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Abstract
Intra-basinal highs within classic ‘block and basin’ style tectonic frameworks, in areas such as northern England, are underpinned by large granite bodies. This is widely believed to relate to the relative ‘rigidity’ and ‘buoyancy’ of granite in relation to accommodating basement. It has been suggested that during periods of tectonic extension, normal faulting around the peripheral regions of granite batholiths permits granite-cored blocks to resist subsidence, thus forming stable areas during periods of widespread faulting-induced subsidence. However, one-dimensional modelling indicates that relatively less dense crust is incapable of resisting subsidence in this way. Instead, when local isostasy is assumed, the occurrence of granite-cored, intra-basinal highs relates to initial isostatic compensation following granite emplacement. Differential sediment loading during extensional tectonism exaggerates this profile. An integrated two-dimensional lithospheric numerical modelling approach highlights the role of flexural rigidity in limiting the amplitude whilst increasing the wavelength of isostatic deflection. In light of these models, it is suggested that such a response leaves residual second-order stresses associated with the under-compensated buoyancy of the granite body and flexural tension. The observed basin geometries of the Carboniferous North Pennine Basin can be replicated by incorporating a density deficiency within the crust, flexural rigidity, simple shear deformation within the shallower subsurface and pure shear deformation within the deeper subsurface. In adopting this technique, the regional flexural profile in response to underlying granite bodies and large extensional faults can be reproduced and thus, to an extent, validated. It is proposed that the interaction of three factors dictate the tectonic framework within a partially granitic, brittle-ductile lithosphere and the occurrence of inter-basinal highs: 1) non-tectonic, ‘second-order’ stresses such as the flexural response of the lithosphere and residual, under-compensated buoyancy forces in relation to granite bodies; 2) extensional tectonic stress and importantly; 3) inherited basement fabric.
Keywords
Extensional basin, flexural isostasy, lithosphere, granite, block.
1.0 Introduction
	There has been a longstanding consensus that the relative ‘buoyancy and rigidity’ of granite bodies promotes the stability and relative uplift of the accommodating basement during lithospheric extension (Bott et al., 1967; Donato et al., 1983; Haszeldine, 1984; Chadwick et al., 1995). This is generally in response to a plethora of examples where large granite batholiths, identified predominantly by gravity and magnetic surveys (e.g. Kimbell et al., 2010; Kimbell and Williamson, 2015; De Castro et al., 2008), have been found to spatially correlate strongly with basement highs or horst structures. Whilst the recurrence of this relationship suggests granite batholiths have a significant influence upon post-emplacement structural development, the lack of a convincing forward model accounting for this relationship warrants further investigation.
	Northern England provides an excellent case study as it hosts a series of large basement granite intrusions proven from geophysical surveys, surface exposure and boreholes as well as an extensively studied Carboniferous sedimentary cover which followed Ordovician to early Devonian granite emplacement (Dunham et al., 1965; Lee, 1986). Chadwick et al. (1995) state that all Carboniferous structural highs in northern England can be related to basement granites, as can many major depocentre-controlling faults that bound these highs (Fig. 1). Various interpretations of the positions of granites underlying basement highs have also been reported for the immediately adjacent offshore oil and gas provinces (Donato et al., 1983; Donato and Megson, 1990; Donato, 1993). In the light of recently rejuvenated interest into the UK’s Carboniferous hydrocarbon system (e.g. Monaghan et al., 2016; Besly, 2018), revived structural and geodynamic studies can provide a timely aid to an improved understanding of the Carboniferous basin architecture.
	In this paper, we aim to provide a series of viable structural and geodynamic models that help to explain why large granitic bodies so often occur in the core of relatively uplifted basement highs. A lithospheric scale numerical modelling approach is adopted in order to replicate granite emplacement, extensional tectonism, and any changes in the physical state of the lithosphere and basin architecture these processes are likely to incur in order to validate this unique structural and geodynamic relationship. Our northern England Carboniferous case study is used as both a means of scrutinising the proposed model and as a tool to help analyse the structural trends associated with deeper granite bodies. Finally, the model and case study are placed within a broader Palaeozoic tectonic framework in the hope that they can help contribute to the understanding of the structural and geodynamic controls on the Carboniferous succession and hydrocarbon system.
2.0 Critical review of literature concerning the effects of granite on lithospheric extension
Bott et al. (1958) were first to propose the possible tectonic influences of large granite bodies. They and others suggested that during periods of tectonic extension, normal faulting around the peripheral regions of granite batholiths permits relatively buoyant and rigid blocks to maintain isostatic equilibrium and resist subsidence, thus forming stable areas during periods of widespread faulting induced subsidence (Donato and Megson, 1990). There are now numerous further publications documenting the possible tectonic influences of granites, all of which broadly agree with those seminal ideas (e.g. Bott 1987; Bott et al. 1978; Chroston et al. 1987; Dimitropoulos & Donato 1981; Donato et al. 1983; Donato et al., 1981; Donato and Megson, 1990; de Castro et al., 2008; Kimbell and Williamson, 2015; Arsenikos et al., 2018).
The portrayal of a ‘buoyant’ and ‘rigid’ granite body appears to have somewhat over-simplified a more complex process. Buoyancy, in this instance, refers to the density deficiency associated with crystalline granite by comparison with typical, often pelitic, variably metamorphosed basement (Lee, 1986). The term ‘buoyancy’ however, perhaps inadvertently invokes similarities between rather more dynamic salt bodies, which are known to actively resist subsidence via halokinesis. ‘Old and cold’ granite batholiths are instead fixed entities within a heterogeneous basement which reduce the overall bulk density of the crust. Likewise, rigidity could also perceivably imply brittleness; increasing the likelihood of fracture nucleation and fault propagation. Perhaps describing younger granite bodies as lacking the same internal heterogeneities and inherited weaknesses as older deformed continental crust (e.g. Chadwick et al., 1989) would be a more plausible way of accounting for the general absence of significant through-going faults within granite-cored basement, albeit another over-simplification (Bouchez, 1997; de Saint-Blanquat et al., 2001). However, this alone does not account in itself for the numerous occurrences of granite bodies within the cores of basement highs.
The assumption that a density deficiency within a defined volume of the crust can promote stability compared with adjacent crust and an inherent ability to resist subsidence during lithospheric extension contradicts some of the fundamentals of mantle and lithosphere dynamics. During lithospheric extension, regional-scale subsidence occurs in response to net density changes resulting from crustal thinning as well as from thermal re-equilibration (McKenzie, 1978). Fundamental principles of isostasy imply that in order to maintain equal pressure at a depth of compensation, at and below which the pressures generated from the overlying rock are equal, upwelling asthenosphere compensates for the loss of lithospheric mass due to stretching and thinning (Karner and Watts, 1982). As the compensating asthenosphere is denser than the crust, this results in a negative deflection in surface elevation (e.g. Kooi et al., 1992). Put simply, this negative deflection, S, can be calculated using either equation 2.1 or 2.2 (see tables 1 and 2 for abbreviations).  In this instance, subsidence is proportional to the original thickness of the crust () and the magnitude of extension (), as well as the density of the crust () and that of the mantle (). Note that whilst this calculation applies only to thinning of the crustal lithosphere, it remains valid providing the density of the asthenosphere and mantle lithosphere are assumed equal ().

2.1
Or  
2.2
Given that crustal thickness lost due to thinning = 
2.3
And the isostatic response to this thinning = 
2.4
	Figure 2 predicts the depth of two basins in granitic and non-granitic crust when the lithosphere is stretched to twice its original horizontal extent, representing a magnitude of extension () of 2. Using the parameters displayed in table 2, the subsidence produced from extending non-granitic crust () is 2.66 km, compared with 3.55 km for a crust composed entirely of granitic material (). Net subsidence during extension for less dense crust is greater due to a lesser magnitude of isostatic rebound being required to compensate for thinning of a crust with comparatively lower density.
An alteration in overall bulk crustal density however causes a separate isostatic adjustment. In the case of density deficiency due to granite emplacement, this implies uplift. When the complete substitution of crustal rock with a granite body of the same volume is assumed (rather than addition to the crust), the uplift, IR, can be given by:

2.5
Examples of the isostatic responses to magmatic emplacement are common (e.g. Brodie and White, 1994; Maclennan and Lovell, 2002). Where granite bodies have been inferred on the basis of gravity anomalies, the deficiency in the gravitational field compared with background values has been used to calculate localised isostatic rebound (e.g. Donato et al., 1983). Nonetheless, fully integrated numerical modelling of the influences of granite induced crustal heterogeneities on lithosphere behaviour and any resultant basin architecture are lacking.
3.0 Revised 1D model of lithospheric extension and granite emplacement
	Ultimately, we develop a fully integrated 2D lithospheric scale model that accounts for depth-dependent extension by compound simple shear and pure shear, flexural isostasy and the thermal perturbations associated with lithospheric deformation (e.g. Kusznir and Egan, 1989; Meredith and Egan, 2002), as well as the isostatic influence of granite. However, this section describes a 1D modelling approach, assuming local isostasy (e.g. Airy, 1855; Pratt, 1858), in order to provide useful approximations for subsidence behaviour in response to extensional tectonics (e.g. McKenzie, 1978). Readers should refer to table 2 for a summary of model parameters.
3.1 Numerical replication of granite emplacement
Replicating granitic emplacement in order to quantify isostatic uplift can be performed in a number of ways. Equation 2.5 assumes the complete substitution of crustal rock with less dense granitic rock and no thermal expansion (e.g. Donato et al., 1983). However, a more accurate portrayal of isostatic uplift due to magmatic emplacement is perhaps achieved by the addition of less dense material to the crust; an approach that is similar to that adopted in the numerical modelling of magmatic underplating (e.g. Maclennon and Lovell, 2002):

3.1
	Both calculations are approximations of the local isostatic adjustment to one of two simplified, end-member magmatic bodies; one derived entirely from partial melting of the crust (equation 2.5), and the other derived entirely from the mantle that eventually adds material to the crust (equation 3.1). Although the addition of material produces a significantly greater isostatic response, the initial calculation (equation 2.5) is deemed more appropriate to our case study of northern England. Highly acidic, S-type granites such as the North Pennine Batholith typically involve the assimilation of considerable amounts of crustal material (Allsop, 1987). Although the melting of crustal material along with the assumptions of retention of volume combined with an alteration in density is unfeasible, it offers a justifiable simplification of a far more complex process. In addition, a model based on the granitization of the crust is more compatible with the interpretations of the North Pennine Batholith from gravity data and deep seismic imaging, whereby a roughly uniform crustal thickness is observed (Kimbell et al., 2010).
	The emplacement of large granite bodies is associated with significant thermal perturbations. These may be in response to the initial upwelling of hot magma, to the isostatic compensation of the hotter asthenosphere, or to the elevated radiogenic heat production associated with the resulting granite. However, our one-dimensional model assumes no thermal fluctuations are associated with the granite pluton(s). Essentially, the effects of a thermally re-equilibrated granite body are modelled. Changes in the elevation of the lithosphere-asthenosphere boundary, due to isostatic adjustment, are transient and not permanent (McKenzie, 1978), so to replicate a thermally re-equilibrated lithosphere profile, the thickness of the entire lithosphere (i.e. the sum of crustal and mantle lithosphere) is adjusted. This can be accounted for by adding the calculated isostatic rebound (equation 2.5) to the lithospheric thickness value:

3.2
3.2 Numerical replication of lithospheric extension 
If uniform lithospheric extension solely via pure shear is assumed, the original height and width of the granite body () are altered according to the magnitude of extension (). Taking this into account, the method for solving the subsidence of granite-cored basement () can be given one of two ways (equations 3.3 and 3.4). Again, the potential implications of heat flow fluctuations are ignored at this stage.

Or 
3.3
Where 
3.4
	Changes in the vertical thicknesses of relatively less dense crust due to stretching or compression prompts relatively less isostatic compensation (e.g. Fig. 2). Therefore, with increased extension, the initial uplift of granite-cored crust is cancelled out progressively by extension-driven subsidence when compared with non-granite-cored crust (Figs. 3 and 4).
3.3 Isostatic loading due to basin infill
	If the starting elevation of non-granite-cored or granite-cored basement prior to emplacement is assumed to be at infill base level, then providing subsidence is greater than zero such that accommodation space is generated, the subsidence of an infilled basin can be given by the following:

3.5
	The incorporation of basin fill into the model has important implications for generating vertical relief. Where  > 1, but not sufficient enough to subside initially uplifted granite-cored crust below base level, differential loading occurs and exaggerates basement relief (e.g. Figs. 3 and 4). The magnitude of extension () required for infill to occur on the granite-cored block can be determined by rearranging equation 3.3:

3.6
3.4 The effects of erosion of uplifted material
	Figures 3 and 4 suggest that differential loading can have an important role in generating basin relief. However, if the initial uplift due to granite emplacement was met with complete erosion to sea level of the uplifted proportion of the block, producing a flat basement topography prior to extension, then the effects of differential loading would be nullified. Erosion implies an additional negative load and a further positive isostatic response generating additional uplift. The total erosion required to generate a flat surface topography across granite-cored and non-granite cored basement () can be defined as:

 3.7
Given that .
	Any erosion implies a reduction in crustal thickness () prior to stretching. When the uplifted portion of the crust is eroded in its entirety to sea level and the transient asthenosphere-lithosphere boundary re-equilibrates fully, lithospheric thickness remains the same. Less dense crust subsides more than denser crust (Fig. 2). However, thinner crust subsides less for any amount of extension as less vertical thickness due to crustal thinning is lost in comparison to thicker crust. Figure 5 presents the subsidence in response to the extension of ‘standard’ lithosphere (i.e.  = 35 km and  = 2800 kg m-3) and a lithosphere which has undergone granite emplacement, isostatic compensation, full thermal re-equilibration and erosion sufficient enough to generate a flat basement profile. Ignoring any thermal perturbations, which could enhance uplift and further erosion of thinner lithosphere, when the same stretching factor is applied the calculated subsidence is identical. In other words, where  is the eroded granite-cored crustal thickness with the same isostatically compensated surface elevation as the original crust ():

3.8

3.9
In order for granites to influence basin architecture during lithospheric extension, there needs to be some uplifted basement topography prior to extension. The overall bulk crustal density reduction associated with the emplacement of a 5 km thick granite pluton is ~0.9%. To replicate a flat topography at sea level in this scenario requires 1.62 km of erosion. Without considering the mechanics of denudation, it is conceivable that this amount of erosion is achievable over an extended period of tectonic quiescence. Nonetheless, the model presented here will assume no erosion prior to lithospheric extension as ultimately uplift is restricted by lithospheric elasticity (Watts, 2001).
3.5 The effects of thermal expansion and contraction
McKenzie (1978) states that compensation of the asthenosphere in response to crustal thinning invokes an elevation in the lithosphere-asthenosphere boundary and thus reduces overall initial subsidence. For the sake of mathematical simplicity, instantaneous deformation and thermal expansion is assumed here. After extension, the lithospheric temperature field undergoes gradual thermal recovery back to an equilibrated state. Crustal density has no direct influence on thermal expansion or decay (McKenzie, 1978) and thus the severity of uplift in response to thermal perturbations does not vary significantly between granite-cored and non-granite cored crust. In increasing the total lithospheric thickness (e.g. equation 3.2), the volume increase due to thermal expansion is marginally greater. When a denudated, flat basement topography is modelled (e.g. equation 3.7), lithospheric thickness remains the same yet the ratio of crustal to mantle lithosphere changes. In each instance, the contrast in thermal expansion is rather insignificant. An additional alteration to Parsons and Sclater’s (1977) thermal time constant () is made (see equation 3.10), which helps govern the rate of thermal decay. Despite this, following extension, granite-cored basement and non-granite-cored basement subside at largely the same rate, providing basement fill is laterally consistent.

3.10
	One-dimensional numerical modelling does not support the suggestion that a granite-cored crust can isostatically ‘resist’ subsidence during lithospheric extension. Instead, in a lithosphere with no rigidity, the generation of a high is a result of initial isostatic compensation in response to granite emplacement prior to lithospheric extension. The addition of sediment exaggerates any pre-existing topography.
4.0 2D modelling of lithospheric extension and granite emplacement
	The one-dimensional models presented above give an indication of the isostatic and subsidence behaviour in response to granite emplacement and lithospheric extension. In reality, the lithosphere has significant elastic strength or flexural rigidity; sufficient enough to prevent localised features from being completely compensated for (Watts, 2001). The conceptual 2D pure shear model presented here calculates the flexural response to the various loads imposed on the lithosphere. These loads include tectonically derived loads, sediment infill and the loading imposed due to granite emplacement. Both lateral and vertical heat fluxes due to conduction are calculated within the model (e.g. Meredith and Egan, 2002).
4.1 The flexural isostatic implications of granite emplacement
Assuming the lithosphere has a finite flexural rigidity, figure 6 illustrates the flexural responses to the emplacement of a 5 km deep by 15 km wide granite body into a lithosphere with varying elastic thicknesses (). The local (Airy) isostatic response represents a lithosphere with an elastic thickness of zero kilometres. The resulting topography imitates that of the granite body at depth. To incorporate lithospheric flexure, the solution representing the local isostatic response of the lithosphere presented previously (2.5) is rearranged and solved using a Fast Fourier Transform technique (Cooley and Tukey, 1965; Watts, 2001). Where the flexural response to a density deficiency in the crust, and not thermal expansion, due to granite emplacement is modelled, the load at a given point () can be given by:

4.1
	Before calculating the flexural response to this load, the flexural rigidity of the lithosphere must be defined. Flexural rigidity () is proportional to the elastic thickness () of the lithosphere (cf. Watts, 2001):

4.2
Where  is Young’s modulus and  represents Poisson’s ratio.
Within the frequency domain the flexural response () to this load can be determined by:

4.3

4.4
Where  is the wave number and  is the width of the profile.
As elastic thickness () increases, maximum uplift decreases at a rapid rate at first which then decays exponentially with increased Te; however, the width or wavelength of the flexural deflection increases (Fig. 6). With an elastic thickness of 10 km, maximum uplift is ~64 metres compared with an Airy isostatic response of ~258 metres. However, the width of the flexural uplift increases to approximately 120 km for an elastic thickness of 10 km compared to 15 km for Airy isostasy, which matches the width of the granite body. Various authors have pointed out that flexural stress can be relaxed over time since the lithosphere acts as a viscoelastic material (Stein et al., 1989; Watts and Zhong, 2000) and that elastic thickness can vary according to the thermal state of the lithosphere (Burov and Diament, 1995). Nevertheless, the incorporation of flexure within a two-dimensional model significantly limits the influence of a granite body on basement topography. Therefore, the implications of incorporating flexure include limiting isostatic uplift and therefore also limiting the potential influence of pre-extensional erosion and differential loading.
4.2 The interaction between lithospheric extension and granite emplacement.
	To investigate the influence of the density contrast caused by granite emplacement on a 2D extensional basin, the extension of the lithosphere via pure shear is modelled whilst assuming flexural isostasy constrained by an elastic thickness () of 5 km (Fig. 7). To calculate the flexural response to crustal thinning due to pure shear deformation, the load is alternatively defined as:

4.5
	A symmetrical array of beta-values is applied to the model (Fig. 7f) as well as a 5 km high by 30 km wide granite body at the basin centre. The size and geometry of the granite body is assumed to be fixed through our model evolution. An array of crustal density () values compensate for the presence or absence of the granite body within the crust. The original crustal thickness value () remains unaltered across the extent of the basin. Basin infill  = 2500 kg m-3) is assumed to occur providing that the resulting basement elevation subsides below base level. The flexural isostatic subsidence in response to the infill is calculated using the following load and response function, which is applied to the basement profile () already generated:

4.6

4.7
Where resp1 is given by equation 4.4.
Without a partially granitic crust, the basin centre at  = 200 km marks the deepest part of the basin (Figs. 7a and 7b). However, the presence of the granite body limits syn-rift subsidence, below sediment base level, by <200 metres (Figs. 7c and 7d). The basement profile at the centre of the basin is characterised by a very low amplitude anticline coinciding with the position of the underlying granite body. This profile, is exaggerated by the addition of basin fill. Post-extensional thermal subsidence is proportional to the magnitude of extension and is not influenced significantly by the granite emplacement.
Two-dimensional numerical modelling suggests that initial isostatic compensation due to granite emplacement is incomplete when lithospheric rigidity is incorporated. Depending on the flexural rigidity and effective elastic thickness () of the lithosphere, a regional flexural profile is generated prior to lithospheric extension. As isostatic compensation is incomplete, a likely residual under-compensated ‘buoyancy force’ remains beyond granite emplacement and the subsequent thermal re-equilibration of the lithospheric temperature profile along with forces related to flexural tension (both of which are referred to as ‘second-order forces’ by Sonder, 1990 and Zoback et al., 1992).
The assumption of uniform pure shear extension throughout the entirety of the lithosphere is a simplification given the brittle nature of the upper crust (e.g. Ziegler et al., 1995). In rift basins, it is widely accepted that faulting plays a dominant role in determining basin geometry, the position of localised depocentres and lateral variations in the magnitude of subsidence (e.g. Cowie et al., 2000). In areas where basement heterogeneities due to granite bodies are interpreted to have influenced basin architecture, there is a strong correlation between these bodies and the array of major basin bounding faults (e.g. Donato et al., 1983; de Castro et al., 2008). Our northern England case study is no exception (Chadwick et al., 1995).
5.0 Carboniferous basins of northern England 
5.1 Geological background
The ‘block and basin’ tectonic framework of the North Pennine Basin (Fig. 9) is underpinned by granite-cored blocks and is generally interpreted as being indicative of the proposed ‘classic’ rift basin (e.g. Bott, 1967). The early Carboniferous North Pennine Basin as well as the broader North-western European Carboniferous Basin (e.g. Kombrink et al., 2008) are widely accepted to have formed under latest Devonian to Namurian, dominantly north-south orientated, back-arc extension followed by post-extensional thermal decay (Fig. 8; Leeder, 1982). However, several authors have suggested that sinistral transtension may have had a significant role during this period (Dewey, 1982; Coward, 1993). The understanding of a such a framework is key to determining sediment routing, facies development and depocentre positioning during the early Carboniferous Period as well as beyond the active rifting phases when the relict ‘block and basin’ arrangement continued to influence basin evolution (Besly, 2018).
Much of the pre-Variscan Carboniferous basin architecture of the British Isles has been either inverted by Variscan compression (Corfield et al., 1996), or reactivated during later extensional episodes (Coward, 1995). However, north-western England is comparatively mildly deformed by these events and exposes a broad range of the Carboniferous succession (Dean et al., 2011). The Alston Block is underlain by a suite of large, predominantly cone-shaped, early Devonian (Emsian) granitic intrusions, collectively referred to as the North Pennine Batholith (Kimbell et al., 2010). The block is separated from the Northumberland Trough on its northern side by the eastern extent of the complex Maryport-Stublick-Ninety Fathom fault system, and from the Stainmore Trough on its southern side by the Closehouse-Lunedale and Butterknowle Fault complexes (Fig. 1; Stone et al., 2010). Directly to the west lies the partially exhumed Lake District Block which is underlain by the Lake District Batholith. To the south of the Stainmore Trough, the Wensleydale Granite underpins the Askrigg Block. The Cheviot Granite does not form a faulted high but marks the northern limit of the Northumberland Trough.
Modern studies of the Carboniferous succession of the UK benefit from the volume of widely available regional geophysical data and prior interpretations of deeper lying structures (e.g. Brewer et al., 1983; Kimbell et al., 2006). Figure 1 shows the distribution of mapped, surface exposed faults in northern England at 1: 250,000 scale (British Geological Survey, 2008) and a superimposed granite thickness map (after Kimbell et al., 2006). Without considering the various ages and styles of these exposed faults or the distribution of superficial cover, within areas of older outcrop there is a considerably higher fault population density. However, this observation does not accurately describe areas underlain by granite batholiths. The Alston Block, with its predominantly Visean-Westphalian cover (Dean et al., 2011), is a prime example of this. A detailed quantitative analysis of the major basin bounding faults of northern England is beyond the scope of this work. Nevertheless, the faults with the greatest displacement within the region strongly correlate with the margins of the concealed, or partially concealed, granite bodies (Fig. 1).
The two cross-sections displayed in figures 9a and 9b incorporate the structural interpretations of the Carboniferous-recent cover succession made by Chadwick et al (1995) based on seismic and well data constraints (see Fig. 1 for locations). Both sections appear only mildly deformed, by Variscan compression, in comparison with the Carboniferous sub-basins further south (Corfield et al., 1996). However, more recent modifications due to Permian-Mesozoic subsidence events are apparent in the thin veneer of Permian succession preserved in the Vale of Eden Basin and to the east of the Alston Block (Fig. 9b). Thickening of Carboniferous stratigraphy across the Pennine Fault is minimal, suggesting most displacement along this fault post-dated the Carboniferous Period. Widely observed, but generally poorly understood, Neogene regional south-eastwards tilting, which contributed to kilometre-scale erosion in the Irish Sea (e.g. Green, 2002; Holford et al., 2008), is best illustrated in figure 9b.
5.2 Application of the modelling of lithospheric extension and granite emplacement.
	Our 2D models (Figs. 10 and 11) are applied to the Alston Block and the adjacent Northumberland and Stainmore troughs. Forward modelling is performed in an attempt to replicate the interpreted basin geometries of Chadwick et al. (1995). The effects of the underlying igneous bodies are investigated by simulating extensional basin profiles with and without the granite-induced density contrast. In so doing, we seek to integrate and test the models and ideas previously outlined and to help gain a greater understanding of the deeper processes which ultimately govern basin architecture.
5.2.1 Modelling principles 
	The structural and geodynamic modelling approach used in this study represents a section of lithosphere as a numerical model and then simulates its deformation by a variety of processes. A typical starting condition for the modelling is a regional cross-section of undeformed lithosphere. The crustal component of this lithosphere is assumed to be 35 km thick with a density of 2800 kg m3, while the mantle lithosphere is assumed to be 90 km thick with a density of 3300 kg m-3. The modelled lithosphere is thermally conditioned with a geotherm, which has a surface temperature of 0°C and a temperature at the lithosphere-asthenosphere boundary of 1333°C. These parameters can be varied. Once the lithosphere is defined it is then possible to model its deformation via a variety of geological and geodynamic processes. More comprehensive descriptions of the modelling approach utilised here are presented in Kusznir and Egan (1989), Egan (1992), Egan and Urquhart (1993) and Meredith and Egan (2002), and will not be repeated here.
The model assumes a brittle-ductile transition at a depth of 20 km within the crust (e.g. Kusznir and Park, 1987). Above this boundary, the lithosphere is brittle and deforms by simple shear with subsidence controlled by fault heave and the underlying fault geometry. In the brittle crust, crustal thinning is calculated using the Chevron or vertical shear construction (Verall, 1982; White et al., 1986). All faults are assumed to have a common detachment depth coinciding with the brittle-ductile transition. The locations and horizontal displacements of faults (see table 3) are based on the interpretations of Chadwick et al. (1995). As the models are purely 2D, the orientation of maximum extension is assumed to be parallel to the cross-section. Over the length of the modelled section (Fig. 10), the total heave is 8.5 km, equating to a magnitude of extension () of 1.09. This value is lower than that cited by Kimbell et al. (1989:  = 1.19) for the same basin; as their magnitude of extension also accounted for inclined simple shear. Our extensional factor is also lower than that proposed by the same authors ( = 1.3) based on the magnitude of post-rift thermal subsidence. It is very unlikely, however, that the cross-section presented in figure 10a includes all of the fault-controlled deformation in the area, which may explain this mismatch.
	The models assume that the lithosphere deforms via pure shear extension below the brittle-ductile transition at 20 km. Both the lateral position and magnitude of pure shear can be defined independently of the overlying simple shear deformation so as to simulate depth-dependent extension (e.g. Royden and Keen, 1980). To compensate for a low value of upper crustal extension and widely postulated regional out of plane extension (Dewey, 1982; Coward, 1993), a maximum pure shear extension value of  = 1.25 is applied. Pure shear is unevenly distributed across the model; subsiding laterally from the maximum value at 75 km to  = 1 at 0 km and 150 km. The isostatic responses to the thinning of the lithosphere due to simple and pure shear are calculated.
	The geometry of the modelled basement and syn-rift fill is mainly a product of the underlying fault geometry and heave. The basement profiles portrayed in Figures 9a and b are based upon the interpretation of deep and relatively low resolution seismic data (Chadwick et al., 1995), and are not necessarily structurally balanced. Nonetheless, this basement profile is replicated best by incorporating listric faults with a near-surface dip of 55⁰ (Fig. 10; table 3). Such structures may reflect inheritance from the pre-Carboniferous Caledonian basement, which is exposed to the north of the study area in the Southern Uplands of Scotland (Pharoah et al., 1995). Much of the Carboniferous structure in northern England is believed to have been derived from the reactivation of late Caledonian compressional structures and the shallowly dipping, deep Iapetus suture zone (Soper et al., 1992).
	Following the rift phase, the models include 40 My of post-rift, thermal subsidence. If deformation is assumed to have begun during the latest Devonian (~360 Ma; as suggested by Chadwick et al., 1995; Monaghan and Parrish, 2006), the model then effectively calculates sedimentation until the late Namurian or early Bashkirian (~320 Ma) Stage, after which the rate of sedimentation increases during the Westphalian or late Bashkirian stages (Peace and Besly, 1997). Post-rift basin fill is more uniformly distributed than syn-rift basin fill. Whereas syn-rift basin fill is controlled predominantly by faulting, post-rift is controlled by more uniformly distributed pure shear which is responsible for thinning the lower lithosphere and raising the lithosphere-asthenosphere boundary.
	The modelled maximum basin thickness is ~3.5 km (Fig. 10d), which is less than the ~5 km succession of preserved early-mid Carboniferous succession observed in the Northumberland Trough (Fig. 9a; Day, 1970). This under-estimation likely relates to the low magnitude of extension derived from observed fault heave values. Incorporating greater heave within the model would dishonour the interpretations of Chadwick et al. (1995), utilising greater pure shear values would invoke perhaps unrealistic depth-dependent extension and ‘space issues’ (e.g. Egan and Meredith, 2007). Although a discrepancy in basin depth is recognised, the model is deemed satisfactory for the purposes of this study.
	As expected, the differences between the modelled basin geometries with and without incorporating granite-induced density contrasts (Figs. 10a and 10b, respectively) can be observed on the Alston Block. When no granite is incorporated within the model (Fig. 10a), top basement forming the Alston block is characterised by two inwardly dipping margins. This geometry represents the flexural response to lithosphere unloading along regions of crustal thinning due to the two dominant fault systems which have opposing dip directions (Kusznir et al., 1991). In the absence of granite, the modelled thickness of the sedimentary succession on the Alston Block is ~1500 metres. This is significantly greater than the ~700 metre-thick Visean-Namurian succession preserved along the western extent and centre of the Alston Block, despite a lower magnitude of extension being utilised in the modelled example.
5.2.2 Modelling the effects of granite emplacement – cross-line
	The model presented in figure 10b incorporates a 2D granite thickness profile (Figs. 9a and 10c) based on prior interpretation of geophysical data (Kimbell et al., 2006). This cross-line section is taken along the same trend as Figure 9a. The granite thickness value is used to calculate the overall bulk crustal density at a given point,  (equation 2.5), as well as the imposed load on the lithosphere (equation 3.4).
A relatively low elastic thickness () value of 5 km is assumed. This is partly justified in order to replicate the generally low elastic thicknesses estimated in extensional tectonic settings, that relate in part to the associated elevated geotherm (Kusznir et al., 1991). Additionally, a low elastic thickness value is adopted to approximate the partial detachment and failure of the lithosphere associated with faulting. Prior to faulting, a more cohesive lithosphere is likely to limit the isostatic compensation due to the granite body (Fig. 6). As basin scale faults propagate, the crust becomes less cohesive and the ability of the lithosphere to limit localised isostatic uplift reduces. Elastic thickness is however, independent of faulting.
The most obvious difference observed when granite is incorporated into calculations (Fig. 10b) is the significantly thinner sedimentary succession (~400 metres) modelled over the centre of the Alston Block. This coincides with the thickest part of the North Pennine Batholith (Fig. 10). This arrangement better replicates the thin Carboniferous succession that is observed on the Alston Block (Day, 1970; Stone et al., 2010). A further significant difference observed in the granite model is the drape-like, broad monocline shape of the top basement along the north of the block (Fig. 10b). This geometry is likely exaggerated in the model compared with the cross-section as a consequence of the solely two-dimensional nature of the model. Figure 1 shows the adopted trend-line intersecting two cupolas of the North Pennine Batholith towards the north-east of the block which are likely to have invoked further out-of-plane uplift and flexure. This monocline mimics the trends of the uplifted flanks portrayed in Figure 6.
Interestingly, the basement monocline observed when incorporating granite (Fig. 10b) echoes the north-eastern and offshore margins of the Alston Block (e.g. Murchison, 2004; also see Fig. 9b). Various authors have stated that the margins of the granite-cored highs are characterised by ‘hinge-lines’ onto which early Carboniferous strata onlap (George, 1958; Bott, 1967; Johnson, 1967; Leeder, 1975). These hinge lines are commonly faulted but are also locally characterised by monoclines similar to those observed in Figures 6 and 10b. Both types of structure are believed to form in crust relatively free from granite that is immediately adjacent to granite-cored crust (Leeder, 1975). Constraints on the deeper concealed stratigraphy of the Alston Block are sparse so perhaps the best illustration of this basement monocline are the early-mid Carboniferous thickness trends. Despite anticipating a thin cap of mid-late Carboniferous stratigraphy akin to the ~390 metres encountered in the Rookhope borehole (Fig. 9b; Dunham et al., 1965), ~1800 metres of Visean-Westphalian (Bashkirian) stratigraphy was encountered at Harton Dome without reaching basement before drilling finally ceased (Ridd et al., 1970).
6.3 In-line
The effects of granite emplacement have been further investigated by the generation of an additional forward model (Fig. 11) representing the approximately E-W in-line section across the Lake District Block, Vale of Eden Basin and Alston Block (Fig. 9b). As the section is oriented roughly parallel to the dominant structural trend, faulting is largely removed. A uniform pure shear beta-value of 1.25 is applied that is consistent with the cross-line section. Permian fill of the Vale of Eden Basin is bound to the east by the Pennine Fault; however, as Carboniferous strata shows no significant thickening across the fault, only 0.25 km of horizontal displacement is modelled. 40 My of post-rift thermal subsidence is included in the model which produces an evenly distributed, uniformly thick succession of ~1.3 km due to a combination of assuming a uniform beta-value, no crustal density variations and a single fault with small displacement (Fig. 11a).
When crustal density is varied according to the thickness of the underlying granite bodies, a highly undulose basement topography is generated (Fig. 11b). Despite modelling limited faulting, the general absence of low-density granite underlying the Vale of Eden compared with the surrounding Alston Block and Lake District Block predicts a narrow, trough-shaped basin. Along the eastern extent of the model, syn-rift basin fill thickness increases significantly, again mimicking the thickness trends encountered in the Harton Dome well compared with the Rookhope well (Fig. 9b). As only minimal amounts of crustal thinning are calculated due to the absence of large Carboniferous faults along the section, post-rift basin fill thickness is largely uniform except for where syn-rift subsidence alone is not sufficient to lower the basement elevation below sea level.
Top basement monoclines and significant sediment thickness variations related to the underlying thicknesses of granite bodies are predicted in our numerical modelling experiments. It is suggested therefore that early Carboniferous thickness discrepancies in the North Pennine Basin are, in part, due to the flexural response of the lithosphere to low density granite bodies and the later superimposed effects of lithospheric extension.
7.0 Discussion
Numerical modelling of lithospheric extension and basin formation has provided evidence that large basement granite bodies can strongly influence basin architecture and form areas of strong relief, as was first proposed by Bott (1958). By accounting for large, low-density granite bodies, it is possible to replicate some of the geometries observed in the North Pennine Basin. However, contrary to common perception, relatively buoyant granite-cored crust is not capable of resisting subsidence during lithospheric extension.
The emplacement of typically low-density granite prompts an incomplete isostatic response; even when associated temperature fluctuations are ignored. This generates a regional flexural profile prior to lithospheric extension and leaves residual second-order stresses associated with the under-compensated buoyancy of the granite and flexural tension (e.g. Sonder, 1990; Zoback et al., 1992; Fig. 12). The, up until now, neglected pre-existing structural framework of the region likely plays an important role in determining the geometry of the granite body and effective elastic thickness of the lithosphere (); both of which have a direct influence on our numerical simulations of this flexural profile.
The depth of emplacement of a granitic body is likely to influence subsidence and structural partitioning within the crust. The incorporation of a bulk crustal density value, such as is the case here, effectively assumes the proportion of granitic and non-granitic crustal material deforming by simple and pure shear is equal. However, if the granite body were to reside solely within the upper crust, then the granite body would not deform via the mechanism of pure shear at all. Crustal material removed from the lower lithosphere overburden by means of pure shear therefore, would have the same density as ‘standard’ crustal material, regardless of the presence or absence of granite in the upper crust. The calculated subsidence in response to pure shear would be identical to that of ‘standard’ lithosphere. Alternatively, if a granite body were to reside solely within the lower, more ductile crust, thinning of the granite body due to pure shear would be underestimated when utilising a bulk crustal density value (), as would subsidence.
During lithospheric extension, subsidence provides accommodation space which, provided there is an active sediment supply, permits sediment infill into the basin and the exaggeration of the already generated regional flexural profile. The reduced effective thickness of the lithosphere () associated with extensional basins (Kusznir and Park, 1987) is likely to further increase the amplitude of this flexural profile.
Regional scale extensional faulting is another feature strongly linked with this tectonic framework. There is a strong link between the flexural response to granite and the localisation of extensional strain along the hinges of the flexural profile (Fig. 6) or peripheral margins of the granite body at depth (Fig. 1). Figure 12 illustrates how tectonic stresses due to extensional tectonism and residual second-order stresses could constructively interfere. However, at the regional scale, large basin-bounding faults, particularly their orientation, are not so apparently guided by the subsurface granite extent. It is likely that older inherited Caledonian lineaments are more important here (e.g. Coward, 1993; Corfield et al., 1996). Nonetheless, the interaction of these stress fields could perceivably impose the localisation of stress conditions more favourable to the normal reactivation of ancient lineaments within basement surrounding intruded granite. Where exposed, crystalline granite bodies of northern England lack the internal inconsistencies of the surrounding metamorphosed basement (Stone et al., 2010) so conversely, are likely to be less favourable for fault propagation. Second-order stresses are capable of driving preferential propagation of basin-bounding faults during early stage extension, which along with the likely decrease of the effective elastic thickness of the lithosphere is likely to prompt more complete isostatic compensation of granite-cored blocks and relax these stresses. The absence of faults surrounding the largest fault structures may be explained by a ‘strain shadow’ effect (e.g. Nicol et al., 2005), whereby tensile stress is relieved by large fault structures, negating the need for further brittle failure in the immediately surrounding area.
Traditionally, the Carboniferous basins of the North Pennines of northern England and those of the Midland Valley of Scotland are regarded as tectonically distinct; although more recent work has begun to highlight the tectonic similarities between the late Carboniferous to earliest Permian frameworks of the two regions (De Paola et al., 2005; Monaghan and Parrish, 2006; Holdsworth et al., 2015). During the early Carboniferous Period, the Midland Valley of Scotland is characterised by sinistral wrench tectonism (e.g. Ritchie et al., 2003; Caldwell and Young, 2013), whereas the North Pennine Basin is classically interpreted as having formed under N-S orientated extension (e.g. Fraser and Gawthorpe, 2003). This is despite both regions forming at the same time and within close proximity. The maximum vertical displacement to length ratio along faults has been used often to infer oblique movement in transtensional settings (e.g. Cowie and Scholz, 1992). Although the constraints upon the major bounding faults of the North Pennine Basin are too poor to consider an in-depth quantitative analysis, the hypothesis that the high vertical displacements of the major bounding faults of the North Pennine Basin were a result of roughly perpendicular stresses could otherwise be considered fair. However, based on the assumption that second-order forces, particularly buoyancy forces, relating to the incompletely compensated-for granite body could drive additional vertical fault propagation (Fig. 12), it could be suggested that maximum vertical displacement is exaggerated across faults such as the Ninety Fathom and Stublick with respect to faults not influenced by isostatic variations. Therefore, it need not be necessary to discount wrench tectonism solely due to a high maximum vertical displacement to fault length ratio. Early Carboniferous transtension (e.g. Coward, 1993) appears altogether more appealing considering the under-estimation of basin subsidence based on the modelled fault offsets (Fig. 10b). On this basis, the contrasting styles of the block and basins of the Pennines and the wrench basins of the Midland Valley of Scotland may be, amongst other factors including the superimposed structural arrangement of the pre-existing Iapetus Suture in northern England (Freeman et al., 1988), in part due to the general absence of large, pre-tectonic low density granite bodies in the Midland Valley of Scotland.
8.0 Conclusions
In this study, we have used lithospheric scale numerical modelling of extensional tectonics to investigate the possible effects of granite emplacement. Model results have provided the following important insights into the effects of the granite during basin evolution:
· It is possible to generate basement relief by incorporating density contrasts within the crust such as those created by the emplacement of a granitic body. However, contrary to common beliefs, the relative buoyancy of granite bodies with respect to accommodating crust is not capable of resisting subsidence during lithospheric extension.
· Lithospheric flexure reduces the initial isostatic compensation in response to the less dense granite body in terms of amplitude but increases the wavelength of the isostatic deflection (Watts, 2001). A regional flexural profile is generated prior to lithospheric extension and residual second-order stresses associated with the under-compensated buoyancy of the granite and flexural tension remain.
· There is a strong correlation between the distribution of large extensional faults and concealed granite bodies. These faults generally coincide with areas of non-granite cored crust immediately adjacent to concealed granite bodies. The interaction of tectonic forces, second-order isostatic or flexural forces and inherited basement fabric is suggested to justify this relationship.
· It is proposed that the interaction of three factors ultimately dictate the tectonic framework within a partially granitic, brittle-ductile lithosphere and the occurrence of inter-basinal highs: 1) non-tectonic, ‘second-order’ stresses such as the flexural response of the lithosphere and residual, under-compensated buoyancy forces in relation to granite bodies; 2) extensional tectonic stress and importantly; 3) inherited basement fabric.
It is hoped that this more conceptual-based study will lend itself to more evidence-based investigations of the early Carboniferous successions of the North Pennine Basin of northern England and other basins influenced by large granite bodies.
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Tables
Table 1. One-dimensional and two-dimensional modelling variables.
	Parameters
	Abbreviation

	Basement elevation (km)
	

	Basin infill density (kg m-3)
	

	Constant used for Fast Fourier Transform representing width of model in frequency domain.
	

	Crustal thinning due to simple shear (km)
	

	Density of granite-cored crust (kg m-3)
	

	Density of granite-cored crust (kg m-3)
	

	Depth to fault (km)
	

	Elastic thickness (km)
	

	Magnitude of extension
	

	Flexural rigidity (N m)
	

	Vertical granite body thickness at a given point (km)
	

	Horizontal extension or heave (km)
	

	Load at a given point (N)
	

	Local isostatic rebound due to granite emplacement (km)
	

	Original granite height/thickness (km)
	

	Original lithosphere thickness for granite-cored lithosphere (km)
	

	Subsidence (km)
	

	Subsidence of granite-cored crust (km)
	

	Thermal diffusivity
	

	Thermal time constant (Myr; Parsons and Sclater, 1977)
	

	Wavenumber of the load in the frequency domain 
	




Table 2. One-dimensional and two-dimensional modelling constants with abbreviations and source.
	Constants
	Abbreviation
	Value
	Reference

	(Non-granite cored/original) crustal density
	*
	2800 kg m-3
	Parsons and Sclater (1977)

	Acceleration due to gravity
	
	9.81 m s-2
	

	Air density
	
	0 kg m-3
	

	Brittle-ductile transition (crust)
	
	20 km
	Kusznir and Park (1987)

	Granite density
	
	2630 kg m-3
	Eskdale granite; Bott and Smithson (1967)

	Mantle density (asthenosphere and mantle lithosphere)
	*
	3300 kg m-3
	Parsons and Sclater (1977)

	Original crustal thickness
	
	35 km
	

	Original lithosphere thickness
	
	125 km
	

	Poisson’s ratio
	
	0.25
	e.g. Watts et al. (1980)

	Sediment density
	
	2500 kg m-3
	

	Temperature at the base of the lithosphere
	
	1333⁰C
	Parsons and Sclater (1977)

	Volumetric coefficient of thermal expansion
	
	3.2810-5⁰C-1
	Parsons and Sclater (1977)

	Water density
	
	1000 kg m-3
	

	Young’s modulus
	
	71010 Pa
	e.g. Egan (1992)


*densities correct at 0⁰C. 

Table 3. Coordinates, orientation, horizontal displacement (heave) values and dip values for faults used in two-dimensional modelling (Fig. 10).
	Fault
	x-coordinate (km)
	Antithetic/ Synthetic
	Heave (km)
	Dip (⁰)

	1
	28
	S
	0.25
	55

	2
	32
	S
	0.25
	55

	3
	34
	S
	0.5
	55

	4
	41
	A
	0.25
	55

	5
	43
	A
	0.25
	55

	6
	45
	A
	0.25
	55

	7
	56
	A
	0.5
	55

	8
	70
	S
	0.25
	55

	9
	79
	A
	1.5
	55

	10
	85
	A
	1.0
	55

	11
	111
	S
	0.25
	55

	12
	116
	S
	0.25
	55

	13
	118
	S
	2.5
	55

	14
	124
	S
	0.5
	55
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Figure 1. A topographic structural map of northern England and southern Scotland (British Geological Survey, 2008) superimposed with a deep structural map of northern England (Chadwick et al., 1995) and a buried granite thickness map based on the interpretations of gravity and magnetic anomaly data (Kimbell et al., 2006). A-A’ and B-B’ represent the locations of the cross-sections presented in figure 9.
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Figure 2. Schematic cross-sections through extensional basins within a) non-granitic crust and b) entirely granitic crust. Fully compensated local isostasy is assumed. In other words .  = 3300 kg m-3,  = 2800 kg m-3,  = 2630 kg m-3. 
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Figure 3. Schematic illustration indicating how the influence of a density contrast on basement relief reduces with increased crustal thinning. The pink and green blocks represent granitic and non-granitic crust, respectively. The addition of sediment below base level, represented by yellow shading, exaggerates basement relief (also see Fig. 4). Fully compensated local isostasy is assumed. To better illustrate the effects of a granitic basement, the density contrast between granite () and ‘standard’ crustal rock () is exaggerated such that  = 2800 kg m-3 and  = 2000 kg m-3.  = 3300 kg m-3,  = 2500 kg m-3.
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Figure 4. The relationship between basement relief across partially granitic and non-granitic crust (see Fig. 2) and extension factor (). The influence of a density contrast on basement relief reduces with increased extension. However, basin infill exaggerates relief.  = 5 km,  = 35 km,  = 3300 kg m-3,  = 2800 kg m-3,  = 2630 kg m-3,  = 2500 kg m-3.
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Figure 5. Schematic illustration indicating the influence of pre-tectonic denudation of isostatically compensated lithosphere on the basement topography of a) un-extended and b) extended lithosphere. Fully compensated local isostasy is assumed.
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Figure 6. The varying flexural responses to an added granite body, 15km wide x 5km high, into a lithosphere with different elastic thicknesses (). When the lithosphere is assumed to have elastic strength, isostatic compensation is reduced in amplitude but increased in width with respect to Airy (local) isostatic compensation.  = 35 km,  = 3300 kg m-3,  = 2800 kg m-3,  = 2630 kg m-3.
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Figure 7. The flexural response to lithosphere extension and basin formation (a-d), the magnitude of which is illustrated in 6f. Basins c and d incorporate a crustal density contrast due to a granite body (6e) and should be compared to profiles a and b, respectively which have assumed no granite emplacement.  = 35 km,  = 3300 kg m-3,  = 2800 kg m-3,  = 2630 kg m-3,  = 2500 kg m-3,  = 5 km.
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Figure 8. Tectonostratigraphic section of northern England (modified after Chadwick et al., 1995). Lithostratigraphic nomenclature from Waters et al. (2007). Ages from Davydov et al. (2012).
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Figure 9. Cross-sections through northern England based on the structural interpretations of Chadwick et al. (1995). Granite thicknesses are based on the interpretations of gravity and magnetic anomaly data (Kimbell et al., 2006). 3D shapefiles courtesy of Terrington and Thorpe (2013). See figure 1 for a map view, including the locations of the cross-sections, and refer to figure 8 for a summary of the tectonostratigraphy of the study area.
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Figure 10. Model generated along the line of the cross-section presented in figure 9a across the Northumberland Trough and Alston Block. Fault locations and offsets (11a and b) are displayed in table 3 and are based upon the deep structural interpretations made by Chadwick et al. (1995). 11b incorporates a granite thickness profile (11c) based upon the interpretations of gravity and magnetic anomaly data (Kimbell et al., 2006). 11d shows the modelled lithosphere scale profile.
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Figure 11. Model generated along the line of the cross-section presented in figure 9b. The only fault included within the model is the Pennine Fault, across which the Carboniferous strata barely thicken, suggesting little displacement during this period. Profile b incorporates a granite thickness profile (c) based upon the interpretations of gravity and magnetic anomaly data (Kimbell et al., 2006). Profile d shows the modelled lithosphere-scale profile.
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Figure 12. A schematic illustration of the stress conditions before (a) and after (b) extension including crustal faulting. Yellow arrows indicate ‘second-order’ stresses (e.g. Sonder, 1990; Zoback, 1992) whilst blue arrows indicate tectonic stresses. It is proposed that the combination of ‘buoyancy’ forces, tensile stress and horizontal extensional stress constructively interfere upon the onset of extensional tectonism, creating localised stress conditions favourable to the reactivation of Caledonian lineaments.

References
Airy, G.B., 1855. On the computation of the effect of the attraction of mountain-masses, as disturbing the apparent astronomical latitude of stations in geodetic surveys. Philosophical Transactions of the Royal Society of London, 145, pp.101-104.
Allsop, J.M., 1987. Patterns of late Caledonian intrusive activity in eastern and northern England from geophysics, radiometric dating and basement geology. Proceedings of the Yorkshire Geological Society, 46(4), pp.335-353.
Arsenikos, S., Quinn, M., Kimbell, G., Williamson, P., Pharaoh, T., Leslie, G. and Monaghan, A., 2018. Structural development of the Devono-Carboniferous plays of the UK North Sea. Geological Society, London, Special Publications, 471, pp.SP471-3.
Besly, B., 2018. Exploration and development in the Carboniferous of the southern North Sea: a 30 year retrospective. To Palaeozoic Plays of NW Europe, In: Monaghan, A.A., Underhill, J.R., Marshall, J., Hewett, A., (Eds.), Geological Society of London, Special Publication.
Bott, M.H.P., Day, A.A. and Masson-Smith, D., 1958. The geological interpretation of gravity and magnetic surveys in Devon and Cornwall. Phil. Trans. R. Soc. Lond. A, 251(992), pp.161-191.
Bott, M.P. and Smithson, S.B., 1967. Gravity investigations of subsurface shape and mass distributions of granite batholiths. Geological Society of America Bulletin, 78(7), pp.859-878.
Bott, M.H.P., Robinson, J. and Kohnstamm, M.A., 1978. Granite beneath Market Weighton, east Yorkshire. Journal of the Geological Society, 135(5), pp.535-543.
Bott, M.H.P., 1987. Subsidence mechanisms of Carboniferous basins in northern England. Geological 
Brewer, J.A., Matthews, D.H., Warner, M.R., Hall, J., Smythe, D.K. and Whittington, R.J., 1983. BIRPS deep seismic reflection studies of the British Caledonides. Nature, 305(5931), p.206.
British Geological Survey, 2008. DiGmapGB-250 [SHAPE geospatial data], Scale 1:250000, Tiles: sd,sc,sj,sh,se,tf,sk,ta, Updated: 1 November 2008, BGS, Using: EDINA Geology Digimap Service, <http://digimap.edina.ac.uk>, Downloaded: 2018-02-16 09:11:02.065.
Brodie, J. and White, N., 1994. Sedimentary basin inversion caused by igneous underplating: Northwest European continental shelf. Geology, 22(2), pp.147-150.
Bouchez, J.L., 1997. Granite is never isotropic: an introduction to AMS studies of granitic rocks. In Granite: from segregation of melt to emplacement fabrics (pp. 95-112). Springer, Dordrecht.
Burov, E.B. and Diament, M., 1995. The effective elastic thickness (T e) of continental lithosphere: what does it really mean? Journal of Geophysical Research: Solid Earth, 100(B3), pp.3905-3927.
Caldwell, W.G.E. and Young, G.M., 2013. Structural controls in the western offshore Midland Valley of Scotland: implications for Late Palaeozoic regional tectonics. Geological Magazine, 150(4), pp.673-698.
Chadwick, R.A., Pharaoh, T.C. and Smith, N.J.P., 1989. Lower crustal heterogeneity beneath Britain from deep seismic reflection data. Journal of the Geological Society, 146(4), pp.617-630.
Chadwick, B.A., Holliday, D.W., Holloway, S., Hulbert, A.G. and Lawrence, D.J.D., 1995. The structure and evolution of the Northumberland-Solway Basin and adjacent areas. London: HMSO.
Chroston, P.N., Allsop, J.M. and Cornwell, J.D., 1987. New seismic refraction evidence on the origin of the Bouguer anomaly low near Hunstanton, Norfolk. Proceedings of the Yorkshire Geological Society, 46(4), pp.311-319.
Cooley, J.W. and Tukey, J.W., 1965. An algorithm for the machine calculation of complex Fourier series. Mathematics of computation, 19(90), pp.297-301.
Corfield, S.M., Gawthorpe, R.L., Gage, M., Fraser, A.J. and Besly, B.M., 1996. Inversion tectonics of the Variscan foreland of the British Isles. Journal of the Geological Society, 153(1), pp.17-32.
Coward, M.P., 1993. The effect of Late Caledonian and Variscan continental escape tectonics on basement structure, Paleozoic basin kinematics and subsequent Mesozoic basin development in NW Europe. In Geological Society, London, Petroleum Geology Conference series (Vol. 4, No. 1, pp. 1095-1108). Geological Society of London.
Coward, M.P., 1995. Structural and tectonic setting of the Permo-Triassic basins of northwest Europe. Geological Society, London, Special Publications, 91(1), pp.7-39.
Cowie, P.A. and Scholz, C.H., 1992. Physical explanation for the displacement-length relationship of faults using a post-yield fracture mechanics model. Journal of Structural Geology, 14(10), pp.1133-1148.
Cowie, P.A., Gupta, S. and Dawers, N.H., 2000. Implications of fault array evolution for synrift depocentre development: insights from a numerical fault growth model. Basin Research, 12(3-4), pp.241-261.
Davydov, V.I., Korn, D., Schmitz, M.D., Gradstein, F.M. and Hammer, O., 2012. The carboniferous period. In The geologic time scale (pp. 603-651).
Day, J.B.W., 1970. Geology of the country around Bewcastle. Memoires of the Geological Survey of Great Britain, pp.95-99.
Dean, M.T., Browne, M.A.E., Waters, C.N. and Powell, J.H., 2011. A lithostratigraphical framework for the Carboniferous successions of northern Great Britain (onshore). British Geological Survey.
De Paola, N., Holdsworth, R.E., McCaffrey, K.J. and Barchi, M.R., 2005. Partitioned transtension: an alternative to basin inversion models. Journal of Structural Geology, 27(4), pp.607-625.
Dewey, J.F., 1982. Plate tectonics and the evolution of the British Isles: Thirty-fifth William Smith Lecture. Journal of the Geological Society, 139(4), pp.371-412.
de Saint-Blanquat, M., Law, R.D., Bouchez, J.L. and Morgan, S.S., 2001. Internal structure and emplacement of the Papoose Flat pluton: An integrated structural, petrographic, and magnetic susceptibility study. Geological Society of America Bulletin, 113(8), pp.976-995.
de Castro, D.L., Bezerra, F.H. and Branco, R.M.C., 2008. Geophysical evidence of crustal-heterogeneity control of fault growth in the Neocomian Iguatu basin, NE Brazil. Journal of South American Earth Sciences, 26(3), pp.271-285.
Dimitropoulos, K. and Donato, J.A., 1981. The inner moray firth central ridge, a geophysical interpretation. Scottish Journal of Geology, 17(1), pp.27-38.
Donato, J.A., Tully, M.C., Illing, L.V. and Hobson, G.D., 1981. A regional interpretation of North Sea gravity data. Petroleum geology of the continental shelf of North-West Europe, pp.65-75.
Donato, J.A., Martindale, W. and Tully, M.C., 1983. Buried granites within the Mid North Sea High. Journal of the Geological Society, 140(5), pp.825-837.
Donato, J.A. and Megson, J.B., 1990. A buried granite batholith beneath the East Midland Shelf of the Southern North Sea Basin. Journal of the Geological Society, 147(1), pp.133-140.
Donato, J.A., 1993. A buried granite batholith and the origin of the Sole Pit Basin, UK Southern North Sea. Journal of the Geological Society, 150(2), pp.255-258.
Dunham, K.C., Dunham, A.C., Hodge, B.L. and Johnson, G.A.L., 1965. Granite beneath Viséan sediments with mineralization at Rookhope, northern Pennines. Quarterly Journal of the Geological Society, 121(1-4), pp.383-414.
Egan, S.S., 1992. The flexural isostatic response of the lithosphere to extensional tectonics. Tectonophysics, 202(2-4), pp.291-308.
Egan, S.S. and Urquhart, J.M., 1993. Numerical modelling of lithosphere shortening: application to the Laramide erogenic province, western USA. Tectonophysics, 221(3-4), pp.385-411.
Egan, S.S. and Meredith, D.J., 2007. A kinematic modelling approach to lithosphere deformation and basin formation: application to the Black Sea. Geological Society, London, Special Publications, 282(1), pp.173-198.
Fraser, A.J. and Gawthorpe, R.L., 2003. An atlas of Carboniferous basin evolution in northern England. Geological Society.
Freeman, B., Klemperer, S.L. and Hobbs, R.W., 1988. The deep structure of northern England and the Iapetus Suture zone from BIRPS deep seismic reflection profiles. Journal of the Geological Society, 145(5), pp.727-740.
George, T.N., 1958. Lower Carboniferous palaeogeography of the British Isles. Proceedings of the Yorkshire Geological Society, 31(3), pp.227-318.
Green, P.F., 2002. Early Tertiary paleo-thermal effects in Northern England: reconciling results from apatite fission track analysis with geological evidence. Tectonophysics, 349(1-4), pp.131-144.
Haszeldine, R.S., 1984. Carboniferous North Atlantic palaeogeography: stratigraphic evidence for rifting, not megashear or subduction. Geological Magazine, 121(5), pp.443-463.
Holdsworth, B., Dempsey, E., Selby, D., Le Cornu, C. and Young, B., 2015, April. A reappraisal of the age, origin and structural setting of sulphide mineralisation in the UK North Pennines Orefield. In EGU General Assembly Conference Abstracts (Vol. 17).
Holford, S.P., Green, P.F., Turner, J.P., Williams, G.A., Hillis, R.R., Tappin, D.R. and Duddy, I.R., 2008. Evidence for kilometre-scale Neogene exhumation driven by compressional deformation in the Irish Sea basin system. Geological Society, London, Special Publications, 306(1), pp.91-119.
Johnson, G.A.L., 1967. Basement control of Carboniferous sedimentation in northern England. Proceedings of the Yorkshire Geological Society, 36(2), pp.175-194.
Karner, G.D. and Watts, A.B., 1982. On isostasy at Atlantic‐type continental margins. Journal of Geophysical Research: Solid Earth, 87(B4), pp.2923-2948.
Kimbell, G.S., Chadwick, R.A., Holliday, D.W. and Werngren, O.C., 1989. The structure and evolution of the Northumberland Trough from new seismic reflection data and its bearing on modes of continental extension. Journal of the Geological Society, 146(5), pp.775-787.
Kimbell, G., Carruthers, R.M., Walker, A. and Williamson, J.P., 2006. Regional geophysics of southern Scotland and Northern England.
Kimbell, G.S., Young, B., Millward, D. and Crowley, Q.G., 2010, November. The North Pennine batholith (Weardale Granite) of northern England: new data on its age and form. Geological Society of London.
Kimbell, G.S. and Williamson, J.P., 2015. A gravity interpretation of the Central North Sea.
Kombrink, H., Leever, K.A., Van Wees, J.D., Van Bergen, F., David, P. and Wong, T.E., 2008. Late Carboniferous foreland basin formation and Early Carboniferous stretching in Northwestern Europe: inferences fromquantitative subsidence analyses in the Netherlands. Basin Research, 20(3), pp.377-395.
Kooi, H., Cloetingh, S. and Burrus, J., 1992. Lithospheric necking and regional isostasy at extensional basins 1. Subsidence and gravity modeling with an application to the Gulf of Lions margin (SE France). Journal of Geophysical Research: Solid Earth, 97(B12), pp.17553-17571.
Kusznir, N.J. and Park, R.G., 1987. The extensional strength of the continental lithosphere: its dependence on geothermal gradient, and crustal composition and thickness. Geological Society, London, Special Publications, 28(1), pp.35-52.
Kusznir, N.J. and Egan, S.S., 1989. Simple-Shear and Pure-Shear Models of Extensional Sedimentary Basin Formation: Application to the Jeanne d'Arc Basin, Grand Banks of Newfoundland: Chapter 20: North American Margins.
Kusznir, N.J., Marsden, G. and Egan, S.S., 1991. A flexural-cantilever simple-shear/pure-shear model of continental lithosphere extension: applications to the Jeanne d’Arc Basin, Grand Banks and Viking Graben, North Sea. Geological Society, London, Special Publications, 56(1), pp.41-60.
Lee, M.K., 1986. A new gravity survey of the Lake District and three-dimensional model of the granite batholith. Journal of the Geological Society, 143(3), pp.425-435.
Leeder, M.R., 1975. Pedogenic carbonates and flood sediment accretion rates: a quantitative model for alluvial arid-zone lithofacies. Geological Magazine, 112(3), pp.257-270.
Leeder, M.R., 1982. Upper Palaeozoic basins of the British Isles—Caledonide inheritance versus Hercynian plate margin processes. Journal of the Geological Society, 139(4), pp.479-491.
Maclennan, J. and Lovell, B., 2002. Control of regional sea level by surface uplift and subsidence caused by magmatic underplating of Earth's crust. Geology, 30(8), pp.675-678.
McKenzie, D., 1978. Some remarks on the development of sedimentary basins. Earth and Planetary science letters, 40(1), pp.25-32.
Meredith, D.J. and Egan, S.S., 2002. The geological and geodynamic evolution of the eastern Black Sea basin: insights from 2-D and 3-D tectonic modelling. Tectonophysics, 350(2), pp.157-179.
Monaghan, A.A. and Parrish, R.R., 2006. Geochronology of Carboniferous–Permian magmatism in the Midland Valley of Scotland: implications for regional tectonomagmatic evolution and the numerical time scale. Journal of the Geological Society, 163(1), pp.15-28.
Monaghan, A.A., Arsenikos, S., Callaghan, E., Ellen, R., Gent, C., Greenhalgh, E., Hannis, S., Henderson, A., Leslie, G., Johnson, K. and Kassyk, M., 2016. Overview of the 21CXRM Palaeozoic Project: a regional petroleum systems analysis of the offshore Carboniferous and Devonian of the UKCS.
Murchison, D., 2004. Aberrations in the coalification patterns of the offshore coalfields of Northumberland and Durham, United Kingdom. International journal of coal geology, 58(3), pp.133-146.
Nicol, A., Walsh, J.J., Manzocchi, T. and Morewood, N., 2005. Displacement rates and average earthquake recurrence intervals on normal faults. Journal of Structural Geology, 27(3), pp.541-551.
Parsons, B. and Sclater, J.G., 1977. An analysis of the variation of ocean floor bathymetry and heat flow with age. Journal of geophysical research, 82(5), pp.803-827.
Peace, G.R. and Besly, B.M., 1997. End-Carboniferous fold-thrust structures, Oxfordshire, UK: implications for the structural evolution of the late Variscan foreland of south-central England. Journal of the Geological Society, 154(2), pp.225-237.
Pharaoh, T., England, R. and Lee, M., 1995. The concealed Caledonide basement of eastern England and the southern North Sea—a review. Studia geophysica et geodaetica, 39(3), pp.330-346.
Pratt, J.H., 1858. The deflection of the plumb-line in India and the compensatory effect of a deficiency of matter below the Himalaya mountains. Philos Trans R So London, 149, pp.745-778.
Ridd, M.F., Walker, D.B. and Jones, J.M., 1970. A deep borehole at Harton on the margin of the Northumbrian Trough. Proceedings of the Yorkshire Geological Society, 38(1), pp.75-103.
Ritchie, J.D., Johnson, H., Browne, M.A.E. and Monaghan, A.A., 2003. Late Devonian–Carboniferous tectonic evolution within the Firth of Forth, Midland Valley; as revealed from 2D seismic reflection data. Scottish Journal of Geology, 39(2), pp.121-134.
Royden, L. and Keen, C.E., 1980. Rifting process and thermal evolution of the continental margin of eastern Canada determined from subsidence curves. Earth and Planetary Science Letters, 51(2), pp.343-361.
Sonder, L.J., 1990. Effects of density contrasts on the orientation of stresses in the lithosphere: Relation to principal stress directions in the Transverse Ranges, California. Tectonics, 9(4), pp.761-771.
Soper, N.J., England, R.W., Snyder, D.B. and Ryan, P.D., 1992. The Iapetus suture zone in England, Scotland and eastern Ireland: a reconciliation of geological and deep seismic data. Journal of the Geological Society, 149(5), pp.697-700.
Stein, S., Cloetingh, S., Sleep, N.H. and Wortel, R., 1989. Passive margin earthquakes, stresses and rheology. In Earthquakes at North-Atlantic Passive Margins: Neotectonics and Postglacial Rebound (pp. 231-259). Springer, Dordrecht.
Stone, P., Millward, D., Young, B., Merritt, J., Clarke, S., McCormac, M. and Lawrence, D., 2010. Northern England. British Geological Survey.
Terrington, R.L. and Thorpe, S., 2013. Metadata report for the Northumberland and Solway Basin 1: 250 000 geological model.
Verrall, P., 1982. Structural interpretation with applications to North Sea problems: Geological Society of London Course Notes No 3. JAPEC (UK).
Watts, A.B., Bodine, J.H. and Steckler, M.S., 1980. Observations of flexure and the state of stress in the oceanic lithosphere. Journal of Geophysical Research: Solid Earth, 85(B11), pp.6369-6376.
Watts, A.B. and Zhong, S., 2000. Observations of flexure and the rheology of oceanic lithosphere. Geophysical Journal International, 142(3), pp.855-875.
Watts, A.B., 2001. Isostasy and Flexure of the Lithosphere. Cambridge University Press.
White, N.J., Jackson, J.A. and McKenzie, D.P., 1986. The relationship between the geometry of normal faults and that of the sedimentary layers in their hanging walls. Journal of Structural Geology, 8(8), pp.897-909.
Ziegler, P.A., Cloetingh, S. and van Wees, J.D., 1995. Dynamics of intra-plate compressional deformation: the Alpine foreland and other examples. Tectonophysics, 252(1-4), pp.7-59.
Zoback, M.L., 1992. First‐and second‐order patterns of stress in the lithosphere: The World Stress Map Project. Journal of Geophysical Research: Solid Earth, 97(B8), pp.11703-11728.
22 | Page

image2.jpeg
Subsidence = 2.66km

No infill

7

b) No infil
A Subsidence = 3.55km ‘J
A
€, P,
CD
A
h, P,
A b Lt vy





image3.jpeg
No infill

Sediment infill

Basement relief

Pe

B=2

Pr

=4

base level

Pe

Basement relief

P





image4.jpeg
Air infill

Water infill

Sediment infill

=
]
]
V.

B

[ & =i
&ag \\ .
85 ™~

= O \\
8201
% c
R
R

' 71
£5
Qe
£
g
2
2
8

0.01

Z Extension factor (B) 4




image5.jpeg
p=33

_starting basement elevation

y1=12.5





image6.jpeg
Elevation (km)

Granite thickness

— Airy

0.3

— To = 1km

— Te = 2km — To = 5km e Tg = 10km

—  Te = 15km

o
N
L

o
L

200

(km)

50 106 150
Distance (km)

200




image7.jpeg
Depth (km) Depth (km) Depth (km)

Depth (km)

Beta

0 100

200

300 400

0 100

200

300 400

0 100 200 300 400
14
12
10, \
0 100 200 300 400
Distance (km)

l:] Post-rift basin fill (@40 My)

D Syn-rift basin fill

- Basement




image8.jpeg
Carboniferous

Westphalian

Namurian

Visean

Tournaisian

Devonian

| Stephanian

—300—

Variscan
inversion

late
Stainmore Carboniferous
Formation thermal
subsidence

/
/

prolonged
early
Carboniferous
extension

BASEMENT




image9.jpeg
a)

Depth (km)

CHEVIOT

NORTHUMBERLAND TROUGH

ERRINGTON

ALSTON BLOCK

A

STAINMORE
TROUGH

LAKE DISTRICT BLOCK

40
Distance (km)

VALE OF EDEN BASIN

Does not represent
«— depth of emplacement

ALSTON BLOCK

ROOKHOPE

O
[
[]

Undifferentiated Permian
Pennine Coal Measures Group
Stainmore Formation

Alston Formation

Tyne Limestone Formation

Fell Sandstone Formation
Lyne Formation

Inverclyde Group

B

HARTON
DOME

Interpreted granite thickness
from geophysical data

20

40

60

Distance (km)

80

100

120 140




image10.jpeg
NORTHUMBERLAND TROUGH ALSTON BLOCK

Depth (km)

Depth (km)

Granite
thickness (km)

100 125

o
N
)
o
=)
~
@

d)

0 undiff. basin fill
10

20

Depth (km)

Moho

40

50
0 25 50 75 100 125

Distance (km)

Post-rift basin - . . . 5 . : |:]
Syn-rift basin fill Brittle crust (basement Ductile crust (basement; Mantl
fill (@40 My) . ( ) ! : =





image11.jpeg
LAKE DISTRICT VALE OF EDEN ALSTON BLOCK
BLOCK BASIN
| _
=
=
g
g
o
0 25 50 75 100 125 150
b)
| _
=
=
g
g
o
0 25 50 75 100 125 150
c
) 10
8
=
58
cE4
E
2
04 T T T T T T
0 25 50 75 100 125 150

undiff. basin fill

Depth (km)

0 25 50 5 100 125 150
Distance (km)

Post-rift basin . s
Syn-rift basin fill . Brittle crust (basement) . - D Mantle
fill (@40 My) LAl Ductile crust (basement)




image12.jpeg
a) Post-emplacement, pre-extensional profile

local tensile stress
« due to flexure
<>

N

‘puoyancy’ forces

b) Constructive interference of tectonic and
‘second-order’ stresses

tectonic stress (partial) relief of

' second-order stresses .

c) Largely isostatically equilibrated, late stage
extensional basin





image1.jpeg
Cheviot pluton

| . Exposed pluton Fault trace. .*> Borehole
Permian-Mesozoic ide limif
(outside limit of > ®
cover geophysical data) i

Granite thickness

[ J<2km 2-4km

’Efi;rgton/

ake District Batholith

M@ |

V)

N\





