermal heterogeneities will be reviewed for the North Atlantic in this contribtution.
An early extension to plate tectonic theory and the Wilson Cycle was the proposition of the mantle plume, hot, buoyant active upwellings from the core-mantle boundary (Morgan). This concept has persisted until present, but has greatly developed. Some modern studies propose that Large Low Shear Velocity Zones (LLSVPs) at the core-mantle boundary may be the origin of these postulated mantle plumes (Burke, Torsvik) and that these are the cause of Large Igneous Provinces, mass extinction events and the disassembly of continents.
Despite the distinct original definition of a mantle plume to arise from the core-mantle boundary, much confusion has been caused by the nomenclature of a “plume”, including any kind of material upwelling in the upper or lower mantle. These areas of upwelling are often interpreted in areas of low seismic wave velocities and are often interpreted as high temperature anomalies, even though other anomalies such as composition and the presence of volatiles could also be the causes of these velocity anomalies.
The concept has been extended ion several ways. For example, since the 200s(?), supercontinent cycles have been proposed in the literature, a recurrent assembly and disassembly of supercontinents through time. This concept enters the discussion of when plate tectonics stared. Related concepts are continental insulation to cause mantle thermal anomalies that may induce upwelling and continental breakup. (Nance, Murphy). Other studies aim to include observation that are not covered by the classc Wilson cycle, such as intraplate compression or extension (Heron, …)
New directions of the Wilson Cycle (Whitmeyer et al., 2007)
Some observations indicate that the North Atlanitc region has been subject to not only one, but several Wilson Cycles (Grenvillian, Caledonian, Valhalla) (Cawood et al., 2010; Lorenz et al., 2012; Thomas, 2006)
Despite the fact that the Wilson Cycle theory is able to explain many Earth observations, the concept does not apply everywhere
Formation of Cratons – no reopening? Precambrian orogens (Urals, Hudson bay, Greenland) (in Wilson cycle tehroy?)
Contienntal breakup through orogenic fronts (LS-BB).

Wilson (1966)


Wilson (1966)

[image: ] Fichter

British Caledonides
Dewey (1969)

Multiple “Wilson Cycles”?
[image: ] Thomas (2006)

Extensions/modifications/exceptions:
Intraplate deformation (Heron 2016)
Supercontiennt cycle: Nance, Murphy
Exceptions: Buiter, Torsvik 2014 (where does it work, where not?)
Tranform margins (Tony)




Lithospheric scale reactivation 

Main points:
Isotropic strength (different composition)
Thermal state (orogenic lithosphere, thickness of crust – heat production, thickness of lithosphere – thermal gradient)
Anisotropy (weak direction along orogenic axis)
High topography of orogens (gravitational collapse)
Structures/weaknesses (“seeds” of rifting and localisation of deformation)


[bookmark: _Hlk497899109]Rheology, composition, thermal state and structure of the lithosphere and numerical modelling of the lithosphere (Kenni)
10/11/2017 CS

Rheology, composition and numerical modelling of the lithosphere (Kenni)
thermal history, crustal and lithospheric thickness (Kenni)
(Brune et al., 2014; Chenin et al., 2015b; Duretz et al., 2016; Huismans and Beaumont, 2011; Jammes and Lavier, 2016; Petersen and Schiffer, 2016; Precigout et al., 2007; Simon et al., 2009; Simon and Podladchikov, 2008; Svartman Dias et al., 2015; Wenker and Beaumont, 2017; Yamasaki and Gernigon, 2010)
development of mantle fabrics/textures (Christian)
10/11/2017 CS
13/11/2017 CS
15/11/17 CS

Rifts and continental breakup tend to follow previous mountain belts (with some exceptions), which inherit the fabric of their formation (ductile planes, faults, shear zones, foliations) (Tommasi and Vauchez, 2001).
Olivine lattice in mantle!!! (Tommasi and Vauchez, 2001).
The repeated reworking of the lithosphere and fabrics in mobile belts make the weaker compared to stable Cratons that haven’t been reworked for long time scales and rifting prefers (mostly) to deform these weakened (and warm?) lithosphere (Cloetingh et al., 1995; Corti et al., 2007; Rey et al., 2001)
Fabrics: slaty cleavages, close-spaced joints/beddings, laminations, flow layers, metamorphosed rocks, foliations, schists/gneisses
These fabrics may follow regional trends of foliation in metamorphic basement. Large rock volumes down to micro scale. High mechanimcal anisotropy s1, s3!!!
Fault trends, anisotropy, strength of rocks,
Fabruics may control the general trend of faulting, most rifts and passive margins are fabric-parrallel 
Pre-existing fabrics also affect overlying lithology during extension by defining new fractures parallel to the fabric 
Transfer faults can form along anisotropic direction (Chattopadhyay and Chakra, 2013)
Pre-existing fabrics and offset angles between rift zones influence transfer zones (Corti et al., 2004)¨
Initital
Overview/review (Misra, 2016)
Other references: (Krabbendam and Barr, 2000; Manatschal et al., 2015; Tommasi et al., 2009; Tommasi and Vauchez, 2001, 2015, Vauchez et al., 1997, 1998; Vauchez and Barruol, 1996)

Note: Breakup and Caledonian axes seem orthogonal. However, sinistral transpression during Caledonian Orogeny (Dewey and Strachan, 2003; Soper et al., 1992) could have caused a fabric tilted to that of the main Caledonian Orogen.

Seismic snisotropy NA: (Gilligan et al., 2016; Wagner et al., 2012; White-Gaynor and Nyblade, 2017; Zhu and Tromp, 2013)
Belt-parallel seismic anisotrpy: (Barruol et al., 2011; Huang et al., 2006)

post-orogenic collapse, erosion, exhumation, eduction (Christian)
10/11/2017 CS
13/11/2017 CS

General references: (Andersen, 1998; Dewey, 1988; Dewey et al., 1993; Dunlap and Fossen, 1998; Fossen, 2010; Rey et al., 2001)
the concept of orogenic collapse was first described in 197.. by Dewey describing the rapid extensional tectonics and disintegration of orogens, after compressional tectonics have seized. 
The driving force of orogenic collapse is the overbuilding of topography that causes a large “ridge-push” produced by high geopotential energy gradients across a mountain ridge that may be partly balanced during active orogeny by compressional tectonic forces, but will dominate, once the convergence of two plates has fated. Because of its rather short time scale, compared to the built-up of the mountain ridge, it is called “collapse”.
Syn-orogenic extensional tectonics is also observed, and this is mostly depth dependent, e.g. while the orogen may still be under compression the shallow layers experience extension so high that topography is already diminished in form of normal faulting or crustal flow.
“Post-orogenic collapse” maybe not a timely distinct mechanism, likely a transition, long process that already starts during/after early orogenic phases (Viete et al., 2010)
Post- or syn orogenic Scan Caledonides (Fossen, 2000)
Crustal-scale rheological transitions during late-orogenic collapse (Vanderhaeghe and Teyssier, 2001)
Thermal-mechanical evolution of orogenic belts (Vanderhaeghe, 2012)
GPE: Schiffer & Nielsen
Are the alps collapsing? (Selverstone, 2005)
[bookmark: _GoBack]Analytical models: (Jadamec et al., 2007)
Devonian Basins


Eduction/ exhumation of high pressure rocks
Platt, Terra Niova, 1993
Andersen, Jamtveit et al., Terra Nova 1991
Hartz et al., Tectonic 2001
Walsh Hacker, J etamorphic Geol, 2004
Brueckner, van Rermund, Tectonic, 2004
Warren, Solid Earth, 2013 (concepts and mechanisms)


Role of transforms (Tony)
Inheritance and magmatism
10/11/2017 CS

From Schiffer et al. 2017 Wilson Cycle paper (include Chenin paper):
Factors including the thermal state of the crust and mantle, small scale convection, upwelling, composition, volatile content, and lithospheric and crustal structure may all play roles (Asimow and Langmuir, 2003; Brown and Lesher, 2014; Chenin et al., 2015a; Foulger et al., 2005; Hansen et al., 2009; Hole and Millett, 2016; King and Anderson, 1998; Korenaga, 2004).
Inheritance may influence the amount of volcanism produced in the North Atlantic because volcanic passive margins preferentially develop in regions of heterogeneous crust where Palaeozoic orogenic belts separate Precambrian terranes. Inversely, magma-poor margins often develop in the interiors of orogenic belts with either uniform-Precambrian or younger-Palaeozoic crust (Bowling and Harry, 2001). For example, the intersection of the East Greenland-Flannan fossil subduction zone with the North Atlantic rift axis correlates spatially and temporally with pre-breakup magmatism, the formation of JMMC and the occurrence of the Iceland melt anomaly along the sub-parallel GIR (Schiffer et al., 2015b).
Prior to breakup (ca. 55 Ma), magma was dominantly emplaced along and south-west of the proposed East Greenland-Flannan fossil subduction zone (Fig. 2) (Torsvik et al., 2002; Ziegler, 1990). This may be partly an effect of the south-to-north “unzipping” of the pre-North Atlantic lithosphere. Other processes that produce enhanced mantle melting are increased temperature, mantle composition and active asthenospheric upwelling (Brown and Lesher, 2014). The zonation of areas with and without magmatism may suggest that the proposed structure is a boundary zone between lithospheric blocks of different composition and rheology that react differently to applied stresses. Different relative strength in crust and mantle lithosphere, for instance, could cause depth dependent deformation, where thinning is focussed in the mantle lithosphere (Huismans and Beaumont, 2011). Petersen & Schiffer (2016) demonstrated that extension of orogenic lithosphere with thickened crust (>45 km) leads to depth-dependent thinning where the mantle lithosphere breaks earlier than the crust and as a result encourages pre-breakup magmatism. Indirectly, sub-continental mantle heterogeneities may encourage localisation of deformation leading to rapid and sudden increase in lithospheric thinning (Yamasaki and Gernigon, 2010). These processes could contribute to pre-breakup adiabatic decompression melting (Petersen and Schiffer, 2016). Enhanced magmatism could also be caused by a lowered solidus due to presence of eclogite (Foulger et al., 2005), water in the mantle (Asimow and Langmuir, 2003) or CO2 (Dasgupta and Hirschmann, 2006). Atypical magmatism is, surprisingly, observed along the interpolated axis of the proposed fossil subduction zone than elsewhere. It currently coincides with the GIFR where igneous crustal thickness is inferred to be greatest (Bott, 1983; Funck et al., 2016b; Holbrook et al., 2001b; Mjelde and Faleide, 2009; Smallwood et al., 1999). However, it is unclear whether the entire thickness of “Iceland type crust” (Bott, 1974; Foulger et al., 2003) has crustal petrology (Foulger et al., 2003; Foulger and Anderson, 2005). 
Higher water contents have been recorded in basalts and volcanic glass in the vicinity of the fossil subduction zone (the Blosseville Kyst, East Greenland, Iceland and one sample from the Faroe Islands, see Fig. 2) than in regions further away from Iceland (West Greenland, Hold with Hope, Reykjanes Ridge) (Jamtveit et al., 2001; Nichols et al., 2002). This is consistent with a hydrated upper mantle source as a consequence of melting Caledonian subducted materials (Schiffer et al., 2015b). Water in the mantle may also contribute to enhanced melt production and thus unusually thick igneous crust (Asimow and Langmuir, 2003).
The formation of the Iceland Plateau (>18 Ma) followed extinction of the Aegir Ridge and full spreading being taken up on the Kolbeinsey Ridge (Doré et al., 2008). This spreading ridge migration was contemporaneous with far-field plate tectonic reconfigurations, cessation of seafloor spreading in the Labrador-Baffin Bay system (Chalmers and Pulvertaft, 2001) and a global change of Greenland plate motion from SW-NE to W-E (Abdelmalak et al., 2012; Gaina et al., 2009).
Microcontinent formation (Laurent Gernigon, Christian)
10/11/2017 CS

Based on Wilson Cycle paper and Laurent’s ESR paper:
An element of the North Atlantic evolution that does not follow the classic concepts of the Wilson Cycle (Buiter and Torsvik, 2014; Huerta and Harry, 2012; Thomas, 2006) is whether rejuventation of inheritance can explain the formation, location and structure of microplates such as the JMMC (Schiffer et al., 2015b). Understanding the formation of continental fragments is crucial to understanding continental breakup (Lavier and Manatschal, 2006; Peron-Pinvidic and Manatschal, 2010). Microcontinents and continental ribbons represent one category of continental fragments produced during rifting and breakup (Lister et al., 1986; Peron-Pinvidic and Manatschal, 2010; Tetreault and Buiter, 2014). 
Relationships between pre-existing structures and the formation of large-scale shear and fracture zones, oceanic transforms or other accommodation/deformation zones have been proposed in previous work (Bellahsen et al., 2013; de Castro et al., 2012; Gerya, 2012; Gibson et al., 2013; Mohriak and Rosendahl, 2003; Taylor et al., 2009; Thomas, 2006). The location, orientation and nature of fracture zones in the North Atlantic may be linked to lithospheric inheritance (Behn and Lin, 2000). For example, the Charlie-Gibbs Fracture Zone between Newfoundland and the British/Irish shelf has been linked to the location of the Iapetus suture and inheritance of compositional and structural weaknesses (Buiter and Torsvik, 2014; Tate, 1992). The Bight Fracture Zone might be linked to the Grenvillian front, which is exposed in Labrador (Lorenz et al., 2012). Other deformation zones may correlate with Precambrian basement terrane boundaries in Scandinavia. These are overprinted by Caledonian deformation, obscuring older relationships (cf. CDF in Fig. 2) and generating new orogenic fabrics (Vauchez et al., 1998). The westward extrapolation of the northern Sveconorwegian suture may correlate with the East Jan Mayen Fracture Zone (EJMFZ), whilst extrapolation of the Svecofennian-Karelian suture may correspond to the formation of the Senja Fracture Zone (SFZ) (Doré et al., 1999; Fichler et al., 1999; Indrevær et al., 2013). Extrapolation of the Karelian-Lapland Kola terrane suture converges with the complex DeGeer Fracture Zone that marks the transition of the North Atlantic to the Arctic Ocean (Engen et al., 2008). These correlations suggest that Precambrian basement inheritance localises strain during initial continental rifting. However, the exact location and grade of deformation of Precambrian sutures under the Caledonides and the highly stretched continental margins is often poorly known or not known at all. Thus, any correlation is speculative and requires future work.
The JMMC is bound by two tectonic boundaries including the East and West Jan Mayen Fracture Zones in the north and the Iceland-Faroe accommodation zone (IFAZ) in the south (Schiffer et al., in press). These tectonic boundaries accommodated and allowed the non-rigid microplate to move independently from the surrounding North Atlantic oceanic domains (Gaina et al., 2009; Gernigon et al., 2012, 2015).
The IFAZ may represent a key to understanding the North Atlantic geodynamic evolution and the formationof the JMMC. Our favoured tectonic scenario includes oceanic spreading axes that propagated simultaneously southward from the Arctic (Mohns and Aegir Ridge) and northward from the Central Atlantic into the North Atlantic (Reykjanes Ridge) (Doré et al., 2008), but have never merged in the area between the British Isles, Norway and Greenland (Ellis and Stoker, 2014; Gernigon et al., 2012, 2015; Schiffer et al., in press; Stoker et al., 2017). The IFAZ, as a consequence of this, would represent a complex discontinuity zone along the present-day IFR comprising fragments of continental crust may be preserved together with discontinuous and/or overlapping oceanic fragments between the Reykjanes, Aegir and Kolbeinsey ridges later affected by significant magmatic overprint (the Icelandic “swell”, (Bott, 1988). In the geodynamic context, it may have formed along the fossil subduction zone proposed to have existed between the East Greenland and British/Irish margins (Schiffer et al., in press).
The JMMC is separated from the main continental conjugate margins by two or more spreading ridges. The cause, history and processes leading to relocalisation of the complex are not well understood. Suggested mechanisms include thermal weakeneing of the lithosphere by an impacting mantle plume (Gaina et al., 2003; Mittelstaedt et al., 2008; Müller et al., 2001), global plate-tectonic reorganisation (Collier et al., 2008; Gaina et al., 2009), and ridge "jumps" that exploit inhomogeneities, weaknesses and rheological contrasts in the continental lithosphere after the abandonment of a previous spreading ridge (Abera et al., 2016; Sinha et al., 2016). This could be nascent or inherited underplating (Yamasaki and Gernigon, 2010) and/or fossil suture zones (Petersen and Schiffer, 2016).  Strike-slip mechanisms under different transtensional and transpressional stress regimes have also been proposed to generate microcontinents (Nemčok et al., 2016). Microplates can also result from crustal fragmentation during volcanic margin formation by large-scale continent-vergent faults formed/activated by strengthening of the deep continental crust – the so-called “C-Block” mechanism (Geoffroy et al., 2015). Earlier models explain the separation of continental lithosphere, independently of the presence of any kind of mantle anomalies (Auzende et al., 1980), an early overlapping configuration could be a key condition required for microcontinent formation as earlier put forward by Auzende et al. (1980) and Unternehr, (1982). Koehn et al. (2008) also show in a similar way that even stable and relatively homogenous (e.g. a model) lithosphere under extension can develop into a microplate system just by natural overlap of rift segments.
Recently, a model for the formation of the JMMC was proposed linking rejuvenation of old and pre-existing orogenic structures to global plate tectonic reconfigurations, independent but not excluding thermal or upwelling anomalies in the mantle (Schiffer et al., in press). The main principle is the reorientation of the regional stress field in the Eocene that rejuvenated pre-existing structures with favourable orientations. This caused relocalisation of extension and spreading ridges resulting in the formation of a microplate between the large European and American/Greenland continental plates. Our model closely follows that of (Whittaker et al., 2016), with the extension that sub-crustal inhomogeneities are utilised as a physical and compositional weak zone that helps to accommodate a second axis of breakup (Petersen and Schiffer, 2016; Yamasaki and Gernigon, 2009, 2010). Plate tectonic reorganisations and rejuvenation of pre-existing structures may not be the only controls on continental breakup, but they may be the dominant ones in the case of the JMMC. In areas where no microplate formation is observed continental breakup followed the youngest, weakest Caledonian collision zone, the Scandian, west-dipping subduction in Scandinavia. This may have been better aligned with the ambient stress field during rifting and/or breakup. Following the model of Petersen & Schiffer (2016), the remnants of this subduction zone or other inherited orogenic structures may now be distributed along the Mid-Norwegian margin as pre-breakup HVLCB (Christiansson et al., 2000; Fichler et al., 2011a; Gernigon et al., 2006; Mjelde et al., 2013, 2016; Nirrengarten et al., 2014; Wangen et al., 2011). The subduction zone was already deformed in the Norwegian North Sea by rifting subsequent to the Permo-Triassic and is still preserved as a large HVLCB beneath the North Sea rift (Christiansson et al., 2000; Fichler et al., 2011a). A stronger, east-dipping subduction zone in East Greenland, may also have been deformed but did not accommodate breakup. Continental rifting and possible overlapping of the Reykjanes and Mohns ridge leading initiating the JMMC formation (Gernigon et al., 2015, 2012) may have been promoted by the presence of this deep-rooted weak zone. 
The direct implication of this JMMC model in the context of the NEA also suggests that the GIFR or at least the Faroe-Iceland Ridge part should remain partly continental since the Reykjanes and Aegir Ridge never fully connected. Ultimately the GIFR most likely break apart not at C24 as often suggested in the literature (REF) or slightly later during Oceanic Phase I but much later and possibly when the JMMC finally dislocate from Greenland around anomalies chron C6B. This age (~24 Ma) most likely correspond with the ultimate and complete lithospheric breakup of the entire NEA.
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Lower crustal bodies/High velocity lower crust (Laurent Gernigon, Christian)
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Include: Abdelmalak et al., (2017) T-reflection.
Based on Petersen and Schiffer (2016), Schiffer et al., (Wilson Cycle Spec Pub), Laurent ESR manuscript:
Passive margins accommodate the transitional thinning of the continental crust towards the oceanic sea floor (Fig. 1) and, thereby, represent the locations at which continents broke apart. The study of the passive margin structure can, thus, reveal information on the role of inheritance during breakup and thinning.
High-velocity, lower-crustal bodies (LCBs) are observed along many passive continental margins (Funck et al., 2016a; Lundin and Doré, 2011) and have been traditionally associated with magmatic underplating or magmatic intrusions and cumulates into or underneath the lower continental crust of passive margins during breakup (Eldholm and Grue, 1994; Mjelde et al., 2007; Olafsson et al., 1992; Ren et al., 1998; Thybo and Artemieva, 2013; White et al., 2008). The LCBs at magma-rich margins often share similar geophysical properties with those of exhumed and serpentinised mantle at magma-poor margins and are potentially difficult to distinguish with geophysical methods leading to ambiguous interpretations (Gernigon et al., 2004a; Mjelde et al., 2002; Ren et al., 1998; Schiffer et al., 2016a). 
With improved data coverage and quality in the recent decades alternative interpretations have been propose. It has also been suggested that part of the continental LCBs may be remnants of inherited metamorphosed crust or hydrated meta-peridotite that existed prior to initial rifting and continental breakup (Ebbing et al., 2006; Fichler et al., 2011a; Gernigon et al., 2004b, 2006; Mjelde et al., 2013; Nirrengarten et al., 2014; Schiffer et al., 2015a, 2016a; Wangen et al., 2011). LCBs with higher than normal mantle velocities (e.g. Fig. 1a-c) have been interpreted as eclogite bodies genetically linked to earlier suturing events (Gernigon et al., 2006; Mjelde et al., 2013). Similarly, dipping sub-crustal velocity anomalies along the margins of East Greenland and Scotland, respectively, (Fig. 1a,c)  have been interpreted as relict, metamorphosed or metasomatised thrusts/subduction zones formed during the Caledonian orogeny or earlier orogenies (Abramovitz and Thybo, 2000; Schiffer et al., 2014; Snyder and Flack, 1990; Warner et al., 1996).
LCBs with lower than normal mantle seismic velocities (but higher than for normal lower crust) at the magma-rich Norwegian passive margins (e.g. Fig. 1a,b) have also been interpreted as syn-rift hydrated (serpentinised) mantle (Lundin and Doré, 2011; Mjelde et al., 2002; Peron-Pinvidic et al., 2013; Ren et al., 1998; Reynisson et al., 2010). An alternative mechanism for the presence of serpentinite in the crust-mantle-boundary region could be the presence of water transported into the mantle through Caledonian or older subduction (Fichler et al., 2011b; Schiffer et al., 2015a)
Pre-rift LCBs in form of eclogitised/metamorphosed lower crust, fossil subduction zones or pre-existing hydrated mantle form rheological inhomogeneities in the lithosphere and control the style and location of breakup and the structure of the passive continental margins (Petersen and Schiffer, 2016; Yamasaki and Gernigon, 2009, 2010)
Mjelde et al. (2013) have identified a number of such “orogenic” LCBs along different parts of the North Atlantic passive margins (the South- and Mid-Norwegian margin, East Greenland margin, SW Barents Sea margin, Labrador margin), which may have higher than normal upper mantle velocities (Vp > 8.2 km/s). These may comprise eclogitised crust and be part of the Iapetus Suture. (Petersen and Schiffer, 2016) proposed a mechanism to explain the presence of old inherited HVLCB beneath the rifted margins and concluded that they could represent preserved and subsequently deformed pre-existing subduction/suture zones that were activated during rifting and continental breakup. Eclogite in a fossil slab has a similar but weaker rheology than the surrounding “dry olivine” lithosphere (Zhang and Green, 2007), while a fossil, hydrated mantle wedge acts as an effective and dominant weak zone. Eclogites of the Bergen Arcs (Norway) show softening due to fluid infiltration (Jolivet et al., 2005). These ultra-high velocity LCBs are distributed primarily along the mid-Norwegian margin and the Scoresbysund area in East Greenland (Mjelde et al., 2013). This suggests that at least one fossil subduction zone may have been subject to rift-related deformation and exhumation (Petersen & Schiffer 2016).
Structures in the Central Fjord area of East Greenland (Schiffer et al., 2014), the Flannan reflector in northern Scotland (Snyder and Flack, 1990; Warner et al., 1996) and the Danish North Sea (Abramovitz and Thybo, 2000) have been interpreted as preserved orogenic structures of Caledonian age (i.e. fossil subduction or suture zones) (Fig. 2). (Schiffer et al., 2015b) proposed that the Central Fjord structure and the Flannan reflector once formed a contiguous eastward-dipping subduction zone, possibly of Caledonian age, that may have influenced rift, magmatic, and passive-margin evolution in the North Atlantic (Figure 2). Combined geophysical-petrological modelling of the Central Fjord structure suggests it comprises a relict hydrated mantle wedge associated with a fossil subduction zone (Schiffer et al., 2015a, 2016a). The most recent Caledonian subduction event was associated with the Scandian phase leading to the westward subduction of Iapetus crust (Gee et al., 2008; Roberts, 2003). Evidence of this subduction zone in the form of a preserved slab has not been detected in the lithospheric mantle of the Norwegian Caledonides. However, structures in the crust and upper mantle in the Danish North Sea detected by the Mona Lisa experiments (Abramovitz and Thybo, 2000) might be the trace of this subduction. LCBs indicative of eclogite along the Mid-Norwegian margin (Mjelde et al., 2013) and Norwegian North Sea (Christiansson et al., 2000; Fichler et al., 2011a) might also represent deformed remnants of the Scandian subduction.
Figures:
1) Classic NA cross section swhwing LCBs
2) Dipping reflectors (East Greeland, Scorland, Danish North Sea, Barents Sea)
3) Petersen+Schiffer rift model?
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Labrador Sea-Baffin Bay-West Greenland
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The Northwest Atlantic Ocean is located between West Greenland and Northeastern Canada. This transform and extinct spreading system comprises the Labrador Sea in the south, which is connected to and offset from Baffin Bay in the north through the Ungava Fault Zone, a transform fault system running through the Davis Strait bathymetric high (Fig. x). The Labrador Sea, Davis Strait, and Baffin Bay formed due to multiphase, divergent motion between Greenland and North America (Chalmers and Pulvertaft, 2001; Hosseinpour et al., 2013). The first extensional stage, from at least the Early Cretaceous, but potentially earlier (Larsen et al., 2009), to magnetic chron 25 (56 Ma), is characterised by regional NE-SW extension (Abdelmalak et al., 2012). This NE-SW extension culminated in breakup and the propagation of seafloor spreading in the Labrador Sea from south to north in the Early Tertiary from 61 to 56 Ma (magnetic chrons 27 to 25; (Chalmers and Laursen, 1995). During this stage, the Davis Strait underwent continental rifting but not breakup (A. Peace et al., 2017b; Suckro et al., 2013). In Baffin Bay, oceanic spreading also occurred simultaneously during this first stage, although probably not as extensively as in the Labrador Sea (Hosseinpour et al., 2013; Jackson et al., 1979). During the second stage, between magnetic chron 20 (45 Ma) and chron 13 (36 Ma) (Roest and Srivastava, 1989), the regional extension direction changed to NNE-SSW (Abdelmalak et al., 2012). This resulted in seafloor spreading becoming oblique and slowing in the Labrador Sea, and probably Baffin Bay (Hosseinpour et al., 2013), until it entirely relocated to the east of Greenland at 36 Ma (Roest and Srivastava, 1989). This reorganization coincided with transform development in the Davis Strait, which may have also resulted in small amounts of oceanic crust being produced along leaky transform faults (Funck et al., 2007a).
As with the other North Atlantic domains in this review, multiple aspects of the Mesozoic-Cenozoic development of the northwest Atlantic appear to have been profoundly influenced by inheritance from pre-existing structures (Fig. y). These include fault geometry and kinematics, transform system development in the Davis Strait, fracture zone location, incomplete breakup in the Davis Strait, and the nature and spatio-temporal distribution of rift-related magmatism (Balkwill, 1987; Foley, 1989; Jauer et al., 2014; A. Peace et al., 2017b; A. L. Peace et al., 2017; Wilson et al., 2006).
The Labrador Sea, Labrador, and Southwest Greenland
The structural and magmatic development of the Labrador Sea and its margins has been influenced by inheritance of pre-existing structures (Jauer et al., 2014; McWhae, 1981). First, the orientation of the extinct Labrador Sea spreading axis, and thus the location of breakup, has been claimed to have been controlled by pre-existing basement lineaments as it lies parallel to Precambrian normal faults (McWhae, 1981). At the basin scale, the interpretation of seismic and gravity data has shown that basin architecture on the Labrador margin was strongly influenced by the reactivation of basement structures, which has controlled deformation of the overlying sedimentary section (Jauer et al., 2014).
The conjugate margins of the Labrador Sea display significant structural and magmatic asymmetry (Chalmers and Pulvertaft, 2001; Keen et al., 2017; Peace et al., 2016; Welford and Hall, 2013). This asymmetry may have been induced due to inheritance from previous tectonic structures which prompted the establishment of asymmetric rifting. Elsewhere, variations in the strength of the pre-rift lithosphere have been shown to lead to such asymmetries (Corti et al., 2007). Furthermore, this deformation style indicates that the Greenland lithosphere may have been weaker prior to rifting compared to the conjugate lithosphere comprising the Labrador margin, which again may have resulted from inherited variations in the pre-existing lithospheric rheology (Welford and Hall, 2013). 
Finally, fracture zone development in the Labrador Sea has also been attributed to structural inheritance (Welford and Hall, 2013). For example, the Cartwright Fracture Zone on the Labrador margin is interpreted to represent the western extension of the Julian Haab Fracture Zone on the Greenland margin (Fig. x), and both fracture zones roughly correspond with the offshore extension of the Grenville Front (Roest and Srivastava, 1989; Srivastava, 1978b) and may be inherited from that orogeny (Welford and Hall, 2013). 
The Davis Strait and central West Greenland
Suckro 2013
As with the other areas considered in this section, the formation of the Davis Strait and surrounding onshore regions has also been influenced by pre-existing structures (Chalmers et al., 1999; Døssing, 2011; Geoffroy et al., 2001; Klint et al., 2013; A. Peace et al., 2017b; Wilson et al., 2006).
At the regional scale, it has been recognised that the transform geometry of the Davis Strait was probably influenced by a pre-Phanerozoic basement discontinuity (Geoffroy et al., 2001). Such a discontinuity may correspond to the Palaeozoic Torngat-Nagssugtoqidian orogenic belts (Grocott and McCaffrey, 2016; van Gool et al., 2002), which were less susceptible to rift propagation (A. Peace et al., 2017b). Furthermore, these orogenic terranes may have provided a barrier to rift propagation, resulting in the preservation of thicker, continental-affinity crust and lithosphere in the Davis Strait (A. L. Peace et al., 2017), a scenario linked with magmatism in modelled scenarios (Koopmann et al., 2014).
At the basin scale, offshore seismic reflection studies in the Davis Strait and field studies in the adjacent onshore regions indicate that the geometry and kinematics of Mesozoic faulting were controlled by the reactivation of inherited pre-existing structures (A. Peace et al., 2017b). In particular, during the earlier NE-SW extension, this manifested as oblique normal reactivation of the NE-SW and NW-SE fault sets (Abdelmalak et al., 2012), and possible normal reactivation of a NNW-SSE fault set (A. Peace et al., 2017b). In the second rifting stage, when the regional extension vector changed to ~N-S (Abdelmalak et al., 2012), the sinistral Ungava transform fault system developed in the Davis Strait due to the lateral offset between the Labrador Sea and Baffin Bay that was established during the earlier phase of deformation (A. Peace et al., 2017b). It has also been demonstrated that onshore structures such as the Nordre Strømfjord shear zone, the Nordre Isortoq shear zone, and the Ikertôq thrust zone (Fig. x) may correspond to major structural divisions offshore (A. Peace et al., 2017b). Finally, it has been shown that in the Davis Strait, some reactivated faults may have larger throws than the non-reactivated faults, demonstrating the importance of such processes in the basin development (Alsulami et al., 2015). 
Baffin Bay, Northeast Greenland, and the Canadian Arctic (requires more work and citations, I will add!)
Northern Baffin Bay: (Altenbernd et al., 2016) sees cont. in Nares Str, oceanic crust in BB and no LCB
(Altenbernd et al., 2015)
(Altenbernd et al., 2014)
Jackson and Reid 1994
Reid and Jackson 1997
Funck et al. 2006
Suckro 2012
Funck 2012
Of the sub regions comprising the Northwest Atlantic in this review, Baffin Bay has received the least research attention, and thus the understanding of the role of tectonic inheritance in this domain is limited compared to the other regions. However, a body of work still documents the role of structural inheritance in this region, particularly during the Eurekan Orogeny (Oakey and Stephenson, 2008; Piepjohn et al., 2016; Schiffer and Stephenson, 2017; Stephenson et al., 2017).
First, the Moho topography inferred from seismic refraction experiments in northern Baffin Bay has been interpreted as resulting from the reactivation of large-scale pre-existing structures (Jackson and Reid, 1994). Furthermore, ~N-S faults produced during Cretaceous rifting were reactivated during the Paleogene deformation phase, when Greenland moved north with respect to North America (Gregersen et al., 2016). Also during the ~N-S deformation phase, the northward movement of Greenland resulted in the Eurekan orogeny, focused on Ellesmere Island (Oakey and Chalmers, 2012; Oakey and Stephenson, 2008; Piepjohn et al., 2016). The convergence between Greenland and North America caused complex reactivation of Palaeozoic and Proterozoic structures with substantial compressional deformation, crustal shortening and orogenic uplift across the Canadian Arctic Islands (Oakey and Stephenson, 2008; Piepjohn et al., 2016; Schiffer et al., 2016b; Schiffer and Stephenson, 2017; Stephenson et al., 2017). Furthermore, it is the interaction between the pre-existing geometry of the region and the change in extensional vector (Abdelmalak et al., 2012) that ultimately resulted in the Eurekan Orogeny.
In addition to being linked to the development of the Atlantic, Baffin Bay is also linked to the development of the Arctic Ocean (Doré et al., 2015b). Reactivation of Palaeozoic structures during the development of the Arctic Ocean, and possibly Baffin Bay, has been documented using rift-related dykes on Ellesmere Island (Thórarinsson et al., 2015). Thórarinsson et al. (2015) recognised variations in the location stress field during rifting, which they interpret to be related to rift-reactivated Palaeozoic faults.
Saumur, Doessing?
Tectonic inheritance and magmatism in the Northwest Atlantic (I would actually have this a little less pro-and-contra plume, why not just say what the role of inheritance is, rather than saying either or)
Rift, breakup, and post-breakup magmatism on the margins of the Northwest Atlantic is widespread, both spatially and temporally, ranging in age from Pre-Cretaceous to Eocene-Oligocene, including the adjacent onshore regions  (Gill et al., 1992; Larsen et al., 2009) (Fig. x). The potential interplay between tectonic inheritance and magmatism in the Northwest Atlantic has been documented by a plethora of previous contributions (Foley, 1989; Larsen et al., 1992; A. L. Peace et al., 2017; Tappe et al., 2007). Continent-scale pre-existing structures may have controlled the prevalence of rift and breakup related magmatism (Larsen et al., 1992; A. L. Peace et al., 2017). 
Proponents of the mantle plume hypothesis to explain the Tertiary magmatism in Davis Strait claim that lithospheric thin spots may have allowed the pooling of mantle plume material, controlling the location of magmatism (Larsen et al., 1992). However, this explanation fails to account for the fact that the lithosphere of the Davis Strait is currently thicker than its surroundings (Funck et al., 2007b; A. L. Peace et al., 2017). An alternative mechanism to explain the spatial-temporal distribution of magmatism in the Northwest Atlantic that also draws upon the role of pre-existing structures is provided in (A. L. Peace et al., 2017). In this model, the Palaeozoic Torngat-Nagssugtoqidian orogenic belts may have provided a barrier to rift propagation, a scenario that numerical modelling suggests is capable of producing large volumes of melt (Koopmann et al., 2014). 
Regional conclusions
Overall, pre-existing structures profoundly influenced the nature of the incomplete breakup of Greenland and Canada to form the Labrador Sea – Baffin Bay rift, transform, and extinct spreading system in a variety of ways, at a range of scales. It is clear that without the influence of pre-existing structures, the manifestation of deformation and magmatism cannot be easily explained during either of the rifting phases that are interpreted in the Northwest Atlantic region. Finally, it is plausible that unfavourably oriented pre-existing structures may have resulted in the failure of the Northwest Atlantic to undergo complete breakup, and thus may provide an adequate explanation for the final opening of the Northeast Atlantic to the East of Greenland (A. Peace et al., 2017b).
Figures
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Fig. x
Overview of the Northwest Atlantic rift, transform, and spreading system. Bathymetric data is from the NOAA Etopo1 global relief model. BB= Baffin Bay; BI = Baffin Island; DS = Davies Strait; EI = Ellesmere Island; GR = Greenland; LA = Labrador; LS = Labrador SeaRR = Reykjanes Ridge.
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Fig.  y
A-C) Schematic summary of previously documented occurrences of structural reactivation in the Northwest Atlantic (Jackson and Reid, 1994; McWhae, 1981; A. Peace et al., 2017b; Welford and Hall, 2013) in addition to pre-rift basement terranes depicted on (St-Onge et al., 2009), in addition to the two regional extension directions of (Abdelmalak et al., 2012) on B) and C).

Sub-basin to grain scale 
Overview (Bob)
Reactivated fault styles and observations (Bob)
Fault growth and propagation: effects of inheritance (Ken)
· Processes that control fault inheritance
· Basement controls, e.g. fabrics Morley (2004) weak zones (Molnar et al 2017)
· Transtensional tectonics & partitioning (De Paola et al, 2006, Wilson et al 2006)
· Oblique rifting induced by pre-existing orogenic fabrics, e.g. Bartholomew et al (1993)
· Pre-existing rifts, e.g. Devonian, Permo/Trias basins – analogue models of Bellahsen & Henza et al (2011)
· Role of transforms? (e.g. Dore & Lundin)
· Fault growth models (Walsh et al 2002) – Inheritance favours the constant length growth model and rapid strain localisation (basin/margin evolution).
[image: ] Morley (2004)
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· N. Atlantic
 e.g. Shannon 1991, Dore et al 1997, Roberts et al 1999.
Senja/De Geer sheared margin, Sørvestsnaget Basin, Faleide et al 2008; Kristensen et al (2017) 
SW Barents Sea margin (Indrevær et al 2013)
Newfoundland/Iberia (Welford et al 2012)
Other examples?
· North Sea, UKCS
Older studies, Bartholomew et al 1993, Roberts & Holdsworth (1999). WOB Dichiarante (2016). Møre Trøndelag FC – Gabrielsen et al (1999)
Zig Zag faults – Lofoten margin (Henstra et al)
Basement fault reactivation, S. Norway – Phillips et al (2016), NNS – Falikhani et al (2017)
Multiple rifting events, CNS, Deng et al (2017)
Other examples?
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Discussion (under construction)
The Wilson Cycle revisited
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Major peculiarities in the CNAR, such as the Greenland-Iceland-Faroe Ridge, the Iceland melt anomaly, the overlapping spreading centres, the majority of magmatic products and the Jan Mayen microplate have formed in the area where the proposed fossil subduction zone would have been dissected by the North Atlantic rift(Schiffer et al., 2015b) (Fig. 1D). This conjunction of anomalies implies that the FL-CF fossil subduction zone has had a crucial effect on the geodynamic evolution of the North Atlantic and especially the formation of these specific structural elements (GIFR, JM, IMA). Numerical modelling shows that this structure forms a weakness in the lithosphere that can focus continental breakup and, together with thick, warm crust, is able to produce excess magmatism (Petersen and Schiffer, 2016). This inhomogeneity could also represent the lithospheric weakness the North Atlantic rift axis exploited during the separation of the JM from Greenland upon a major change in plate motions (Schiffer et al., in press). This model predicts that subducted oceanic or lower continental crust and possibly water is entrained in the upper mantle, which are good candidates to enhance magmatism upon breakup. 

How important is reactivation for the NA.
Where does it and where does it not work (map)
What are the geological/geodynamic prerequisites
Wider applications (is the NA typical for continental breakup? Can it be used as a template)
Future directions (Bob, Ken)
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Global dataset from extensional basins worldwide (n= 27) 

Constrained onset of rift climax using:
· Tectonic subsidence curves
· Displacement rates on basin-bounding faults
· Direct observation of fault linkage
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Where rift faults reactivate basement structures:
Mean duration of RI phase    2.9 Myr

Where rift faults cross-cut/ do not reactivate basement structures: 
Mean duration of RI phase 
8.8 Myr

Consistent with basement structures acting as “stress guides” leading to strain localisation?
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