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Abstract

Gravity modelling studies crossing the Carboniferous northern England Pennine Basin have identified
a residual gravity low with an amplitude of up to 12 mGal and dimensions of approximately 40 km by
30 km. It is suggested that the anomaly is produced by a buried granite-cored block located partially
beneath the Holme and Heywood structural highs. The gravity low has flanking positive magnetic
anomalies in common with similar features seen in association with other known northern England
granites. Seismic data across the area show shallow pre-Carboniferous basement located over and to
the southwest of the residual gravity low. In addition, the seismic data show the development of
massive Lower Carboniferous platform carbonate sequences above the southern flank of the
postulated buried granite block. There is some evidence for local pre-Upper Paleozoic maturity
enhancement within the area of the proposed granite. The proposed granite lies within the fault
bounded northwest-southeast trending Burnley-Stamford Magnetic Anomaly (BSMA) which may have
influenced its emplacement position. Large granites within the Pennine Basin, such as those at
Weardale and Wensleydale, are thought to have provided significant tectonic influence during the
extensional phases of the early Carboniferous. The Holme Granite by comparison, being significantly
smaller in size, may have offered a reduced, but nevertheless significant, tectonic influence on the
regional structural high.

Introduction

The Pennine Basin is a Carboniferous sedimentary basin extending across northern England between
the Wales-Brabant Massif in the south and the Southern Uplands in the north. During early
Carboniferous times, phases of rifting and associated extensional tectonics occurred, thought to be
caused by back-arc extension, located north of a subducting Rheic Ocean (Leeder, 1982). Structurally
high and low areas formed during this period, commonly described as the development of early
Carboniferous ‘block’ and ‘basin’ features (Phillips, 1836; Bott, 1967; Johnson, 1967; Fraser &
Gawthorpe, 2003). The high areas are characterised by relatively thin, often stratigraphically
incomplete, shallow water carbonate-dominated, occasionally reefal, sedimentary deposits, whereas
the basinal areas contain deeper-water argillaceous-dominated sequences, which are much thicker
and more stratigraphically complete. Later, during the Namurian and Westphalian, subsidence was of
a more regional nature being related to post-rifting thermal relaxation (McKenzie, 1978). Namurian
deposition was associated with a large southerly-prograding river delta complex leading to the
deposition of the Millstone Grit Group sediments. Eventually, a flat landscape of lakes and rivers
developed during which the Westphalian Pennine Coal Measures sequence was deposited. The red
beds of the Warwickshire Group brought the Carboniferous deposition to a close during a period of
drier climate. Table 1 provides a simplified summary of the Carboniferous stratigraphy.



Due to the generally poor seismic resolution at depth, the interpretation of gravity data has played a
significant role in helping to understand pre-Carboniferous basement configuration and in particular
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Table 1 Simplified stratigraphy of the Pennine Basin after Aitkenhead et al. (2002) and Pharaoh et al. (2011)
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Figure 1 Solid geology map reproduced with permission from the British Geological Survey (BGS) with the locations of
modelled gravity and magnetic cross-sections shown by blue lines. The area of the well and seismic database map of Figure
2 is shown by the black rectangle. Within the rectangle, principal stratigraphic intervals that outcrop are labelled as follows:
- T-Triassic, P-Permian, U, M and L — Upper, Middle and Lower Coal Measures, N- Namurian, D — Dinantian (Visean and
Tournaisian) and B-Bowland High Group and Craven Group. Contains British Geological Survey materials © UKRI 1991. The

approximate position of the proposed buried granite pluton is outlined with the red dashed polygon on both the geology
map and the inset summary location map. urban areas are cross hatched



the location of possible granite plutons. Specifically, and within the general area of this study, the
gravity fields over various proven and postulated granites have been reviewed, such as the Lake District
(Lee, 1990; Woodcock, et al., 2019), Weardale and Wensleydale (Bott, 1967), Market Weighton (Bott,
et al., 1978), Hornsea (Donato & Megson, 1990), Newark (Allsop, 1987; Evans & Allsop, 1987) and
Bingham (Donato, 2019). The Lake District Granite is seen in outcrop. The Weardale Granite is proven
by drilling in the Rookhope (Dunham et al., 1965; Johnson & Nudds, 1995) and Eastgate (Manning, et
al., 2007) boreholes with the Wensleydale Granite being confirmed in the Raydale Borehole (Dunham,
1974; Pashley et al., 2021). The Market Weighton, Hornsea, Newark and Bingham Granites are inferred
from gravity interpretation coupled with reflection seismic data. Several of the studies have suggested
a strong link between areas of platform stability, massive Lower Carboniferous Limestone
development, and the locations of large granite intrusions (Bott, 1967; Bott, et al., 1978; Donato, 2019;
Howell, et al., 2019). Although the Blocks or Highs are cored by the granites, they are set within larger
regional highs or blocks, whose margins are controlled by pre-existing faults or tectonic lineaments.
This study further extends the use of gravity data in conjunction with well and reflection seismic
information to suggest the location of a previously unrecognised buried granite pluton.

The Pennine Basin (Kirby, et al., 2000; Aitkenhead, et al., 2002; Pharaoh, et al., 2011) provides an
example of a classic area where the influence of granite blocks has played a significant role in the style
and distribution of early Carboniferous sedimentation (Bott, 1967). Age dating shows some of the
granites of the area to have been intruded during Lower Devonian and others in Ordovician times

(Woodcock, et al., 2019). Following intrusion, the large low-density granite masses are thought to

LT} Y { i,

3

& 4‘,“7& . « -],~»‘ *) % -_"-
5km 15km 25km 35km 45km | tc\ ‘ e 23 w'} L L‘;l%'\@
Figure 2 Well and seismic database map. Profiles 1-4 were modelled by Donato and Pullan (2022). Profile A is an additional
cross-section run for the purposes of this study. Well control points on the modelled profiles are shown by the black dots
with wells labelled as follows:- 1-Low Bradley-1, 2-Weeton-1, 3- Boulsworth-1, 4-Roddlesworth-1, 5-Holme Chaple-1, 6-
Willow Farm BH, 7-Heywood-1, 8-Upholland-1, 9-Fletcher Bank-1, 10-Wessenden-1, 11-Hatfield-1, 12-Croxteth-1, 13-
Lingard Pit BH, 14-Alport-1, 15-Tickhill BH, 16-Bowyers Waste BH, 17-Knutsford-1, 18-Bosley-1, 19-Woo Dale BH, 20-Eyam-
1, 21-Bramley Moor-1, 22-Kiverton Park-1 and 23-Highoredish-1. Green and red lines show the existing seismic database
(UKOGL website). Seismic line, SAX 84-05, highlighted with the black dashed line is illustrated in Figure 10(a). Areas of no
coverage and poor-quality seismic data are coloured grey.




have produced flexural uplift (Howell, et al., 2019) and localised structural highs over which shallow
water Lower Carboniferous sedimentation took place. The highs were uplifted utilising peripheral
normal faulting produced or reactivated during the early Carboniferous extensional phases (see
Discussion section for further explanation). At these times, Carboniferous syn-rift sedimentation
patterns were strongly influenced by the granite-cored blocks or domes and by the intervening basinal
areas.

As part of the ongoing studies of the Beneath Britain Group in association with the UK Onshore
Geophysical Library (UKOGL), a series of cross-sections were constructed across northern, central and
eastern England (Donato & Pullan, 2022). Four of these cross-sections are located over the Pennine
Basin and one additional profile has been constructed for the purposes of this study (Line A). As shown
in Figure 1, Carboniferous rocks outcrop over the Pennine Basin and the profiles are based upon an
integration of stratigraphic well tops combined with published structure contour maps incorporating
reflection seismic data interpretations. The seismic and well database is shown in Figure 2. Seismic
coverage is highly variable with significant areas unconstrained by seismic control. Deep borehole
penetrations are also limited with only five (Wessenden-1, Boulsworth-1, Holme Chapel-1,
Roddlesworth-1 and Eyam-1) reaching pre-Carboniferous strata. The cross-sections have been

TD Depth (m) Lower
No Well Date TD Formation Age Carboniferous
md =+ Facies
1 Low Bradley-1 1991 613.5 344.7 Middle Carboniferous NR
2 Weeton-1 1984 1979.3 | 1928.5 Lower Carboniferous Shale
3 Boulsworth-1 1963 19229 | 1493.8 Devonian Limestone
4 Roddlesworth-1 1987 | 2509.0 | 2273.1 Devonian Limestone
5 Holme Chapel-1 1974 1982.3 | 1710.8 Lower Ordovician Limestone
6 Willow Park-1 1971 656.5 573.9 Upper Carboniferous NR
7 Heywood-1 1984 | 1619.0 | 1499.0 Lower Carboniferous Limestone
8 Upholland-1 1956 | 1522.4 | 14395 Middle Carboniferous NR
9 Fletcher Bank-1 1958 1681.0 | 1434.1 Middle Carboniferous NR
10 Wessenden-1 1987 1127.7 630.6 | Lower Palasozoic/Precambrian? Limestone
11 Hatfield-1 1965 1604.8 | 1599.7 Middle Carboniferous NR
12 Croxteth-1 1953 1285.0 | 1260.3 Lower Carboniferous Limestone
13 Lingard Pit BH 1925 369.1 288.3 Upper Carboniferous NR
14 Alport-1 1939 778.8 4953 Lower Carboniferous Shale
15 Tickhill BH 1958 1710.5 | 1681.5 Middle Carboniferous NR
16 | Bowyers Waste BH | 1958 193.2 116.0 Lower Triassic NR
17 Knutsford-1 1973 | 3045.7 | 3000.0 Upper Carboniferous NR
18 Bosley-1 1986 2006.4 | 1564.0 Lower Carboniferous Shale
19 Woo Dale BH 1947 3121 69.6 Lower Ordovician Limestone
20 Eyam-1 1970 1851.0 | 1621.0 Lower Ordovician Limestone
21 Bramley Moor-1 1987 | 1146.9 | 9259 Lower Carboniferous Limestone
22 Kiverton Park-1 1940 | 1415.4 | 1312.2 Lower Carboniferous Limestone
23 Highoredish-1 1955 184.5 158.2 Lower Carboniferous Limestone

Table 2 Summary results for the wells located and numbered in Figure 2. NR=Not reached

converted to a series of simplified 2.5D gravity and magnetic model profiles, and the calculated
anomalies have been compared to observed gravity and magnetic variations derived from maps
published by the British Geological Survey (BGS) (Chacksfield & Edwards, 2006; Chacksfield et al.,
2006). Assumed densities for the models are based upon an evaluation of well log data combined with
published information. Magnetic susceptibility model values have been derived from published
information. The gravity modelling has allowed the gravity effect of the better understood, shallower



geological structure to be removed, leaving residual anomalies thought to be derived from deeper,
more poorly understood features. Following an initial 2.5D gravity modelling phase, magnetic
anomalies were also modelled and incorporated.

The profiles revealed a significant residual negative gravity anomaly of up to 12 mGal located between
Manchester and Leeds and spanning the northern edge of the Peak District. The anomaly has
approximate dimensions of 40 km by 30 km. Donato & Pullan (2022) have tentatively suggested that
the residual anomaly is associated with a previously unrecognised buried granite pluton, the Holme
Granite, located beneath the Holme and Heywood structural highs. In this paper, this feature is
examined in greater detail using supplementary 2.5D gravity and magnetic modelling, a 3D four-layer
gravity model and detailed seismic interpretation.

2.5D Gravity and magnetic modelling and residual Gravity Anomaly

Five profiles extend across the area of interest, and three of these are illustrated in Figure 3 (Profiles
1, 2 and 3). The profiles are constructed using the 2.5D grav/mag modelling software (Pedley, et al.,
1993) of the British Geological Survey (BGS) and are extracted with slight modification from Donato &
Pullan (2022) where detailed profile descriptions are provided. For the initial gravity calculation, model
layers representing five stratigraphic intervals were constructed including: - (i) Jurassic, (ii) Permo-
Triassic, (iii) Stephanian and Westphalian (including Pennine Coal Measures), (iv) Namurian (including
the Millstone Grit) and (v) Visean and Tournaisian (see Table 1). The lowermost layer, Visean and
Tournaisian, is separated into two parts depending on the predominant lithology, one where platform
limestones predominate and another where basinal shales predominate. The layer polygons are
controlled by the numerous well ties coupled with published BGS depth structural contour maps (Kirby
et al., 2000, Smith et al., 2005, Pharaoh et al., 2011). Assumed layer densities are listed in the profile
figure captions and are defined by an evaluation of density logs from the Longhorsley-1, Errington-1,
Whitmoor-1, Swinden Tipanheck-1, Boulsworth-1, Holme Chapel-1, Wessenden-1, Heywood-1,
Croxteth-1, Roddlesworth-1 and Hesketh-1 wells and by summaries of rock density measurements
provided by Kimbell et al. (2006).

As discussed in Donato & Pullan (2022), 2.5D gravity and magnetic modelled profiles are usually
constructed as straight lines crossing features at right angles to the apparent strike direction. The
models created here do not satisfy this norm and, therefore, have additional limitations with respect
to the more normal, orthogonally-intersecting profiles. The purpose of constructing the profiles is to
attempt to identify areas where significant residual anomalies exist and, therefore, to highlight areas
where further investigations may be worthwhile. Donato & Pullan (2022) estimated that differences
greater than 5 mGal suggest further investigation to be merited.

Profile 1 (Figure 3) passes from northwest to southeast commencing within the Bowland Basin with
deformed and inverted Namurian rocks at outcrop. Southwards, beyond the Pendle Fault, the profile
passes over Lower Carboniferous shelf carbonate sediments. Shelf carbonate facies are proven in the
Holme Chapel-1 (well number 5), Wessenden-1 (well number 10), Heywood-1 (well number 7) and
Boulsworth-1 (well number 3) wells and are confined to the area of complex, positive structural
features including the Central Lancashire, Heywood and Holme Highs (Evans & Kirby, 1999). Farther
south, the profile crosses the Alport Basin, a Lower Carboniferous (Visean and Tournaisian) basinal
area, as proved by the Alport-1 well (well number 14), before reaching the East Midlands Shelf and the
northeastern flank of the Derbyshire Dome. The southeastern end of the profile continues across the
Widmerpool Trough, another major Lower Carboniferous basinal area, beyond the area of interest



considered here. The modelled gravity calculation, based upon the Carboniferous and younger layers,
reveals a residual gravity low with an amplitude of approximately 12 mGal located between 40 and 95
km along the profile (shaded light blue in Figure 3, Profile 1). A possible explanation for this significant
gravity residual anomaly, and also for the associated magnetic anomalies, is offered by the inclusion in
the model of a non-magnetic Holme Granite block intruded into slightly magnetic basement. This is
shown by the lower model prisms of Figure 3 (Profile 1).

Profile 2 (Figure 3) extends from southwest to northeast. Namurian to Westphalian section outcrops
to the northeast of the Croxteth-1 well (well number 12) and the profile crosses the Lancashire
Coalfield before passing onto the Holme and Central Lancashire Highs. A residual gravity low of
approximately 8 mGal may be seen located over the structural high area between 30 and 55 km along
the profile. This gravity low and its associated flanking magnetic anomalies may be explained, as for
Profile 1, by the inclusion in the model of a non-magnetic Holme Granite block.

Profile 3 (Figure 3) crosses the deep gravity low associated with the thick Permo-Triassic sediments of
the Cheshire Basin and then passes onto the Holme and Central Lancashire Highs. Beyond the High,
the profile crosses the north-westerly extensions of the Huddersfield Basin and Gainsborough Trough.
In agreement with Profiles 1 and 2, Profile 3 shows a significant residual gravity low located primarily
over the structurally high area of the Holme High. In this case, it has an amplitude of approximately
10 m@Gal, is located between 80 and 100 km along the profile and, in a similar manner to Profiles 1 and
2, may be explained by the presence of the Holme Granite.

The residual gravity anomaly defined by the 2.5D gravity profiles has been mapped and is illustrated
in Figure 4. The anomaly has a maximum amplitude of 12 mGal and extends over an area of
approximately 1200 sq km. This paper attempts to further define this gravity anomaly. As a first step
in this more detailed examination, a local 3D gravity model has been constructed, the extent of which
is shown by the red-dashed rectangular outline of Figure 4.
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Figure 3 Profiles 1, 2 and 3 reproduced with slight modification from Donato and Pullan (2022). The yellow shaded

granite block is the postulated Holme Granite. Abbreviations used are FN- Furness to Norfolk and BS-Burnley to Stamford
magnetic anomalies. The extent of the profiles within Figure 2 is shown by the blue horizontal line. In this area the
wells are labelled with numbers in accordance with Figure 2. Outside of this area the wells are labelled with letters.
Profile model parameters and well tie points are listed below: -

Profile 1 Assumed densities are Triassic 2.55, Westphalian 2.6, Namurian 2.6, Visean and Tournaisian 2.7 (Bowland and
Edale Basins), Visean and Tournaisian 2.68 (Widmerpool Trough), Visean and Tournaisian 2.73 (carbonates), Granite
2.65. A background density of 2.72 has been assumed. Magnetic basement 2.72, 0.019 SI. The well locations are
numbered as a Whitmoor-1, b Brennand BH, 5 Holme Chapel-1, 10 Wessenden-1, 14 Alport-1, 20 Eyam BH, 23
Highoredish BH, c Ironville-5, d llkeston-1, e Stapleford-1, f Ratcliffe on Soar-1 and g Hathern-1

Profile 2 Assumed densities are Permo-Triassic 2.45, Westphalian 2.6, Namurian 2.6, Visean and Tournaisian Sst/Sh
2.67, Visean and Tournaisian Lmst 2.73, Granite 2.65, Magnetic Basement SW of granite 2.72, 0.018 SI, Magnetic
Basement NE of Granite 2.735, 0.01 SI, Magnetic Basement NE end of profile 2.72, 0.014 SI. The well locations are
numbered as 12 Croxteth-1, 8 Upholland-1, 4 Roddlesworth-1 (offset), 7 Heywood-1 (offset), 9 Fletcher Bank-1, 5 Holme
Chapel-1, 3 Boulsworth-1, 1 Low Bradley-1, a Sawley-1, b Aldfield-1, c Kirklington BH and d Harsley-1.

Profile 3 Assumed densities are Jurassic 2.6, Permo-Triassic 2.55/2.65(Cleveland Basin inverted), Westphalian 2.6,
Namurian 2.6/2.7 (inverted), Visean and Tournaisian Sst/Sh 2.68/2.72 (inverted), Visean and Tournaisian Lmst 2.75,
Granite 2.62, 0.005 SI, Magnetic Basement SW of Granite 2.73, 0.015 SI, Magnetic Basement NE of Granite 2.72, 0.017
SI. The well locations are numbered as a Milton Green-1, 16 Bowyers Waste BH, 17 Knutsford-1, 13 Lingard Pit BH, 10
Wessenden-1, 6 Willow Farm BH, 2 Weeton-1, b New Parks BH, c Thornton le Clay-1, d High Hutton-1, e Kirby Misperton-
8 and f Cloughton-1
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Figure 4 Residual gravity map derived from the gravity modelling of Profiles 1-5 and A. The map has a contour interval of
2 mGal. The main anomaly of interest is the area of low residual gravity values located close to the intersections of Profiles
1, 2 and 3. The red dashed rectangle shows the location of the 3D gravity modelling study. Wells are shown by black dots
and are numbered as Figure2. The UKOGL seismic database is shown by the green and red lines.

3D Gravity Modelling

A four-layer 3D gravity model, using a grid interval of 2 km, has been constructed based upon simplified
versions of the series of depth contour structure maps published by Kirby, et al. (2000), Aitkenhead, et
al. (2002) and Smith, et al. (2005). The depth surfaces shown in Figure 5 were used to define the
following four intervals: Permo-Triassic, Westphalian, Namurian and Dinantian (Visean and
Tournaisian). Assumed densities were similar to those used for the 2.5D profiles but were refined
following an evaluation of density logs in the Wessenden-1 (well number 10), Roddlesworth-1 (4) and
Heywood-1 (7) wells. Based on well information, Dinantian (Visean and Tournaisian) densities were
varied across the area with higher values ascribed to areas of thicker platform carbonates. Values used
are listed in the Figure 5 caption. This model allows an attempt to be made to calculate the gravity
effect from all sediments above the base Carboniferous/top Caledonian Unconformity. The calculated
results of the 3D model were subtracted from the observed gravity field of Figure 6(a). A regional
background gravity field, following that proposed by Donato et al. (2024), was also removed. The
resulting residual gravity anomaly produced by this stripping process is shown in Figure 6(c). These
results are compared to the residual fields obtained from the 2.5D profiles (Figure 6(b)) and also to the
work of Kimbell, et al. (2006) (Figure 6(d)) who undertook a similar evaluation extending over the
northern part of the area of the red dashed rectangle. The three slightly different methods all reveal
a residual gravity low in approximately the same location and highlighted by the three black dashed
outlines. The feature appears to comprise an approximately east-west trending low with the minimum
gravity values located within the eastern part. Grey shading highlights areas of no or poor seismic
coverage. In these areas, the geological structure is poorly defined hence the gravity modelling is less
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reliable. The observed gravity field of Figure 6(a) shows a strong regional westerly increase in gravity
values superimposed upon the gravity effects of this structurally complex area. It is only when the
regional variation and structurally related gravity effects are removed by the stripping process that the
low residual anomaly may be clearly identified.

Figure 7 provides a summary Bouguer anomaly gravity map with the gravity lows previously
interpreted by other workers as being related to granite masses highlighted by black dashed contours.
The residual gravity low (7) calculated here for the proposed Holme Granite has been inserted for
comparison. Examples of granite plutons within central and northern England shown on the map
include:- the Lake District Granites (1) (Lee, 1990; Woodcock, et al., 2019) involving two phases of
granitic intrusions of Upper Ordovician age including the Ennerdale Granophyre and Eskdale Granite
and early Devonian age including the Shap and Skiddaw Granites, the Weardale Granite (2) (Bott, 1967)
within the Alston Block, the Wensleydale Granite (4) (Bott, 1967) within the Askrigg Block, the Market
Weighton Granite (5) (Bott, et al., 1978) and its possible offshore extension including the Hornsea
Granite (6) (Donato & Megson, 1990), the Newark (9) (Allsop, 1987; Evans & Allsop, 1987) and Bingham
(10) (Donato, 2019) Granites within the East Midlands Shelf.

10 km 30 km 50 km 10 km 30 km 50 km

i )

10 km 30 km 50 km 10 km 30km 50 km

Figure 5 Depth structure maps derived, simplified and slightly modified from Aitkenhead, et al. (2002), Kirby, et al., (2000)
and Smith, et al., (2005) and used for the construction of a four-layer 3D gravity model, Figure 5 (a) Variscan Unconformity,
Figure 5 (b) Base Westphalian, Figure 5 (c) Top Dinantian (Visean and Tournaisian), and Figure 5 (d) Base
Carboniferous/Caledonian Unconformity. The area of the maps is shown by the red dashed rectangle in Figure 4. Assumed
densities are Permo-Triassic 2.52, Westphalian 2.55, Namurian 2.6 and Dinantian (Visean and Tournaisian) 2.68 (basinal
areas, argillaceous) and 2.73 (platform areas, limestones).

In Figure 8(a) the three residual gravity outlines of Figure 6 are superimposed upon the total magnetic
anomaly map derived from Chacksfield, et al. (2006). An arcuate positive magnetic anomaly with an
amplitude of approximately 150nT is located along the southern flank of the residual negative gravity
anomaly, interpreted here as associated with the buried Holme Granite. The magnetic anomaly
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appears associated with the easterly, deeper part of the residual gravity anomaly and not its possible
westerly extension.

Granites frequently appear to have low magnetic susceptibility and consequently often display
peripheral positive magnetic anomalies associated with the more magnetic surrounding basement.
The flanking magnetic anomalies may result from topography on the magnetic basement in proximity
to the granites as modelled in Donato & Pullan (2022) (for example see Profiles 1, 2, 3, 10, 12, 15, 16,
17 and 18). In addition, or as a possible alternative explanation, the anomalies may be related to
mineralisation/alteration of the basement adjacent to the granitic intrusions. Examples of peripheral
magnetic anomalies from central and northern England include the Wensleydale (Askrigg Block),
Market Weighton and Wash Granites. At Wensleydale, positive magnetic anomalies lie along the
southwestern flank of the gravity low caused by the granite (Bott, 1961) with magnetic amplitudes
rising to just over 160nT. The Beckermonds Scar borehole, drilled on the southwestern flank of the
granite, encountered steeply-dipping, magnetite-rich siltstones, mudstone and greywacke sandstones
of Ordovician age (Wilson & Cornwell, 1982). These sediments abut the gravity low of the non-
magnetic granite and are considered capable of producing the observed flanking magnetic anomalies.
The Market Weighton Granite (Bott, et al., 1978) shows two positive magnetic anomalies of amplitude
100 and 150nT located on the southern and western flanks of the associated gravity low. Bott (1961)
interpreted the anomalies as related to magnetic basement flanking the non-magnetic granite block.
The Wash Granites (Allsop, 1987), most notably the Boston Granite, have positive magnetic anomalies
with amplitudes approaching 170nT located on the flanks of the granite masses. By analogy, therefore,
the association between the residual gravity low and the arcuate positive magnetic anomalies, as
shown in Figure 8(a), lends support to an interpretation of the features being related to the postulated
buried Holme Granite.

A spectral decomposition of magnetic data (Beamish, et al., 2016) reveals possible deeper basement
magnetic features (Figure 8(b)). This shows the proposed Holme Granite and its associated magnetic
anomaly as centrally located within the northern end of the large northwest-southeast trending
Burnley-Stamford Magnetic Anomaly (BSMA) (Figure 8(b)) (Donato & Pullan, 2022). The Bingham
Granite is also located along the line of the BSMA but the Market Weighton, Newark and Hollowell
Granites do not follow this trend. Suggestions for a deep source for the BSMA include the presence of
Ordovician intrusive rocks, possibly associated with subduction of the Tornquist Ocean (Allsop, 1987
Pharaoh et al., 1993), or the presence of a Precambrian magnetic basement (Wills, 1978; Cornwell &
Walker, 1989). The Burnley-Stamford Anomaly is complex however, and also incorporates significant
sources with shallower origins, such as Dinantian volcanics and volcanic centres of the Derbyshire
Dome (Cornwell & Walker, 1989), Westphalian volcanics seen at the Strelley Volcanic Centre (Pharaoh,
et al., 2011) and Ordovician granodiorite intrusions (Evans & Maroof, 1976; Allsop, 1987; Lee et al.,
1990). The early Carboniferous Basins of the Gainsborough Trough and Widmerpool Gulf lie at an
oblique angle to the BSMA with the Bingham Granite (Donato, 2019) appearing to extend beneath the
northern faulted margin of the Widmerpool Gulf (Figure 8(b)). In the region of the proposed Holme
Granite the BSMA anomaly is bounded by a series of deformation/fault zones, the Todmorden Smash
Belt to the north-east, the Pendle Fault to the northwest and the Derwen Valley Faults to the southwest
(Figure 8(b)).

11



P

e A
o
S

mGal mGal |
: — -
20m i i 25m o SN
o i\ - i N
0m ) 0.0m / ( o
A ! B R 7\
Om S - 1 25m L. i o 3 o2 ““‘
0m i DI il som e NS :
-20m o y . -1.5m :
A -
30m m (> — 10.0m R If
.! Q \ 5 Z
- . —————+—+
hed
S km 0 Skm  20km  35km 3
r - = 3 =
H l e W ==
i o = 4
: | i TZ
H ! H d )
H H
: i
L j
J
mGal 2 ! mGal
10.0m i
75m i| som
2 n 3 : 25m
m S = ]
0.0m N v % B 0.0m
25m i - i
Som || il A B ) 25m <
2s5m ) ( S0m "
-10.0 m ~
Y 2 9 ;
& :
» / e e e e |
——t—t——+ -bs . -t
Okm  10km  20km  30km y 3 5 km 20km  35km

Figure 6 Gravity anomaly comparisons. The four maps all cover the area of the red dashed rectangle shown in Figures
4 and 5. Figure 6 (a) Observed Bouguer anomaly gravity map derived from Chacksfield & Edwards (2006) Figure 6 (b)
Residual gravity anomaly obtained from the 2.5D models of Profiles 1-4 and A. Figure 6 (c) Residual gravity anomaly
derived from the four-layer 3D model. Figure 6 (d) 10t order residual gravity anomaly following removal of the gravity
effect of Carboniferous and younger rocks redrawn from Kimbell, et al., (2006). In (b), (c) and (d) the anomalies are
interpreted as related to the postulated Holme Granite and are highlighted by the black dashed outlines. The contour
interval for (a), (b) and (c) is 2 mGal and that for (d) is 1 mGal. Grey shading highlights areas of no or poor seismic
coverage where the geological structure and hence gravity modelling will be less reliable.
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N,
Figure 7 Bouguer anomaly gravity map produced by digitising contours from Chacksfield & Edwards (2006) and then
gridding and contouring with GlobalMapper software. The residual gravity anomaly of Figure 6(c) has been inserted
within the red polygon. The contour interval is 2 mGal for both datasets. Black dashed outlines show the locations of
postulated granite blocks labelled as follows:- 1-Lake District, 2-Weardale (Alston Block), 3-Tyne, 4-Wensleydale (Askrigg
Block), 5- Market Weighton, 6-Hornsea, 7- Holme (as proposed here), 8-Newark, 9-Bingham, 10-Wash and 11- Hollowell.

The solid black line shows the location of SAX84-05 and the cyan line shows the position of Profile B illustrated in Figure
10.
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Figure 8 (a) Map showing the residual gravity outlines of
Figure 6 superimposed on the Total Magnetic Anomaly
redrawn from Chacksfield et al. (2006). An arc-shaped
positive magnetic anomaly, highlighted with the solid dark red
line, lies on the southern flank of the eastern, deeper
component of the low residual gravity anomaly. The location
of seismic line, SAX 84-05, is shown by the labelled black line
and the location of the Profile B of Figure 10 by the cyan line.
Well locations are shown by black dots and are labelled as
Figure 2. Figure 8 (b) shows the long wavelength spectral
decomposition of the magnetic field reduced to pole
(Beamish, et al., 2016). The positive magnetic feature of the
Burnley-Stamford Magnetic Anomaly (BSMA) (Donato and
Pullan, 2022) is labelled and outlined with the body
boundaries shown by the blue dashed line (Beamish et al.,
2016) as estimated by a tilt derivative analysis. Granites are
labelled 1- Holme, 2 - Market Weighton, 3 - Newark, 4 —
Bingham and 5 — Hollowell, sedimentary basins as -GT -
Gainsborough Trough, WG - Widmerpool Gulf and BB -
Bowland Basin and faults as a — Pendle Fault, b — Todmorden
Smash Belt and c — Derwen Valley Fault. The red polygon with
black outline shows the location of the positive magnetic
anomaly. The black rectangle shows the extent of Figure 8(a).

Following the 3D gravity modelling exercise, DUG Technology Ltd. (DUG, 2024) kindly made available
their seismic interpretation software package to the Beneath Britain Group under an academic licence.
This enabled a seismic interpretation to be undertaken using the seismic data provided by the UK
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Geophysical Library (UKOGL) loaded to the DUG Insight software (v5.1, 2024). Seismic acquisition
across the area is varied, with patches of very limited or non-existent coverage (Figure 2) and with
several lines displaying poor data quality. The area of interpretation spanned the Holme High and
extended north-westwards to include the Central Lancashire High. Interpretation was focused upon
mapping the Base Namurian and Base Carboniferous reflectors with key well ties obtained from the
Boulsworth-1, Roddlesworth-1, Holme Chaple-1, Heywood-1, and Wessenden-1 wells. The two
resulting time maps are shown in Figure 9 with areas of no or poor-quality seismic data shown by grey
shading. The Base Namurian map (Figure 9(a)) shows a prominent NNW-SSE trending ridge following
the Namurian surface outcrop with flanking Westphalian strata and reflecting post-Carboniferous
inversion along the Pennine Axis. The Base Carboniferous map (Figure 9(b)) is more heavily faulted
with faults generated during early Carboniferous phases of extensional tectonics. An example of one
of the better-quality lines, SAX 84-05, is shown in Figure 10(a) with horizon identification as follows:-
brown — Base Coal Measures, green — Near Base Namurian (Top Dinantian (Visean and Tournaisian)),
blue — Top Platform Carbonates with a transparent seismic character, various yellow — wedge-like
‘stripy’ appearance representing Dinantian (Visean and Tournaisian) basinal facies, red — Base
Carboniferous/Top Lower Paleozoic Basement. The south-western end of the line commences on the
upthrown, southern side of the Alport Fault. The line then passes into the Alport Basin and rises north-
eastwards to the Holme High. Towards the north-eastern end, the line passes beyond the Holme High
and into the southern flank of the Huddersfield Basin.

In general, the Base Namurian reflector may be followed with reasonable confidence, but the Base
Carboniferous event shows marked variability with some areas of strong, clear reflections and other
areas with very poor reflector strength and weak lateral continuity. Within the Dinantian (Visean and
Tournaisian) interval, a strong event may be seen locally over structural highs. This is thought to
originate from massive platform carbonate sequences identified in the Holme Chapel-1 (well number
5), Wessenden-1 (10), Heywood-1 (7) and Boulsworth-1 (3) wells. These carbonate sequences are
confined to two main areas, the Holme and the Central Lancashire Highs. as shown in Figure 9(b) by
the cyan polygons.

Figure 9 displays contour maps of two-way-time, and no depth conversion has been attempted. It may
be worth considering however, how the structure in time may be distorted by velocity effects. The
Wessenden-1 well (well number 10) penetrated almost 500m of platform carbonates with an interval
velocity of 6.3 km/s. The average interval velocities of the sections above and below the carbonates
were measured in the well as approximately 4 km/s and 5 km/s respectively. Consequently, the
carbonates represent a high velocity interval and time ‘pull-up’ will be anticipated beneath the thicker
units of carbonate. Depth conversion will therefore partially flatten the time structure beneath the
two cyan polygons outlined in Figure 9(b).
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Figure 9 (a) Time map of the Base
L Namurian reflector. The locations of
Extent of platform D line SAX 84-05 and Profile B of Figure
carbonates 10 are shown by the black and cyan

: ‘ lines respectively. The two cyan

(a) polygons show the areas of platform
carbonate development as proven in

——— ; : wells Holme Chapel-1 (well number
00km  75km  150km 225k 1, L 5), Wessenden-1 (well number 10),
Heywood-1 (7) and Boulsworth-1 (3).
Grey shading illustrates areas with
no or poor-quality seismic coverage.
Figure 9 (b) Time map of the Base
Carboniferous  reflector. Wells
penetrating to the Base
Carboniferous are shown by red dots
and include Wessenden-1 (10),
Boulsworth-1 (3), Holme Chapel-1
(5), Roddlesworth-1 (4) and Eyam-1

(located just off the map to the
south.

2000

0.0 km 7.5 km 150km 225

Despite the variable and often indifferent data quality, particularly for the Base Carboniferous reflector,
there is broad, general agreement between our mapping and numerous independent interpretations
including those of Evans & Kirby (1999), Chadwick & Evans (2005) and those of various oil company
geoscientists whose interpretation are stored on the UK Onshore Geophysical Library (UKOGL) website
(Saxon (1985); Enterprise (1987); Edinburgh (1988); Amoco (1991); Sovereign (1991).and Aurora
(2014)).
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Figure 10 Profile B with location shown in Figures 7, 8, 9 and 11. Figure 10 (a) Interpretation along line SAX 84-05 with
horizons marked as follows:- brown — Base Coal Measures, green -Base Namurian/Top Dinantian (Visean and Tournaisian),
blue — Top Platform Dinantian Carbonates, various yellow — wedge-like ‘stripy’ character representing Dinantian basinal facies
—red — Base Carboniferous/Top Lower Paleozoic Basement. Figures 10 (b) and 10 (c) Speculative gravity and magnetic model.
The profile is a combination of the 3D models of the Carboniferous and Permo-Triassic intervals described earlier plus a 2.5D
model of the gravity and magnetic basement blocks (G and M). The granite block (G) has an assumed density of 2.55 gm/cc
and zero susceptibility. The flanking magnetic basement has a density 2.72 gm/cc with susceptibility of 0.012 SI. A
background density of 2.72 gm/cc has been assumed with a gravity regional following that described in Donato et al. (2024)
with slight modification. A linear regional magnetic field has been assumed with values increasing north-eastwards by 0.1
nT/km.

Figure 10 shows an integration of the seismic, magnetic and gravity data along Profile B (location
shown in Figures 7, 8, 9 and 11). Figure 10(a) illustrates the interpretation of line SAX 84-05 described
above. In Figure 10(b), this interpretation has been integrated into a geological cross-section based
upon the Permo-Triassic and Carboniferous mapping described in Figure 5. It should be noted that in
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Figure 10 (b) the seismic section has a vertical axis in two-way-time but it has been displayed so as to
match approximately the depth section. The profiles of Figure 10(c) are a combination of the 3D
models of the Carboniferous and Permo-Triassic intervals described earlier plus a 2.5D model of the
gravity and magnetic basement blocks G and M. Assumed parameters are listed in the figure caption.
Agreement for the gravity profiles was achieved by assuming a density of 2.55 gm/cc for the granite
block, a value lower than the likely densities for Namurian or Dinantian sediments. The main mass of
the proposed Holme Granite is located beneath the northern flank of the Holme High and the southern
flank of the Huddersfield Basin. The granite is assumed to be intruded into the magnetic basement
associated with the Burnley-Stamford Magnetic Anomaly (BSMA).

Discussion

Age dating shows the Crummock Water, Shap, Weardale and Skiddaw granites to have been intruded
during Lower Devonian times (Woodcock, et al., 2019) with the Wensleydale and Eskdale granites and
the Ennerdale Granophyre being intruded within the Ordovician (Aitkenhead, et al., 2002; Pashley, et
al., 2021). A series of maturity studies have been undertaken by the BGS on the pre—Upper Paleozoic
section for wells within the Pennine Basin (Merriman, et al., 1993; Molyneux, 2001). The work on the
basal Lower Ordovician intervals in the Eyam-BH (Early Arenig), Holme Chapel-1 and Ironville-5
(Tremadoc — Arenig) wells showed maturities to be either in the anchizone or diagenetic zones. The
results from the basal, undated interval in the Wessenden-1 well showed significant maturity
enhancement with maturities reaching the epizone stage. The presence of a granite in the vicinity of
the Wessenden-1 well may explain this higher maturity measurement. The age of the basal section in
the well is unknown, although the BGS suggest a Precambrian?-Cambrian date (Aitkenhead, et al.,
2002). This age would suggest a significantly older subcrop than the neighbouring wells (possibly
reflecting doming over the intrusion). The absence of a significant temperature anomaly in the
Wessenden-1 well may suggest that the granite is of Late Ordovician age (like the Wensleydale Granite
(Pashley, et al., 2021)) rather than the Devonian age of the Weardale and Skiddaw granites which are
characterised by a high heatflow (Aitkenhead, et al., 2002; Busby, et al., 2011).

In a study on the gravity field of Southwest England, Bott et al. (1958) proposed that large, low-density
and rigid granite batholiths have a stabilizing effect on tectonics by seeking to achieve and then
maintaining isostatic equilibrium, especially during phases of extensional tectonics. This concept has
been supported and refined in numerous subsequent investigations (Bott, 1967; Bott, et al., 1978;
Allsop, 1987; Evans & Allsop, 1987; Donato & Megson, 1990; Donato, 2019). Howell et al. (2019)
modelled the influence of granite blocks, suggesting an initial lithospheric flexural bulge often followed
by more localized and faulted uplift. This occurs as the granite blocks strive for a more Airy-like isostatic
equilibrium during subsequent extensional tectonism. Basin depocenters, particularly those
associated with periods of extensional subsidence, are generally considered to occur away from, or on
the periphery of, granite-cored stable platform areas (Bott, 1967). Pre-existing faults are thought to
play a significant role in determining the specific locations and orientations of peripheral basin
sedimentary accumulations (Howell, et al., 2019).

It is of interest to compare this general model for the possible tectonic influence of granite plutons to
the proposed Holme Granite within the vicinity of the Holme High. Figure 11 shows the Dinantian
(Visean and Tournaisian) time isochore illustrating the structural development during the extensional
phases of the early Carboniferous. This is the period when the model would predict the granite to be
active in influencing structural development. Two residual gravity contour lines at -3 and -5 mGal
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provide an approximate indication of the possible location of the granite mass. The granite is not
positioned directly beneath the Holme High, as might be predicted by the general granite tectonic
model, but is offset to lie beneath the northern edge of the high, extending beneath the southern flank
of the Huddersfield Basin. Consequently, the granite tectonic concept appears not to be directly
applicable in this instance and this is discussed further below. There is some uncertainty, however,
regarding the structure of the Huddersfield Basin since, as shown in Figure 9, there is no seismic
coverage in this area and consequently basin structure and associated gravity modelling will be
uncertain.

Time (TWT)
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Figure 11 Map showing the Dinantian (Visean and Tournaisian) time isochore with contour interval of 100ms TWT. Thinner
areas are shaded orange with thicker areas shaded blue. Interpreted faults at Base Namurian and Base Carboniferous levels
are both added to the map and are shown by the grey polygons with black outlines (Dinantian) and red lines (Base
Carboniferous). Structural features are labelled as follows:- AB — Alport Basin, AF — Alport Fault, BB — Bowland Basin, CB —
Cheshire Basin, CLH — Central Lancashire High, DVF — Darwen Valley Fault, EG — Edale Gulf, HB — Huddersfield Basin, HH —
Holme High, HF — Holme Fault, PF — Pendle Fault and TSB — Todmorden Smash Belt. Well locations are shown by black dots
and are numbered as in Figure 2. Red dots show those wells reaching the pre-Carboniferous. Two areas of platform
carbonates are shown by the cyan polygons, one over the Holme High and one over the Central Lancashire High. The two
black dashed outlines show the -3 mGal and -5 mGal residual gravity contours indicating the approximate location of the
Holme Granite. The red polygon shows the location of the positive magnetic anomaly located over the southern flank of the
proposed Holme Granite.

The approximate size and mass deficit of the granites may be estimated from the dimensions and
amplitude of the associated negative gravity anomaly. The largest gravity anomaly in this area is
related to the Weardale Granite, approximately 30 km by 60 km, and Bott (1967) estimated a mass
deficit for this pluton of approximately 5.0 * 10%* kg. By way of comparison, the much smaller residual
gravity anomaly associated with the Holme Granite, approximately 15 km by 30 km, produces a mass
deficit estimate of approximately 1.0 * 10'* kg. These estimates are likely to be minimum values and
will be very approximate as the local regional gravity field is difficult to define with accuracy. Isostatic
uplift potential and any associated tectonic stabilising effects will be proportional to the magnitude
and dimensions of the granite block and its mass deficit. For example, assuming a flexural rigidity of
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1.0E+21 Nm?, the Weardale Granite will produce a flexural uplift over four times greater than that for
the Holme Granite. As the granites approach Airy isostacy, this difference will reduce but the Holme
Granite is buried beneath several kilometres of overburden so it may be difficult for Airy isostacy to be
attained. Consequently, the smaller Holme Granite may only have been able to offer a reduced
isostatic influence compared to that for other much larger granites such as that at Weardale. The
reduced isostatic effect may explain the lack of a direct correspondence between the location of the
granite and the structural high. An analogous situation appears to occur between the similarly-sized
Bingham Granite and the northern edge of the Widmerpool Gulf (Figure 8(b)). Bott et al. (1978), in
discussing the Market Weighton Granite, noticed a similar offset in the spatial relationship between
the Market Weighton Granite and the associated Jurassic-aged stable block. This was explained by
tilting of the block influenced by the granite buoyancy but utilising movements along pre-existing faults
located away from the granite’s margin. The same may be true for the Holme and Bingham Granites.

Following the syn-extensional phase during the early Carboniferous, the Pennine area underwent a
wide regional subsidence with minor associated faulting. This period of post-rifting thermal relaxation
(McKenzie, 1978) lasted from the mid-Brigantian to the Westphalian (Fraser & Gawthorpe, 1990)
although an episode of transpression has been suggested during Westphalian B times (Howell, et al.,
2021). Previous workers have shown that Lower Carboniferous Limestone development occurs over
structural highs with shales developed in basinal areas. This work also shows that the structural highs
reflect the influence of granites with many of the highs being bounded by fault zones.

The Central Lancashire High and Holme High both demonstrate the presence of shallow water Lower
Carboniferous platform carbonates in the overlying section. No evidence of a granite has been
recognised in the Central Lancashire High, although it is bounded to the north by the prominent Pendle
Fault. Both of these features lie on the Burnley Stamford Magnetic Anomaly. This anomaly is bounded
by a series of deformation/fault zones, including the Todmorden Smash Belt to the north-east, the
Pendle Fault to the northwest and the Derwen Valley Faults to the southwest (Figures 8(b) and 11).
These fault/deformation zones are the most significant within the local area (Wright et al. (1927)). The
northwest-southeast trending Burnley Stamford Anomaly clearly has an Acadian phase of
development although an earlier origin is very likely, probably Precambrian. The presence of this early
structural trend may have influenced the emplacement locations of the Holme and Bingham Granites
although the distribution of other granites in the local area do not follow the same orientation (Figure
8(b)).

In detail the Central Lancashire High and Holme High show a contrasting tectonic history. The
Roddlesworth-1 well, located on the Central Lancashire High, shows Brigantian limestones overlain
unconformably by Pendleian Upper Bowland Shales, with no significant time break. The Wessenden-
1 well however, located on the Holme High, has carbonates of possible Asbian age beneath
Kinderscoutian Edale Shales, indicating a 10-15 million year time break (Evans & Kirby, 1999).
Consequently, the Holme High appears as a more prominent and longer-lived feature than the Central
Lancashire High. This difference may reflect their different origins with the buried granite beneath the
Holme High perhaps contributing to the creation of a more persistent stable high compared to the
Central Lancashire High with no similar granite root. The Central Lancashire High was formed as an
uplifted footwall fault block associated with extensional movements of the Pendle Fault, albeit
periodically reactivated over time
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Later, during the late Carboniferous to early Permian times, the area underwent NW-SE directed
Variscan compression (Corfield, et al., 1996) and this led to reactivation of the basin bounding faults,
with inversion seen along many of them. Locally, these movements are believed to be associated with
a sinistral offset along the line of the Todmorden Smash Belt (Evans, et al., 2002). On this basis, the
Burnley Stamford Magnetic Anomaly would underlie the compound basement block, including the
Holme High, with the granite perhaps providing an additional element of tectonic rigidity and stability.
It is a highly speculative suggestion, but it may be that the Holme Granite acted as a buttress to the
north-westerly directed Variscan compression. In this way, sinistral movements occurred over the
north-eastern flank of the rigid granite along the line of the Todmorden Smash Belt. In a similar way,
dextral movements occurred along the south-western side of the granite block along the line of the
Derwen Valley Faults. The Holme Granite, therefore, may have acted as a buttress allowing sinistral
and dextral offsets on the northeastern and southwestern flanks respectively. In a similar way,
Critchley (1984) suggests that the Weardale Granite intrusion of the Alston Block provided a rigid
resistance to Variscan compressional movements.

Conclusions

Gravity modelling studies based upon mapped geological structure, revealed by seismic
interpretations and well ties, have identified a residual gravity low with an amplitude of up to 12 mGal
and dimensions of approximately 40 km by 30 km. This residual gravity low is interpreted as confirming
the suggestion made by Donato & Pullan (2022) that it is related to a buried granite mass, the Holme
Granite.

The initial emplacement location for the Holme Granite may have been influenced by faulting
associated with the earlier basement structure related to the Burnley-Stratford Magnetic Anomaly.
Subsequently, the tectonic influence of the granite may have reactivated the earlier faulting allowing
a possible influence on the structural development during the early Carboniferous extensional
tectonism.

The proposed granite is of small size when compared to some other granites within the area. The
residual gravity low is located primarily over the northeastern flank of the Holme High formed during
the early Carboniferous. It is suggested that the granite’s small size may have limited its ability to
provide a strong vertical isostatic tectonic control as seen for larger granites. Nevertheless, it may have
exhibited horizontal structural control including the speculative possibility of it acting as a rigid buttress
to Variscan north-westerly directed compression.

The presence of enhanced maturity of the pre-Upper Paleozoic sequence seen in the Wessenden-1
well may be related to the location of the underlying Holme Granite.
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