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4.2 Results

Figure 66 Cross-sections showing maturity and mining-related depth cut- off surfaces as output from the
3D geological model. Note each cross-section has a different horizontal and vertical scale. The modelled
surfaces appear irregular and with considerable relief due to the high vertical exaggeration of the section
and because smaller faults have been excluded from the model.

Cross-sections (Figure 66) highlight the relatively shallow nature of the mature oil and gas volumes in

the subsurface of the Midland Valley of Scotland, together with the complex geological structure. The
mining-related depth cut-off truncates the mature volumes upwards, such that in some areas, such as
the Lanarkshire Basin section all of the strata within the oil-mature volume have been excluded.
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Figure 67 Summary of areas prospective for shale gas in the Limestone Coal and Lower Limestone
formations, West Lothian Oil-Shale and Gullane units using the best technical case, mining-related cut-
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Figure 68 Summary of areas prospective for shale oil in the Limestone Coal and Lower Limestone
formations, West Lothian Oil-Shale and Gullane units using the best technical case, mining-related cut-

off
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Figure 69 Net mature thickness and distribution of potential shale gas units in the Midland Valley of Scotland using the best technical case, mining-related cut-off.
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Figure 70 Net mature thickness and distribution of potential shale oil units in the Midland Valley of Scotland using the best technical case, mining-related cut-off.
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Using the mining-related depth cut-off, the spatial extent of shale oil prospectivity is limited to the
northern end of the Clackmannan Syncline and to the Midlothian-Leven Syncline across the Firth of
Forth (Figure 68). In the northern Clackmannan Syncline, the net mature volume is dominated by the
Limestone Coal Formation where net mature shale thicknesses of up to 400 ft (120 m) are estimated
through the heterogeneous succession (Figure 70). In the Midlothian-Leven Syncline, the bulk of the net
mature shale thickness is situated offshore where the Limestone Coal Formation, Lower Limestone
Formation and West Lothian Qil-Shale unit are in the oil window, and considerable net mature shale
thicknesses of up to around a thousand feet in the West Lothian Qil-Shale unit are estimated (Figure 70).
The geological depth surfaces are moderately well constrained here by good quality seismic data tied to
the Firth of Forth well, however the percentage of shale, TOC content and maturity values of the net
mature shale volume are much more poorly constrained. Areas of onshore shale oil prospectivity occur
in Midlothian and Fife in all four units, these are reasonably well constrained by data and parts of these
areas occur beneath abandoned deep (> 1,640 ft or 500 m) coal mines. The tongue of West Lothian Oil-
Shale unit and Gullane unit shale oil prospectivity extending offshore north-eastwards into the Firth of
Forth (Figure 70) is very poorly constrained by data and relatively thin and should be considered
speculative.

The oil-mature rock volume present from near surface or a few hundred feet depth is significantly
truncated by the mining-related depth cut-off used. The effect of the mining-related depth cut-off is
particularly striking over the southern and western Central Coalfield where shale-rich, oil-mature strata
are present, but at shallower levels than allowed by the mining-related depth cut-off.

The spatial extent of shale gas prospectivity covers much of the Central Coalfield, together with the
Midlothian-Leven Syncline and areas of Fife and West Lothian between these two basins (Figure 67). The
prospective areas for the Limestone Coal and Lower Limestone formations in the northern Clackmannan
Syncline and Lanarkshire Basin, as well as in small areas along the Kilsyth Basin are well constrained,
with net mature shales approaching up to a thousand feet through the heterogeneous succession
(Figure 69). These units are largely immature for shale gas in the eastern part of the study area.

The West Lothian Qil-Shale unit makes a large contribution to the overall shale gas prospective volume,
being widespread over the Central Coalfield and Midlothian-Leven Syncline and reaching net mature
shale thicknesses of over 1,000 ft (305 m) (Figure 69). In the Lanarkshire Basin, net mature shale
thickness is estimated based on seismic interpretation and high TOC, high shale percentage strata
proven in the Bargeddie 1 well, making a significant contribution to the volume estimation (Figure 69).
However, there is no data on the lithology or TOC content of the thick unit identified on seismic data
away from the well, resulting in a less well constrained volume estimate than for the overlying units in
this area.

The deepest buried, Gullane unit shale gas prospective area is extensive in the eastern part of the study
area where this unit is proven. The geological constraint on the base of the Gullane unit is very poor, so
whilst the net mature shale thicknesses of up to 650 ft (200 m) present in the Firth of Forth (Figure 69)
make a large contribution to the shale gas volume, that volume has a high degree of uncertainty.

4.3 Estimated resource volumes

DECC has not previously addressed in-place shale gas and/or oil resources in the Midland Valley of
Scotland and no shale oil or shale gas drilling has yet been carried out in this area. Following detailed
work undertaken by BGS in 2013-14, the first oil in-place and gas in-place resource estimation can now
be made for the various shale units beneath the Midland Valley of Scotland. The details of the
calculation are presented in Appendix A.

Previously published shale gas volume estimates in the Midland Valley of Scotland are restricted to Dart
Energy’s PEDL 133 license with an estimated 4.4 tcf of shale gas GIIP. They estimated recoverable
prospective shale gas resources to be 119 bcf in the ‘Black Metal Shale’ and 536 bcf in the ‘Lothian
(Broxburn) Shale’ (http://www.dartgas.com/page/Europe/United Kingdom/PEDL133/).
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A range of values is presented based on a Monte Carlo analysis (Figure 71 and Appendix A) to give a

measure of the uncertainty in the resource estimation.
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Figure 71 Probabilistic distributions representing the results of a Monte Carlo analysis for the in-place
resource estimation of shale gas in four Carboniferous shale units of the Midland Valley of Scotland
(separate and lastly combined). Distributions for shale oil are included in Appendix A.
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Figure 72 Summary of areas considered prospective for shale oil (blue) beneath a mining-related depth
cut-off in the Carboniferous shales of the Midland Valley of Scotland. Study area in purple. Ordnance
Survey data © Crown copyright 2014
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Figure 73 Summary of areas considered prospective for shale gas (red) beneath a mining-related depth
cut-off in the Carboniferous shales of the Midland Valley of Scotland. Study area in purple. Ordnance
Survey data © Crown copyright 2014

Within the prospective areas presented in Figures 72 and 73, the net mature shale thickness, quality
(TOC, shale bed thickness etc.) and reliability of the estimation is highly variable, dependent on data
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availability and geology. For example, the prospective area for shale gas to the south-east of Penicuik
and Dalkeith contains thin net mature shale (modelled at less than 164 ft, 50 m) and the geological
criteria are poorly constrained due to lack of data (see also Figures 67, 68) .

The prospective extent maps presented here have been produced at a regional scale by application of a
suite of criteria described in detail above. Additional data, amended criteria, local-scale assessments and
developments in science and technology are likely to refine these extents.

In this populated area of central Scotland, regulatory, environmental and societal considerations have
not been incorporated into this geological resource assessment.

5 Conclusions

The Midland Valley of Scotland has a long history of coal and hydrocarbon extraction which has fuelled
the industrial development of Scotland. By the turn of the 20th century, over 100 oil-shale works
extracting and heating immature oil-shale to extract oil had operated. While there is currently only one
gas field in the area, the Airth coalbed methane field, numerous conventional oil and gas wells have
been drilled, some of which produced hydrocarbons in the past. These discoveries, together with a small
number of natural seeps, attest to the presence of an active petroleum system, of which the mature,
organic-rich shales described in this study are the source rock.

Four Carboniferous stratigraphic units contain mature organic-rich shale at suitable depths for
prospective shale oil and shale gas: the Limestone Coal Formation, Lower Limestone Formation, West
Lothian Oil-Shale unit and Gullane unit. Historic coal mine workings are present over some of the
prospective area and abandoned deep coal workings within the uppermost Limestone Coal Formation
are within a few hundred feet of the prospective shale units within this same formation. A buffer or
vertical separation zone was applied to the top of the potential rock volume in the resource calculation
to ensure separation from the abandoned coal mines. Volcanism and post-depositional intrusive
magmatism enhance lithological complexity. Faulting is observed on numerous orientations and scales,
bounding and within, the prospective Carboniferous succession but is complexity is not adequately
resolved from currently available 2D seismic data.

The lacustrine, fluvio-deltaic and shallow marine depositional environments in which the Carboniferous
Midland Valley of Scotland shales were deposited exerted a strong control on their thickness, character
and prospectivity. In contrast to the deeper marine Bowland-Hodder shale of northern England and to
many USA marine shales, there are relatively few global analogues. The alluvial/lacustrine Green River
Formation of the Uinta Basin, USA has some similarities.

The total organic carbon (TOC) content of the Midland Valley shales is high (2-6% and often up to 20%).
A range of kerogen types is indicated with oil-prone Type | (amorphous algal or lacustrine) and gas-
prone Type lll (non-marine woody) kerogens being most common, but mixed and Type Il kerogen
(marine) also present, indicating periodic marine influence. Additional sampling is required to
characterise intervals of particular kerogen type; the current regional picture is of variable and mixed
kerogens in the prospective shale units. Some of the Midland Valley of Scotland samples analysed have
a corrected free hydrocarbon (S1) content of greater than 100 mg oil/ g C, with a more significant
number having free oil contents between 50 and 100 mg oil/g C, indicative of some free oil present
outside the kerogen.

As a result of significant burial, uplift and erosion, the Carboniferous shales are mature for oil generation
from shallow current day depths over much of the study area, and gas-mature shales occur at current
day depths from about 2,300 ft (700 m) below the surface. These are shallow maturity depths when
compared to those of the UK Bowland-Hodder Shale of northern England, Jurassic shales of the Weald
and many commercial plays in the USA. Locally, maturation is enhanced by igneous intrusion.

The mineralogy of Midland Valley of Scotland Carboniferous shales is variable; on average they are more
clay mineral-rich and carbonate-poor than typical USA unconventional gas- and oil-producing shales.
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Appendix A Midland Valley of Scotland resource calculation

Appendix B Additional detail on Midland Valley stratigraphy, magmatism, tectonism and oil and gas
shows.

Appendix C Well and borehole interpretations and correlations
Appendix D Results of BGS 2014 Rock-Eval analysis

Appendix E Results of BGS 2014 XRD mineralogy analysis
Appendix F Well log TOC study

6 Glossary

Unit/abbreviation | Full name

API standard (American Petroleum Institute) measure of natural gamma
radiation typically in a borehole

bcf billion (10°) cubic feet

Bg gas expansion factor

ft foot/feet

ft3 or scf (standard) cubic foot/feet

GIIP gas initially in place

Hlo original hydrogen index

Hipd present-day hydrogen index

km kilometre(s)

km2 square kilometre(s)

m metre(s) (1 m = 3.28084 ft)

m3 cubic metre(s) (1 m® =35.31467 ft3)

Ma million years before present

mD millidarcy

MPa megapascal(s) (1 MPa = 145 psi)

mcfd thousand (10°) cubic feet of gas per day

mmcfd million (10°) cubic feet of gas per day

mile’m a volume occupying an area of 1 square mile with a thickness of 1 metre
(1 mile?m = 2,589,988 m3)

Ordnance Datum 0 ft / 0 m defined by the Ordnance Survey as mean sea level at Newlyn in

(OD) Cornwall.

Ro vitrinite reflectance (in oil) (%)

tcf trillion (10"%) cubic feet

tcm trillion (10"%) cubic metres

TOC total organic carbon (%)
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