


Becconsall–Ashnott High and may account for a substantial amount
of the missing strata in Becconsall-1z. The base of Upper Bowland
Shale (Pendleian) is identified on the basis of Emstites leion in cored
intervals, and can be traced northwards from Becconsall-1z to
Preese Hall-1 and Grange Hill-1z in the north where it is much
thicker, indicating that the Becconsall–Ashnott High was an
important palaeohigh.

The Pendleside Sandstone sequence seen in the Clitheroe area is
not so clearly developed in the studied wells. Here a variable

sequence of fine-grained mixed clastic–carbonate lithologies is
developed interbedded with hemipelagic mudstones. Only the upper
part of this section has been drilled, representing the higher part of the
Pendleside Sandstone Member. This package has a highly distinctive
wireline signature (see Figs 6, 11 and 25) indicating interbedded
mudstones and coarser lithologies reminiscent of the upper stacked
sandstones described on Pendle Hill by Earp et al. (1961).

The mineralogy of the sequence comprises a mixed sequence of
silty mudstones, thin limestones and sandstones. In general, the

Fig. 28. Representative isotherms for (a) Lower Bowland and (b) Upper Bowland Shale. The red star shows the measured gas content from the desorption
gas and is plotted at the actual reservoir pressure. GIP, gas-in-place.
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clastic component progressively increases through the Hodder–
Lower Bowland–Upper Bowland sequence, reflecting the prograd-
ation of late Dinantian and Namurian deltas from the NW. This is
also reflected in the claymineral content, with the HodderMudstone
having a higher proportion of clay minerals than the higher
formations which are more proximal to the sediment source. TOC
ranges from 1 to 7% (average of 2.5%), and there appear to be two
basic controls on its spatial and temporal distribution. These are the
glacioeustatic control on sedimentation and the terrigenous supply
of sediments from the northern highlands. The highest TOC values
are associated with marine bands (Surgill, Caton and Crossdale
Mudstone), but the mineralogical data indicate a significant clastic
input (largely detrital plant material). This is best illustrated by
comparison of the results from Grange Hill-1z, Preese Hall-1 and
Becconsall-1z (Figs 8 and 9). These wells are aligned approxi-
mately north–south along the Carboniferous palaeoslope, and the
supply of land-derived organic detritus contributed significantly to
the TOC and, ultimately, the gas content, especially in the Upper
Bowland Shale. This is similar to the situation in NorthWales where
Armstrong et al. (1997) documented a similar pattern in the
Holywell Shale.

Organic maturity and gas content also broadly increase with
depth and the maturity data indicate that there is a vertical maturity
profile. The higher Namurian shales (Caton Shale and Crossdale
Mudstone) are in the late oil window, in keeping with the gas
compositions observed in these units. The main part of the Bowland
Shale sequence is in the dry gas window with Ro 1.7–2.4%. Water
saturations in the Bowland sequence are generally low and the
section is gas saturated. These factors combined with the high rock
volume largely account for the high resource estimates.

The Bowland Basin forms the western onshore part of the
Pennine Carboniferous Petroleum System, and is part of the wider
Bowland–East Irish Sea Petroleum System which was contiguous
with the EISB during the Carboniferous and Permian–Triassic
(Rowley & White 1998; Andrews 2013). All the elements of this
system shared a similar maturation and gas generation history.

Although it has been known for some time that the Carboniferous
rocks were the principal source rocks for the EISB oil and gas fields
(Cowan et al. 1999), little is known about the petroleum system in
detail because of the paucity of Carboniferous well penetrations in the
East Irish Sea, offshore NW England. In particular, problems remain
regarding the exact nature of the source rocks and the timing of gas
generation. Armstrong et al. (1997) were able to match oils from
the Lennox and Douglas fields with the Lower Holywell Shale on the
basis of isotopic composition. It seems likely that the gas fields of
the East Irish Sea were sourced by Lower Carboniferous shale source
rocks rather thanWestphalian coals. In the onshore area of PEDL 165
(see Fig. 1), the Elswick gas field has one of the few producing
Collyhurst Sandstone Formation reservoirs. Isotopic analyses of
gases from this reservoir are closely comparable with those produced
from the Bowland Shale in Preese Hall-1 (see Fig. 25 and inset). The
situation in the East Irish Sea is more complicated because of the
problem of secondarymigration. The structure of some fields (e.g. the
Lennox Field) was formed following Neogene exhumation (Holford
et al. 2008) and only charged with gas late in the structural history.

There has been a considerable amount of work on burial history
and maturity modelling based on vitrinite reflectance (Pearson &
Russell 2000) and apatite fission-track analysis Green et al. (1997).
The main problem is the almost complete absence of Jurassic and
later stratigraphic records because of successive exhumation events

Fig. 29. Work flow used in the determination of TOGIP (from Bustin 2013). OHCIP, original hydrocarbon-in-place.
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(see Holford et al. 2008). This is compounded by difficulties in
modelling the basal heat flow because of igneous activity both in
Carboniferous and Tertiary times. Pearson & Russell (2000)
concluded that maximum palaeotemperatures were reached in the
late Cretaceous or early Cenozoic time. Holford et al. (2008), using
a combination of vitrinite reflectance and apatite fission-track
analysis, were able to demonstrate distinct kilometre-scale exhum-
ation episodes during the early Cretaceous, early Paleogene and late
Paleogene–Neogene times. Regional early Cretaceous exhumation
was calculated to have removed up to 3 km of sediment from the
Irish Sea basins, with lesser amounts in early Paleogene (2 km) and
late Paleogene–Neogene (1–2 km).

In the Bowland Basin there is substantial evidence that a thick
sequence of Carboniferous sediments has been removed. Evidence
for the removal of Westphalian and later sediments is provided by
the occurrence of Lower Coal Measures in Preese Hall-1 and
Grange Hill-1z, and the presence of over 2.5 km of Coal Measures
and Warwickshire Group sediments in the Lancashire Coal Field.
Corfield et al. (1996) estimated that 5 km were removed by erosion
during the Variscan inversion.

The Bowland Basin thus appears to have been subjected to
repeated phases of cooling and exhumation, with the magnitudes
generally decreasing over time. The sedimentary record proven by
Grange Hill-1z and Preese Hall-1, coupled with the regional
maturity modelling, indicates that the sequence reached maturity for
oil generation in Late Carboniferous times, immediately prior to
Variscan exhumation and cooling. It is not clear how close the
temperature was to the maximum palaeotemperature.

The reservoir properties of the Bowland Shale in the tested wells
are variable but comparable to those of major producing shales in
North America. For comparison of these results with those from
producing shales in the USA, the reader is referred to the US Energy
Information Administration (EIA). Here a wealth of information on
comparable US Carboniferous shales can be found, and of particular
interest are the Barnett, Woodford and Fayetteville shales (https://
www.eia.gov/maps/maps.htm).

The gas per unit volume of rock ranges from about 0.6 to 1.5 Bcf
per metre per square mile, which when combined with the thickness
of gas-charged strata (up to 6000 ft) yields in situ gas resources of
the order of 1 Tcf per square mile. The hydrocarbons liquids
potential of shales varies from about 10 to 200 bbl/MMscf of gas,
with higher values occurring in less mature and shallow parts of the
shale. The thick interval of the stacked gas-charged strata provides
the opportunity to exploit these major hydrocarbon resources by
utilizing a factory approach, whereby stacked multilateral wells are
drilled and completed from a common, strategically located and
environmentally optimized surface pad.
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