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Abstract 19 

The Sea of Hebrides Basin and Minch Basin are late Palaeozoic-Mesozoic rift basins located to the 20 

northwest of the Scottish mainland. The basins were the target of small-scale petroleum exploration 21 

from the late 1960s to the early 1990s, with a total of three wells drilled within the two basins 22 

between 1989 and 1991. Although no commercially viable petroleum discoveries were made, 23 

numerous petroleum shows were identified within both basins, including a gas show within the 24 

Upper Glen 1 well in Lower Jurassic limestones. Organic rich shales have been identified throughout 25 

the Jurassic succession within the Sea of Hebrides Basin, with one Middle Jurassic (Bajocian-26 

Bathonian) shale exhibiting a Total Organic Carbon content of up to 15 wt%. The focus of this study 27 

is to review the historic petroleum exploration within these basins, and to evaluate whether the 28 

conclusions drawn in the early 1990s of a lack of prospectivity remains the case. This was 29 

undertaken by analysis of seismic reflection data, gravity and aeromagnetic data and sedimentological 30 

data, from both onshore and offshore wells, boreholes and previously published studies. The key 31 
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findings from our study suggest that there is a low probability of commercially sized petroleum 32 

accumulations within either the Sea of Hebrides Basin or the Minch Basin. Ineffective source rocks, 33 

likely due to low maturities (due to lack of burial) and the fact that the encountered Jurassic and 34 

Permian-Triassic reservoirs are of poor quality (low porosity and permeability) has led to our 35 

interpretation of future exploration being high risk, with any potential accumulations being small in 36 

size. While petroleum accumulations are unlikely within the basin, applying the knowledge obtained 37 

from the study could provide additional datasets and insight into petroleum exploration on other 38 

northeast Atlantic margin basins, such as the Rockall Trough and the Faroe-Shetland Basin. 39 

End of Abstract. 40 

 41 

Oil and gas exploration and production across the United Kingdom Continental Shelf (UKCS) is 42 

currently declining (Oil and Gas UK 2018), although as of 2018, 85% of the UK’s total energy use was 43 

provided by hydrocarbons (BP 2020). Furthermore, even with the transition to renewable energy 44 

sources mandated by the UK bringing into law a commitment to reduce greenhouse gases emissions 45 

to net zero by 2050, hydrocarbons are still predicted to supply between 20 and 70% of the UK’s total 46 

energy consumption by 2050 (BP 2020; Gov.UK 2019). Declining production of petroleum across the 47 

UKCS means that the UK will increasingly rely on petroleum imports. Reviewing areas within the 48 

UKCS which may hold potential undiscovered (or undeveloped) petroleum reserves may provide an 49 

important contribution towards reducing the UK’s future reliance on petroleum imports and 50 

increasing its energy security.  51 

The Sea of Hebrides Basin and Minch Basin are fault bounded, NE-SW striking basins situated 52 

offshore between the north west highlands of mainland Scotland and the Outer Hebrides Isles (Naylor 53 

and Shannon 1982; Morton 1992a; Stein 1992; Fyfe et al. 1993). The basins form part of a larger roughly 54 

1500 km long elongate chain of Late Palaeozoic-Mesozoic rift basins which are situated on the north-55 

western margin of the European continental shelf, and extend from the southwest of Ireland to north 56 

of the Shetland Isles (McLean, 1978; Watson 1985; Stein 1988; Morton 1992a; Parnell, 1992). Our 57 

interpretations suggest that the Sea of Hebrides Basin may contain a maximum of 4750 m of Permian-58 



Triassic to Upper Jurassic strata, whilst the Minch Basin may contain up to 3820 m of Permian-Triassic 59 

to Lower Jurassic strata.  60 

Intermittent petroleum exploration within the Sea of Hebrides and Minch basins began in the 61 

late 1960s, leading to a peak of exploration within the basins in the late 1980s to early 1990s (BP 1990; 62 

Fyfe et al. 1993; Oil and Gas Authority 2020). Exploration within the basins led to the drilling of two 63 

exploration wells within the Sea of Hebrides Basin; Upper Glen 1 in 1989 and Hebrides 1 in 1991, and 64 

another exploration well within the Minch Basin, Minch 1 in 1989 (BP 1990; Fyfe et al. 1993; Oil and 65 

Gas Authority 2020). Whilst all the wells drilled reliable structural closures and identified petroleum 66 

shows, no commercially viable petroleum accumulations were encountered (BP 1990; Chevron 1991a; 67 

Chevron 1991b; Pentex 1992a). After their completion post well reviews suggested that the basins 68 

had low potential for commercially viable petroleum discoveries. All licences within the basins were 69 

relinquished and no further active exploration took place (Oil and Gas Authority 2020). This paper 70 

reviews the historic petroleum exploration within the Sea of Hebrides Basin and the Minch Basin, and 71 

evaluates whether the lack of prospectivity conclusion drawn in the early 1990s remains the case. The 72 

review has been undertaken through the use of seismic reflection data, gravity and aeromagnetic data, 73 

alongside data from both onshore and offshore wells, boreholes, and previously published geological 74 

studies. An analysis of the petroleum system, including an assessment of the presence (and risks 75 

associated with) potential source, reservoirs and seals within the basins has been completed, with the 76 

aim of improving the understanding of the basins’ potential for containing commercially-viable 77 

petroleum accumulations. 78 

The knowledge obtained from this study, which benefits from accessibility to outcrops, and a 79 

large body of pre-existing work on the characteristics of the pre-Cretaceous geology, may prove useful 80 

in providing insights into adjacent, offshore basins. The Mesozoic stratigraphic sections, which crop 81 

out within the Sea of Hebrides Basin, are unique on the UK and Republic of Ireland Atlantic Margin. 82 

They provide an invaluable resource for direct insight into the characteristics and temporal and 83 

geographical distribution of Mesozoic aged petroleum system components (source, reservoir, seal), 84 

which play key roles in many active petroleum systems in other UK Atlantic margin basins (Scotchman 85 



et al. 1998; Ritchie et al. 2011; Schofield et al. 2018; Scotchman et al. 2018; Broadley et al. 2020). 86 

These include the Rockall Trough, offshore western Ireland Basins and the Faroe-Shetland Basin of 87 

the northeast Atlantic margin, where early Mesozoic rifting histories are potentially similar, but where 88 

older Mesozoic strata are generally inaccessible due to their burial beneath thick Cretaceous and 89 

Cenozoic sequences (Austin et al. 2014; Oil and Gas Authority 2018; Scotchman et al. 2018).  90 

Within this paper we review the offshore structure and geology of the Sea of Hebrides Basin 91 

and the Minch Basin. This will be followed by an assessment of the petroleum systems within the 92 

basins, including an assessment of potential source, reservoirs and seals. Their overall prospectivity is 93 

summarised, including a description of four potential plays, with an evaluation of their associated risks.  94 

 95 

Geological Structure  96 

Sea of Hebrides Basin 97 

The Sea of Hebrides Basin (SOHB) is situated between the highlands of the Scottish mainland and the 98 

Outer Hebrides Isles (Fig.1 & 2) (Naylor and Shannon 1982; Morton 1992a; Stein 1992; Fyfe et al. 99 

1993). The basin is clearly delineated by gravity data, which reveal a NE-SW trending basin, reaching 100 

195 km by 75 km at its maximum extent (Fig.1). The basin’s western margin is defined by the easterly 101 

dipping, NE-SW striking Minch Fault; this normal fault is situated offshore, a few kilometres to the east 102 

of the Outer Hebrides Isles (Fig.2) (Morton 1990; Morton 1992a). The strike of the Minch Fault closely 103 

parallels the Outer Hebrides Isles coastline and separates the late Palaeozoic/Mesozoic strata within 104 

the SOHB to the east, from the Archean to Paleoproterozoic Lewisian gneiss complex of the Outer 105 

Hebrides Isles to the west (Fig.2) (Fyfe et al. 1993; Kinny et al. 2005). The geometry of the Minch Fault 106 

is interpreted to become listric with depth, before intersecting the Early Proterozoic (2500 Ma) Outer 107 

Isles Thrust, which crops out upon the Outer Hebrides to the west of the Minch Fault (Fig.2) (Stein 108 

1988; Lailey et al. 1989; Stein & Blundell 1990; Morton 1992a). The northern margin of the SOHB is 109 

defined by a pinch out of late Palaeozoic/Mesozoic strata onto the Neoproterozoic Torridonian cored 110 

north-westerly-trending Rubha Reidh Ridge, which separates the SOHB from the Minch Basin to the 111 



north (Fig.2) (Fyfe et al., 1993). The southern margin of the basin is delineated by a thinning of the late 112 

Palaeozoic-Mesozoic strata to the south, before encountering an east-west striking normal fault, which 113 

separates the Sea of Hebrides Basin from the Stanton Trough (Fig.2 & 3) (Fyfe et al. 1993). 114 

In terms of its structure, the SOHB has been interpreted both as a classical half-graben, with 115 

sedimentary rocks thickening towards its fault-bounded western margin (Stein & Blundell 1990; 116 

Roberts & Holdsworth 1999), but also as a synclinal structure with two depocentres: one located just 117 

offshore to the north-west of Skye; and the other located offshore to the south-west of Skye (Smythe 118 

et al. 1972; McQuillin & Binns 1975; England et al. 1993; O’Neill & England 1994). Our interpretation, 119 

based on seismic reflection and gravity data, indicates that sedimentary packages shallow towards both 120 

the eastern and western margin of the basin, consistent with a synform-like morphology across much 121 

of the basin. This synform-like morphology is also recognised from the age and dip of outcrops onshore 122 

Skye, located in the east of the basin and from outcrops on the Shiant Isles, located in the northwest 123 

of the basin, 7.5 km to the southeast of the Outer Hebrides (Anderson & Dunham 1966; O’Neill & 124 

England 1994). From dating of the outcrops it can be interpreted that the youngest, pre-Cenozoic, 125 

rocks (Cretaceous and Upper Jurassic) are found cropping out on Skye, with older rocks e.g. Lower 126 

Jurassic rocks outcropping on the Shiant Isles to the far west of the basin and on mainland Scotland in 127 

the east of the basin (Anderson & Dunham 1966; England et al. 1993; O’Neill & England 1994). Our 128 

interpretation of seismic reflection profiles, suggest that strata of Torridonian and Permian-Triassic 129 

age appear to thicken from east to west across the basin. This implies that sedimentation during these 130 

periods was heavily influenced by normal displacement on the Minch Fault, creating a possible half-131 

graben structure. We interpret Jurassic strata within the basin as displaying a more uniform 1 km to 132 

2 km thickness, in comparison to the Permian-Triassic, with some potential for thickening of Jurassic 133 

strata nearer the centre of the basin (up to 2.6 km), to the present day west of Skye. This supports 134 

the interpretation of Morton (1992b) that Jurassic strata were deposited under a combination of rifting 135 

and thermal subsidence, although this could also be as a result of post-Jurassic exhumation and erosion 136 

(Morton 1992b; England et al. 1993). On seismic reflection data we have interpreted strata adjacent 137 

to the Minch Fault as dipping away from the fault to the east (Chesher et al. 1983). This could indicate 138 



that reactivation of the Minch Fault could have led to post-Jurassic exhumation of the basin, uplifting 139 

and eroding strata along the western margin of the basin, exposing Permian-Triassic aged strata 140 

adjacent to the fault (e.g. at BH72/10 located 2.4 km to the east of Benbecula). The combination of 141 

sedimentary patterns of deposition and subsequent erosion appears to have resulted in a synformal 142 

geometry, with the thickest sediments located in a linear northeast-southwest trending trough, 143 

approximately 18 to 28 km to the east of the Minch Fault.  144 

The eastern margin of the SOHB is more difficult to delineate. In the south of the basin, the 145 

eastern margin is interpreted as being defined by a NE-SW trending basement platform, composed of 146 

Lewisian Gneiss and Torridonian strata, on which the isles of Rum, Coll and Tiree are situated (Fig.2) 147 

(Morton 1990). This platform, sometimes referred to as the ‘Hawes Bank Ridge’, represents the 148 

Precambrian basement-cored footwall of the Camasunary Fault, which trends NE-SW from east of the 149 

isle of Coll and Tiree, intersecting Skye to the west of the Strathaird peninsula (Fig.2) (Chevron 1988; 150 

Morton 1990; Fyfe et al. 1993). To the east of the Camasunary Fault is a half-graben basin named the 151 

Inner Hebrides Basin, located between mainland Scotland and the Camasunary Fault (Fig.2) (Binns 152 

1974; Binns et al. 1974; Morton 1990; Fyfe et al. 1993). The Camasunary Fault has been interpreted 153 

as segmenting onshore mainland Skye, diverging to the northeast of Skye into three separate NNE to 154 

ENE-striking splay faults: the Raasay Fault (also known as the Screapadal Fault); the Applecross Fault; 155 

and the Kishorn Fault (Fig.2) (Morton 1990; Butler & Hutton 1994). The NNE trending Raasay Fault, 156 

situated offshore directly to the east of Raasay, has been interpreted to link, via a NW-SE transfer 157 

zone, to the Camasunary Fault (Fig.2) (Butler & Hutton 1994). Within the hanging walls of the Raasay 158 

Fault, Applecross Fault and the Kishorn Faults, small westerly dipping keystone basins filled with 159 

inferred late Palaeozoic-Mesozoic strata occur, which are separated by Torridonian-cored, uplifted 160 

footwall blocks (Morton 1992b; Butler & Hutton 1994).  161 

At the present-day, the late Palaeozoic-Mesozoic sedimentary rocks in the region are 162 

segmented into a series of basins, separated by Torridonian and Lewisian-cored footwalls (e.g. the 163 

SOHB, Inner Hebrides Basin and the keystone basins to the northeast of Skye) (Fig.2) (Morton 1990; 164 

Fyfe et al. 1993; Butler & Hutton 1994). Prior to exhumation in the early Cretaceous, sedimentary 165 



deposition likely occurred within a single basin, extending from the Minch Fault in the west to 166 

approximately the present-day coastline of mainland Scotland in the east (Morton 1990; Morton 167 

1992b). The uplift of the intra-basin footwall blocks has been interpreted to have occurred either 168 

during the middle Jurassic, or during the latest Jurassic to early Cretaceous, on the basis of angular 169 

unconformities at outcrops onshore Skye (Morton 1990; Morton 1992b). While the intra-basinal 170 

blocks are suggested to have controlled sedimentation within sub-basins, it is likely that the basins 171 

were all connected and formed part of the bigger ‘Sea of Hebrides Basin’ (Harris 1989; Morton 1992b; 172 

Mullere & Steel 1996) 173 

 174 

Minch Basin 175 

The Minch Basin (MB) is a westerly-dipping half-graben basin, situated between the northwest 176 

highlands of Scotland and the Isle of Lewis, Outer Hebrides (Fig.1, 2 & 4) (Stein & Blundell 1990; Fyfe 177 

et al. 1993). Interpretation of gravity data and seismic reflection profiles shows the basin trends NE-178 

SW, and measures 115 km by 40 km at its maximum extent (Fig.1). The MB is a northward continuation 179 

of the SOHB, with sedimentation primarily controlled by the bounding Minch Fault, similar to the 180 

SOHB (Steel & Wilson 1975; Fyfe et al. 1993). The basins are separated by the presence of a 181 

northwest-south east trending, Proterozoic Torridonian cored ridge named the Rubha Reidh Ridge, 182 

which formed during Cretaceous basin inversion (Fig.2) (McQuillin & Binns 1975; Morton 1992b). In 183 

the southwest of the basin, the Minch Fault separates the MB (filled with Mesozoic strata) to the east 184 

from the Lewisian Gneiss complex of the Outer Hebrides Isles to the west (Fyfe et al. 1993). In the 185 

northwest of the basin, the Minch Fault divides the MB to the east from the North Lewis Basin, located 186 

to the west of the Minch Fault (Fig.2). The eastern margin of the basin is interpreted as a thinning of 187 

Mesozoic sedimentary rocks onto Proterozoic Torridonian strata, which crops out both onshore 188 

mainland Scotland and offshore in shallow water located adjacent to the mainland (Fig.2) (Fyfe et al. 189 

1993). Interpretation of seismic reflection data indicates the strata becomes gradually older to the 190 

north, where the basin margin is fault-bound against the Nun Rock-Sule Skerry High (Fig.2) (Fyfe et al. 191 

1993).  192 



 193 

Geological History 194 

The SOHB and MB are both situated upon the Hebridean Terrane (composed of generally undeformed 195 

Caledonian foreland sequences), located to the west of the Moine Thrust (Trewin and Rollin 2002). 196 

Underlying the sedimentary fill of both basins is the Lewisian Complex, a crystalline metamorphosed 197 

gneissose rock of Archean to Paleoproterozoic age (3-1.7 Ga) (Park et al. 2002; Kinny et al. 2005). 198 

The Lewisian Complex is observed to crop out both to the east and west of the basins and is 199 

unconformably overlain by very lightly metamorphosed to unmetamorphosed Neoproterozoic rocks 200 

of the Torridonian Supergroup, which crop out to the east of the basins, on Skye, Raasay, Pabay and 201 

mainland Scotland (Fig.2) (Stewart 1982; Krabbendam et al. 2008). The Torridonian supergroup is 202 

interpreted to underlie both the SOHB and MB (Butler & Hutton 1994) reaching thicknesses of 5-8 203 

km (Stein 1988; Stein 1992; Park et al. 2002; Krabbendam et al. 2008; Badleys Geoscience 2020).   204 

 The development of the SOHB and MB could have commenced as early as the Carboniferous 205 

(Stein 1988), based on regional paleo-tectonic reconstructions of the North Atlantic region (Ziegler 206 

1988) and the presence of reworked Carboniferous miospores in boreholes and solid rock sampling 207 

stations in the SOHB (Eden et al. 1973; Binns et al. 1974; Chesher et al. 1983; Owens & Marshall 208 

1987). There is uncertainty as to the extent of basin development during this period, and whether any 209 

strata dating to this period were preserved, due to a lack of direct evidence e.g. outcrops of 210 

Carboniferous or Carboniferous strata interpreted within seismic reflection data to confirm that 211 

basins were forming over the SOHB or MB during this period (McQuillin & Binns 1975). From the late 212 

Permian, NW-SE extensional rifting, which persisted throughout the Triassic, occurred along the 213 

western margin of the British Isles, as a result of an extensional stress regime related to the opening 214 

of the proto-Atlantic Ocean (Coward 1995; Hitchen et al. 1995). This enabled the development of a 215 

series of inter-connected continental Permian-Triassic half-graben rift basins, which formed within the 216 

interior of the Pangaea supercontinent (Fig.5) (Coward 1995; Hitchen et al. 1995; Blakey 2020). These 217 

basins commonly developed from reactivation of older, pre-existing structures (e.g. Proterozoic Outer 218 

Isles Thrust) and have been influenced by a pre-existing set of kinematically linked NW-SE and NE-219 



SW-striking Paleoproterozoic (~2400 Ma) shear zones, while responding to NW-SE Permian-Triassic 220 

tensional stresses (Watson 1985; Stein & Blundell 1990; Stein 1992; Anderson et al. 1995; Coward 221 

1995; Hitchen et al. 1995). The Permian-Triassic extension was accommodated within the SOHB and 222 

MB by normal movement on the basin bounding Minch Fault (Steel & Wilson 1975; Hitchen et al. 223 

1995). On seismic reflection profiles Permian-Triassic strata are observed to thicken considerably 224 

from east to west, from hundreds of meters thick on the eastern margin of the basins, thickening up 225 

to a maximum of 4 km in the west of the MB, around Stornoway (Fig.4) (Steel & Wilson 1975; 226 

McKeever 1992; Glennie 2002). This implies that the Minch Fault was actively controlling sediment 227 

accumulation during this period (Fig.4). While the Permian-Triassic is interpreted to thicken to the 228 

west in the SOHB, it does not quite reach the thickness of strata interpreted within the MB.  229 

Distinguishing Permian from Triassic strata is difficult in both the SOHB and MB due to a lack 230 

of biostratigraphical constraints and lithological similarities of strata deposited during both periods 231 

(Hitchen et al. 1995; Benton et al. 2002). Most Permian-Triassic samples from wells, shallow boreholes 232 

and outcrops across the basins are interpreted as Triassic in age (Morton 1992b), although a solid 233 

rock sampling station sample at SH207, located 4 km to the east of the Minch Fault within the SOHB, 234 

recovered mudstones with a late Permian (Zechstein) bio-assemblage (Binns et al. 1974; Fyfe et al. 235 

1993; O’Neill & England 1994; Benton et al. 2002).  236 

A period of low eustatic sea level, coupled with low paleolatitude disposition throughout the 237 

Permian and Triassic, led to semi-arid, continental depositional environments across the SOHB and 238 

MB (Steel 1974; Steel & Wilson 1975; Ambler 1989). Preserved Permian-Triassic strata within the 239 

basins are dominated by conglomeratic alluvial fans and floodplain deposits, with secondary braided 240 

river and playa lake lithofacies (Steel 1974; Steel & Wilson 1975). In contrast to basins located to the 241 

south of the SOHB and MB, such as the East Irish Sea and the Larne and Portpatrick basins, thick 242 

Triassic and Permian aged evaporite sequences have not been observed within either the SOHB or 243 

MB (Bunce 2018; Fyfe et al. 2020). The entirety of the Permian-Triassic strata within both basins has 244 

been collectively identified as the New Red Sandstone Group, or locally as the Stornoway Formation 245 

(Fig.6) (Steel & Wilson 1975; Fyfe et al. 1993). 246 



 Extensional deformation in the region continued into the Jurassic, with active rifting ceasing 247 

around Middle Sinemurian times (Morton 1992b). This combination of continued rifting, accompanied 248 

by a eustatic sea level rise, led to a diachronous (latest Triassic (Rhaetian) to the early Jurassic 249 

(Sinemurian)), northward prograding marine transgression across Scotland’s Inshore West Coast 250 

Basins (Morton 1987; Braley 1990; Bradshaw et al. 1992; Morton 1992a; Morton 1992b; Blakey 2020). 251 

Permian-Triassic floodplain facies, were gradually transgressed with marginal marine to eventual fully 252 

marine environments (Ambler 1989). Carbonate-rich, shallow marine to marginal marine 253 

environments dominated the Hettangian to early Sinemurian (Broadford Beds Formation), with high 254 

variability of lithofacies and thicknesses resulting from lithospheric extension and pre-existing Permian-255 

Triassic topography (Ambler 1989; Searl 1992; Morton 2004). From middle Sinemurian to early 256 

Toarcian times, active rifting was followed by thermal subsidence. This resulted in an overall deepening 257 

of the depositional environment to open marine environments (mud/silt dominated shelf with local 258 

sand bars) during the middle Sinemurian to middle Pliensbachian interval (Pabba Shale Formation) 259 

(Morton 2004). An overall shallowing of relative sea level during the late Pliensbachian led to extensive 260 

deposition of clastic strata (offshore sand bars and sheet sands) from late Pliensbachian to early 261 

Toarcian times (Scalpa Sandstone Formation) (Morton 2004). Early to middle Toarcian tectonic 262 

quiescence coincided with a rapid eustatic sea level rise, leading to the deepening of paleoenvironments 263 

(Morton 1987). Partially anaerobic conditions prevailed within the basins during the early Toarcian, 264 

corresponding to the global early Toarcian Oceanic Anoxic event (OAE) (Jenkyns 1988; Hesselbo & 265 

Coe 2000; Morton 2004). This OAE led to deposition of organic-rich claystone (Portree Shale 266 

Formation) across the Sea of Hebrides and Minch basins (Hesselbo & Coe 2000; Morton 2004). This 267 

was followed by continuation of an unusual marine depositional environment (Raasay Ironstone 268 

Formation) during the early Toarcian and a period of non-deposition during the middle and late 269 

Toarcian (Morton 2004).  270 

Renewed rifting and an establishment of shallow marine conditions during the late Toarcian 271 

led to the deposition of the Dun Caan Shale Member of the Bearreraig Sandstone Formation, before 272 

an influx of clastic sediment during the Aalenian led to the deposition of the remainder and bulk of the 273 



marginal marine, tidally influenced Bearreraig Sandstone Formation (Morton 1983; Morton 1992b; 274 

Mellere & Steel 1996; Archer et al. 2019). Rifting within both basins continued until the late Bajocian, 275 

when thermal subsidence permitted the deposition of the late Bajocian to late Bathonian aged Great 276 

Estuarine Group (Morton 1992b). Shallow marine, deltaic and lagoonal environments dominated the 277 

basins during deposition of the Great Estuarine Group, with an overall shallowing of the environment 278 

in the late Bathonian, culminating in minor deposition of red-beds (fluvial facies), which developed 279 

thickly in the Erris and Slyne Basins to the SW (Harris & Hudson 1980; Harris 1989; Morton 1992b). 280 

Tectonic quiescence during the Callovian and was accompanied by a marine transgression, creating 281 

marine depositional environments within the Callovian (Staffin Bay Formation) (Morton 1992b). Rifting 282 

likely occurred during the Oxfordian and Kimmeridgian (late Jurassic) allowing for the development of 283 

fully marine, partially anoxic environments, for the deposition of the Staffin Shale Formation (Morton 284 

1992b). Within the SOHB, Jurassic rocks have been dated from the Hettangian (earliest Jurassic) 285 

through to the Kimmeridgian (Late Jurassic), whereas within the MB they have only been dated from 286 

the Hettangian to Toarcian (Early Jurassic) (Fig.5) (BP 1990; Morton & Hudson 1995; Hesselbo & Coe 287 

2000; Barron et al. 2012). The difference in preserved strata is predominantly a function of post-288 

Jurassic erosion (Morton 1992b). 289 

At the end of the Jurassic and into the early Cretaceous, exhumation of both basins, led to 290 

regional erosion of some Jurassic strata and non-deposition within the early Cretaceous (Harker 2002; 291 

Holford et al. 2010). There is uncertainty in regards to the regional extent and degree of erosion 292 

during this exhumation, but based on seismic mapping the inversion appears to be focused on the 293 

Camasunary Fault (and the Hawes Bank Ridge) as well as around the region around the Rubha Reidh 294 

Ridge (Chevron 1988; Morton 1992b). By the beginning of the late Cretaceous (Cenomanian - 100.5 295 

Ma), western Scotland experienced a progressive relative sea level rise, allowing for the regional 296 

deposition of shallow marine Upper Cretaceous sedimentary rocks (Braley 1990; Holford et al. 2010). 297 

Subsequent erosion removed much of the Upper Cretaceous, leaving only patchy remnants where 298 

strata were protected by Paleocene lavas (England 1992). On the islands of Skye and Raasay, located 299 

in the east of the SOHB, thin (<15 m thick), isolated outcrops of Cenomanian (100.5 Ma) to ?Turonian 300 



age (89.8 Ma) sedimentary rocks have been identified, unconformably overlaying Jurassic strata of 301 

variable age (Fig.5) (Braley 1990; Morton 1990). Cretaceous sedimentary rocks are unlikely to 302 

presently extend over large areas of the SOHB, as solid rock sampling stations, boreholes and wells 303 

predominantly record Jurassic and Permian-Triassic sedimentary rocks and/or Paleocene igneous 304 

rocks cropping out on the seabed (Fyfe et al. 1993: BGS 2020a). No Cretaceous strata have been 305 

identified within the MB (Fyfe et al. 1993). A period of exhumation probably occurred at the end of 306 

the Cretaceous and into the early Paleocene, as observed from an onshore Skye outcrop (Emeleus & 307 

Bell 2005).  308 

 Extension in the early Paleocene, related to the eventual opening of the North Atlantic, is 309 

thought to have led to magmatic underplating of offshore western Scotland (Bell & Williamson 2002; 310 

Imber et al. 2002; Emeleus & Bell 2005). The area was greatly affected by the development of the 311 

Paleocene to Eocene aged magmatic centres, with intense volcanic and intrusive activity within the 312 

west of Scotland basins from around 60.5Ma to 55Ma (Bell & Williamson 2002; Emeleus & Bell 2005). 313 

Paleocene volcanism within the SOHB led to the emplacement of extrusive and intrusive igneous rocks 314 

throughout the basin, in the form of lava flows, sills, dykes, tuffaceous deposits and the Skye Central 315 

Complex in southern Skye (Fig.5) (Emeleus & Bell 2005). Paleocene lava flows extend across parts of 316 

offshore sections of the SOHB, especially to the southwest of the Isle of Skye (Fig.2). It is clear from 317 

seismic reflection data that Paleocene sills are extensively distributed across the basin (Chesher et al. 318 

1983; Emeleus & Bell 2005; Schofield et al. 2016; Fyfe et al. 2021). In the MB Paleocene volcanic rocks 319 

are largely absent, with most igneous intrusions believed to have terminated at the Rubha Reidh Ridge 320 

(Fyfe et al. 1993; Fyfe et al. 2021). An exception is the Minch magnetic anomaly, which is interpreted 321 

to be a single major dyke, which strikes NW-SE for 110 km across the basin (Ofoegbu & Bott 1985; 322 

Fyfe et al. 1993). 323 

Minor localised tectonism during the mid-Cenozoic led to the formation of two small sub-324 

basins (the Canna Basin and an un-named basin adjacent to the Minch Fault), within the SOHB (surface 325 

areas 50–108 km2) in which up to 1000 m of terrestrial Oligocene sedimentary rocks were preserved 326 

(Fig.2) (Evans et al. 1979; Fyfe et al. 1993; King 2016). Middle-late Cenozoic uplift, associated with the 327 



Alpine orogeny, led to basin inversion and erosion (Holford et al. 2010). A thin (< 200 m) veneer of 328 

Quaternary sediments, which are interpreted to have been deposited across both basins, represent 329 

the most recent geological deposition in the region (Evans et al. 1979; Fyfe et al. 1993; King 2016).  330 

 331 

Historic Petroleum Exploration 332 

Initial exploration of the offshore geology to the NW of Scotland took place in 1964 and 1965, when 333 

aeromagnetic surveys were collected for the Institute of Geological Sciences (IGS) (Chesher et al. 334 

1983). In 1968, ship-based gravity and magnetic surveys were undertaken, along with collection of the 335 

offshore seismic reflection surveys (also comprising sparker, side scan sonar and echo sounder data) 336 

across the northwest margin of the United Kingdom Continental Shelf (Bott & Watts 1970; Watts, 337 

1971; Chesher et al. 1983). These geophysical datasets led to the discovery of thick offshore 338 

sedimentary basins located to the NW of Scotland (Bott & Watts 1970; Watts, 1971; Chesher et al. 339 

1983). In 1969 an offshore 2D seismic reflection survey, targeting these offshore sedimentary basins 340 

to the west of the Scottish mainland, collected 17 seismic reflection profiles with a total length of 341 

1033.5 km, helping to delineate both the SOHB and MB (McQuillian & Bacon 1974; Chesher et al. 342 

1983). This seismic dataset was subsequently reprocessed by JEBCO in 1984. In 1969 the first 343 

petroleum exploration licences for the SOHB and MB were awarded, with subsequent licences 344 

additionally granted within the MB, as well as within the SOHB and Inner Hebrides Basin (Fig.6 & 7) 345 

(Scotped 1982; BGS 2020b). In 1988, the most recent licences awarded within the basins were 346 

awarded as part of the second onshore licencing round (Fig. 6 & 7) (Scotped 1982; Pentex 1989; 347 

Mustang Oil 1990). Following the awards of the exploration licences two petroleum exploration wells 348 

were drilled within the SOHB (Upper Glen 1 in 1989 and Hebrides 1 in 1991) and one exploration 349 

well was drilled within the MB (Minch 1 in 1989) (BP 1990; Chevron 1991b; Pentex 1992a).  350 

 351 

Licence EXL022 (1986) – Minch Basin 352 



Licence EXL022 was awarded as part the UK’s first onshore licencing round, with a firm commitment 353 

to acquire 150 km of seismic reflection data and to drill one exploration well to a minimum depth of 354 

1829 m (6000 ft) (BP 1990). In 1987 370 km of seismic reflection data was acquired by BP and in 1989 355 

BP drilled the Minch 1 (156/17-1) exploration well near the centre of their EXL022 licence (Fig.6). 356 

After the completion of the Minch 1 well, which did not encounter any commercially sized petroleum 357 

accumulations, BP assessed the rest of the EXL022 licence for any further prospectivity (BP 1990). 358 

Three ‘weak’ structural leads were identified, but all were considered non-viable targets due to risks 359 

of biodegradation, high viscosity oil, low recovery factors, ineffective source rock and an ineffective 360 

seal (BP 1990). 361 

 362 

Minch 1 Exploration well (1989) 363 

The Minch 1 well targeted Triassic continental sandstones within a north-westerly dipping tilted fault 364 

block, which were prognosed to be sealed both vertically and across-fault by Lower Jurassic mudstones 365 

(Fig.8) (BP 1990). The source rock was prognosed to be mature, organic rich Lower Jurassic 366 

mudstones (Fig.8) (BP 1990).  367 

 The Minch 1 well was drilled in 1989 to a total depth of 1758 m MDBRT. The well encountered 368 

60 m of Quaternary sediments, overlying 363 m of Lower Jurassic sedimentary rocks which, from 369 

biostratigraphical analysis, were interpreted as ranging from the Hettangian to Pliensbachian in age 370 

(Fig.9) (BP 1990; Ebdon & Jacovides 1990). The Lower Jurassic sedimentary rocks overlie 1070 m of 371 

continental Triassic strata, which in turn lie unconformably over 131 m of strata, ‘tenuously assigned’ 372 

to the Proterozoic Torridonian Supergroup (Fig.9) (BP 1990; Ebdon & Jacovides 1990). The Minch 1 373 

well was recorded as dry, although post well analysis identified weak C1-C4 gas shows from Lower 374 

Jurassic Pabba Shale Formation mudstones between 380-470 m (MDBRT), along with weak 375 

fluorescence recorded from all sidewall cores of Lower Jurassic mudstones and another in the Lower 376 

Jurassic sandstone sidewall core at 504.5 m MDBRT (BP 1990). An oil extract from the latter sidewall 377 



core, which was taken from strata identified as part of the Broadford Beds Formation, showed signs 378 

of biodegradation (BP 1990). 379 

 380 

Licence XL161 (1981)/ EXL023 (1986) /EXL113 & EXL114 (1988) – Offshore/Onshore Skye, Sea of 381 

Hebrides Basin 382 

Licence XL161 was awarded to Pentex with the condition that a ‘positive exploration approach’ was 383 

undertaken (Scotped 1982). From 1982 to 1988 Pentex undertook an extensive exploration 384 

programme across the licence area, including a new gravity survey, 16 shallow coreholes totalling 223 385 

m in length, 87 km of onshore seismic reflection data and 102 km of offshore marine sparker data 386 

(Pentex 1989).  387 

In 1986 licence EXL023, located offshore to the NW of XL161, was awarded as part of the 388 

UKs first onshore licensing round, with the commitment to acquire 100 km of seismic reflection data 389 

(Pentex 1988). By 1987 Pentex had completed the commitment by acquiring 116 km of offshore 390 

seismic reflection data in the Loch Bay and Loch Snizort regions, along with new gravity data to 391 

complement the seismic data (Pentex 1988). In 1989 an additional 110 km of seismic reflection data 392 

was gathered over Loch Snizort within the EXL023 licence area to help resolve initial structures 393 

identified from the 1987 seismic survey (Pentex 1989).  394 

In 1988, the EXL113 and EXL114 licences, covering 449 km2 of NW Skye were awarded to 395 

Pentex as part the UKs second onshore licensing round, superseding their earlier licence XL161 (Fig.6 396 

& 7) (Pentex 1989). These licences came with a commitment to drill one exploration well within six 397 

months of the award (Pentex 1989). The Upper Glen 1 well was drilled onshore Skye, in the centre 398 

of the EXL114 licence, in 1989 to fulfil this commitment (Fig.6) (Pentex 1989). All three licences were 399 

eventually relinquished by Pentex, who stated that there was a lack of viable reservoir across the 400 

licences and an inability to develop sufficient structural resolution beneath the Cenozoic igneous 401 

sequences (Pentex 1992b). 402 



 403 

Upper Glen 1 Exploration well (1989) 404 

The prognosed targets of the Upper Glen 1 well were Jurassic and Triassic sandstones within a dip 405 

and fault-sealed structure, sealed by Jurassic mudstones and sourced from Lower Jurassic shales and/or 406 

Carboniferous coals/shales (Fig.8) (Pentex 1992a). The Upper Glen 1 was drilled in 1989 to a total 407 

depth of 2707 m MDBRT. The well encountered 469 m of Paleocene basaltic lavas of the Skye Main 408 

Lava Series, overlying a 124 m thick sequence of Paleocene palagonite tuff, intruded by eight dolerite 409 

sills ranging in thickness from 2 m to 31 m (Fig.9). This volcanic sequence lies unconformably over 410 

1,911 m of marginal marine to marine Middle and Lower Jurassic sedimentary rocks, dated from the 411 

Bathonian to the earliest Hettangian (Fig.9). Between depths of 710 m and 789 m the Bathonian Lealt 412 

Shale Formation is intruded by three dolerite sills, ranging from 1 m to 57 m in thickness. Within the 413 

earliest Jurassic (Hettangian) Lower Broadford Beds Formation nine basaltic sills are recorded, ranging 414 

from 0.3 m and 2 m in thickness. The Jurassic strata overlies 159 m of continental Upper Triassic strata 415 

(Fig.9). A wet gas show of 49,000 ppm (4.9%) was encountered within fractured limestones of the 416 

Broadford Beds Formation at 2,518 m MDBRT (Fig.9) (Pentex 1992a).  417 

 418 

Licence EXL024/EXL095 (1986) – Sea of Hebrides Basin (South) 419 

The award of the EXL024/EXL095 licences in 1986 as part of the UKs first onshore licensing round, 420 

included a firm commitment to acquire 800 km of seismic reflection data and to provide a technical 421 

evaluation of the licensed area within two years, with provision to drill an exploration well if the results 422 

were favourable (Chevron 1988). In 1986 Chevron acquired 846 km of 2D seismic reflection data, 423 

along with concurrent gravity and magnetic surveys (Chevron 1988). In 1991 the Hebrides 1 well was 424 

drilled into a prospect in the southeast of the EXL024 licence area (Fig.6) (Chevron 1991b). Thereafter 425 

a review by Chevron of both licensed areas did not identify any additional prospectivity (BP 1990), 426 

with additional play concepts considered too high risk, due to lack of good quality reservoir and a 427 

potential absence of a mature source rock (Chevron 1991b).   428 



 429 

Hebrides 1 Exploration well (1991) 430 

The prognosed target of the Hebrides 1 (134/5-1) well was Triassic continental sandstones within a 431 

four-way rollover anticline structure, with projected fault seal to the southeast (Fig.8) (Chevron 1988). 432 

This structure was prognosed to be sealed both vertically and laterally by Upper Triassic claystones 433 

and halites or by Lower Jurassic mudstones and micritic limestones, with Carboniferous (Westphalian) 434 

shales and coals as the suspected source rocks (Fig.8) (Chevron 1991b). The Jurassic strata were 435 

considered too immature for oil and gas generation (Chevron 1991b).  436 

The well was drilled to a total depth of 2472 m MDBRT, with the first 361 m not recorded 437 

through logging or sampling (Fig.9) (Chevron 1991a). Below this depth the well encountered 1335 m 438 

of Lower Jurassic (late Pliensbachian to earliest Hettangian) marine to marginal marine sedimentary 439 

rocks, overlying 32 m of transitional latest Triassic Penarth Group strata and then 605 m of terrestrial 440 

Triassic New Red Sandstone Group sedimentary rocks (Fig.9) (Chevron 1991a; Ainsworth & Boomer 441 

2001). Eleven dolerite sills ranging in thickness from <1 m to 18 m intruded the Late Sinemurian to 442 

Upper Triassic strata between 1250 m to 2219 m MDBRT. The well has been classified as a dry hole, 443 

although it contained very minor gas shows (Chevron 1991b).  444 

 445 

Licence EXL115 (1988) – Onshore Mull, Inner Hebrides Basin 446 

Licence EXL115, located onshore Mull, is situated directly to the southeast of the SOHB (Fig.6) 447 

(Mustang Oil 1990). The Licence, awarded to Mustang Oil in 1988, is outside the area of this paper’s 448 

focus, however its proximity and similar play concepts make it worth reviewing (Fig.7). It was awarded 449 

without any obligations and was relinquished without acquiring any new geophysical/gravity/magnetic 450 

data or drilling a well (Mustang Oil 1990). Its play concept consisted of Lower Jurassic and Triassic 451 

reservoirs within tilted fault blocks, sealed by Lower Jurassic mudstones and sourced from Lower 452 

Jurassic mudstones or Carboniferous mudstones or coals (Mustang Oil 1990). A reinterpretation of 453 



pre-existing gravity data by Mustang Oil suggested that the Mesozoic stratigraphy within the Inner 454 

Hebrides Basin was much thinner than previously estimated, which led to a significant downgrade of 455 

the play’s prospectivity and eventual licence relinquishment (Mustang Oil 1990).  456 

 457 

Summary of Historic Petroleum Exploration 458 

After the completion of two dry wells and one well with gas shows within the SOHB and MB by 1991, 459 

interest in exploring for petroleum within these basins declined (BP 1990; Chevron 1991a; Pentex 460 

1992b). Subsequent dry well analysis undertaken by the operators suggested that source rock presence 461 

and/or effectiveness (Hebrides 1 & Minch 1) and a lack of good quality reservoir (Upper Glen 1 & 462 

Hebrides 1) were the primary reasons for the lack of commercial petroleum discoveries (Table 1) (BP 463 

1990; Chevron 1991b; Pentex 1992a; Pentex 1992b). Any additional prospects identified by the 464 

operators in post-drill and licence reviews were considered too small and too high risk, so the licences 465 

were relinquished (BP 1990; Chevron 1991b; Pentex 1992b). No further active exploration was 466 

undertaken and the basins were ‘wrote off’ as containing no commercial potential (BP 1990).  467 

 468 

Datasets & Methodology 469 

Eleven seismic reflection surveys were acquired across the study area between 1973 and 1993 (Fig.10). 470 

In general, the quality of the seismic reflection data over both basins is poor to moderate in quality, 471 

due to a combination of the age of the seismic data and the presence of an extensive suite of volcanic 472 

rocks at the surface or within the shallow subsurface (Gib & Gibson 1989; Fyfe et al. 1993; Emeleus & 473 

Bell 2005; Oil and Gas Authority 2020). One seismic reflection profile, WB93-138, from the WB93 474 

survey, was reprocessed by the Oil and Gas Authority in 2015 and has been included within this study 475 

(Fig.10) (Oil and Gas Authority 2020). Whilst the reprocessing has slightly improved the quality of the 476 

data, issues with clear imaging of the sub-surface geology persist. Further constraints on the structure 477 

of the basins are enabled by regional Bouger and free air gravity data and magnetic data collected over 478 

the entirety of both basins, along with ‘SEEBASE’, a 3D model which gives estimated depth-to-479 



basement, based on seismic and gravity modelling (Fig.1) (Frogtech Geoscience 2016, courtesy of 480 

Geognostics).    481 

 The Jurassic lithostratigraphic nomenclature used in this study follows that proposed by 482 

Morton (1989, 1992b). There have been several subsequent minor revisions to the names and 483 

formation boundaries of some of the Lower Jurassic stratigraphy (Hesselbo & Jenkyns 1998; Hesselbo 484 

& Coe 2000; Morton 2004), but for consistency with well data, borehole records and published 485 

geological BGS maps, Morton’s (1989, 1992b) nomenclature has been applied (Fig.11). Seismic 486 

stratigraphic interpretation was based on well ties to the Minch 1 (156/17-1), Upper Glen 1 and 487 

Hebrides 1 (134/5-1) wells, where chronostratigraphic units have been identified through 488 

biostratigraphic analysis (BP 1990; Chevron 1991b; Pentex 1992a; Fyfe et al. 1993). Shallow boreholes 489 

and solid rock sampling sites provide additional insight into the shallow subsurface geology (Fig.10) 490 

(Eden et al. 1973; Binns et al. 1974; Evans et al. 1982; IGS 1982a; IGS 1982b; Chesher et al. 1983; Fyfe 491 

et al. 1993). Onshore, extensive geological data collected on Skye allows for an assessment of source 492 

rock quality, reservoir quality, depositional patterns and paleoenvironmental reconstructions (for 493 

example Hudson 1962; Steel 1974; Harris & Hudson 1980; Morton 1989; Harris 1992; Morton 1992b; 494 

Morton 1993; Morton & Hudson 1995; Hesselbo et al. 1998; Vincent & Tyson 1999; Hesselbo & Coe 495 

2000). Data on porosity and permeability, vitrinite reflectance and Total Organic Carbon (TOC) (wt 496 

%), have been obtained from the wells, which has furthered our understanding of the petroleum 497 

potential of the basins (BP 1990; Chevron 1991b; Pentex 1992a; Fyfe et al. 1993). 498 

 Seismic mapping has used all eleven available seismic reflection surveys. Horizons mapped 499 

include Base Quaternary, Top Jurassic, Top Triassic and Top Basement (Lewisian Gneiss Supergroup) 500 

(Fig.3 & 4). Gridding of these mapped horizons created surfaces (Fig.12) allowing the creation of 501 

isochron (thickness) maps. These maps provide insight into sedimentary thickness variations and 502 

possibly deposition patterns within the basins. One map has been created for the Jurassic across both 503 

the SOHB and MB (Fig.13). 504 



 Finally, a one-dimensional burial history reconstruction of the Upper Glen 1 well has been 505 

undertaken using stratigraphic and vitrinite reflection data from the Upper Glen 1 well (BP 1990) and 506 

published sources on the geological history of the region (England 1992; Morton 1992a; Morton 1992b; 507 

Green 1996; Holford 2010).  508 

 509 

Source Rocks and Petroleum Shows  510 

Petroleum Shows 511 

Numerous petroleum shows have been identified in both basins (Fig.14). Alongside the petroleum 512 

shows identified within the exploration wells, shows have also been identified at outcrops and within 513 

shallow boreholes (BP 1990; Chevron 1991b; Parnell 1992; Pentex 1992; Waddams & Cordingley 514 

1999). Bitumen has been identified in the Bathonian Elgol Sandstone Formation at Elgol, the Bajocian 515 

to Bathonian Cullaidh Shale Formation at Inver Tote, and the Bathonian Valtos Sandstone Formation 516 

at Rigg, located on the Isle of Skye (Parnell 1992). Bitumen has also been identified within vugs of 517 

Paleocene intrusions, located to the north of Elgol, southwest Skye (Parnell 1992). To the south of 518 

Skye, within the Inner Hebrides Basin, traces of bitumen have been identified within Valtos Sandstone 519 

Formation on the Isle of Eigg and Triassic sandstones on the Isle of Mull (Parnell 1992). At the majority 520 

of locations, where bitumen has been identified onshore Skye, the bitumen is in close proximity to 521 

Jurassic black shales, which have been intruded by igneous intrusions (Parnell 1992).   522 

Offshore, one gas show was identified within the Bajocian to Bathonian Cullaidh Shale 523 

Formation at BH88/6, located 6 km to the southeast of the Isle of Harris, whilst a trace of migrant oil 524 

was identified within the lower Sinemurian Broadford Beds Formation in BH85/8, in the east of the 525 

MB (Waddams & Cordingley 1999). No confirmed active oil seeps have been identified on the UKCS 526 

seep database (Oil and Gas Authority 2020), although we have identified numerous linear pockmarks-527 

chains within Quaternary deposits within the SOHB, Inner Hebrides Basin and MB, which could have 528 

resulted from thermogenic gas escape through structural lineaments (Fig.14) (e.g. faults) (see example 529 



of Velayatham et al. 2018, offshore Australia). The presence of petroleum shows within the SOHB and 530 

MB suggests that petroleum has been produced and expelled from source rocks, within these basins.   531 

 532 

Carboniferous 533 

During the initial phases of exploration within the SOHB, in the 1970/80/90s, it was speculated that 534 

Carboniferous sequences may be present at depth (Chevron 1988; Pentex 1992a; Stein 1992). The 535 

plays targeted by the Upper Glen 1 and Hebrides 1 wells were both prognosed to have been sourced 536 

from mature Carboniferous source rocks (Fig.8) (Chevron 1988; Pentex 1992a). This assumption was 537 

supported, at the time, by the presence of Carboniferous strata at Inninmore Bay, located 75 km to 538 

the southeast of the SOHB (Fig.15) (Love & Neves, 1963), the discovery of Carboniferous aged spores 539 

within boreholes in the SOHB (Fig.15) (Eden et al. 1973; Binns et al. 1975; Owens & Marshall 1978; 540 

Stein 1988) and analogues within the East Irish Sea (Stuart & Cowan 1991). 541 

To date, potential Carboniferous source rocks have been identified within nearshore rift 542 

basins such as the East Irish Sea, Solway Basin, Slyne Basin, Erris Basin, Donegal Basin, Larne Basin and 543 

the Portpatrick Basin (Fig.15) (Robeson et al. 1988; Dancer et al. 2005; Pharaoh et al. 2016; Bunce 544 

2018; Fyfe et al. 2020). The East Irish Sea Basin and Slyne Basin contain proven petroleum 545 

accumulations, which have been sourced directly from Carboniferous source rocks (Duncan et al. 546 

1998; Dancer et al. 2005; Bunce 2018). The potential source rocks found within all of these basins, 547 

which are part of a chain of inter-connected late Palaeozoic-Mesozoic rift basins situated on the edge 548 

of the northwest European continental shelf, of which the SOHB and MB are part of, could indicate 549 

potential for discovering similar source rocks further north (approximately 100 km) within the SOHB 550 

and MB.   551 

 However, outcropping Carboniferous strata in Scotland are rare to the north of the Highland 552 

Boundary Fault and especially to the north of the Great Glen Fault, with only one known outcrop, 553 

which is located at Inninmore Bay (Fig. 15; Love & Neves 1963). Here 90-150 m of Westphalian aged 554 

sedimentary rocks consisting of sandstones, sandy shales and conglomerates are preserved, along with 555 



more organic rich horizons which include coal lenticles, impure fireclay and a thin (1-2 cm thick) coal 556 

seam (Love & Neves, 1963; Johnstone & Mykura, 1989; Cleal & Thomas, 1996; McLean et al., 2013). 557 

This outcrop is spatially limited (~5 km2) due to faulting and unconformities, but its existence confirms 558 

the presence of Carboniferous rocks, including organic rich horizons, in the northwest of Scotland 559 

(Love & Neves, 1963). Some authors such as Thomson et al. (1999) have suggested that the outcrop 560 

at Inninmore Bay is the remnant of a significantly more extensive cover (2-3 km thick) of pre-Mesozoic 561 

strata across the Scottish Highlands. We note that Permian-Triassic and Jurassic strata are observed 562 

on onshore Skye and Raasay to sit unconformably over Proterozoic Torridonian rocks, with 563 

Carboniferous strata absent (Fyfe et al. 1993). Carboniferous strata are also absent within the Minch 564 

1 well, where Triassic strata appear to overlie Proterozoic Torridonian strata (although assignment to 565 

Torridonian was suggested as ‘tenuous’) (Fig.11) (Hitchen et al. 1995; BP 1990). 566 

Carboniferous miospores have been identified within two boreholes (BH72/10 & BH80/14), a 567 

shallow core taken by a manned-submersible (P71/6A) and within a solid rock sampling station (SH207) 568 

in the SOHB (Fig.10 & 15) (Binns 1975; BGS 1980).  BH72/10 is found 3 km east of Benbecula and 569 

SH207 is found to 900 m to the northeast of BH72/10 (BGS 2020a). BH80/14 is located 3.5 km to the 570 

southeast of Harris and P71/6A is found 1.3 km to the southeast of BH80/14 (BGS 2020a). The sample 571 

collected from station SH207 was assessed from its bio-assemblage to be late Permian in age and 572 

contained miospores of Carboniferous age (Eden et al. 1973; Binns et al. 1974; Chesher et al. 1983). 573 

A core taken from P71/6A encountered dark calcareous mudstones at bedrock containing miospores, 574 

which were reported to be late Palaeozoic (possibly Dinantian or Namurian) in age (Eden et al. 1973). 575 

At BH72/10, Carboniferous miospores have been reworked into ?Permian-Triassic strata and at 576 

BH80/14 Carboniferous miospores are found in Oligocene sedimentary rocks (Fyfe et al. 1993). Owen 577 

and Marshall (1987) suggested that the Carboniferous miospores are likely part of a reworked 578 

assemblage and that the sedimentary rocks which contain them are younger than Carboniferous, but 579 

are commonly observed to contain no younger micro-palaeontological indicators (Stein, 1988; Owens 580 

& Marshall, 1987; Eden et al., 1973). Owens (2018) stated that the spores are more likely of a reworked 581 

nature because the few specimens of Lycospora that were found were not found in the abundance 582 



expected of a typical Carboniferous sample and hence it is more likely that a small number of spores 583 

found their way into younger strata. 584 

 585 

Jurassic 586 

Organic rich mudstones have been identified from shallow boreholes, exploration wells and outcrop, 587 

to be present throughout the Jurassic successions in the SOHB and MB (Fig.16) (Thrasher 1992; 588 

Morton 1993; Scotchman et al. 1998; Butterworth et al. 1999; Scotchman 2001). During the Jurassic 589 

these basins periodically became restricted, allowing for preservation of organic material within an 590 

anoxic environment (Morton 2004). Potential Jurassic source rocks in these basins were deposited 591 

within marine to lagoonal depositional environments, with the result that the majority of source rocks 592 

are categorised by Butterworth et al. (1999) as either Type I (Lacustrine) or Type II (Marine) source 593 

rocks. This has led to a predominance of oil prone and oil/gas prone source rocks within the SOHB 594 

and MB (Butterworth et al. 1999). In some of the nearshore to lagoonal source rocks, a significant 595 

quantity of terrestrial derived material has been incorporated into these rocks, increasing the gas 596 

potential (Pentex 1992a).  597 

 598 

Lower Jurassic Source Rocks 599 

Significant similarities are observed between the Lower Jurassic organic rich mudstones which crop 600 

out onshore within the SOHB and those which were encountered by exploration wells within the 601 

Slyne Basin, which lies along strike to the SOHB and MB (Scotchman & Thomas 1995). This suggests 602 

the possibility for equivalent working Lower Jurassic source rocks within the SOHB, which would be 603 

equivalent to the excellent Whitby Mudstone and Pabay Shale Formation sources that feed the Bandon 604 

discovery in the Slyne Basin (Scotchman & Thomas 1995; Serica 2013; Wright and Copestake 2019; 605 

Gehlen et al 2019). 606 

The potentially oil-prone Portree Shale Formation (early Toarcian) is poorly exposed onshore, 607 

with only three accessible outcrops: one on the Trotternish Peninsula; one on the Strathaird Peninsula; 608 



and one on the east coast of Raasay (Morton & Hudson 1995; Morton 2004). The mudstones of the 609 

Portree Shale Formation were deposited during a period when the SOHB was experiencing anoxic 610 

conditions, which likely resulted from the global early Toarcian Oceanic Anoxic event (Fig.17) (Jenkyns 611 

1988; Hesselbo & Coe 2000; Morton 2004).  In the Upper Glen 1 well the Portree Shale Formation is 612 

interpreted between 1350-1412 m depth and is composed of mudstones, siltstones and limestones 613 

(Pentex 1990; Pentex 1992a). In the Upper Glen 1 well between 1244 m and 1408 m (which composes 614 

the lower Toarcian Portree Shale Formation and the upper Toarcian-lower Aalenian Dun Caan Shale 615 

Member), highly organic rich shales have been recorded which reach TOCs of up to 6.9 wt% (Pentex 616 

1992a). The Portree Shale Formation is not recorded within the Minch 1 well or the Hebrides 1 well, 617 

but there is a strong possibility that the Portree Shale Formation is present within the unrecorded 618 

361 m section at the top of the Hebrides 1 well (Fig.19).  619 

No excellent (>5 wt% TOC) source rocks have been identified in Jurassic strata older than 620 

the Portree Shale Formation, but zones of fair to good source rock potential have been identified 621 

within exploration wells. The marine Pabba Shale Formation, which is distributed extensively across 622 

both the SOHB and the MB, reaching 200-698 m in thickness, contains some of these fair to good 623 

organic-rich shale horizons (Fig.18). Lower Jurassic paleoenvironmental constructions suggest that in 624 

the eastern SOHB depositional environments are more proximal, with more distal lithofacies 625 

deposited in the west (Fig.17) (Hesselbo et al. 1998). Within the Upper Glen 1 well the Pabba Shale 626 

Formation, located between 1500-1875 m depth (375 m thick) is dominated by claystones, with minor 627 

interbeds of siltstone, limestone and dolomitic beds (Pentex 1990; Pentex 1992a). Geochemical data 628 

show TOC of 0.96-2.28 wt% (HI 94-272) and indicate that the potential source rocks were gas/oil 629 

prone (Paleo Services 1989; Pentex 1992a; Scotchman 2001). Within the Hebrides 1 well the Pabba 630 

Shale Formation, located between 660-1358 m depth (698 m thick) is composed of claystones, with 631 

minor interbeds of sandstones, dolomites and dolomitic limestones (Chevron 1991b). TOC values are 632 

0.8-1.6 wt% (poor to moderate) throughout the formation, with the exception of the uppermost 11 633 

m (and into the overlying Scalpa Sandstone Formation), where TOC reached 3.9 wt% (good) (Chevron 634 

1991b). This high organic rich horizon is shown to be oil prone through pyrolysis of collected samples, 635 



whereas the rest of the formation was shown to be predominantly gas prone (Chevron 1991b). Lower 636 

Jurassic mudstones in the Minch 1 well have been stated to have poor to moderate source rock 637 

potential, but no further detail of analysis of the potential source rocks within this well is available (BP 638 

1990). Our analysis, interpreted through evidence from source rock sampling and paleo-environmental 639 

reconstructions, suggest that the richest source rocks within the Pabba Shale Formation are likely to 640 

the found in the west and south of the SOHB (Fig.17). 641 

The nearshore to shallow marine Broadford Beds Formation (Hesselbo et al. 1998) have not 642 

recorded TOC above 1.5 wt% (Poor), making this formation unsuitable for significant petroleum 643 

generation and expulsion, even if maturities are high enough for the production of petroleum (Fig.17). 644 

Mapping of the extent of Lower Jurassic formations, which contain potential source rock 645 

horizons, on seismic reflection data suggest that the Lower Jurassic is preserved geographically fairly 646 

extensively across both the SOHB and MB (Fig.18 & 19). 647 

 648 

Upper and Middle Jurassic Source Rocks 649 

The Staffin Shale Formation and Staffin Bay Formation (up to 7.6 wt% TOC) have been recognised as 650 

potentially ‘excellent’ source rocks within the SOHB (Butterworth et al. 1999; Vincent & Tyson 1999). 651 

The Staffin Bay Formation was deposited under lagoonal and restricted nearshore marine 652 

environments, which over the Callovian evolved into fully marine conditions, as a result of a rising 653 

eustatic sea level and a subsiding basin (Morton 1993; Riding & Thomas 1997). Marine environments 654 

were fully established by the Oxfordian, although with some anoxic conditions which enabled the 655 

deposition of the organic-rich Staffin Shale Formation (Morton 1993). These stratigraphic units are 656 

contemporaneous with the organic-rich Oxford Clay Formation (Callovian-Oxfordian), Corallian 657 

Group (Oxfordian) and Kimmeridge Clay Formation (Kimmeridgian), all of which are proven source 658 

rocks across the UKCS (Hesselbo & Coe 2000). These formations crop out in significant thicknesses 659 

onshore Skye, with the Staffin Shale Formation reaching a maximum thickness of 151 m in both the 660 

Trotternish Peninsula and the Strathaird Peninsula (Hesselbo & Coe 2000), as well as being identified 661 



on northwest coast of Eigg and potentially southwest coast of Mull (Turner 1966; Sykes 1975) (Fig.18 662 

& 19). The formations are not identified within exploration wells and have only been confirmed at one 663 

other location outside the previously mentioned outcrops. In BH71/8, located 12 km to the northwest 664 

of the Trotternish Peninsula, 2.5 m of Upper Jurassic (?Kimmeridgian) silty shales were identified 665 

beneath 4.5 m of Quaternary sediment (Fig.10) (Fyfe et al. 1993; BGS 2020a). Our interpretation of 666 

the Upper Jurassic offshore distribution, from mapping using seismic reflection data suggests that the 667 

Upper Jurassic strata’s geographical distribution offshore is very limited (Fig.18). Where Upper Jurassic 668 

source rocks, e.g. the Staffin Shale Formation or the Staffin Bay Formation, are preserved offshore, 669 

they have been interpreted to be presently situated at the surface or within the very shallow 670 

subsurface.  671 

The Middle Jurassic (Bajocian-Bathonian) Cullaidh Shale Formation is a highly organic-rich shale 672 

(up to 15.3 wt% TOC) which is capable of yielding up to 12.8 gallons (58 litres or 0.36 barrels) of 673 

crude oil per ton of rock when used as an oil shale (Lee 1920; Harris & Hudson 1980; Morton 1993;  674 

Butterworth et al. 1999; Scotchman 2001). The organic-rich shale was formed when the SOHB became 675 

anoxic due to basin restriction and consequent stagnation of its water column (Vincent & Tyson 1999). 676 

Whilst very organic-rich, with TOC generally  between 3 – 15.3 wt%, this unit is generally very thin 677 

(between 3-6 m thick) where present on the Trotternish Peninsula, Strathaird Peninsula and Raasay 678 

(Harris & Hudson 1980; Ambler 1989). Within the Upper Glen 1 well, 41 m of Cullaidh Shale 679 

Formation, encountered between 877 m and 918 m, is predominantly composed of grey to black 680 

organic rich mudstones, with thin interbeds (<3 m) of sandstones and siltstones (Pentex 1992a). The 681 

formation is identified in one borehole (BH88/06), located offshore 6 km to the east of the Minch 682 

Fault, where 23.5 m of Quaternary sediments overlie 7 m of grey to black mudstones which have been 683 

dated to the late Bajocian to early Bathonian (BGS 2020a). The top 4.85 m of Jurassic mudstones has 684 

been suggested as being correlated to the Cullaidh Shale Formation, with the underlying mudstones 685 

correlated to the Garantiana Clay Member of the Bearreraig Sandstone Formation (Fyfe et al. 1993). 686 

Our seismic reflection data mapping suggests that the formation is present over two main depocentres 687 

within the SOHB and is not present within the MB (Fig.18).  688 



There is currently no clear consensus on the depositional environment in which the Cullaidh 689 

Shale Formation was deposited. Based on biomarker data Harris (1989) suggested that the formation 690 

was deposited as prodeltaic mudstones within lagoonal environments, whereas Hudson (1983) and 691 

Ambler (1989) proposed a restricted basin with periodic influxes of marine incursions. If the 692 

environment of deposition was lagoonal, the extent of the organic rich facies might be more limited, 693 

with potential source rock horizons only locally developed around southern Skye (Vincent & Tyson 694 

1999), whereas more extensive deposition is likely under restricted marine conditions (Ambler 1989).  695 

 696 

Jurassic Source Rock Summary 697 

Four potentially ‘excellent’ source rocks (defined by TOC >5 wt%) (McCarthy et al. 2011) are 698 

identified within the SOHB and MB; the Lower Jurassic (early Toarcian) Portree Shale Formation which 699 

contains TOC of up to 6.9 wt% (HI 400-600); the Middle Jurassic (Bajocian) Cullaidh Shale Formation 700 

in which TOC has been recorded up to 15.3 wt% (HI > 450); the Middle Jurassic (Early Callovian) 701 

Staffin Bay Formation which contains TOC up to 7.5 wt% (HI 100-690); and the Upper Jurassic (Late 702 

Callovian to Early Kimmeridgian) Staffin Shale Formation in which TOC has reached up to 7.6 wt% 703 

(HI < 350) (Fig.16) (Scotchman et al. 1998; Butterworth et al. 1999; Vincent & Tyson 1999; Scotchman 704 

2001; Barron et al. 2012). Additional shales which exhibit fair to good levels of organic matter are the 705 

Lower Jurassic Pabba Shale Formation (TOC <3.9 wt%) and Dun Caan Shale Member (TOC <4.7 wt%) 706 

and Middle Jurassic Garantiana Clay Formation (TOC <1.9 wt%), Lealt Shale Formation (TOC <4.5 707 

wt%), Duntulm Formation (TOC <2 wt%) and the Kilmaluag Formation (TOC <3.5 wt%) (Fig.16) 708 

(Scotchman et al. 1998; Butterworth et al. 1999; Vincent & Tyson 1999; Scotchman 2001).  709 

 710 

Reservoir 711 

Permian-Triassic reservoir 712 

The reservoirs targeted within the SOHB and MB are all siliciclastic. Permian-Triassic continental 713 

sandstones were the primary reservoir target for all three wells drilled within the basins (BP 1990; 714 



Chevron 1988). A secondary Jurassic reservoir target was postulated for the Upper Glen 1 well 715 

(Pentex 1992a). Thick (tens of metres) Permian and Triassic terrestrial sandstones, which have high 716 

enough porosities (up to 26%) to be considered good to excellent potential reservoirs are preserved 717 

several hundred kilometres to the south of the study area, within the North Channel Basins and East 718 

Irish Sea Basin (Meadows & Beach 1993; Bunce 2018; Fyfe et al. 2020). In the latter, oil and gas has 719 

been produced from fluvial-aeolian sandstones of the lower Triassic Sherwood Sandstone Formation 720 

and Permian aged sandstones (Bunce 2018). To the west of Ireland within the Slyne Basin the 721 

developed Corrib field contains approximately 1 TCF of gas initially in place within the Triassic 722 

Sherwood Sandstone Formation Equivalent (Dancer et al. 2005). 723 

Permian-Triassic sandstones of equivalent reservoir quality have not been encountered within 724 

either the SOHB or the MB. In the former, Triassic outcrops onshore Skye and Raasay are dominated 725 

by conglomeratic facies, with secondary (fine/medium to coarse) sandstone and marl facies (Steel 1974; 726 

Steel & Wilson 1975; Bell & Harris 1986; Benton et al. 2002). Triassic paleoenvironmental 727 

reconstructions indicate a predominance of conglomeratic facies at the eastern and western margins 728 

of the basins (alluvial fans), reflecting the location of sediment input e.g. at Raasay, Skye and Stornoway, 729 

and more fine grained floodplain facies developed towards the centre of the basin (Steel 1971; Cooper 730 

1989; BP 1990; Chevron 1991a; McKeever 1992; Ainsworth & Boomer 2001; Benton et al. 2002; 731 

Glennie 2002).  732 

In the SOHB exploration wells (Upper Glen 1 and Hebrides 1) Triassic strata are 733 

predominantly mudstone and siltstone, with minor interbeds of sandstones and limestones, 734 

interpreted to represent floodplain facies (Chevron 1990; Pentex 1992a). The Hebrides 1 well 735 

intersected 610 m of the Upper Triassic New Red Sandstone Group, which is dominated by shale, 736 

with secondary minor interbeds of limestones and sandstone beds, 1-6 m in thickness. The thin Triassic 737 

sandstones display porosities of between 3 and 5% according to log data and only 2% based on thin-738 

section petrography (Chevron 1991b). Microscopic analysis identified that diagenetic non-ferroan 739 

calcite cement occluded most of the porosity (Chevron 1991b). The low porosities (<5%) and thinness 740 

of the sandstone beds (<6 m) within the well make Triassic reservoir potential poor at the well 741 



location. The Upper Glen-1 well recorded 128 m of Upper Triassic (late Norian to late Rhaetian) shale 742 

and siltstone with minor limestone interbeds, with no reservoir potential (Pentex 1992a).  743 

The Minch 1 well encountered 1069 m of Triassic interbedded sandstone, shale and siltstone, 744 

between 558 m and 1627 m depth, interpreted to have been deposited within a floodplain environment 745 

(BP 1990). The sandstone beds reach a maximum gross thickness of 59 m. At depths below 715 m, 746 

the Well Completion Report stated that there is ‘no reservoir potential’, with recorded visual 747 

observations of the sandstones indicating that there is ‘no visual porosity’ to ‘poor visual porosity’ and 748 

that the sandstones are ‘very well cemented’ (BP 1990). From 558 m to 715 m the sandstones have 749 

an average porosity of 14% and average permeabilities of 40mD (BP 1990) and of moderate reservoir 750 

potential. This is attributed to the creation of secondary porosity from the circulation of meteoric 751 

waters in the shallower Triassic sections (BP 1990). 752 

There is a significant amount of uncertainty regarding the age of the Permian-Triassic strata in 753 

the region due to a paucity of biostratigraphic data (Hitchen et al. 1995; Benton et al. 2002). A late 754 

Norian to late Rhaetian age has been assigned to the Triassic strata in the Upper Glen 1 well, with an 755 

undifferentiated Triassic to Rhaetian age for Triassic strata from the Hebrides 1 well (Chevron 1991a; 756 

Pentex 1992a; Ainsworth & Boomer 2001). If the Permian-Triassic strata within the wells are Upper 757 

Triassic they are likely to correlate with the Upper Triassic Mercia Mudstone Group of the North 758 

Channel Basins and East Irish Sea Basins (Benton et al. 2002). The Mercia Mudstone Group in the East 759 

Irish Sea Basin, which was deposited under sabkha and lagoonal environments, is predominantly 760 

argillaceous, with very little sandstone, but containing thick evaporite deposits, which act as excellent 761 

sealing lithologies (Andeskie et al. 2018; Bunce 2018). The Upper Triassic strata of the East Irish Sea 762 

Basin share similar characteristics with equivalent rocks deposited within the SOHB, with the 763 

exception of the presence of halite and anhydrite interbeds. It is possible that similar depositional 764 

environments, though lacking such extensive sabkha and lagoonal environments, existed further north 765 

and that the Triassic strata encountered within the SOHB wells are a Mercia Mudstone Group 766 

equivalent. In the West Orkney Basin and Faroe-Shetland Basin, to the north of the MB, Upper Permian 767 

to Upper Triassic strata have been deposited (Waters et al. 2007; Bird 2014). Thick (up to 75 m thick) 768 



Permian-Triassic sandstone beds have been encountered within the West Orkney Basin in exploration 769 

well 202/18-1, overlying Upper Permian (?Zechstein) evaporites and mudstones (Elf-Enterprise 1991). 770 

In the East Irish Sea and North Channel Basins the arenaceous deposits overlying the Upper Permian 771 

Zechstein Group are known as the Sherwood Sandstone Group (Fyfe et al. 2020). This raises the 772 

possibility that deeper arenaceous sequences, equivalent to the Sherwood Sandstone Group, underly 773 

the latest Triassic (?Mercia Mudstone Equivalent) deposits in the SOHB. It is worth noting that the 774 

arenaceous sequences of the Sherwood Sandstone Group were not recognised within the Minch 1 775 

well, which contains an undefined Triassic succession. However, sourcing such reservoirs from Jurassic 776 

source rocks (which are considered more viable than Carboniferous source rocks), would be difficult 777 

and require significant throw on faults to juxtapose these sequences.  778 

 779 

Jurassic reservoir 780 

Jurassic sedimentary rocks were predominantly deposited within marine and marginal marine 781 

depositional environments (Harris & Hudson 1980; Morton 1992b; Hesselbo & Coe 2000). A rapidly 782 

fluctuating sea level, intermittent rifting and intra-basinal faulting has led to significant variability in 783 

lithofacies and thicknesses within the Jurassic succession (Morton 1992a; Morton 1992b).  784 

 785 

Lower Jurassic Reservoirs 786 

Onshore Skye, the 13.25 m outcrop of Lower Jurassic Scalpa Sandstone Formation at Prince Charles 787 

Cave to Holm, is formed almost exclusively of massive, fine to medium grained sandstones containing 788 

large calcareous doggers (Cox & Sumbler 2002). However, within the Upper Glen 1 well and the 789 

Hebrides 1 well the Jurassic formations are generally much more argillaceous than that observed at 790 

outcrop, onshore Skye. In the Hebrides 1 well, the Scalpa Sandstone Formation is composed almost 791 

entirely of claystone, with thin 1-2 m thick limestone interbeds (Chevron 1991a; Ainsworth & Boomer 792 

2001). The absence of sandstone is repeated within the Upper Glen 1 well, located only 22 km west 793 



of the Prince Charles Cave to Holm Scalpa Sandstone Formation outcrop, with only two 2 m thick 794 

sandstone units present within an 88 m thick package. To the southeast, on the Isle of Raasay, the 795 

Scalpa Sandstone Formation is arenaceous with sandstone beds, which reach up to 30 m in thickness 796 

and on the Strathaird Peninsular is composed of 5-8 m of sandstone (Cox & Sumbler 2002). The 797 

sandstones appear to be localised towards to east of the SOHB, with strata becoming more 798 

argillaceous to the west, with the Scalpa Sandstone Formation in the Hebrides 1 well and the Upper 799 

Glen 1 well potentially representing more distal facies (Fig.17 & 19) (Ainsworth & Boomer 2001). 800 

Therefore, the study of paleo-environmental depositional patterns in Jurassic sedimentation is 801 

important for an understanding of the distribution of potential clastic reservoirs within the Sea of 802 

Hebrides and Minch basins. The calcareous doggers, observed in the onshore outcrops, suggest that 803 

the sandstones could be highly cemented with abundant calcareous cement, occluding potential 804 

porosity. Similarly to the Permian-Triassic reservoirs, there could be potential for the creation of 805 

secondary porosity due to dissolution of the cement by meteoric water circulation, depending on the 806 

depth of burial of the potential reservoirs. 807 

 The Lower Jurassic Pabba Shale Formation and Broadford Beds Formation (which transitions 808 

into the Blue Lias Formation within the southern Hebrides), are predominantly argillaceous but contain 809 

localised deposits of sandstones, mainly in the east of the SOHB (Fig.17) (Searl 1994; Hesselbo et al. 810 

1998; Cox & Sumbler 2002). The sandstones’ distribution was determined by the paleotopography 811 

and sediment entry points into the basin (Searl 1994; Hesselbo et al. 1998; Cox & Sumbler 2002). An 812 

example of the localised sandstones deposition is provided by the Hallaig Sandstone Member, a 813 

member of the Pabba Shale Formation, which is represented on Skye and Raasay as a sandstone 814 

dominated unit with microfaunas, suggesting deposition within a paralic environment (Fig.17) 815 

(Hesselbo et al. 1998). Within the Hebrides 1 well, the time equivalent unit is represented by siltstones 816 

and claystones, with occasional fined grained sandstones, which has been interpreted to have been 817 

deposited within a shallow inner shelf environment (Fig.17) (Ainsworth & Boomer 2001). The Upper 818 

Glen 1 well does not contain any sandstones in this interval with a resulting negligible reservoir 819 

potential within these Lower Jurassic formations. This confirms that an understanding of depositional 820 



environments is essential to assessing the location of potential reservoirs within the SOHB, with 821 

highest potential likely to be localised to the east of the basin (Fig.17).  822 

 Within the MB, the Pabba Shale Formation and the Broadford Beds Formation are the only 823 

Jurassic strata encountered within the Minch 1 well (Fig.19). The Pabba Shale Formation is almost 824 

entirely composed of mudstone, whilst the Broadford Beds Formation contains interbedded 825 

sandstone, siltstone and mudstone. The sandstone beds range in size from >1 m to 9 m in thickness 826 

and have reported average porosities of 11%, some of which is attributed to secondary porosity (BP 827 

1990). According to the End of Well Report, the reservoir potential of these sandstones is ‘poor to 828 

moderate’ (BP 1990).   829 

 830 

Middle Jurassic Reservoirs 831 

Onshore Skye, thick packages of middle Jurassic sandstones in the SOHB are identified within the 832 

shallow marine Bearreraig Sandstone Formation (Aalenian-Bajocian), the deltaic Elgol Sandstone 833 

Formation (Bathonian) and the deltaic Valtos sandstone Formation (Bathonian) (Harris 1992; Cox & 834 

Sumbler 2002; Archer et al. 2019). Thinner sandstone beds are also found within the more lagoonal 835 

Bathonian middle Jurassic formations (Lealt Shale Formation, Duntulm Formation and Kilmaluag 836 

Formation), along with the Bathonian fluvial Skudiburgh Formation (Harris 1992; Cox & Sumbler 837 

2002). The tidally influenced Bearreraig Sandstone Formation, which is composed of sandstones and 838 

shales is observed at outcrop to be very variable in thickness, ranging from 209 m at Bearreraig, 839 

northeast Skye to 488 m on the Strathaird Peninsula, southwest Skye (Morton 1965). Porosities from 840 

sandstones within the formation have reached between 15-20% (Morton 1993). In the Upper Glen 1 841 

well there are interbedded sandstones and shales within the Bearreraig Sandstone Formation, the Elgol 842 

Sandstone Formation, the Valtos Sandstone Formation and the Lealt Shale Formation (Bathonian). 843 

While sandstones are more common within Middle Jurassic strata than the Lower Jurassic strata, we 844 

have interpreted the strata to be spatially restricted (Fig.18) (Harris 1992) and not found with the MB. 845 

The sandstones are commonly found at shallow burial depths (>1.5 km), which increases the risk of 846 



biodegradation of any potential petroleum. Hence, despite some sandstones exhibiting porosities 847 

which could be of potential reservoir quality (e.g. the Bearreraig Sandstone Formation), the overall 848 

potential for Middle Jurassic reservoirs being effective and containing petroleum is considered to be 849 

low.   850 

 851 

Seal 852 

Seals for Permian-Triassic Reservoirs 853 

Lower Jurassic mudstones within the Broadford Beds Formation and Pabba Shale Formation in the 854 

west of the SOHB would work well as seals for Triassic reservoirs, though seal potential is likely lower 855 

in the east of the basin, where the Broadford Beds Formation, overlying the Triassic strata, are 856 

calcareous, containing thick limestone and sandstone interbeds (Hesselbo et al. 1998). In the MB, the 857 

Broadford Beds Formation at Minch 1, contains interbedded shales and sandstones. The shales are 858 

often thin (6-11 m), and silty in nature, which would reduce sealing potential. The depositional 859 

environment during the Triassic, with mudstones deposited as playa lake or floodplain facies, could 860 

result in lateral and top seals to Permian-Triassic fluvial sandstones within the basin.  861 

 862 

Seals for Jurassic Reservoirs 863 

The Lower Jurassic Pabba Shale is generally dominated by thick packages of mudstone strata, which 864 

could provide a seal for Lower Jurassic sandstones. Eustatic and tectonically-controlled fluctuations in 865 

depositional environments during the early and middle Jurassic led to stacking of depositional facies, 866 

with shallow marine ‘reservoir’ sandstones being overlain by lagoonal mudstones or deeper water 867 

mudstones, creating potential for intra-Jurassic seals. Upper Jurassic mudstones could act as potential 868 

seals, though as they are only present over very small geographical areas of the basin, they are unlikely 869 

to work extensively as effective seals within either the SOHB or the MB (Fig.18). 870 

 The Upper Glen 1 well and the Hebrides 1 well both targeted prospects which were thought 871 

to be sealed on their eastern side by NE-SW striking faults. It is difficult to be certain if the faults were 872 

sealing or not, but fault movement within the SOHB continued to be active until at least the late 873 



Paleogene (O’Neill & England 1994). Displacement on NE-SW orientated faults is observed to the SW 874 

of Skye, where Eocene-Oligocene movement on the NE-SW trending fault which bounds the western 875 

margin of the Canna Basin, allowed for up to 1000 m of Oligocene sediment to be deposited (Fig.5) 876 

(O’Neill & England 1994). Furthermore, seafloor pockmarks northwest of Skye could potentially be 877 

the result of thermogenic gas escape along NW-SE orientated faults (Fig.14). The presence of gas 878 

shows, but no gas accumulation within the Upper Glen 1 well, could also indicate a breach of a seal. 879 

For these reasons fault seal is considered a high risk within the SOHB.         880 

 881 

Burial History, Traps, Timing and Migration 882 

Burial History 883 

Burial history models based on Apatite Fission Track Analysis (AFTA) and vitrinite reflectance (Ro) 884 

measurements have been previously constructed for the Hebrides 1 well and the Minch 1 well (Green 885 

1996; Holford et al. 2010). The burial history reconstruction for the Hebrides 1 well suggests continual 886 

burial from the Permian-Triassic through to the Oligocene (30 Ma), when exhumation occurred, which 887 

has continued until the present day (Green 1996; Holford et al. 2010). From the work undertaken by 888 

Morton (1992b) it is likely that basin development from the Permian-Triassic to the Oligocene was 889 

more complex than a single rift event, with evidence for periods of active rifting, passive thermal 890 

subsidence, basin stabilisation and periods of inversion. While the interpreted burial history suggests 891 

maximum burial during the Oligocene, it could have occurred at any point between the end of the 892 

Paleocene and the Oligocene.  893 

However, the constructed burial histories do not take into account any early Cretaceous 894 

exhumation, which is identified regionally across the west coast of Scotland (Morton 1992b). While it 895 

is possible that at the well location no early Cretaceous uplift and erosion occurred, evidence for early 896 

Cretaceous exhumation is recorded on the Strathaird Peninsula, where Upper Cretaceous 897 

sedimentary rocks sit with an angular unconformity over older Jurassic sedimentary rocks, implying a 898 

period of uplift and erosion between the Kimmeridgian and Cenomanian (Morton 1992b).  899 



We propose two new burial history models, which incorporate regional early Cretaceous 900 

uplift. In the first model, uplift at the Hebrides 1 well location did not elevate the strata above sea 901 

level, so no erosion took place. This model would require quite significant water depths combined 902 

with a limited amount of uplift. A second model incorporates uplift and erosion of strata around the 903 

Hebrides 1 well, consistent with regional geological evidence. Subsequent reburial and reheating of the 904 

sedimentary rocks prior to the Oligocene uplift event (40-25Ma) (Holford et al. 2010) could have led 905 

to the overprinting of thermal effects of earlier uplift episodes (e.g. early Cretaceous). In both 906 

scenarios maximum burial would have occurred within the Cenozoic, based on constraints from AFTA 907 

data. The potential for burial at the end of the Jurassic, prior to early Cretaceous exhumation, allows 908 

for the possibility of some early generation of petroleum at the end of the Jurassic. 909 

A one dimensional (1D) burial history reconstruction of the Upper Glen 1 well has been 910 

constructed using data from these previous burial history models, data from the well (including vitrinite 911 

reflectance) (Fig.20) and our understanding of the geological history of the region through 912 

paleoenvironmental reconstructions, sedimentology and angular unconformities (Fig.21). This new 913 

model takes into account additional middle and late Jurassic deposition, consistent with regional 914 

geological evidence, as well as late Cretaceous exhumation and erosion (Morton 1992b). The model 915 

has also accounted for additional burial during the Paleocene by a thicker package of lava than is 916 

observed today, due to erosion of part of the lava on Skye during the mid-late Cenozoic (Anderson & 917 

Dunham 1966). Using vitrinite reflectance data from the Upper Glen 1 well, along with the Sweeney 918 

& Burnham (1990) vitrinite reflectance and maturity scheme, we can assess timing of maturity of source 919 

rocks and when/if petroleum could have been produced. The new model suggests that in the Upper 920 

Glen 1 well, Lower Jurassic Broadford Beds, Blue Lias and lower section of the Pabba Shale could have 921 

reach early oil maturity at the end of the Jurassic, prior to early Cretaceous uplift (Fig.21). Peak 922 

potential petroleum generation would have occurred at the Upper Glen 1 during the Paleocene to 923 

Oligocene, with the Broadford Beds Formation/Blue Lias Formation reaching the main oil window and 924 

the Pabba Shale Formation and lower Scalpa Sandstone Formation reaching an early oil window.  925 

 926 



Timing 927 

Within the SOHB and MB there are three periods during which petroleum could have been produced: 928 

at the end of the Jurassic prior to early Cretaceous exhumation; during the Paleocene, as a result of 929 

the intrusion of igneous material into the basin; and during maximum burial of strata between the 930 

Paleocene and Oligocene (Fig.21 & 22). The timing of potential peak petroleum generation during the 931 

early to middle Cenozoic is favourable for the accumulation of petroleum, as all of the potential 932 

reservoirs and seals (Permian-Triassic & Jurassic) would have already been deposited and the majority 933 

of traps would have been in place by the time any potential petroleum was produced (Fig.22). The 934 

exception to this would be any traps formed during mid-late Cenozoic compression (Fig.22). 935 

Exhumation of the SOHB from the Oligocene to the present day has potentially removed up to ?1.5-936 

2 km of strata from the basin (Holford et al. 2010). This exhumation would have led to a cessation of 937 

any petroleum generation and the removal of kilometres of strata, within 28 Ma. It would also have 938 

most likely significantly altered traps, reactivated sealing faults or removed traps completely. 939 

 940 

Traps 941 

Previous petroleum exploration in the region have focussed on targeting structural traps, such as tilted 942 

fault blocks (Upper Glen 1 and Minch 1) and anticlinal structures (Hebrides 1) (BP 1990; Chevron 943 

1991b; Pentex 1992a). The development of tilted fault block structures within the basins likely 944 

occurred during extensional episodes, from the late Permian through to the late Jurassic (Fig.23) 945 

(Morton 1992a; Morton 1992b; Holford et al. 2010). An advantage of targeting these Mesozoic fault 946 

blocks is that they are likely to have formed from extensional tectonics within the Mesozoic, prior to 947 

the main stage of petroleum generation, which probably took place between the Paleocene and the 948 

Oligocene (Fig.23). A risk associated with these tilted fault blocks is that the traps were potentially 949 

subjected to early Cretaceous and mid-late Cenozoic basin inversion, which may have reactivated 950 

sealing faults and resulted in breached accumulations. During the Paleocene, NE-SW extension led to 951 

the development of NW-SE orientated faults to accommodate stretching within the Upper Crust 952 



(England 1988). The development of these faults and their potential exploitation by sills and dykes 953 

could have influenced or breached traps (Fyfe et al. 2021).  954 

NE-SW trending anticlines within the SOHB likely developed during Cenozoic compression, 955 

when NE-SW trending reverse faults were activated within the basin (Fig.23) (Pentex 1989). A 956 

disadvantage to targeting traps formed during Cenozoic compression is that there is a high probability 957 

that they formed after the main stage of petroleum generation, which occurred during the Paleocene 958 

to Oligocene (Fig.23 & 24). The largest of these NE-SW trending anticline structures was targeted by 959 

the unsuccessful Hebrides 1 well, which was stated to be unsuccessful due to poor and unprospective 960 

source and reservoir (Chevron 1991b).  961 

The quality of seismic reflection data means that it is difficult to delineate traps in the region 962 

with certainty. This is especially true for structures located below the volcanics of the Skye Main Lava 963 

Series lavas, which are present across one of the main depocentres within the basin to the NW of 964 

Skye, where potential source rocks have been deeply buried (Fig.2 & 13). Based on our interpretation 965 

of seismic reflection data, it appears that the largest structures within both basins have already been 966 

penetrated by previous exploration wells, and that the remaining structures are generally smaller in 967 

size (Fig.12).  The largest mappable structure within the basin was the NE-SW trending anticline, drilled 968 

by the Hebrides 1 well, which had a closure in excess of 60 km2 (Chevron 1988).  969 

 970 

Discussion 971 

The presence of numerous petroleum shows throughout both the SOHB and MB, provide tantalising 972 

clues to the presence of a working petroleum system, despite the lack of commercial discoveries 973 

(Fig.14) (BP 1990; Chevron 1991b; Parnell 1992; Pentex 1992a; Fyfe et al. 1993; Waddams & 974 

Cordingley 1999). The reported reasons for the lack of success include: lack of presence and/or 975 

effectiveness of source rock (Hebrides 1 & Minch 1 wells) and a lack of good quality reservoir (Upper 976 

Glen 1 & Hebrides 1 wells) (BP 1990; Chevron 1991b; Pentex 1992a; Pentex 1992b) (Table 1). The 977 



following discussion will analyse further possible causes of failure and outline potential new plays within 978 

the basins, and their associated risks.  979 

 980 

Source Rock Maturity and Potential Petroleum Generation 981 

Carboniferous 982 

Carboniferous source rocks are proven elements of the petroleum system in a number of basins 983 

located to the west of Britain (e.g. Slyne Basin and East Irish Sea Basin) (Robeson et al. 1988; Dancer 984 

et al. 2005; Pharaoh et al. 2016; Bunce 2018; Fyfe et al. 2020). However, there is an absence of evidence 985 

for the presence of Carboniferous source rocks in our study area, with no outcrops or subsurface 986 

penetrations. Our interpretation of 2D seismic reflection data does not provide any obvious 987 

indications of Carboniferous strata within the basins (Fig.3 & 4), although the interpretation of pre-988 

Permian-Triassic strata on the seismic reflection profiles contains a high level of uncertainty, due to 989 

the poor quality of the seismic data. A previous interpretation of seismic reflection data by Stein (1992) 990 

suggested that there could be up to 2000 m of Carboniferous located in the west of the SOHB and 991 

MB, although this interpretation was made prior to release of results from exploratory drilling. The 992 

drilling of the Upper Glen 1 well and the Hebrides 1 well within the SOHB did not prove or disprove 993 

the presence of Carboniferous strata, as they were both terminated within the Triassic (Fig.11). If any 994 

Carboniferous strata were preserved, they would likely be thin (maximum of 250 m based on gravity 995 

modelling) and situated in the hanging wall of the Minch Fault (O’Neill & England 1994). However, 996 

Carboniferous strata were absent in the Minch-1 well, which penetrated the centre of the MB. Hence 997 

we conclude that active plays sourced from Carboniferous strata are unlikely. 998 

 999 

Jurassic 1000 

The only proven source rocks preserved in the SOHB and MB are of Jurassic age, with two potential 1001 

periods for petroleum generation: 1) During the Oligocene, when source rocks reached maximum 1002 



burial (Holford et al. 2010); and 2) During the Paleocene, when volcanic activity elevated source rock 1003 

maturity (Parnell 1992; Muirhead et al. 2017). Basin inversion of the SOHB and MB, which occurred 1004 

from the Oligocene to the present, and the cessation of volcanic activity at the start of the Eocene 1005 

suggests that it is unlikely that the source rocks would be actively generating today. 1006 

 1007 

Burial Related Maturation 1008 

While there are a significant number of potentially excellent and good source rocks within SOHB, the 1009 

majority of these source rocks are interpreted from vitrinite reflectance measurements within wells, 1010 

boreholes and at outcrop, to be immature, except where in close proximity to igneous intrusions 1011 

(Fig.23). Extrapolating formations away from the wells into the depocentre of the SOHB and MB 1012 

suggests that none of the high TOC horizons within the Middle Jurassic and Lower Jurassic (Staffin 1013 

Shale Formation, Staffin Bay Formation, Cullaidh Shale Formation and Portree Shale Formation) reach 1014 

maturity for petroleum generation, with the potential exception of the Portree Shale Formation. 1015 

Therefore, only the predominantly poor to fair quality source rocks (located within the Broadford 1016 

Beds Formation and Pabba Shale Formation) have the potential to generate petroleum over parts of 1017 

the SOHB. The organic rich, ‘excellent’ potential source rocks are not present within the MB. Elevated 1018 

maturities resulting from the presence of nearby intrusions and volcanic activity need to be removed 1019 

from the background maturity trend created through burial, if an assessment of the maturity of source 1020 

rocks from burial is to be undertaken (Fig.17). Seismic mapping reveals two depocenters within the 1021 

SOHB, where Jurassic source rocks are interpreted to be more deeply buried, thicker and are likely 1022 

to have the highest total organic carbon content (Fig.12). The Staffin Shale Formation, Staffin Bay 1023 

Formation and Cullaidh Shale Formation do not reach oil or gas maturity resulting from burial over 1024 

any part of the SOHB, including these two depocentres. Therefore, their potential to act as source 1025 

rocks within the basin is low.  1026 

The Portree Shale Formation (up to 6.9 wt% TOC) is immature (<0.4% Ro) within the Upper 1027 

Glen 1 well and would be immature within the Hebrides 1 well, if present (Fig.20). Mapping of the 1028 



Portree Shale Formation on seismic reflection data suggests that it is unlikely to be mature within any 1029 

part of the SOHB, except potentially in the depocentre in the NW of Skye, adjacent to the Upper 1030 

Glen 1 well.  1031 

Vitrinite reflectance data from the Upper Glen 1 well indicates early oil maturity (>0.5%Ro) 1032 

within the Lower Jurassic Pabba Shale Formation at around 1650 m MDBRT, with the main oil window 1033 

(>0.7%Ro) within the Blue Lias Formation at 2035 m MDBRT (Fig.20). The majority of the Blue Lias 1034 

Formation and the Lower Broadford Beds Formation are within the main oil window, with the late oil 1035 

window being reached by the bottommost 75 m of the Lower Broadford Beds Formation. Strata within 1036 

the main oil window (Blue Lias Formation and Lower Broadford Beds Formation) are considered to 1037 

only have poor to fair source rock potential. Production Index values throughout the well suggests 1038 

early oil generation within the Lower Broadford Beds Formation, although no liquid petroleum was 1039 

identified within the well (Chevron 1991b). In the Hebrides 1 well early oil maturity is reached within 1040 

the Broadford Beds Formation at around 1360 m MDBRT, meaning that only the poor quality source 1041 

rocks of the Broadford Beds are mature (Fig.20). As the well was drilled on an anticlinal high, it is 1042 

possible that any potential source rocks in the depocenter to the NW witnessed higher burial-related 1043 

maturity.  1044 

A pseudowell located within the thickest part of the SOHB, located 17 km to the NNW of 1045 

the Upper Glen 1, suggests that earliest Jurassic source rocks are presently buried by an additional 1046 

300 to 500 m. The pseudowell is located within this section of the basin in order to test the main 1047 

potential source kitchen within the basin, where we could expect the thickest and richest source rocks 1048 

to be buried to their maximum extent. The additional burial could allow source rocks in the 1049 

depocentre of the basin to have reached maturities of >1.2% Ro, well within the oil/gas generating 1050 

window. However even at the pseudowell location, the high TOC Jurassic formations (Cullaidh Shale 1051 

Formation, Staffin Bay Formation and Staffin Shale Formation) would still be immature. There is 1052 

potential for the Portree Shale Formation to have reached the early main oil window (0.7-0.9% Ro) 1053 

over a limited geographical area in the depocentre of the Little Minch. As the Portree Shale may only 1054 

have reached the early oil window, it would be unlikely for significant quantities of petroleum to have 1055 



been produced. The lack of excellent organic rich horizons buried to significant depths over much of 1056 

the SOHB, means that it is unlikely that significant volumes of petroleum have been produced.    1057 

In the Minch Basin, Lower Jurassic strata crop out at the seabed over most of the basin. Whilst 1058 

Lower Jurassic source rocks are not currently buried to more than 1.5 km depth, vitrinite reflectance 1059 

measurements from the Minch 1 well suggest that the Lower Jurassic Broadford Beds Formation once 1060 

reached the main oil window (0.8-0.9%Ro). While petroleum fluorescence and gas shows have been 1061 

recorded within the Minch 1 well, the vast majority of these shows, with one exception, are 1062 

encountered within the mudstones. The maturity (0.8-0.9%Ro) of the source rocks, alongside the 1063 

presence of the shows within the mudstones, could imply that whilst some petroleum generation has 1064 

taken place, expulsion has not yet occurred. 1065 

The Pabba Shale Formation and the Broadford Beds Formation have reached oil maturity in 1066 

the Sea of Hebrides exploration wells (Chevron 1991b; Pentex 1992a). However, both of these 1067 

formations contain predominantly poor to fair levels of organic carbon (<3 wt% TOC), (except at one 1068 

horizon within the Hebrides 1 well, where the uppermost Pabba Shale exhibits TOCs up to 3.9 wt%). 1069 

This means that the source rocks might not reach high enough saturations of petroleum (due to low 1070 

initial TOCs and low maturities) to allow for expulsion of petroleum from the matrix of the source 1071 

rock. This is partially suggested within the Minch 1 well, where petroleum fluorescence is identified 1072 

within the Broadford Beds Formation mudstones, but limited oil shows are found in adjacent 1073 

sandstones. As the source rocks are predominantly oil prone or oil/gas prone, this would allow them 1074 

to generate at lower maturities than the more gas prone source rocks, benefiting to petroleum 1075 

production within the SOHB where maturity values are generally low. 1076 

 1077 

Impacts of Volcanic Activity on Source Rock Maturity 1078 

Significant volcanic activity occurred within the SOHB during the Paleocene and into the early Eocene, 1079 

as witnessed by the emplacement the Skye Central Igneous Complex and extensive sill and dyke 1080 

intrusion throughout the basin (Fig.24) (Emeleus & Bell 2005; Fyfe et al. 2021). Maturity parameters 1081 

collected from source rocks in close proximity to intrusions have shown locally elevated maturity 1082 



measurements, resulting from contact metamorphism (Fig.20) (Bishop & Abbot 1995; Muirhead et al. 1083 

2017). The impacts of intrusions on source rock maturity can range from almost no effect on the host 1084 

rock up to elevating maturities within an aureole up to 700% of the thickness of the intrusion (Bishop 1085 

& Abbot 1995). In the SOHB, elevated maturity of source rocks as a result of dyke and sill intrusions 1086 

has been shown to be very localised, with elevated maturities only recorded within strata located 1087 

within a distance of 70% of the thickness of the intrusion (Ambler 1989; Bishop & Abbot 1995). Even 1088 

though the SOHB is heavily intruded with dykes and sills (Fyfe et al. 1993; Fyfe et al. 2021), the volume 1089 

of strata exposed to these elevated maturities is overall small and therefore unlikely to have generated 1090 

any significant volume of petroleum (Fig.24). 1091 

Maturity measurements taken from sedimentary rocks within a 15 km radius of the Skye 1092 

Central Igneous Complex indicate that the sedimentary rocks within this zone have been subjected to 1093 

elevated temperatures, as a result of both conduction and small-scale convection associated with 1094 

emplacement (Fig.24) (Thrasher 1992). Within this zone source rocks are likely to have been within 1095 

the petroleum generating window, including the high TOC source rocks such as the Staffin Shale 1096 

Formation, Staffin Bay Formation and Cullaidh Shale Formation, which were interpreted to be 1097 

immature over the rest of the basin. Jurassic source rocks have been recorded to have elevated 1098 

maturities, with vitrinite reflectance values of up to 3.95% (i.e. post-mature) (Fig.24). A radial pattern 1099 

of decreased maturity can be interpreted with increasing distance from the central igneous complex 1100 

(Ambler 1989). Beyond the 15 km radius zone, there is no firm evidence of basin-wide circulation of 1101 

hot fluids within the SOHB, and observed maturities are most likely controlled by burial-related 1102 

heating (Ambler 1989; England 1992; Thrasher 1992).  1103 

The gas shows identified in Hebrides 1 and Upper Glen 1 wells are more likely to have 1104 

originated from contact metamorphism of the low TOC shales of the Broadford Beds by Paleocene 1105 

intrusions, than created through burial. The gas show in the Upper Glen 1 well is <1 m from a 0.6 m 1106 

thick basaltic intrusion and the gas show within the Hebrides 1 well is <1 m from a 9 m thick dolerite 1107 

intrusion (Fig.20) (Chevron 1991a; Pentex 1992a). This notion is supported by sharp increase in Ro 1108 

values near the igneous intrusions, and the fact that Jurassic strata in both wells have not yet reached 1109 



the gas maturity window. The majority of bitumens identified at outcrop by Parnell (1992) are found 1110 

in close proximity of intrusions, suggesting that they likely originated from heating by igneous 1111 

intrusions.  1112 

 1113 

Reservoir Distribution and Quality 1114 

Permian-Triassic 1115 

Permian-Triassic fluvial sandstone reservoirs have low potential to act as good reservoirs in both the 1116 

SOHB and the MB. This is due to the original depositional facies being of poor reservoir potential and 1117 

high levels of quartz and calcite cementation along with high levels of compaction, which has 1118 

significantly reduced the porosity of potential reservoir sandstones (BP 1990; McKeever 1992). In the 1119 

MB it is suggested that the Permian-Triassic sedimentary rocks have been buried to up to 4 km 1120 

(McKeever 1992), with attendant compaction likely resulting in a reduction of reservoir potential. 1121 

Secondary dissolution by meteoric water has increased porosities in the Minch 1 well from <10% to 1122 

17%, but the secondary porosity creation has only occurred in the shallower sandstones (BP 1990). 1123 

McKeever (1992) suggests that the timing of secondary porosity generation occurred during the mid 1124 

to late Cenozoic, likely in association with basin inversion. If the timing of this porosity creation is 1125 

accurate, then the creation of secondary porosity would have occurred after all periods of potential 1126 

petroleum generation, which potentially occurred at the end of the Jurassic and from the Paleocene 1127 

to the Oligocene. There is potential for more arenaceous horizons within earlier Triassic stratigraphy, 1128 

which has not been directly sampled within the basin, but there is a high probability of these sandstones 1129 

being negatively impacted by the same issues of cementation and compaction seen in the younger 1130 

Triassic sandstones. Sourcing these reservoirs from Lower Jurassic source rocks would be difficult, 1131 

without significant throws on faults. 1132 

 1133 

Jurassic 1134 



Potential Lower Jurassic shallow marine, clastic reservoirs are predominantly found within the east of 1135 

the SOHB, where depositional lithofacies are characterised by more proximal arenaceous marginal 1136 

marine facies. In the west of the basin, where more distal mudstones and siltstones predominant, 1137 

sandstones are found to be thin (meters thick) to non-existent. In the MB there is a less pronounced 1138 

divide between the proximal and distal facies, with thin sandstones encountered by the Minch 1 well, 1139 

located in the centre of the basin (BP 1990). The reservoir potential of Lower Jurassic sandstones is 1140 

considered to be poor due to their low initial depositional porosities and permeabilities, resulting from 1141 

the sandstones high carbonate and clay rich detrital compositions, compounded by high levels of 1142 

cementation (Searl 1992; Searl 1994). The sandstones beds are also observed to be predominantly 1143 

localised, causing difficulty with correlation of individual beds (Searl 1994).  1144 

Low porosities and permeabilities in the Lower Jurassic sandstones have been attributed to 1145 

pervasive carbonate, quartz and chlorite cementation, with the carbonate likely derived from adjacent 1146 

mudstone and limestone units (BP 1990; Searl 1994). Quartz overgrowths are potentially caused by 1147 

hydrothermal activity associated with Paleocene volcanism (BP 1990; Searl 1994). The quartz 1148 

overgrowths are seen to be particularly prevalent within the initially higher porosity and permeability, 1149 

carbonate poor sandstones, reducing the potential porosity and permeability of these initially higher 1150 

porosity and permeability horizons (Searl 1994). Dissolution has created secondary porosity within 1151 

the Jurassic and Triassic sandstones, but this porosity creation probably occurred after the main period 1152 

of potential petroleum generation and migration. This suggests that if potential petroleum was 1153 

generated within the early to middle Cenozoic the reservoirs were of poor quality, as the creation of 1154 

additional pore space from dissolution had not yet occurred. The circulating meteoric water, which 1155 

created the secondary porosity along with the present-day shallow depth of burial (<1.5 km), would 1156 

have likely caused biodegradation of any reservoired oil. Biodegradation of petroleum is observed 1157 

within sandstones of the Broadford Beds Formation in the Minch 1 well at 504 m (BP 1990).  1158 

While there are numerous thick sandstone beds throughout the Middle Jurassic succession 1159 

(Harris 1992), these formations are considered by the authors to only be deposited over part of the 1160 

SOHB and are likely to now be too shallow to contain un-biodegraded petroleum.  1161 



 1162 

Petroleum Plays within the Sea of Hebrides Basin and Minch Basin 1163 

Overall, due to the preservation of high TOC (>5 wt% TOC) source rocks and higher levels of source 1164 

rock maturity, along with the more extensive geographical deposition of potential reservoirs, in both 1165 

the Lower and Middle Jurassic, the SOHB has a higher potential of containing petroleum accumulations 1166 

than the MB.  1167 

Four potential plays within the SOHB are illustrated on Figure 25 and outlined in Table 2, 1168 

though this list is not exhaustive, and combinations of these plays could also work as viable plays within 1169 

the basin. The main source rocks for all of the plays are of early Jurassic age, either the organic rich 1170 

Portree Shale Formation (up to 6.9 wt% TOC) or the Pabba Shale Formation, which is generally fair 1171 

in source potential (1 to 2.3 wt% TOC), although some horizons can reach TOC of up to 3.9 wt% 1172 

(Paleo Services 1989; Chevron 1991b; Pentex 1992a). Permian-Triassic terrestrial clastic reservoirs, 1173 

Lower Jurassic marginal marine and marine clastic reservoirs and lowermost Middle Jurassic marginal 1174 

marine and marine clastic reservoirs have been proposed as potential reservoirs within the basin. 1175 

However, it is worth noting that many of these reservoirs could suffer from low porosities and 1176 

permeabilities, as a result of deposition of unsuitable reservoir lithofacies and high levels of 1177 

cementation.  1178 

Potential plays can be hypothesised within the SOHB (Fig.25), but overall there is low potential 1179 

for significant petroleum accumulations within either basin. Despite the occurrence of petroleum 1180 

shows within the basins, the combination of relatively high-risk factors such as source rock maturity, 1181 

reservoir quality, seal quality and biodegradation and/or meteoric flushing of potential petroleum 1182 

accumulations means that there is low potential for making a large un-biodegraded oil or gas discovery. 1183 

There are uncertainties within the data, especially in regards to seismic interpretation due to its quality, 1184 

and the maturity of source rocks within the depocentres of the basin as calculated from pseudo wells. 1185 

If these could be better resolved that may have the potential to alter this conclusion. However, despite 1186 

the uncertainties it is difficult reconcile that the source rocks within both the SOHB and the MB could 1187 



have reached maturities where significant, commercial volumes of petroleum could have been 1188 

produced.   1189 

 1190 

Implications for Atlantic Margin Basins 1191 

While we argue that the SOHB and MB have low potential for commercial petroleum discoveries, the 1192 

understanding of their geology has provided valuable insights into the geology and petroleum potential 1193 

of adjacent deep water, offshore basins on the northeast Atlantic margin and can continue to provide 1194 

insight for future exploration (Trueblood & Morton 1991; Morton 1993; Butterworth et al. 1999; 1195 

Waddams & Cordingley 1999; Scotchman 2001). During early exploration on the northeast Atlantic 1196 

margin the Jurassic outcrops within the Sea of Hebrides Basin provided insight into potential 1197 

stratigraphy within other northeast Atlantic margin offshore basins (Tate & Dobson 1988; Trueblood 1198 

& Morton 1991). 1199 

Late Palaeozoic-Mesozoic rift basins such as the Rockall Trough and the Faroe-Shetland Basin 1200 

were formed under the same tectonic regime (Arctic Rift System) as the Sea of Hebrides and Minch 1201 

basins, but were subsequently buried by thick sequences (>km) of Cretaceous and Cenozoic strata 1202 

(Ritchie et al. 2011; Schofield et al. 2018; Broadley et al. 2020). Understanding constraints on the early 1203 

and middle Mesozoic geology are hampered along the Atlantic Margin by limited well penetrations and 1204 

issues with seismic imaging of Jurassic and deeper stratigraphy, due to overlying igneous sill complexes 1205 

within the Cretaceous and Paleocene sequences.  1206 

 In areas where Jurassic strata have been directly sampled by petroleum exploration wells in 1207 

the Faroe-Shetland Basin, Slyne Basin and Erris Basins, there is an indication of a continuation of Jurassic 1208 

deposition to the northwest and southwest of the Sea of Hebrides and Minch basins (Ritchie et al. 1209 

2011; Serica 2013). Within the Slyne Basin the Jurassic stratigraphy encountered was so similar to that 1210 

first identified onshore within the Sea of Hebrides Basin that the formations were clearly interrelated 1211 

and subsequently the nomenclature used in the Sea of Hebrides Basin was used within the Slyne Basin 1212 

(Trueblood & Morton 1991; Scotchman & Thomas 1995). Interpretations of seismic reflection profiles 1213 



across the Rockall Trough also suggest deposition and preservation of Jurassic strata (Schofield et al. 1214 

2018; Broadley et al. 2020). Jurassic source rocks which have been formed as a result of extensive 1215 

regional anoxic events, such as the early Toarcian Global Anoxic Event (Portree Shale Formation 1216 

(TOC up to 6.9 wt%)) (Jenkyns 1988; Silva et al. 2017) and anoxic conditions during the late Jurassic 1217 

to early Cretaceous (Staffin Shale Formation (TOC up to 7.6 wt%)) (Pearce et al. 2010), have a high 1218 

probability of existing in adjacent basins such as the Faroe-Shetland and Rockall Basins, in areas where 1219 

subsequent erosion has not removed these strata. Middle Jurassic strata have been encountered within 1220 

wells within the Faroe-Shetland Basin, such as well 204/22, where 259.8 m of late Bajocian to late 1221 

Callovian strata was penetrated (BP 1989). However, exhumation and erosion during the middle to 1222 

early late Jurassic over the eastern section of the Faroe-Shetland region removed significant quantities 1223 

of lower Jurassic strata (up to 1.5 km within the East Solan Basin) (Ritchie et al. 2011). Middle Jurassic 1224 

Bathonian aged organic rich, oil-prone mudstones (3.4-7.5 wt% TOC) have been identified in 1225 

boreholes (BH88/1 & BH90/2) on the eastern margin of the West Lewis Basin, located to the 1226 

northwest of the Isle of Lewis, Outer Hebrides (Stoker & Hitchen 1995; Isaksen et al. 2000; Evans 1227 

2013; Broadley et al. 2020). Based on their age and depositional environments, these organic rich 1228 

shales have been interpreted to be time equivalent to the Cullaidh Shale Formation (Isaksen et al. 1229 

2000). Mapping of these horizons on seismic reflection data suggests that Middle Jurassic strata are 1230 

probably preserved over at least part of the eastern margin of the Rockall Trough, indicating there 1231 

might be potential for Middle Jurassic aged source rocks to be present within the Rockall Basin 1232 

(Broadley et al. 2020). 1233 

 The SOHB and MB provide good insight into the tectonic and structural regime that 1234 

permeated the NE Atlantic Margin during the Jurassic, with substantial structural basin control with 1235 

periods of marine restriction. As noted by Scotchman et al. (2018), NE Atlantic Margin source rock 1236 

deposition throughout the Jurassic was controlled, to a large degree, by the complex rift system 1237 

present along the margin, leading to a system which possessed areas of significant restriction, facies 1238 

variation and provinciality. Although the Kimmeridge Clay equivalent source rock is ostensibly thought 1239 

to act as an important source along the NE Atlantic Margin, and is a source for some significant fields 1240 



(e.g. Clair, Strathmore, Victory), a thick late Jurassic Kimmeridge Clay marine source rock is not 1241 

thought to have developed through the pre-Atlantic Ocean basin system west of Britain and Ireland, 1242 

instead only developing as a thin, transgressive unit (Scotchman et al. 2018). Hence in many areas of 1243 

the NE Atlantic Margin, the time-equivalent Middle and Lower Jurassic source rocks (as seen within 1244 

the SOHB and MB) may play a more important role than the Kimmeridge Clay equivalent and provide 1245 

a potential source rock in many sub-basins where Kimmeridge Clay equivalent rocks are not thickly 1246 

deposited. The majority of Lower and Middle Jurassic source rocks within the Sea of Hebrides Basin 1247 

and Minch Basin are oil prone or oil/gas prone (Harris & Hudson 1980; Harris 1984; Andrews 1985; 1248 

Morton 1989; Andrews & Walton 1990; Morton 1992a; Trueblood 1992; Vincent & Tyson 1999; 1249 

Scotchman 2001; Hudson & Trewin 2002; Barron et al. 2012). If similar depositional environments are 1250 

present across the Faroe-Shetland Basin, oil and oil/gas prone source rocks are likely to dominate 1251 

within the Lower and Middle Jurassic successions. Oil to source rock correlations for many of the 1252 

discoveries within the Faroe-Shetland Basin suggest that, while there is contribution from Upper 1253 

Jurassic to Lower Cretaceous source rocks (Kimmeridge Clay Equivalent), there is also evidence for 1254 

petroleum charge from Lower and/or Middle Jurassic source rocks (Ritchie et al, 2011; Scotchman et 1255 

al. 2018). The potential presence of Lower and Middle Jurassic marginal-marine and marine source 1256 

rocks deposited with basins on the NE Atlantic margin could indicate a greater range of Jurassic aged 1257 

source rock, compared to adjacent North Sea Basins, providing a positive outlook for petroleum 1258 

exploration across the NE Atlantic margin.  1259 

 1260 

Conclusions 1261 

The petroleum prospectivity of the sparsely explored Sea of Hebrides and Minch basins has been 1262 

evaluated through the synthesis of well data, seismic reflection data, gravity and magnetic data and 1263 

previously published studies. Our conclusions are as follows: 1264 

▪ Within the Sea of Hebrides Basin organic rich source rocks, which have excellent source rock 1265 

potential (>5 wt% TOC), include the Upper Jurassic Staffin Shale Formation and Staffin Bay 1266 

Formation, Middle Jurassic Cullaidh Shale Formation and Lower Jurassic Portree Shale 1267 



Formation. These source rocks are unlikely to be present within the Minch Basin and have 1268 

been interpreted by the authors to be immature over the majority of the Sea of Hebrides 1269 

Basin, except where located in close proximity to Paleocene aged intrusions. The possible 1270 

exception is the Portree Shale Formation (up to 6.9 wt% TOC), which might have reached 1271 

early oil maturity within the depocentre located to the NW of Skye. The volume of petroleum 1272 

generated through burial and close contact with intrusions is likely to be limited due to the 1273 

volume of rock exposed to maturities high enough to generate petroleum. Carboniferous aged 1274 

source rocks were postulated to be the potential source for the prospects drilled by the 1275 

exploration wells drilled within the Sea of Hebrides Basin (Upper Glen 1 well and Hebrides 1 1276 

well). To date there is no direct evidence for the preservation of Carboniferous ages strata 1277 

within either basin, with unconformities recorded between Permian-Triassic strata and 1278 

Proterozoic strata within both the Minch 1 well and onshore Skye and Raasay. Our 1279 

interpretation of 2D seismic reflection profiles across the Sea of Hebrides Basin and the Minch 1280 

Basin does not provide any obvious indications of Carboniferous strata present within the 1281 

basins, although there is a high degree of uncertainty due to the quality of the seismic reflection 1282 

data. 1283 

 1284 

▪ Potential reservoir facies within the basins are postulated to be Permian-Triassic fluvial 1285 

sandstones and Lower and Middle Jurassic marine to marginal marine sandstones. High levels 1286 

of carbonate and quartz cements have severely reduced the porosity and permeability of these 1287 

sandstones, reducing their potential to act as good reservoirs. Secondary dissolution by 1288 

meteoric water circulation has increased the porosity from (an average of 2-5% to around 1289 

14%) but its timing postdates peak petroleum charge. Many of the thick sandstones identified 1290 

within the Middle Jurassic on Skye and Raasay would likely only be buried at shallow depths 1291 

(<1500 m) within the Sea of Hebrides Basin and are not present within the Minch Basin. 1292 

Therefore, the potential of flushing and biodegradation is high within these shallow reservoirs, 1293 

if they had been charged in the first place.  1294 



 1295 

▪ Sealing lithologies are observed to be variable in quality and geographical distribution. The 1296 

Lower Jurassic Broadford Beds Formation is interpreted to be a poor seal to the underlying 1297 

potential Permian-Triassic reservoirs in the east of the Sea of Hebrides Basin, due to a 1298 

dominance of thick beds of limestone interbedded with calcareous sandstones. It is likely to 1299 

be good in the west of the basin where mudstones dominate. In the Minch Basin the Broadford 1300 

Beds Formation seal is likely to be poor, as the mudstones are often thin and silty in nature. 1301 

Floodplain mudstones could provide an intra-Triassic seal for the Triassic fluvial sandstones 1302 

and marine/lagoonal Jurassic mudstones could provide seals for the Jurassic marine sandstones. 1303 

There is evidence within the Sea of Hebrides Basin for potential migration of fluids up open 1304 

faults during the Cenozoic, which might indicate fault seal breach. This could significantly 1305 

downgrade any traps which are reliant on a fault seal. 1306 

 1307 

▪ The timing of maximum burial during the early to middle Cenozoic is favourable for the 1308 

accumulation of petroleum within the basins (if any of the source rocks were buried deep 1309 

enough), as the majority of traps would be in place by the time any potential petroleum was 1310 

produced, with exception of traps formed during mid-late Cenozoic compression. The 1311 

Paleocene igneous activity and Cenozoic exhumation could have potentially led to fault 1312 

reactivation and seal breach, increasing the risk of petroleum leakage. Magmatically driven 1313 

water circulation throughout the basins during the Paleocene would also have been 1314 

detrimental to the preservation of trapped petroleum.  1315 

 1316 

Despite numerous petroleum shows within both the Sea of Hebrides Basin and Minch Basin there is 1317 

low potential for the discovery of commercial petroleum accumulations within the basin. The 1318 

petroleum shows are likely to be a result of igneous activity, rather than resulting from burial. The 1319 

combination of relatively high-risk factors including source rock maturity, reservoir quality and 1320 



biodegradation and/or meteoric flushing of potential petroleum accumulations means that the potential 1321 

for discovering a large un-biodegraded oil or gas accumulation is low. The low contribution of 1322 

petroleum from igneous heating, combined with predominantly immature high TOC source rocks 1323 

over the majority of the Sea of Hebrides Basin, indicates that commercial sized petroleum 1324 

accumulations would be unlikely. Despite the lack of probable prospectivity within both the Sea of 1325 

Hebrides Basin and Minch Basin, these basins do provide insight into Mesozoic basin development, 1326 

strata and subsequently potential petroleum systems on the NE Atlantic Margin.   1327 



 1328 

Well  

(Year 

Drilled) 

Basin Structure Source 

Rock 

Reservoir 

Quality 

(Triassic) 

Reservoir 

Quality 

(Jurassic) 

Petroleum 

Shows 

Reason for 

failure 

 

Minch 1 

(1989) 

 

Minch 

 

Tilted 

Fault 

Block 

 

Jurassic 

Mudstones 

 

Generally 

poor but 

some of the 

younger 

Triassic 

sandstones 

exhibit 

average 

porosities of 

14% with 

average 

permeabilities 

of 40mD 

 

 

Lower 

Jurassic 

sandstones 

(>1 m to 9 m 

in thickness) 

have been 

recorded as 

having average 

porosities of 

11% 

 

Recorded as 

dry but with 

weak gas 

shows and 

fluorescence 

in Lower 

Jurassic 

Strata 

 

Source rock 

presence, 

effectiveness 

and petroleum 

migration 

 

Upper 

Glen 1 

(1989) 

 

Sea of 

Hebrides 

 

Dip & 

Fault 

Sealed 

Structure 

 

Jurassic & 

Carbonifero

us 

Mudstones 

and coals 

 

 

No reservoir 

potential 

 

No ‘reservoir 

quality 

sandstones’ 

identified 

 

Wet gas 

show of 

49,000 ppm 

identified in 

Lower 

Jurassic 

strata 

 

Lack of good 

quality 

reservoir 

sands 

 

 

Hebrides 

1 (1991) 

 

Sea of 

Hebrides 

 

Anticline 

 

Carbonifero

us Coals 

and 

Mudstones 

 

Thin (<6 m 

thick) tight 

sandstone 

beds with 

porosities 

between 2-5% 

 

No reservoir 

potential 

 

Recorded as 

dry but with 

weak gas 

shows in 

Lower 

Jurassic 

Strata 

 

Source and 

Reservoir 

potential in 

both the 

Jurassic and 

Triassic 

proved to be 

poor and 

unprospective 

 

 1329 

Table 1. A summary of historical wells drilled within the Sea of Hebrides and Minch basins indicating 1330 
targeted structures, source rock, reservoir quality, petroleum shows and reasons for failure.  1331 
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Play Source Rock Reservoir 

Rock 

Seal Trap  Risks 

 

Play 1 

 

Portree Shale 

Formation 

and/or Dun 

Caan Shale 

Member 

 

Marginal 

marine 

sandstones of 

the Middle 

Jurassic 

Bearreraig 

Sandstone 

Formation  

 

Impermeable 

Paleocene Sill 

and 

juxtaposed by 

faulting against 

Lower 

Jurassic 

mudstones 

 

 

Paleocene 

Sill & Tilted 

Fault Block 

 

 

The source rocks might not reach great 

enough maturities over large enough 

geographical areas in order to generate 

significant volumes of petroleum. The sill 

might act as a permeable conduit to 

migrating fluids instead of a seal and 

Reactivation of fault during mid-late 

Cenozoic exhumation may lead to seal 

breech. The Bearreraig sandstones would 

likely only be buried at shallow depth which 

could lead to biodegradation of any 

petroleum within the reservoir.  

  

 

Play 2 

 

Portree Shale 

Formation 

and high TOC 

horizons 

within the 

Pabba Shale 

Formation 

 

 

Marginal 

marine 

sandstones of 

the Lower 

Jurassic Scalpa 

Sandstone 

Formation 

 

 

Lower 

Jurassic Scalpa 

Sandstone 

Formation 

mudstones 

and Portree 

Shale 

Formation 

mudstones 

 

 

Tilted Fault 

Block 

 

The source rocks might not reach great 

enough maturities over large enough 

geographical areas in order to generate 

significant volumes of petroleum. The Scalpa 

Sandstone Formation is likely only 

arenaceous in the east of the basin and is 

observed at outcrop to contain high levels of 

carbonate cement, which could reduce 

reservoir potential). Reactivation of fault 

during mid-late Cenozoic exhumation may 

lead to seal breech. 

 

 

Play 3 

 

High TOC 

horizons 

within the 

Pabba Shale 

Formation 

 

 

Marginal 

marine 

sandstones of 

the Lower 

Jurassic Pabba 

Shale 

Formation 

 

 

Lower 

Jurassic Pabba 

Shale 

Formation 

mudstones 

 

Anticline 

 

The organic richness of the Pabba Shale 

Formation might not be rich enough to 

produce significant volumes of petroleum. 

The reservoir quality could be poor and the 

trap might have formed during mid-late 

Cenozoic compression (e.g. after the main 

phase of petroleum generation) 

 

Play 4 

 

Portree Shale 

Formation 

and high TOC 

horizons 

within the 

Pabba Shale 
Formation 

 

 

Fluvial 

sandstones of 

the Triassic 

New Red 

Sandstone 

Group 

 

Triassic 

floodplain 

mudstones 

and Lower 

Jurassic 

Broadford 
Bed 

Formation 

mudstones 

 

 

Tilted Fault 

Block 

 

Migration of potential petroleum from Lower 

Jurassic source rocks into Triassic 

sandstones, which were deposited 

stratigraphically below the source rock, 

could be problematic e.g. requiring significant 

throw on faults in order to juxtapose the 
different formations. High levels of 

cementation could reduce reservoir 

potential. 

 1333 

Table 2. Potential play concepts within the Sea of Hebrides Basin. Plays 1 to 3 are illustrated in Figure 1334 
25. This list of plays is not exhaustive and there could be a number of combinations which could 1335 
potentially work as additional plays within the basin.    1336 
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Fig.1 – a) Regional free-air gravity map of offshore northwest Scotland b) Depth to basement map of offshore 1901 

northwest Scotland. Both the free-air gravity map and the depth to basement map show similar basinal features. 1902 

Gravity data and Depth to Basement Map supplied by Frogtech Geoscience, 2016 courtesy of Geognostics. 1903 

 1904 

Fig.2 –Simplified geological map of offshore northwest Scotland. This map was based on maps created by Fyfe et 1905 

al. 1993 and Stoker et al. 1993, with additional offshore geological mapping undertaken by the authors. For 1906 

simplification purposes offshore dykes and sills and Quaternary sediments are not marked. Map based upon 1907 

[offshore regional reports], with the permission of the British Geological Survey 1908 

 1909 

Fig.3 – N-S composite seismic reflection profile across the Sea of Hebrides Basin. Location of the seismic profile 1910 

is shown in Figure 2. Data Source: UKOGL, 2021.  1911 

 1912 

Fig.4 – NW-SE seismic reflection profile JSMINCH-8408-A, across the Minch Basin. Location of the seismic 1913 

profile is shown in Figure 2. Seismic Reflection Data Source: Includes content supplied by IHS Markit; Copyright 1914 

© IHS Markit, 2020.  All rights reserved. 1915 

 1916 

Fig.5 – Stratigraphy of the Sea of Hebrides Basin and Minch Basin (Morton 1989; BP 1990; Braley 1990; Pentex 1917 

1990; Chevron 1991a; England 1992; Morton 1992; Stein 1992; Fyfe et al. 1993; Knox 2002). 1918 

 1919 

Fig.6 – Historic petroleum exploration within the Sea of Hebrides Basin, Minch Basin and Inner Hebrides Basin. 1920 

Two exploration wells have been drilled within the Sea of Hebrides Basin (Upper Glen 1 & Hebrides 1) and one 1921 

within the Minch Basin (Minch 1) (Fyfe et al. 1993; Stoker et al. 1993; UKOGL 2021). Data Source: UKOGL, 1922 

2021. 1923 

 1924 

Fig.7 – Timeline of petroleum exploration within the Sea of Hebrides Basin, Minch Basin and Inner Hebrides 1925 

Basin (Scotped 1982; BP 1990; Mustang Oil 1990; Chevron 1991a; Pentex 1992b; NDR 2020). 1926 

 1927 

Fig.8 – Petroleum system elements (Source Rock, Reservoir Rock and Seal Rock) targeted by the Sea of Hebrides 1928 

and Minch basins exploration wells (BP 1990; Chevron 1991b; Pentex 1992a). The location of the wells is shown 1929 

in Figures 2 & 6. 1930 

 1931 



Fig.9 – Exploration wells drilled within the Sea of Hebrides Basin (Upper Glen 1 & Hebrides 1) and the Minch 1932 

Basin (Minch 1). All depths stated as MDBRT. The location of these wells is shown in Figures 2 & 6 (BP 1990; 1933 

Pentex 1990; Chevron 1991a). 1934 

 1935 

Fig.10 – Datasets available across the Sea of Hebrides and Minch basins, including location of seismic reflection 1936 

surveys, boreholes and hydrocarbon exploration wells (Fyfe et al. 1993; Stoker et al. 1993; BGS. 2020a; Oil and 1937 

Gas Authority 2020). Contains information provided by the Oil and Gas Authority and/or other third parties 1938 

and based upon [geoindex], with the permission of the British Geological Survey. 1939 

 1940 

Fig.11 – Jurassic lithostratigraphy of the Sea of Hebrides Basin and Minch Basin. Morton’s (1989, 1992b) 1941 

lithostratigraphy has been used throughout this paper for consistency with wells, boreholes and published 1942 

geological maps. S.F., Stornoway Formation (Morton 1989; Morton 1992b; Hesselbo et al. 1999; Morton 2004). 1943 

 1944 

Fig.12 – Surfaces of the Base Quaternary, Top Jurassic, Top Triassic and Top Basement across the Sea of 1945 

Hebrides Basin and Minch Basin. 1946 

 1947 

Fig.13 – Isochron map of the Jurassic across the Sea of Hebrides Basin and Minch Basin. The thickest sections of 1948 

preserved Jurassic are found within Loch Snizort to the northwest of Skye (1680 ms) and in the south of the Sea 1949 

of Hebrides Basin to the northeast of the Hebrides 1 well (1350 ms). Jurassic thickness within the Minch Basin 1950 

is generally less than 800 ms, except where it increases to the east of the Minch Fault up to 1000ms.  1951 

 1952 

Fig.14 – Petroleum shows within the Sea of Hebrides Basin, Inner Hebrides Basin and Minch Basin (BP 1990; 1953 

Chevron 1991b; Parnell 1992; Pentex 1992a; Fyfe et al. 1993; Waddams & Cordingley 1999; Garcia et al. 2014). 1954 

 1955 

Fig.15 – Distribution of Carboniferous strata both onshore and offshore across the northwest of the United 1956 

Kingdom and United Kingdom Continental Shelf (UKCS). LIB, Loch Indaal Basin, CB, Colonsay Basin, IHB, Inner 1957 

Hebrides Basin, ST, Stanton Trough, BT, Barra Trough, WOB, West Orkney Basin. (Fyfe et al., 1993; Owens & 1958 

Marshall, 1978; Geological Survey of Ireland, 2014; Young & Caldwell 2019; BGS 2020a; BGS 2020c; Waters et 1959 

al. 2011). Onshore geology of Scotland and England based upon [Geology of Britain Viewer], with the permission 1960 

of the British Geological Survey and onshore geology of Ireland based upon Geological Survey of Ireland, 2014. 1961 

Offshore distribution of wells and boreholes based upon [geoindex], with the permission of the British 1962 

Geological Survey. 1963 

 1964 



Fig.16 – Jurassic source rocks of the Sea of Hebrides and Minch basins. Source rocks of high Total Organic 1965 

Carbon (TOC) are the Staffin Shale Formation (Callovian to Kimmeridgian), Staffin Bay Formation (Callovian), 1966 

Cullaidh Shale Formation (Bathonian) and Portree Shale Formation (Toarcian) (Harris & Hudson 1980; Harris 1967 

1984; Andrews 1985; Ambler 1989; Morton 1989; Andrew & Walton 1990; Morton 1992; Trueblood 1992; 1968 

Vincent 1999; Butterworth et al. 1999; Scotchman et al. 2001; Hudson & Trewin 2002; Barron et al. 2012; 1969 

Muirhead et al. 2017). 1970 

 1971 

Fig.17 – Paleoenvironmental maps of key horizons within the early Jurassic. The maps indicate the interpreted 1972 

environments of deposition and the potential extent of different facies. (Howarth 1956; Amiri-Garroussi 1978; 1973 

Hesselbo & Jenkyns 1998; Hesselbo et al. 1998; Morton 1989; Ebdon & Jacovides 1990; Bradshaw et al. 1992; 1974 

Morton 1992; Thrasher 1992; Searl 1992; Hesselbo & Coe 2000; Ainsworth & Boomer 2001).  1975 

 1976 

Fig.18 – Distribution of Jurassic strata both onshore and offshore across the Sea of Hebrides and Minch basins. 1977 

The offshore distribution was interpreted using borehole data and mapping on seismic reflection data and the 1978 

onshore distribution was mapped using BGS 2020c online map [based upon [Geology of Britain Viewer], with 1979 

the permission of the British Geological Survey. 1980 

 1981 

Fig.19 – Potential source rock and reservoir rocks across the Sea of Hebrides Basin and Minch Basin. 1982 

 1983 

Fig.20 – Source rock maturity within Hebrides 1 well and the Upper Glen 1 well. The vitrinite reflectance burial 1984 

trend indicates that the Pabba Shale Formation at the Hebrides 1 well is immature and the Broadford Beds 1985 

Formation is Early Oil mature. Locally elevation of vitrinite reflectance measurements are observed close to 1986 

igneous intrusions within the Hebrides 1 well. Within the Upper Glen 1 well part of the Pabba Shale Formation 1987 

and the Upper Broadford Beds are Early Oil mature, whilst the Blue Lias and Lower Broadford Beds are within 1988 

the Main Oil window.  Gas shows have been identified within both wells within the Broadford Beds Formation, 1989 

in close proximity to igneous intrusions. 1990 

 1991 

Fig.21 – 1D Burial History Reconstruction of the Upper Glen 1 well with maturity overlay. Play elements are 1992 

also highlighted. 1993 

 1994 

Fig.22 – Petroleum systems diagram for the Sea of Hebrides Basin and the Minch Basin. The diagram indicates 1995 

the timing of deposition of each petroleum system element (source, reservoir & seal) as well as the timing for 1996 

trap formation and petroleum generation. 1997 

 1998 



Fig.23 – Trapping styles within the Sea of Hebrides and Minch basins based on seismic reflection profiles. Seismic 1999 

Reflection (JSMINCH_8404) Data Source Includes content supplied by IHS Markit; Copyright © IHS Markit, 2000 

2020.  All rights reserved. Seismic Reflection (WB93_106) sourced from UKOGL 2021. 2001 

 2002 

Fig.24 – Distribution of igneous activity within the Sea of Hebrides Basin and the Minch Basin. Measured vitrinite 2003 

reflectance values from Jurassic strata are highlighted where collected at outcrop, within shallow boreholes and 2004 

within exploration wells. Within 15 km of the Skye Central Complex vitrinite reflectance values are significantly 2005 

elevated, likely as a result of heating by the emplacement of the volcanic complex. The location of the onshore 2006 

igneous centres based upon [Geology of Britain Viewer], with the permission of the British Geological Survey. 2007 

(Pentex 1989; BP 1990; Chevron 1991; Thrasher 1992; Butterworth et al. 1999; Emeleus & Bell 2005; Fyfe et al. 2008 

2021; BGS 2020c). 2009 

 2010 

Fig.25 – Schematic diagram highlighting potential petroleum plays within the Sea of Hebrides Basin. The plays are 2011 

further discussed in Table 2. 2012 
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