
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/330041709

Deep Evaporites and H2S Springs in the Bowland Megabasin of NW England

Deep evaporites and H 2 S springs in the Bowland Megabasin of North-West

England

Technical Report · January 2019

CITATIONS

0
READS

38

1 author:

Some of the authors of this publication are also working on these related projects:

Elimination of Student Loans and Graduate Debts in England. View project

Status of Ponds, Pondways and Pondscapes of North-West England : A 25-year Study of Losses and Gains View project

Robin Francis Grayson

Independent Consultant

49 PUBLICATIONS   98 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Robin Francis Grayson on 01 January 2019.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/330041709_Deep_Evaporites_and_H2S_Springs_in_the_Bowland_Megabasin_of_NW_England_Deep_evaporites_and_H_2_S_springs_in_the_Bowland_Megabasin_of_North-West_England?enrichId=rgreq-9c423208e8450ba5357e848e124c1dd0-XXX&enrichSource=Y292ZXJQYWdlOzMzMDA0MTcwOTtBUzo3MTAyNjkzMzIzNTcxMjBAMTU0NjM1MjgxMzMyOA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/330041709_Deep_Evaporites_and_H2S_Springs_in_the_Bowland_Megabasin_of_NW_England_Deep_evaporites_and_H_2_S_springs_in_the_Bowland_Megabasin_of_North-West_England?enrichId=rgreq-9c423208e8450ba5357e848e124c1dd0-XXX&enrichSource=Y292ZXJQYWdlOzMzMDA0MTcwOTtBUzo3MTAyNjkzMzIzNTcxMjBAMTU0NjM1MjgxMzMyOA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Elimination-of-Student-Loans-and-Graduate-Debts-in-England?enrichId=rgreq-9c423208e8450ba5357e848e124c1dd0-XXX&enrichSource=Y292ZXJQYWdlOzMzMDA0MTcwOTtBUzo3MTAyNjkzMzIzNTcxMjBAMTU0NjM1MjgxMzMyOA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Status-of-Ponds-Pondways-and-Pondscapes-of-North-West-England-A-25-year-Study-of-Losses-and-Gains?enrichId=rgreq-9c423208e8450ba5357e848e124c1dd0-XXX&enrichSource=Y292ZXJQYWdlOzMzMDA0MTcwOTtBUzo3MTAyNjkzMzIzNTcxMjBAMTU0NjM1MjgxMzMyOA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-9c423208e8450ba5357e848e124c1dd0-XXX&enrichSource=Y292ZXJQYWdlOzMzMDA0MTcwOTtBUzo3MTAyNjkzMzIzNTcxMjBAMTU0NjM1MjgxMzMyOA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Robin_Grayson?enrichId=rgreq-9c423208e8450ba5357e848e124c1dd0-XXX&enrichSource=Y292ZXJQYWdlOzMzMDA0MTcwOTtBUzo3MTAyNjkzMzIzNTcxMjBAMTU0NjM1MjgxMzMyOA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Robin_Grayson?enrichId=rgreq-9c423208e8450ba5357e848e124c1dd0-XXX&enrichSource=Y292ZXJQYWdlOzMzMDA0MTcwOTtBUzo3MTAyNjkzMzIzNTcxMjBAMTU0NjM1MjgxMzMyOA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Robin_Grayson?enrichId=rgreq-9c423208e8450ba5357e848e124c1dd0-XXX&enrichSource=Y292ZXJQYWdlOzMzMDA0MTcwOTtBUzo3MTAyNjkzMzIzNTcxMjBAMTU0NjM1MjgxMzMyOA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Robin_Grayson?enrichId=rgreq-9c423208e8450ba5357e848e124c1dd0-XXX&enrichSource=Y292ZXJQYWdlOzMzMDA0MTcwOTtBUzo3MTAyNjkzMzIzNTcxMjBAMTU0NjM1MjgxMzMyOA%3D%3D&el=1_x_10&_esc=publicationCoverPdf


 

1 

 Deep Evaporites and H2S 

Springs in the Bowland 

Megabasin of NW England 
 

 
 

 
 

 



 

2 

Deep evaporites and H2S springs in the 
Bowland Megabasin of North-West England 

Author: Robin Grayson MSc 1 
1 Liberal Democrat Geologist 
  former Adviser to His Excellency, The Minister of Mines & Petroleum of the Islamic Republic of Afghanistan 

  former Chief Adviser to the Mongolian Business Development Agency, Mongolia 

  former Senior Geologist of Oldham Associates, Clitheroe, Lancashire, UK 

  mobile: 07840 780932    2 Haughton Drive, Manchester M22 4EQ, UK 

       Abstract 
This report presents insights into the stratigraphy, tectonic history and hydrocarbon resource potential of 
Mississippian (Lower Carboniferous) strata in the in the Bowland Megabasin of North-West England. The 
Megabasin holds exceptionally thick shales, excellent both as source rocks for hydrocarbons and as seals for 
trapping conventional oil and gas resources. Within the shales are a wide range of potential reservoir rocks for 
holding conventional oil and gas, ranging from delta-top sands to sands of deep-water turbidite fans; from 
deep-water carbonate banks to shallow-water carbonate platforms. As a result more than twenty exploration 
companies took up exploration blocks for conventional oil and gas. In the event, few wells were drilled. The 
companies relinquished their licenses, but released into the public domain a legacy of thousands of miles of 
seismic lines. Exploration companies interpreted the seismic lines and identified with some confidence the 
presence of thick beds of evaporites of Tournaisian age near the bottom of the Mississippian sequence in parts 
of the Bowland Megabasin. The author attributes the evaporites to the global fall in sea level in early 
Tournaisian times known as the Hangenberg event (Thomas Kumpan et al. December 2018) due to severe 
glaciation on the Gondwanaland continent. The evaporites are deemed to be mostly anhydrite.  

The possible presence of anhydrite at depth is a focus of the present report as it is a possible source of hydrogen 
sulphide emanating from long-lived stinking springs that constitute the Bowland H2S Province within the 
Bowland Megabasin. The consensus of the oil and gas industry is that copious H2S can be generated by 
chemical reaction between methane and anhydrite. Accordingly it is expected that large volumes of sulphate-
rich groundwaters from the anhydrite would migrate laterally and vertically driven by compaction during 
burial, and due to the basin-wide transpressive-transtensional folding and faulting of the Ribblesdale Fold Belt. 
The sulphate-rich groundwaters would migrate again during the inversion of the Ribblesdale Fold Belt during 
Hercynian mountain-building, and yet again during the major phase of uplift, erosion and collapse of the proto-
Iceland Hotspot in Tertiary times. The sulphate-rich groundwater would explain the precipitation of large 
tonnages of barite (BaSO4) in economic deposits and uneconomic barite cement in sandstones across the 
region. But much of the sulphate-rich waters would encounter methane from the thick stack of unconventional 
gas resources so repeatedly generating copious H2S. Most of the H2S would be ‘buffered’ by iron in most of 
the organic-rich shales to produce pyritic (FeS2) shales. Yet in a pyrrhic victory, some H2S would relentlessly 
find pathways to the surface to feed more than forty stinking H2S springs of the Bowland H2S Province which 
are known to have been active for at least several hundred years. On a wider canvas, all Mississippian basins 
with thick sequences of Tournaisian sediments between Birmingham and the Midland Valley of Scotland have 
thick evaporites near their base - notably anhydrite. There is reason to expect thick beds of anhydrite to be 
present at depth beneath the Bowland Megabasin under much of North-West England, posing questions about 
the commercial viability of the nascent unconventional gas industry in the Fylde and Wirral due to the risk of 
encountering corrosive inflammable toxic H2S. In addition, John Parnell et al. 2016, 2018 reported 
extraordinarily high levels of toxic selenium not only in the Bowland Shale of the Clitheroe Basin but also in 
the lateral equivalents of the Bowland Shale in the Edale Shale of north Derbyshire and Holywell Shale of 
north Wales; as well as lateral equivalents in the Isle of Man and a swathe across southern Ireland. In their 
latest paper, Parnell et al. identified prolific pyrite FeS2 in the shales as the source of not only selenium but 
also arsenic, cadmium and thallium, all readily released into ochre and streams upon rapid weathering of the 
pyrite. In the light of these findings, permission for acid leaching of the IGAS Ellesmere Port-1 borehole of 
the Pentre Chert immediately below the Holywell Shale should be refused, and likewise the hydraulic 
fracturing by Cuadrilla of the Bowland Shale in the Fylde should be terminated.  

This report describes ‘lessons to be learned’ from the USA about onshore drilling for sweet and sour gas. In 
conclusion this report recommends adoption in North-West England of the setback distance adopted in 2013 
by ordinance of the city administration of Dallas in Texas, after a long process of detailed investigation and 
deliberation, for gas wells and gas storage facilities to a distance of 1,500 feet in view of the perceived risks to 
health, safety and environment of people and property. Know-how from Dallas of how this decision was 
arrived at would bring factual evidence to the ongoing debate in the UK. Texas later overruled the city 
administration of Dallas for reasons of State. Posted on Researchgate: New Years’ Day 2019. 
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2 Introduction 
The report seeks to enrich the understanding of the geology of the 

Mississippian rocks in the Bowland Megabasin of North-West England 

which is a major component of the unconventional Carboniferous shale 

gas play of North-West England, as set out by the UK Department of 

Energy and Climate Change (DECC) in 2013 - see Andrews 2013a,b.  

The starting point is the major contribution to the understanding of the 

general public and the exploration industry to the geology of the 

Bowland Megabasin released voluntarily by Cuadrilla Resources Ltd as 

the basis for a comprehensive paper published online in May 2018, 

authored by Huw Clarke, Peter Turner, Robert Bustin, Nicholas Riley 

and Bernard Besly: shale gas resources of the Bowland Basin, NW 

England: a holistic study. https://doi.org/10.1144/petgeo2017-066. This 

seminal work focused on three exploration wells drilled by Cuadrilla 

Resources in the western part of the onshore Clitheroe Basin in the Fylde 

region of Lancashire, and how the results relate to surface outcrops 

further inland. Recently fracking resumed in the Bowland-Hodder shales 

at depth in the Preston New Road Borehole-1 near Blackpool, and is 

currently the focus of considerable local opposition and national 

attention due to a sequence of many micro-seismic events (BGS 

November 2018). The national controversy about onshore gas drilling is 

amply covered elsewhere in ‘Drill or Drop’ by Ruth Hayhurst 2019, and 

a stream of articles and academic papers, such as by Rob Westaway and 

Paul Younger 2014 and Harry McNally et al. in June 2018. 

The Clitheroe Basin is considered to be an extensional basin that formed 

during early Mississippian times due to approximate north-south 

extension (Guion et al. 2000; Fraser and Gawthorpe 2003). Most 

geologists believe the Bowland Basin is a remnant of a network of 

Mississippian basins which exist across Ireland to the Canadian 

Maritimes and collectively associated with the opening of Palaeotethys 

(Dewey 1982; Coward 1990; Torsvik et al. 2002 and many others). This 

model is followed by Huw Clarke et al. 2018b.  

According to Huw Clarke et al. the Bowland Basin is bounded by the 

Craven Fault System to the north and by the Pendle Lineament (= Pendle 

Line) to the south-east. This may be so, but the remarkable change in the 

thickness and facies of the Mississippian southwards from Clitheroe 

across the Pendle Line as predicted by Robin Grayson during the YGS 

presentation in Leeds of John Miller et al. 1972. However the 

Quintana/Trend/Anderson Oil consortium proceeded to drill the Holme 

Chapel Borehole-1 on the basis of 2-D seismic showing a large 

Waulsortian Clitheroe-style reef as target with quaquaversal 

depositional dips. Such reefs often hold commercial oil reservoirs in 

parts of the USA and so the reef-knolls (=knoll-reefs) described by 

Donald Parkinson 1935, 1936 in the Bowland Basin were highly 

prospective for oil and gas at depth, especially after Waulsortian reefs 

of Ireland were described by Alan Lees 1964, and of the USA by Lane 

1974, 1980, 1982a, 1982b, Pray 1982 and many others. Instead the drill 

cuttings and downhole mineralization of Holme Chapel-1 revealed the 

seismic high to be very different, defined by one-way closure on the 

Deerplay Fault, one-way closure on the Thieveley Lead Mine Fault, and 

steady one-way dip. Rather than a Clitheroe-style Waulsortian sequence, 

the Mississippian is mostly shallow marine platform carbonates. 

The authors suggest the profound difference in thickness and facies 

displayed by the Mississippian sediments across the Pendle Line is more 

readily attributable to a major concealed pre-Namurian SW-NE 

transform fault juxtaposing two Mississippian terranes originally from 

tens to many hundreds of kilometres apart. Such a hypothesis would also 

help explain the apparent influence on the NE-SW orientation of the 

Pendle Line exerted by the structure of the Caledonian basement as 

suggested by Leeder 1982, 1988; Fraser and Gawthorpe 1990, 

Worthington and Walsh 2011, followed by Huw Clarke et al. 2018b. 

The author agrees with Huw Clark et al. 2018b, and thereby with 

Cuadrilla Resources, that the “Bowland Basin” (hereinafter renamed the 

Clitheroe Basin) was indeed “exhumed during the Variscan Orogeny, 

and structurally inverted and folded into NE–SW-trending Caledonian    

echelon folds” following the conclusions of fieldwork by Russell 

Arthurton 1983, 1984; and Corfield et al. 1996.  

However, extensive fieldwork by Les Oldham in the Clitheroe Basin 

indicates that NW-SE trending lineaments exerted a large influence on 

the geology of the Clitheroe Basin through to the present-day from at 

least mid-Mississippian times. This conclusion is particularly relevant in 

suggesting pathways for fluid migration have been available at intervals 

at various times for rapid vertical migration of fluids containing methane 

and other gases such as hydrogen sulphide (H2S). The NW-SE 

lineaments appear to be complexes of faults than can be expected to be 

vertical, normal, sinistral, dextral, oblique, compressive etc. depending 

on the response of the NW-SE lineaments to the prevailing regional and 

local stress regime at any particular time. 

Grayson (1980-1984 ms) investigated how thick Mississippian could be 

‘bent’ so dramatically to produce the ‘Pendle Steep Dip Belt’ as the 

dominant feature in the field across the so-called Pendle Lineament 

(=‘Pendle Line’). This unpublished preliminary fieldwork revealed 

phenomena informally termed ‘snap-join’ in which miniature low-angle 

thrusts internal to individual thin limestone units of the Pendleside 

Limestone and Ravensholme Limestone had resealed, possibly very 

early, resulting in some shortening of each unit. Elsewhere in the 

Clitheroe Basin, cleavage is locally apparent in some of the frackable 

mudstone intervals of the Mississippian Bowland-Hodder shales.  

Grayson (1984 ms) also investigated how the very thick Pennsylvanian 

sequences could be so steeply dipping, yet seemingly lacking signs in 

the field of substantial thrusts or reverse faults. This puzzle was solved 

by Iain Williamson of Wigan Mining College who drew attention to the 

presence of bedding plane “crozzles”, a term used by coal miners for 

highly contorted beds of shale, often less than a few centimetres thick, 

at precise horizons in sedimentary units termed cyclothems, a feature of 

the Lower Coal Measures. Crozzles had been mapped in detail in the 

Goyt Syncline south-east of Manchester and further south in the Stoke 

region by Wolverston Cope 1945, 1949; featured as “contorted, dark 

slickensided shale 2 to 15cm thick” in the geology itinerary in Goyt by 

Michael Eagar 1991; and reported in the Upholland and Rossendale 

structural blocks by Iain Williamson (personal communication). Armed 

with this insight, crozzles were found in the Pendle Steep Dip Belt in the 

Sabden-Whalley area by spadework (Grayson 1984 ms). 

The field evidence shows an individual crozzle is a bedding plane fault 

of local to regional lateral extent closely associated with upper and lower 

boundaries of individual cyclothems typified by close proximity to the 

regionally persistent horizons of marine bands mapped by Calver 1968 

and Brand 2011, and associated thin coal seams and seatearth paloesols 

typified by rootlet beds. The author concludes that the stratigraphic 

sequence is a stacked pile of ten to fifteen thin nappe sheets, both actual 

and incipient, each developed on a eustatic sedimentary cycle as first 

defined by Bill Ramsbottom 1973, 1974, 1977. 1978 and 1981. The 

author’s structural model is not only of academic interest, for it also 

suggests that fracking operations in the stacked pile of thin nappes might 

occasionally trigger reactivation of  an individual bedding plane fault, 

so risking the drill casing being sheared off, distorted or ruptured 

resulting in a potentially serious incident. On the other hand, we now 

have a means of predicting the exact horizon where each bedding plane 

fault might be anticipated.  

That each crozzle is indeed a bedding plane fault is evident from this 

field description by Woverston Cope 1945: 

“Beds of contorted shale, both overlain and underlain by normally 

bedded shale, occur in the Millstone Grit and Lower Coal Measures of 

the Goyt Trough to the west of Buxton… …The beds of contorted shale, 

usually from 6 inches to 2 feet 6 inches in thickness, are remarkably 

constant in horizon throughout the area; the majority directly overlie 

marine bands, but at least two are unassociated with these fossiliferous 

shales. Structures discernible within the contorted beds comprise sheer-

planes and small folds. On each limb of the Goyt Syncline both the axial 

planes of the small folds, and the shear-planes, dip towards the major 

axis at an angle greater than the stratal dip. Wherever the pitch of the 

small folds can be observed it is northerly, in the same direction as the 

pitch of the major fold. Contacts of the contorted beds are almost 

invariably plane surfaces, often polished or bearing slickensides 

running along the line of dip.”   

https://doi.org/10.1144/petgeo2017-066
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3 The Bowland H2S Province 

The following section deals with the Bowland H2S Province and is an 

edited version of an earlier report by Robin Grayson 2017. 

3.1 H2S since before the dawn of geology 

Geologists of the onshore fracking industry and BGS cannot be excused 

for failing to recognise the hazard H2S poses to fracking workers and 

local communities in West Lancashire. The need for a proper 

investigation is long overdue (Figures 1 and 2). The hazard of toxic H2S 

gas has been evident to regional geologists for decades, and flagged up 

by Oldham Associates 28 years ago (Robin Grayson, Les Oldham and 

Sean Connell 1990a). Indeed, the hazard of H2S was noted briefly in a 

publication by the Department of Energy and Climate Change: The 

Hydrocarbon Prospectivity of Britain’s Onshore Basins (BGS 2013).  

 

Figure 1: ACTIVE H2S SEEPAGES whose activity predates the 

setting up of the British Geological Survey in 1835. Most H2S seepages 

were active a century before the birth of the BGS and remained active a 

century later. Most H2S seepages display a geographical relationship to 

the geology (Figure 2).  

 

Figure 2: The BEDROCK GEOLOGY was mapped by the British 

Geological Survey mapped the geology of the region to a high standard, 

but failed to plot the locations of the H2S springs, even though the 

Ordnance Survey was mapping the location of ‘burning wells’ of 

inflammable methane. 

 
Figure 3: The BOWLAND H2S PROVINCE extends southwest for 50 

miles from Harrogate to Garstang in a 15-mile wide zone of H2S 

emissions (yellow) following the north side of the Pendle Line (southern 

black line) and bounded further north by the Sykes Line (northern black 

line). The H2S Province extends under the Permo-Triassic (red/pink) of 

the West Lancashire Basin to the coast, possibly as far south as the 

Formby Borehole described by Sir Peter Kent 1948. 

Drilling and seismic confirm the Pendle Line, Ribblesdale Fold Belt and 

Bowland-Hodder shales all reach the Irish Sea Coast. This helped trigger 

the unprecedented onshore surge in conventional oil and gas exploration 

that peaked in the 1980s by Robin Grayson and Les Oldham, Oldham 

Associates Report 84/4, fuelled by awareness of the Bowland-Hodder 

shales as thick source rocks and the presence of both Waulsortian reefs 

and turbidite sandstones as potential reservoirs. Over a period the author 

has led several hundred oil and gas geologists and geophysicists on field 

meetings to inspect the Waulsortian reefs (Grayson 1981), limestone 

turbidites, sand turbidites, schwelles, paleoslopes and so forth. The 

resulting exploration effort and the mass of seismic data it financed, 

strongly suggested the frackable Bowland-Hodder shales extended 

westwards to the coast. This was duly confirmed by Cuadrilla’s 

Becconsall borehole-1 1Z (UKOGL website 2017) 

In parallel, understanding was increased by wildcats such as the Holme 

Chapel-1 borehole rendering untenable the simplistic Block-and-Basin 

Model (Grayson 1974a, 1974b). This led to the emergence of the 

predictive Tilt-Block Model of Robin Grayson (see Miller and Grayson 

1982) greatly developed by Grayson and Oldham 1987, and adapted by 

Rob Gawthorpe and Clemmey 1985, and Gawthorpe 1986, 1987. The 

Tilt-Block Model gained wider acceptance and continues to prove useful 

in interpreting seismic lines. The Tilt-Block Model scored a notable 

success in the East Midlands, when the thickness ratio of formations on 

a tiltblock were realized to be constant, enabling Grayson (ms) to 

forecast that the Mississippian sequence under the Egmanton Oilfield 

would be extremely thick, and indeed BP proved it to be so thick that 

concerns were raised about the rig capability. In the same area, deep 

drilling proved thick basinal facies existed beneath shelf platform 

limestones, proving ‘basin under block’ rather than ‘basin alongside 

block’ remains as valid as ever for the classic area of “Block and Basin” 

recognized first by John Phillips 1836 as “a method of distinguishing 

horizontally bedded limestones to the north of Settle and the Craven 

Faults from the thicker argillaceous rocks found in the Craven Basin [to 

the south]” (Paul Kabrna 2018). This became entrenched dogma 

throughout Northern England to the detriment of oil and gas exploration.  

The Tilt-Block Model of Grayson 1982 revamped by Grayson and 

Oldham 1987 usurped the Block and Basin Model as the ‘new normal’ 

and remains valuable today. Even so, realization that the Skipton 

Anticline developed as a result of active wrench-faulting during the 

Hercynian orogeny by Russell Arthurton 1983 complicates 

understanding, as does evidence of active dextral shear zone during 

Hodder-Bowland times (Arthurton 1984). Fieldwork confirms pop-up 

anticlines and pull-apart sub-basins were active in Hodder-Bowland 

times (Grayson and Oldham 1986). Les Oldham of B.L. Hodge & 

Partners assisted BP Minerals target Irish-style lead-zinc deposits in the 

Clitheroe Basin and confirmed very condensed Bowland Shale over the 

Whitwell schwelle; notably BP Marl Hill-11 cores later subjected to 

detailed stratigraphic and paleontological analysis by Nicholas Riley 

1988 paving the way for detailed analysis of the geochemical and 

lithological controls of the shales by Sarah Newport et al. 2017. 

Further north, mathematical modelling by Stuart Egan, Stuart Clarke, 

Gary Kirkby and David Millard 2014 of gravity, seismic, deep boreholes 

and exposures has made major advances in understanding of fault-

controlled structural tilt blocks upon which the expanded Mississippian 

sequence of the so-called Northumbrian Trough and the condensed 

Mississippian sequence over the Alston Block accumulated. 

A discomforting revelation was made by Nicholas Riley 1990 of an 

incorrect assignment by Rob Gawthorpe 1986 of the limestone boulder 

beds and carbonate breccias and carbonate olistoliths in the NE part of 

the Bowland Basin, to the Pendleside Limestone. Instead these dramatic 

deposits are of significantly younger early Brigantian age (P1b-1c), as 

explained by Huw Clarke et al. 2018, “derived from late Asbian 

limestones eroded from the Askrigg Block margin and lie within the 

Lower Bowland Shale, sometimes their emplacement was associated 

with erosional removal of the Pendleside Limestone and Hodderense 

Limestone (e.g. at Clints Quarry, Rylstone: Riley 1990) down into the 

Hodder Mudstone Formation.” Unfortunately the incorrect assignment 

was also followed in the BGS Settle memoir (Arthurton et al 1988). 
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A second, much more intractable difficulty concerns defining the type 

section for the stratotype of the Chadian Stage in the splendid outcrop in 

the A59 Chatburn road cutting near Clitheroe. 

From the outset, the Chadian Stage was not clearly defined, as there is a 

semi-cryptic fault in the road cutting (Grayson ms). It was then realized 

the top of the Chadian Stage was problematic. Painstaking examination 

of the foraminiferans by Nicholas Riley 1995 revealed that the top of the 

Chadian stage could not be safely defined in the Chatburn stratotype, 

and that the base of the Chadian stage was also unclear in the area.  

This renders it difficult to give a clear account of the Chadian time 

interval in the Bowland Basin or indeed anywhere else. The hope was 

that the top of the Chadian stratotype would neatly define the 

international top of the Tournaisian stage and base of the Viséan stage. 

As a workable alternative, the Czech-UK team of Jiff Kalvoda; Ondřej 

Bábek, M. Aretz, Patrick Cossey, François Devuyst, Simon Hargreaves 

and John Nudds 2012 conducted high resolution foraminiferan 

biostratigraphy across the Tournaisian-Viséan boundary in the North 

Staffordshire Basin and correlated this with the Tournaisian-Viséan 

boundary in the South Wales-Mendip Shelf (see Tony Adams, Paul 

Wright and Patrick Cossey 2004). 

The issue of determining the Tournaisian-Visean boundary in the 

Chatburn Limestone at depth below the Bowland H2S Province remains 

problematic, and hampers understanding the time interval when 

evaporites were deposited at depth beneath the Bowland H2S Province.  

On a broader canvas, it is now realized that everywhere in the UK the 

Mississippian consists of juxtaposed tectonic blocks, smothered in 

depositional basins and sub-basins including ramps, platforms, deeps, 

schwelles, pop-ups, turbidite fans, canyons and reef fronts; glacio-

eustatic cycles are now traced across entire basins, and anhydrite-

gypsum evaporites are more common than expected (Angela Strank 

1985, David Millard et al. 2018). In spite of these advances, the 

Mississippian of North-West England remains problematic, with 

Mississippian structure and paleogeography being muddled within the 

Bowland Megabasin. Papers still present maps of the Mississippian 

paleography based on good but patchy evidence (see for example: 

Newport, Jerrett, Taylor, Hough and Worden 2017, largely following 

Waters, Waters, Barclay and Davies 2009. 

On an even broader canvas, it is evident that the Asbian pseudobreccias 

and stick-beds of Edmund Garwood and Edith Goodyear 1924 are 

extensive across not only the British Isles but also at least as far as the 

Moscow Basin where these distinctive limestone fabrics had often been 

referred to as ‘mangrove root limestones’ since the 1960s. The soviet 

view seemed plausible in NW England (Grayson ms) when the vertical 

“Big Stick Wall” bedding plane of stick beds at Trowbarrow Quarry near 

Silverdale, was noted on field visits by George Henderson and Robin 

Grayson in 1972-74 to have many circles each with a star like array of 

sticks. Debates arose in the field, when it was realized each stick was a 

backfilled abandoned Thalassinoides burrow. Finally some of the sticks 

were noted to penetrate inside the circles which upon inspection were 

thin-walled circles of coal, deemed to be standing trees. Later scouring 

of the shore at Grange-over-Sands also revealed the twenty “spring 

domes” reported by Iain Williamson 1961 to be stumps of standing trees 

each - as at Trowbarrow - with converging backfilled Thalassinoides 

burrows. ‘Stick beds’ were shown to be carbon-rich shale breaks in the 

Asbian limestones described as pseudobreccias. Decades later, Andrew 

Horbury and Hairuo Qing 2004 elegantly described in detail the fabrics 

of the stick beds, pseudobreccias and mottled limestones to be calcrete 

mottling and intense bioturbation. We believe these fabrics to be 

widespread in Asbian limestones around the rim of the Lake District, 

across the Askrigg Block across the Derbyshire Dome, along the coasts 

of both North Wales and South Wales and across to the Atlantic Coast 

on the western seaboard of Ireland.  

The characteristic stepped landscape can often be attributed to shale 

breaks and spectacular palaeokarstic potholed emergent surfaces. The 

multitude of sedimentary cycles can be tied to internationally extensive 

eustatic oscillations in sea levels with the limestones displaying meteoric 

phreatic diagenesis described by Andrew Horbury and Tony Adams 

1989, 1996. 

Of particular importance was realization that in Ireland the shallow 

water platform Asbian carbonates, commonly typified by emergent 

paleokarstic potholed surfaces, stick-beds, pseudobreccias, and mottled 

limestones were often underlain by persistent ramps of shales - the ‘calp’ 

- including large masses of Waulsortian reefs. In this manner, ‘block’ 

was on top of ‘basin’ rather than alongside each other as required in the 

classic ‘block-and-basin’ model.  

Many mysteries remain, for instance how can it be that 90 percent of 

known species of Mississippian dendroid graptolites of the world are 

known only from a persistent one-centimetre thick bed discovered by 

Robin Grayson at the foot of Pendle Hill? (Amanda Chapman, Barrie 

Rickards and Grayson 1993), confirming the discovery of Callograptus 

carboniferous by Wheelton Hind 1907. 

 
Figure 4: EXPOSURES OF THE PENDLE DENDROID BED. 

The discovery of the thin but persistent Pendle Dendroid Bed helps 

confirm that the top of the Hodderense Limestone Formation is indeed 

synchronous as assumed earlier by Earp 1955 and by the authors of the 

BGS Clitheroe Memoir (Earp et al. 1961). 

Major uncertainties linger to hamper exploration, in particular 

difficulties in understanding the Clitheroe Basin in terms of the thickness 

and facies of the basin fill during Hodder-Bowland times (see Fraser and 

Gawthorpe 2003).  

The structure of the Bowland Megabasin is still poorly known (see 

Evans, Walker and Andy Chadwick 2002), and likewise thickness 

variations displayed by the Bowland Shale Formation. For example, the 

thickness of the Bowland Shale Formation is said by the BGS 2017 to 

be only 68 metres thick in the Holme Chapel borehole-1 but this is an 

underestimate as both the normal Thieveley Fault and normal Deerplay 

Fault were proved during logging (Grayson 1974a, 1974b).  

No surprise, enriched by knowledge gained by conventional oil and gas, 

the BGS and the nascent fracking industry predicted the frackable 

Bowland-Hodder shales would extend at depth to the coast. This was 

duly confirmed by Cuadrilla’s Becconsall borehole-1 1Z which proved 

frackable Bowland-Hodder shales to be more than a kilometre thick 

(UKOGL website 2017).  

But in a surprise that beggars belief, geologists in the BGS and fracking 

industry in collective amnesia failed to draw attention to the evidence of 

widespread toxic hydrogen sulphide gas in the Clitheroe Basin. More 

than quarter of a century ago, Robin Grayson, Les Oldham and Sean 

Connell (1990a) drew attention to sulphur springs emitting H2S being a 

potential geohazard in the Bowland Basin. Indeed, that the BGS had 

long been aware of the H2S geohazard is evident from the popular BGS 

Earthwise magazine: “Many hydrogen sulphide springs were once 

fashionable medicinal spas. There are two main areas in the UK: 

springs issue along faults, anticlines and the margins of the Dinantian 

sub-basins of the Pennine Basin (e.g. at Craven and Widmerpool) and 

hydrogen sulphide is found in wells drilled in the Lower Lias of central 

England” Nigel Smith 1999. Remarkable then, that these 53 words seem 

to have been the sum total published by the BGS on the onshore hazard 

of hydrogen sulphide in NW England. 
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4 H2S gas in Offshore Fields Offshore  

In contrast to their onshore colleagues, offshore geologists and engineers 

engaged in conventional oil and gas exploration and production in the 

East Irish Sea Basin have been aware of the hazard of toxic H2S for 

almost 40 years. In 1982 the discovery well of the Calder Field in Block 

110/7a-3 was the first in the East Irish Sea to encounter sour gas, with 

hydrogen sulphide levels of 4,500 parts per million (0.45%). The 

following year the appraisal Well 110/7a-4 encountered sour gas at a 

combined flow rate in excess of 25 million standard cubic feet per day 

(MMSCFD) from the Triassic Sherwood Sandstone Group reservoir 

(Blow and Hardman 1997). 

The Douglas Field in Block 110/13b contains high levels of hydrogen 

sulphide (0.5 mol %) and smelly mercaptan, both reduced during 

processing offshore (Ayk Yaliz and McKim 2003). 

The Hamilton and Hamilton North Fields in Block 110/13a contained 

respectively 627 and 230 billion cubic feet (BCF) of gas initially in place 

(GIIP). The first gas was produced from Hamilton North in 1995. The 

gas is trapped in the high porosity aeolian and fluvial sandstones of the 

Triassic Ormskirk Sandstone Formation. Hamilton North gas is sweet 

but Hamilton gas contains up to 1,100 parts per million (ppm) of H2S, 

which is removed during processing at the offshore Douglas complex 

(Figure 5), and onshore at the Point of Ayr gas terminal by the mouth of 

the Dee Estuary (Ayk Yaliz and Taylor 2003). 

 

Figure 5: DOUGLAS COMPLEX IN THE IRISH SEA, 15 miles off 

North Wales, has sweet oil with sour gas. Image by Ian Mantel. 

Six of the 13 conventional fields in the East Irish Sea Basin close 

offshore are sour gas - Darwen, Hamilton, Calder, Crossans, Lennox and 

Asland - while both of the oilfields - Douglas and Lennox - also have 

hazardous concentrations of H2S. Coastal communities such as Barrow, 

Morecambe, Heysham, Fleetwood, Blackpool, Lytham St Annes, 

Southport, Liverpool, New Brighton and North Wales are aware of sour 

oil and gas being treated offshore and again when piped ashore to H2S 

removal facilities at Rampside and Point of Ayr. No surprise these 

communities expect fracking to also produce hazardous levels of H2S. 

The source of hydrocarbons of the fields discovered in the East Irish Sea 

Basin were at first problematic, analyses being spoilt for choice (see 

Hardman, Buchanan, Herrington and Carr 1993, Williams and Eaton 

1993). Having eliminated Permian source rocks by virtue of their 

absence, four possibilities remained: i) Oily Upper Carboniferous cannel 

coals seen in the Flintshire and Wigan coalfields; ii) Hydrocarbons in 

platform carbonates of the Carboniferous Limestones as suggested by 

bitumen residues seen in abundance on the Great Orme, Llandudno; iii) 

Hydrocarbons derived from lateral equivalents of the frackable Bowland 

shales such as the Holywell Shale of North Wales; or iv) Bowland-

Hodder shales of the Bowland Basin at great depth under  the Irish Sea.  

Detective work by James Armstrong, Victor D’Elia, Stephen Trueblood 

and Loberg 1995, 1997 showed the geochemical fingerprint of the 

hydrocarbons to be comparable to the Holywell Shale, “Analysis of the 

lower portions of the Holywell Shale indicate good correlation in terms of 

hydrocarbon product, isotopic signature and source facies with the reservoir 

hydrocarbons of the Douglas and Lennox fields. These commercial 

accumulations of hydrocarbons show multiple phases of generation and it is the 

isotopically heavier, oil phases which show this strong correlation with elements 

of the Lower Holywell Shale”. The Holywell Shale is accepted by the BGS 

as being the local representative of the Bowland Shale Formation (BGS 

Lexicon) in the Bowland Basin. The geochemistry of the Holywell Shale 

is the focus of a PhD thesis by Leo Newport 2016. Geochemical and 

lithological controls on the Holywell Shale as a potential shale reservoir 

has been investigated by Leo Newport, Andrew Aplin, Jon Gluyas, Chris 

Greenwell and Darren Gröcke 2016a and 2016b. 

5 H2S gas in the Bowland Basin 

H2S springs are a common feature of the onshore Bowland Basin. 

Records of 40 sites are presented below. All are historical, giving 

confidence the H2S emissions are long-lived and also of natural 

geological origin, rather than due to agricultural manure, urbanization or 

industrialization.  

H2S springs were of great importance to the health and wellbeing of the 

entire population, urban and rural, rich and poor alike. Drinking large 

amounts of H2S waters, and bathing therein was one of the few means 

of purging parasitic worms from the body and combating other diseases.  

Surviving records of such springs were penned mostly by physicians and 

their clients who frequented the more fashionable spas and authored 

printed books.  

Less fashionable H2S springs may have been common but went 

unrecorded unless close to a main road frequented by literate travellers.  

With the special exception of the inland health resort of Harrogate, most 

H2S springs were abandoned with the advent of bathing at seaside resorts 

and closure of H2S wells by local authorities with the spread of modern 

medicine and potable wat  

Offshore H2S has proved manageable during conventional oil and gas 

exploration and production in the East Irish Sea Basin, albeit a challenge 

due to the toxic, corrosive and inflammable nature of hydrogen sulphide. 

Onshore H2S may prove to be a much bigger challenge due not only to 

the intrinsically greater risks of unconventional fracking but also due to 

the high risk of suddenly encountering ‘hotspots’ of H2S-rich sour gas 

with little or no warning, especially if fracking in the general vicinity of 

microseismically active faults (e.g. near Ellesmere Port-1); Waulsortian 

reefs (e.g. Salthill Quarry Geology Trail of Grayson 1981); incipient 

Waulsortian megabreccias (e.g. Twiston); leached silicified limestone 

(e.g. Holme Chapel-1); lead-zinc mineral fields (e.g. Halkyn Pb-Zn 

field); fractured brittle chert (e.g. Pentre Chert); microporous chert etc. 

6 The Bowland Megabasin 

The terms ‘Bowland Shale’ and ‘Bowland Basin’ have become 

degraded. ‘Bowland Shale’ now encompasses a myriad of shales above 

and below the original Bowland Shale, as well as distant shales at all 

points of the compass. Meanwhile, the Bowland Basin has been 

stretched beyond recognition across entire regions, encompassing a 

great diversity of depositional environments and structures. It is evident 

that the boundary of the so-called Bowland Shale and Bowland Shale 

Basin are drawn with economic boundaries such as ‘too shallow’ or 

‘under the sea’. In North-West England, we have ‘coalfields,’ ‘iron-ore 

fields’, ‘salt fields’, ‘gas fields’, oil fields’ and so forth.  Therefore the 

term ‘shalefield’ should be introduced to arrest the merging of economic 

units with stratigraphic units. Some guidance on relevant terminology is 

presented in Grayson and Oldham 1987. 

To minimize confusion, the term ‘Bowland Megabasin’ should be 

introduced for all Mississippian strata between St. Georges Land in the 

south, north to the margin of the Askrigg Block and the Lake District. 

The economic term ‘Bowland Shalefield’ can now be applied to applied 

to all shales termed Bowland Shale by the BGS.  

7 The Clitheroe Basin 

As the term ‘Bowland Basin’ is now impaired by “brand extension”,  the 

term ‘Clitheroe Basin’ is proposed for all exposed and concealed 

Mississippian strata within the Ribblesdale Fold Belt, with its type 

sections in Clitheroe-Chatburn-Slaidburn areas, and on the northern 

flank of Pendle Hill.  

The Clitheroe Basin is an integral part of the Bowland Megabasin, and 

has a special relationship to the NE-SW trending Ribblesdale Fold Belt, 

and to the Bowland H2S Province. 
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8 Bowland H2S Province 

8.1 Index map of H2S emissions 

The Index Map below shows the approximate locations of H2S 

emissions in North-West England. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: INDEX OF H2S EMISSIONS IN THE REGION. 

Numbers explained on the following Table 

8.2 Table of H2S sites in Bowland H2S Province 

The following Table has been compiled largely from unpublished 

records generously supplied by Rodney J Ireland FGS, the former Chief 

Geologist of the North-West Water Authority, from records he diligently 

compiled during the many decades of his fieldwork.  

More than a dozen H2S sites were noted by Richard Hill Tiddeman of 

the British Geological Survey during fieldwork for the Burnley 

Coalfield Memoir 1875. Some Records by Robin Grayson were 

collected on fieldwork between 1967 and 1986. In recent years, seven 

H2S sites were sampled by Phillip Murphy, Simon Bottrell, Kay Parker 

and Paul Kabrna 2014, 2015.  

Sites in the eastern part of the Bowland H2S Province have been 

investigated at various times by the British Geological Survey, 

especially around Harrogate. 

‘Other’ refers to notes on H2S sites not only by geologists, but more 

especially by early scientists, doctors and patients in the 1700-1880s 

when drinking and bathing in H2S waters was an effective remedy for 

diseases, especially for purging the intestines of many types of parasitic 

worms. 

Finding 40 H2S sites is impressive, but it may be an underestimate due 

to the limited search effort, and to the blanket of glacial deposits that 

conceals the bedrock as noted by Richard Chiverrell, Matthew Burke 

and Geoffrey Chiverrell 2016 and Grayson 1972. 
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8.3 H2S emissions at Harrogate 

TABLE – SITE 1 

Edmund Deane 1626 

 

Thomas Dobson 1798 
Harrowgate, Yorkshire in England.  

Sulphur, sea-salt and some purging salt.  

Medical Virtues: Alterative, purgative, and anthelmintic; useful in 

scurvy, scrofula, and cutaneous diseases. Used externally for strains and 

paralytic weaknesses.  

William Buchan 1789 

 

 

 

 
 
John Elliot 1781 

 

 
Numerous articles have been published on the famous Harrogate Spas, 

of which the following are arguably the most significant attempts to 

explain the origin of the H2S emissions:  

   Rick Brassington 2003 

   Simon Bottrell, Ray Raiswell & Marcus Leosson 1996 

   A.H. Cooper and Ian Burgess 1993 

   Mike Edmunds 1993 

   Mike Edmunds 1986 

   Mike Edmunds, B.J. Taylor and Dick Downing 1969    

   George Hudson 1938  

   Arthur Smithells 1919 

   Charles Fox-Strangeways 1885  

The Harrogate Spas show a close relationship with the Harrogate 

Anticline of the Ribblesdale Fold Belt. Less often mentioned are 

methane seepages associated with the anticline, and rare accounts of 

“burning streams”.  



 

11 

8.4 H2S emissions at Skipton 

TABLE – SITE 4 

Augustus Bozzi Granville 1841 

 

Skipton Spa is closely associated with the Skipton Anticline of the 

Ribblesdale Fold Belt. The Skipton Rock Fault has been shown by 

Russell Arthurton 1983 to have the characteristic of a wrench fault, and 

Arthurton considered it be of Hercynian age. Overall, the Ribblesdale 

Fold Belt is interpreted by Russell Arthurton 1984 as being a dextral 

shear zone active in Dinantian to early Namurian times, i.e. Bowland-

Hodder shales times. This suggests that the H2S of the Skipton Spa 

emanates from sulphate waters rising via faults from evaporites at depth 

near the base of the Lower Carboniferous and reacting en route to the 

surface with the prolific hydrocarbons of the frackable Bowland-Hodder 

shales. 

8.5 H2S emissions at Crickhill 

TABLE – SITE 7 

Thomas Dobson 1798 
Crickle-Spaw, Lancashire in England. Sulphur, sea-salt, and aerated 

earth. Medical Virtues: Purgative, and resembling Harrowgate Water.  

John Elliot 1781 

 

Augustus Bozzi Granville 1841 

 

Thomas Houston 1773 
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8.6 H2S emissions at Broughton Stinking Well 

TABLE – SITES 8, 9 and 9a 

John Elliot 1781 

 

Augustus Bozzi Granville 1841 

 

8.7 H2S emissions at Thornton-in-Craven 

TABLE – SITE 12 

Phillip Murphy, Simon Botrell and Kay Parker 2014 sampled “a covered 

holy well in the grounds of Thornton in Craven parish church. The 

well was covered by an octagonal house in 1764, which has been 

recently restored. Steps lead down into the water.” 

 

Figure 7: HOLY W ELL AT St. MARY’s CHURCH  
The spa is a Grade II Listed Building (English Heritage 1988).  
(photo: English Heritage) 

More details are on the Megalith Portal 2018. The spring is close to the 

fold axis of the NE-SW-trending Thornton Anticline of the Ribblesdale 

Fold Belt. The spring is from the Chatburn Limestone Formation and the 

Thornton Limestone Member of the overlying lowermost unit of the 

Clitheroe Limestone Formation (=Clitheroe Limestone Complex of 

Miller and Grayson 1971 which overlies the Chatburn Limestone.  

8.8 H2S emissions at Wigglesworth Spa 

TABLE – SITE 13a 

Wigglesworth Spa is shown on early Ordnance Survey plans as located 

on the south bank of Wigglesworth Beck to the east of Hole House.  

 

Thomas Dobson 1798 
Wigglesworth, Yorkshire in England. Sulphur, earth and common salt.  

Medical Virtues: Emetic in the quantity of two quarts, and said to be 

cathartic in the quantity of three; a singular circumstance if true. 

John Elliot 1781 

 

Wigglesworth Spa 1666 

 

Figure 8: WIGGLESWORTH SULPHUR SPA  
The entrance is a Grade II Listed Building (English Heritage 1958).  
(photograph: Richard and Isobel Stephens of Stephens Hall) 

A farm borehole near Wigglesworth was reported to have 11.5ppm H2S 

in the National Borehole Archive (BGS 2017a).  
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8.9 H2S emissions at Stinky Bottoms 

TABLE – SITE 13b 

‘Stinky Bottoms’ is an informal name that visitors have used for over 

30 years for a particularly smelly stretch of the valley of Wigglesworth 

Beck – a stretch locally known as ‘Stinking Beck’. Visitors to the 

spring at ‘Stinky Bottoms’ believe they are visiting the historic 

Wigglesworth Spa, but as clearly shown on the modern Ordnance 

Survey map below they are actually visiting ‘Spa Spring’ which is  

several hundred yards upstream from the historic ‘Spa Well’. Indeed 

the Spa Spring is not shown on 19th century Ordnance Survey maps, 

suggesting either Spa Spring is a recent seepage or arguably was over-

looked the O.S. surveyors.  

 

Stinky Bottoms was formalized in the scientific literature by Phillip 

Murphy, Simon Botrell and Kay Parker 2014 state: "Stinky Bottoms 

is in the valley of the Forest Beck, 1.2 km west of Wigglesworth 

where the B6478 joins the south bank of the beck. The name comes 

from the valley filling with the smell of sulphur during time of settled 

weather in the summer."  

Their observations are quite correct, for during the 1980s the writer 

accompanied a field party from Wigan and District Geological Society 

on a hot summer’s day which unfortunately resulted in several 

geologists becoming overwhelmed by H2S fumes and having to be 

assisted back to the vehicles, and a geologist complaining her gold 

wedding ring was damaged by the H2S in the water attacking the 

solder of her ring. It was noted that crustaceans upstream of the H2S 

spring were healthy and active whereas downstream only 

disarticulated exoskeletons could be found.  

BGS records 1986 show that the H2S spring at Stinky Bottoms was 

visited on 23 May 1986 in the context of the Abbeystead Outfall 

methane disaster (Albert A. Wilson, A. Brandon and E.W. Johnson 

1989); and tested positively for methane, thus anticipating the later 

conclusion by Phillip Murphy, Simon Botrell and Kay Parker 2014 

that the water chemistry at Stinky Bottoms was indicative of methane 

emissions. Three decades ago one water well in the area was so rich 

in dissolved H2S that before the water was used domestically it was 

first piped uphill to a header tank for venting the H2S before being 

gravity fed back to the settlement. 

While the painstaking Abbeystead investigation led to substantial 

lessons learned about the dangers of methane natural gas (William Orr, 

Alan Muir Wood, L. Ceng, Rodney Ireland and Mice Beagley 1991), 

it is apparent that the substantial lessons learned by the team about the 

risks of H2S natural gas were seemingly not learned by the British 

Geological Survey who were the national body who should have 

disseminated the H2S findings and should have conducted a regional 

study. The H2S risk in NW England was highlighted nearly 30 years 

later by Robin Grayson 2017 with much generous assistance from 

Rodney Ireland and Les Oldham. The Health and Safety Executive 

followed up the risk of methane (HSE 2015, HSE 2017). 

8.10 H2S emissions at Bolton-by-Bowland 

TABLE – SITE 18 

The location of Fooden Spa (Site 18) is shown close to Fooden Farm on 

Ordnance Survey plans of the 19th century. The same plans also appear 

to show sites 19, 20 and 21. 

 

TABLE – SITES 18, 19, 20 and 21 

Augustus Bozzi Granville 1841 

 



 

14 

8.11 H2S emissions at Clitheroe 

TABLE – SITE 28 

H Hennet 1829  
A MAP OF THE COUNTY PALATINE OF LANCASTER 

 

Augustus Bozzi Granville 1841  

 

8.12 H2S emissions at Whalley 

TABLE – SITE 31 

Thomas Dobson 1798 

Cunley House, Lancashire in England. Sulphur, aerated earth, 

and fixed air.  

Medical Virtues Purgative, and resembling the Askeron water.  

John Elliot 1781 

 

8.13 H2S emissions near Pendle Hill & Hodder 

TABLE – SITES 15, 16, 17, 22, 24, 25, 26, 27, 28, 29, 33, 34 

About a dozen sulphur springs were recorded 140 years ago in the 

Bowland-Hodder frackable shales by Richard Hill Tiddeman of the 

British Geological Survey.  

Tiddeman in Edward Hull and others 1875 

 

8.14 H2S emissions at Inglewhite 

TABLE – SITE 37 

Charles Leigh 1700 

"The next Mineral-Waters I shall consider, are those springing 

out of Bass, and Sulphureous only; of these the most Noted is 

One near a Place call'd Inglewhite, this springs out of a Black 

Bass, which by Calcination I found to contain Sulphur; the 

Water has a very sulphureous Smell, as strong as that near 

Harrigate in Yorkshire, but contains little or no Salt, which is 

the reason it is not Pur∣gative like that, but by adding the like 

proportion of common Salt to it, viz. about a Dram to a Pint of 

Water, that Inconvenience is remedy'd, and then you have either 

sulphureous Baths, or purging Waters; for my part I shou'd 

rather choose to add the bitter purging Salt, as being most 

agreeable". 

Thomas Dobson 1798  
Inglewhite, Lancashire in England. Sulphur, and iron dissolved by fixed 

air. Medical Virtues Alterative. Useful in scorbutic and cutaneous 

diseases.  

John Elliot 1781 
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8.15 H2S emissions at Mawdesley 

TABLE - SITE 40 

Charles Leigh 1700 

"Adjacent to a Place call'd Humblesco-Green, in a small Farm 

in Maudsley is a Spring impregnated with Sulphur and a Marine 

Salt; the Water is extremely foetid, tinges Silver a Copper colour 

by its Sulphur ; in Distillation a Quart of Water yields half an 

Ounce of sulphur Salt".  

Thomas Dobson 1798 
 

Maudsley, Lancashire in England. Sulphur in sea-salt.  

Medical Virtues: Similar to Harrogate.                       

                        

John Elliot 1781 

 

Thomas Houston 1773 

 

Mawdesley Spa is east of Salt Pit Lane, due south of Salt Pit House, 

and is shown on 19th century Ordinance Survey plans as ‘Salt Pit (a 

Salt Spring)’. 

 

 

For many years it was derelict (Oldham Associates, Report 84/4) but 

restored in the 1980s and bottled and sold as Angel Revive mineral 

waters. 

8.16 H2S emissions at Tarleton 

TABLE - SITE 41 

Hugh Smythson 1785 

 

John Elliot 1781 

 

8.17 H2S emissions at Blackrod 

TABLE – SITE 42 

Victorian writer 
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9 H2S: Gravity, Magnetics, Faults and 

Geochemistry 

9.1 Introduction 

Having identified more than forty H2S springs in the Bowland H2S 

Province, investigation has begun of the distribution pattern of the 

springs in terms of gravity and magnetic anomalies, elemental 

geochemistry, faulting and base metal sulphide mineralization. 

Andy McGrandle of Big Anomaly is updating gravity and magnetic 

mapping compiled with Ark Geophysics in 1984, while Les Oldham and 

Robin Grayson are updating the fault patterns prepared for Oldham 

Associates Report 84/4, available for download on the UKOGL website.  

Les Oldham of Oldham Associates is investigating zinc-lead sulphide 

mineralization relations to H2S emanations in Mississippian times.  

9.2 H2S and Regional Geochemistry 

To illustrate this approach, presented to the right is a BGS base map of 

regional bedrock geology overlain by faults (black lines) plotted by 

Oldham Associates (Les Oldham and Robin Grayson 1984), pinpointing 

the H2S springs (black dots) and overlain by a series of regional ‘heat 

maps’ of examples of elemental abundances.  

9.3 Predicting toxic elements in gas wells 

Geochemical sampling of surface soils and outcrops is a good method 

of predicting the occurrence of toxic elements in gas wells targeting 

unconventional hydrocarbon resources at great depth. 

Plant and Jones 1991 reported high values of arsenic As, associated with 

Bowland Shale in the Clitheroe Basin, where high arsenic values were 

mapped in stream sediments by the BGS 1997 regional geochemistry 

survey 1997 plus “strongly elevated molybdenum (Mo) levels” as part 

of “a classic black shale signature” including high copper Cu, 

vanadium V, cadmium Cd, and uranium U. Clearly, drill cuttings, cores 

and fluids from unconventional gas wells must be tested for toxic metals 

BEFORE considering permission for acid leaching in the Wirral by 

IGAS, or fracking in the Fylde by Cuadrilla. 

Equally important is to screen for non-metals, especially selenium Se. 

This element is an essential micronutrient and a dietary supplement for 

humans and livestock alike, and as a fertiliser additive to enrich 

selenium-poor soils, and used as an active ingredient in antidandruff 

shampoos (Schuyler Anderson 2018). Nevertheless, selenium is 

extremely toxic to humans and livestock at higher levels (Walsh et al. 

1951; Fleming and Walsh 1957; Crinion and O'Connor 1978; Fleming 

1962; Atkinson 1967; Fleming and Parle 1990; Kyle and Allen 1990; 

Rogers et al. 1990; Katz et al. 2009; Habib Ullah et al. 2018, and 

exceptionally high levels of selenium have been reported by John 

Parnell, Connor Brolly, Sam Spinks and Stephen Bowden 2016 in the 

Bowland Shale in the Clitheroe Basin and in its local equivalent in 

Clwyd - the Holywell Shale. This is of current concern in a Public 

Inquiry into the suspended Ellesmere Port-1 borehole, in which the 

Hollywell Shale rests upon the Pentre Chert, a target for cleaning and 

acidification to stimulate flows of natural gas. Indeed, Parnell et al. 2016 

suggested that selenium might be a useful byproduct of shale gas 

extraction, but not after the price collapse in the tiny market for selenium 

Anderson 2018, and a risk of oversupply. “Bowland Shale selenium 

contents are anomalously high. Given environmental concerns, shale 

gas extraction should monitor selenium in water.” - Parnell et al. 2016. 

Concern over selenium increased over Christmas after reading Parnell, 

Bullock, Armstrong and Perez 2018 on geochemical tests on the Edale 

Shale (= Bowland Shale) at the Mam Tor landslip in Derbyshire. Not 

only was selenium abnormally high in the shale but also in the weathered 

shale and water draining from them. The prolific pyrite FeS2 in the 

Bowland Shale contains high levels of toxic selenium Se, toxic arsenic 

As, toxic cadmium Cd, and toxic thallium TI. Thallium poisoned ex-

KGB agent Alexander Litvinenko (BBC 2006). Selenium levels are 

slightly above average in agricultural topsoil in the Clitheroe Basin (see 

Rawlins et al. 2012) and perhaps in grazing land soils (Schleib 2010).  

 
As – Arsenic 

 
Ba – Barium 

 
Ca – Calcium 

 
Cr – Chromium 

 
Co – Cobalt 
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10 Regional Extent of H2S 

10.1 Offshore H2S in the East Irish Sea Basin 

Evidence exists for the source rocks for the reservoir hydrocarbons of 

the Douglas and Lennox fields in the East Irish Sea Basin to be the 

Mississippian Lower Holywell Shale (James Armstrong, Victor D’Elia, 

Stephen Trueblood and Loberg 1995, 1997). The Lower Holywell Shale 

is now recognized by the BGS as the local name for the Bowland Shale 

Formation (http://www.bgs.ac.uk/lexicon/lexicon.cfm?pub=BSG). In 

turn the onshore Lower Holywell Shale has been assessed as a promising 

unconventional reservoir for gas (Leo Newport, Andrew Aplin, Jon 

Gluyas, Chris Greenwell and Darren Gröcke 2016a and 2016b). 

This does not prove the offshore H2S is also from the Bowland Shale 

Formation or the Bowland-Hodder shales. It is widely accepted H2S in 

sour gas is generally a result of reactions between voluminous 

hydrocarbons and anhydrite - albeit reactions are complicated (Yunjiao 

Fu et al. 2016). Anhydrite does not occur in the Bowland-Hodder shales. 

The H2S in East Irish Sea sour gas “might derive from reactions in 

Permian sulphate-rich evaporites” (Pharaoh et al. 2016), notably the 

offshore equivalent of the St Bees Evaporites, a carbonate-evaporite 

formation of Upper Permian age mapped along the Cumbria coast 

(Russell Arthurton and Hemingway 1972). But widespread evaporites 

with anhydrite are expected to be present towards the base of the 

Mississippian under the Morecambe Bay estuary, the Fylde, the 

Clitheroe Basin and under all depositional lows in the Bowland 

Megabasin both onshore and offshore. Pharaoh et al. 2016 also suggest 

it is possible the H2S source “derives from a Visean shale sub-basin(s) 

as hydrogen sulphide springs are known from the onshore Pennine 

Basin e.g. Kedleston, Aldfield and Harrogate (N.J.P. Smith 1999)”. This 

seems untenable as many of the 40 H2S springs emanate from marine 

shaley limestones of early Visean to Tournaisian age (Grayson 2017). 

While the source of H2S in the East Irish Sea Basin remains 

controversial, rapid progress has been made on other issues; the most 

remarkable has been to detail the passage of a proto-Iceland Hotspot 

under the East Irish Sea Basin Cogné et al. 2016. Earlier this year, 

Katarzyna Luszczak et al. 2018 by combining apatite and zircon (U-Th-

Sm)/He and apatite fission track analyses identified a pulse of early 

Cenozoic denudation involving rock uplift and denudation centered on 

the East Irish Sea Basin. They calculated between one and 2.4 kilometres 

of rocks were removed during the latest Cretaceous-early Paleogene. 

The rapid exhumation event ceased about 40 million years ago, without 

the need for significant Neogene exhumation. This follows many earlier 

workers such as Cherry Lewis et al. 1992 and Simon Holford et al. 2005 

who reached broadly the same conclusions that passage of a proto-

Iceland Hotspot had stimulated rapid heating and uplift followed by 

rapid cooling, collapse and erosion. How this impacts on the onshore 

geology is unclear, but it affected the oil and gas in the Morecambe Bay 

fields, famously tilting the palaeo-hydrocarbon-water contact, and 

emplacing of the Fleetwood dyke swarm Arter and Fagin 1993 offshore 

of the Wyre, and the modest Grindleton Dyke near Clitheroe (Eccles 

1870) and elusive Caton Moor Dykes near Lancaster (Smith 1980). 

10.2 Onshore H2S in North-West England 

North of the Pendle Line, H2S seepages occur in the Clitheroe Basin 

(Robin Grayson, Les Oldham and Sean Connell 1990), especially in or 

near Bowland-Hodder shales and associated limestones. Indeed 

“sulphidic springs are a common feature…” according to Phillip 

Murphy, Simon Botrell and Kay Parker 2014 who investigated the 

chemistry of several examples, including the only known H2S cave in 

Britain (Murphy, Bottrell, Parker and Paul Kabrna 2015). 

South of the Pendle Line, H2S seepages are extremely rare in the 

Burnley Coalfield, Rossendale High and South Lancashire Coalfield. 

But the famous ‘Burning Wells of Wigan’ are common across the South 

Lancashire Coalfield (Robin Grayson in Robinson and Grayson 1990b). 

The fault-related methane seepages persisted for centuries, and include 

the first scientific record methane in 1659 (Thomas Shirley 1666). 

11 Origins of H2S 

11.1 Factors influencing origin of H2S 

The following sections introduce factors that may influence the 

generation of H2S and its likely presence across the Bowland 

Megabasin, as exemplified by the Bowland H2S Province: 

12: Anhydrite matrix in Barnett Shale 

13:  Oxidative reddening in NW England 

14:  H2S and Sour Gas in Barnett Shale 

15: Anhydrite in the UK Mississippian 

16: Unconventional wells increase H2S 

17: H2S and Mississippian Carbonates 

12 Anhydrite matrix in Barnett Shale 

The generation of hydrogen sulphide in a frackable gas shale is virtually 

impossible due to the presence of iron. For example, the abundance of 

pyrite (FeS2) in the Bowland Shale is testimony to the shales having been 

a powerful and effective sink for sulphate-rich groundwater throughout 

the shale’s long geochemical history.  

Nevertheless, this rule can be broken, most famously in the 

Mississippian Barnett Shale of Texas. A stream of scientists have 

studied the Barnett Shale, such as Jarvie et al. 2001, 2007a, 2007b; 

Jarvie 2012; Loucks et al. 2009, 2012; and the stream continues, notably 

Milliken, Esch, Reed and Zhang 2012 who described grain assemblages 

and strong diagenetic overprinting in siliceous mudrocks, and then 

Milliken 2014 developed a compositional classification for grain 

assemblages in fine-grained sediments and sedimentary rocks. 

The rule was breached when an integrated diagenetic study of cores of 

Barnett Shale by John Deng et al. 2011 revealed samples around 

vertical, northeasterly fractures contain a late Permian Chemical 

Remnant Magnetism (CRM). Deng et al. interpreted this as being related 

to alteration by externally derived fluids evidenced by calcite, barite, 

celestine, albite, anhydrite, and cubic pyrite filling veins in the shale. As 

clearly emphasized by Dennie Devin et al. 2012: "Evidence that the 

anhydrite is a natural cement in the Barnett includes its location in the 

interior of the cores and the fact that it is cut by younger pyrite and other 

minerals unlikely to form as a scale during core retrieval." John Deng 

et al. suggest “the depleted sulphates probably represent a mixture 

between 34S-enriched (externally-derived evaporite sulphate and pore 

water sulphate) and 34S-depleted (sulphide related to microbial 

sulphate reduction) components.” They assert “a substantial fraction 

of sulphur in some vein sulphates would need to be derived from oxidized 

pyrite, which is a strong indication that the Barnett was altered by an 

externally-derived, oxygenated fluid. These results are consistent with 

previous studies which suggested that orogenic fluids entered the 

Barnett and caused localized alteration along the Ouachita thrust zone 

and adjacent to faults. This fluid alteration event is interpreted to have 

occurred in the late Permian.”  

This tallies with observations in the Gobi Desert where outcrops of 

super-thick Permo-Carboniferous coal seams at Tavan Tolgoi have been 

oxidised by spontaneous combustion to natural coke, shales oxidized to 

secondary red beds, and with economic deposits of gypsum and 

anhydrite (Grayson, field observations 2000-2008). Actively burning 

coal seams are prolific in northern and western China, visible on Google 

Earth with prominent smoke, fires, collapsed ground and prominent 

creation of secondary red beds. Combustion of methane, coal and pyrite 

is evident. Reddening is due to oxidation far below a dry desert floor of 

the pyrite (FeS2) in pyritic carbon-rich shales.  

http://www.bgs.ac.uk/lexicon/lexicon.cfm?pub=BSG
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13 Oxidative reddening in NW England 

13.1 Widespread reddening below Permo-Trias 

Oxidative reddening in NW England beneath the Permo-Triassic basal 

unconformity, affects tens to many hundreds of metres of Pennsylvanian 

and Mississippian strata, as reported by Fred Trotter 1939, 1953, 1954, 

and in many Memoirs of the British Geological Survey, notably around: 

Lancaster - Brandon et al. 1998; Sellafield - Barclay et al. 1994; 

Harrogate - Cooper and Burgess 1993; Garstang - Neil Aitkehead et al. 

1992; Settle - Russell Arthurton et al. 1988; Preston - Price et al. 1963; 

Clitheroe and Nelson - Earp et al. 1961; Stockport and Knutsford - 

Taylor et al. 1963; Wigan - Jones et al. 1937; and Manchester & S.E. 

Lancashire Coalfield - Tonks et al. 1931.  

13.2 Reddening with Coal Measures eroded  

Oxidative reddening is often associated with deep erosion of the 

Westphalian. Rodney Ireland 1977 noted reddened Haslinden Flags at 

Skellow Wood, unconformably overlain by Rotleigendes Collyhurst 

Sandstone followed by Zechstein Manchester Marl. The economic 

effects of the reddening can be dire. For instance the Croxteth Borehole 

failed to prove an economic coalfield near Liverpool due to erosion 

beneath the sub-Triassic unconformity and oxidation by severe 

reddening: "The Bunter Sandstone apparently lies directly on 300-400 

ft. of reddened beds of the Lower Coal Measures." Michael Eagar and 

Bill Ramsbottom 1955. In Cheshire, the IGAS Ellesmere Port-1 well 

was drilled for coal bed methane, but no significant coal was found.  

Occasionally, reddening of coal measures can be bring economic 

benefits. For example Roughdales Red Shale Quarry in St. Helens, 

where reddening has been so severe that there is a steady demand for the 

colourful red material (Michael Barton and Grayson 1977). 

Misidentification of Carboniferous shales as Permian Manchester Marl 

may cause a domino effect on 1:50,000 scale BGS maps, such as for the 

Permo-Triassic outlier in the Skelmersdale Coalfield on the Wigan sheet 

mapped by R.C.B. Jones et al. 1937. Taking advantage of new road-

cuttings, Grayson, Brent Jolley and Paul McCormick 1977 proved the 

supposed Permian Manchester Marl was secondarily reddened 

Westphalian Coal Measures, and therefore the mapped Permian 

Collyhurst Sandstone was in fact Triassic Sherwood Sandstone. The 

BGS maps have been updated. This illustrates the importance of 

verifying the Manchester Marl - and the overlying freshwater Eccles 

Mudstone (Grayson 2017c) - both crucial seals preventing oil, methane, 

hydrogen sulphide, drilling fluid, cavings, well additives and heavy 

metals from contaminating the overlying Triassic aquifer.  

Across large areas of the Bowland Megabasin, Pennsylvanian and 

Mississippian sandstone and Bowland Shale have acquired an attractive 

pinkish-red bleached hue and are sometimes confused with the red 

Permian Collyhurst Sandstone and Triassic red beds.  

13.3 Reddening with Bowland Shale removed 

Of particular interest is the local reddening affecting the characteristic 

blue-grey blotches of the Bollandoceras hodderense beds and 

Pendleside Limestone beneath the Permo-Triassic unconformity seen 

near Stephen Bridge close to the regionally important Clitheroe Fault on 

its western side. Reddening is not apparent with the Clitheroe Limestone 

Complex on the eastern upthrow side. The distinctive spots of the 

Bollandoceras hodderense beds were noted by Earp 1955 in the 

Bowland Forest Tunnel conveying drinking water to Manchester, and 

many more locations are described in the BGS Clitheroe memoir by 

Earp, Magraw, Poole, Land and Whiteman 1961 who noted “This small 

scale reddening in the B. hodderense Beds is noticeable even in areas 

where no other reddening occurs and were hundreds of feet of overlying 

measures are unaltered”.   

The secondary reddening affects many areas, “for instance, the Warley 

Wise Grit of the eastern margin of Marl Hill Moor is intensely reddened, 

and the intervening shales and underlying Bowland Shales are red, 

purple and green in colour…” Earp et al. 1961 page 208. 

 

 

13.4 Oxidative reddening and possible anhydrite 

On field evidence, we believe the localized but severe reddening of the 

Mississippian and Pennsylvanian is due to oxidation of the sandstones, 

limestones and Bowland-Hodder shales beneath powerful uplift, 

faulting and folding during the Hercynian Orogeny.  

Detailed examination of the reddened strata is required, but the 

possibility exists that anhydrite cement and H2S may be present in the 

Bowland-Hodder shales in a similar manner as locally reported in parts 

of the Barnett Shale in Texas USA. 

14 H2S and Sour Gas in Barnett Shale 

14.1 Veil of Secrecy about Sour Gas Wells 

For many years, oil and gas companies in the USA freed themselves 

from having to reveal information about releases of toxic hydrogen 

sulphide from gas wells. Only a decade ago have they been obliged to 

do so (Earthworks 2011). 

This culture of H2S secrecy has been imported into the ongoing fracking 

rush in West Lancashire. Here the nascent onshore fracking industry 

asserts H2S is not going to be a problem; an untenable claim accepted 

unchallenged by planning authorities and the British Geological Survey 

(Grayson 2017). 

14.2 Fugitive Gases from Barnett Wells 

Inevitably fugitive gas will escape from some wells. But how much? 

Published information is scarce, but Gautam Eapi, Madhu Sabnis and 

Melanie Sattler 2014 published their meticulous drive-by measurements 

of H2S and methane along roads nearest to frack wells in Texas Barnett 

Shale.  

 

Figure 9: FUGITIVE H2S AND METHANE, BARNETT WELLS. 

For explanation and more examples, see: Eapi, Sabnis and Sattler 2014 

https://www.researchgate.net/publication/264088606  

More than one in 13 (8%) of frack wells had H2S concentrations 

exceeding the 4.7 ppb odour recognition threshold just beyond their 

fence line; and more than one in 7 (16.5%) had methane concentrations 

exceeding 3 parts per million (ppm) just beyond their fence line. 

https://www.researchgate.net/publication/264088606
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15 Anhydrite in the UK Mississippian  

Consensus exists that H2S is most commonly produced at depth by 

chemical reactions between groundwaters containing methane (CH4) 

and dissolved anhydrite (CaSO4). It is now realised that anhydrite is 

abundant in northern Britain near the bottom of thick Mississippian 

basins. The author attributes this to the Hangenberg event, a steep global 

fall in sea level in Early Tournaisian times (Kumpan, Kalvoda, Bábek, 

Holá and Kanický December 2018) due to the exceptional severity of a 

glacial episode on the huge Gondwanaland continent. 

15.1 Mississippian Anhydrite visible at Surface 

In the wet UK climate, Mississippian evaporites are highly unlikely to 

persist for long as natural exposures. However, W.B. Scott 1986 was 

among the first to present evidence that nodular carbonates in the Tweed 

Embayment were probably evidence of former sulphate evaporite facies 

in the early Mississippian. George Henderson and Robin Grayson 

(1970s ms discovered sabkha-style early dolomites at Meathop near 

Grange-over Sands and excavated bedding planes with accretionary sun-

cracks, suggesting anhydrite evaporites are not far below.   

15.2 Mississippian Anhydrite proved by Drilling 

Beds of anhydrite of Mississippian age were first discovered in the 

British Isles in 1912 in a brewery borehole in Edinburgh. Today 

anhydrite has been discovered in 40 boreholes in the British Isles, as 

tabulated and described by David Millward, Sarah Davies, Fiona 

Williamson, Rachel Curtis, Timothy Kearsey, Carys Bennett, John 

Marshall, Michael Browne and Jim Hendry 2018. 

Of the 40 discoveries of Mississippian anhydrite, 35 are in the Midland 

Valley of Scotland, Tweed Basin and the Northumbrian Basin plus one 

discovery in Northern Ireland. Most anhydrite discoveries so far are in 

Scotland, where the Mississippian setting is described by Paterson and 

Hall 1986; Chisholm and Dean 1974; and Browne et al. 1995; and by 

Ward 1997 in Northern England in the Solway Basin.  

As yet, only four boreholes in the Bowland Megabasin have discovered 

anhydrite: 1954 in the Hathern-1 borehole drilled on the Hathern Shelf 

close to the Widmerpool half-graben; then 1968 in the Cominco S2 

Stockdale Farm borehole close inside the northern margin of the 

Bowland Basin, 1971 in the Eyam Borehole (Kingsley Dunham 1973) 

and more recently 1995 in the BGS Ticknall (Long Eaton) borehole near 

the BP Hathern-1 borehole. 

Significantly, all 40 discoveries of Mississippian anhydrite are reported 

from evaporitic sequences of Tournaisian age including the Eyam 

Borehole (Angela Strank 1985, 1986), BGS Ticknall Borehole (John 

Carney and Keith Ambrose 2017). Therefore it seems plausible that 

concealed anhydrite exists at depth under a thick cover of younger 

Mississippian across the Bowland Megabasin. 

15.3 Mississippian Anhydrite inferred Offshore  

Seismic pick RM70 Base Carboniferous: “The inferred Base of the 

Carboniferous is highly variable in character throughout the region and 

is unconstrained by wells offshore. In the south, massive Visean 

carbonates are inferred to overlie a more reflective sequence, which 

may either be possible anhydrite-bearing strata of Tournaisian age, or 

late Devonian strata. The latter may include the Peel Sandstone of the 

Isle of Man. There is no definitive borehole evidence in support of either 

hypothesis” Pharaoh et al. 2016. 

 

Figure 10: Extent of RM70_B_CARB BASE OF 

CARBONIFEROUS PICK In Two-Way Travel Time (ms).  

For explanation see Pharaoh et al. 2016. 

15.4 Mississippian Anhydrite inferred Onshore  

Inshore seismic in Liverpool Bay indicates the presence of a complex on 

onshore N-S and NNW trending grabens and tilt-blocks in the 

Liverpool-Ellesmere Port throat of the Mersey Estuary. Deposition of 

Tournaisian evaporites is probable in the most severely down-tilted half 

grabens, therefore H2S may be generated at depth where early evaporites 

are expected to be in fault contact with Bowland-Hodder shales. 

In West Lancashire, onshore seismic and drilling prove the existence of 

a deep narrow sedimentary basin of Mississippian age within the 

Bowland Basin, extending from Formby in the south to the concessions 

of Cuadrilla Resources in the-Fylde. The presence of an expanded 

corridor of Mississippian is supported by gravity modelling released by 

Huw Clark et al. 2018b, following on from earlier gravity modelling by 

Andy McGrandle in 1984 of Ark Geophysics in tandem with Report 

84/4 of Oldham Associates. Recent deep drilling by Cuadrilla 

Resources, notably Preston New Road-1, Becconsall-1 and Preese Hall-

1 confirmed a thick Mississippian sequence broadly similar to that 

exposed in the Ribble valley including prospective Bowland-Hodder 

shales as released by Cuadrilla and reported in commendable detail by 

Huw Clark et al. 2018b but deeper seismic was not discussed. To the 

east, a partnership of Enterprise Oil and Conoco (with Cluff Oil later 

replacing Conoco) reported prominent reflectors near the base of the 

Chatburn Limestone under BGS Clitheroe sheet 68, which they 

attributed with some confidence to the widespread presence at depth of 

thick Mississippian evaporites dominated by anhydrite. 

Enterprise Oil 1989. United Kingdom 
Onshore: EXL 040 and EXL 041, 
Geological Report. Relinquishment 
Report, Open File, United Kingdom 
Onshore Geophysical Library UKOGL. 
[Enterprise Oil plc and Conoco (UK) Inc, 
later Cairn Energy plc] 

Figure 11: THICK ANHYDRITE INFERRED NEAR THE BASE 

OF THE CHATBURN LIMESTONE ON SEISMIC EVIDENCE.  
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Swinden-1 is the only exploration well spudded in the core of the Craven 

Basin. In was spudded in 1978 and then deepen to 2,310ft by the BGS. 

Drilling ceased at the depth capacity of the rig "which meant the well 

both spudded and reached total depth, in marine Tournaisian strata." 

Enterprise Oil 1989. 

EXL040: Base Chatburn Evaporite "This event covers the southern half 

of the license and appears to onlap the basement to the north-east on 

lines E87C-04 and 06. This onlap is partly controlled by fault elevations 

in the basement, and movements along these north-west trending faults 

must have been coincident with the deposition of the formation. 

Enterprise Oil 1989. 

EXL041: "The intra-Chatburn Limestone horizon is generally seen as 

a strong mappable event on most lines and was originally taken as the 

top of the sequence of good reflectors seen on line E87C-15. Beneath 

that, and well seen on lines E87C-11, 13 and 15 is a doublet taken to be 

the Base Chatburn Evaporite. Evidence for this basal evaporite has been 

published in the latest BGS memoir. Within the Tournaisian, at the base 

of the Askrigg Block near the Mid-Craven Fault, the Halstead Shales of 

the Stockdale Farm Formation contain laminated anhydrite. The fact 

that anhydrite is present along the margins of the basin shows the 

evaporite production within the confines of the early [Mississippian] 

was occurring and the presence of evaporites throughout the Craven 

system is possible”. 

Enterprise Oil 1989. 

15.5 Mississippian Anhydrite & Sulphate Water 

Sulphate Waters of Derbyshire Dome 

During Asbian-Brigantian times, a Mississippian carbonate platform 

covered the so-called Derbyshire Dome in the Bowland Megabasin. 

Derbyshire has long been celebrated for its thermal waters which Gunn, 

Bottrell, Lowe and Worthington 2006 divided into two distinct groups:  

i) Thermal waters rising at Buxton with higher Mg, Mn and 87Sr/86Sr 

and lower Ca and SO4, “indicating flow from deep sandstone aquifers 

via a high permeability pathway in the limestone.”  

ii) Waters of Matlock-type (97% of the thermal flux) with “elevated 

sulphate concentrations derived from interaction with buried 

evaporites, with no chemical evidence for flow below the limestone.”  

Gunn et al. 2006 estimated 5% of the limestone area's groundwater 

flows to the Matlock group springs via deep regional flow and the 

remainder flows via local shallow paths to many non-thermal springs.  

Gunn et al. 2006 Gypsum dissolution has produced significant tertiary 

porosity and tertiary permeability in the carbonate aquifer and this is an 

essential precursor to the development of karstic drainage. 

The gypsum dissolution is from Mississippian evaporites including 

gypsum and anhydrite proved in the Eyam borehole (Dunham 1973). 

How the genesis of the thermal springs relates to the unroofing history 

of the Mississippian of the Derbyshire Dome has been clarified by Rick 

Brassington 2006. 

Sulphate Waters of the Solway Basin 

Similarities exist between the δ34S of anhydrite from boreholes in the 

lower Tournaisian of the Solway Basin with the barite from major mines 

at Haydon Bridge and the Alston district of the Northern Pennine 

orefield. This suggested to Crowley et al. 1997 that the source of the 

sulphate for barite and the origin of hypersaline mineralizing fluids.is 

from the lower Tournaisian anhydrites and associated hypersaline fluids 

(BGS 2010).  

This may - or may not - apply to the widespread but small barite deposits 

in the Bowland H2S Province inside the Clitheroe Basin: Raygill Mine, 

Victoria Mine, St. Hubert Mine, Skeleron Mine (Williamson 1959), 

Nick o’ Pendle Mine,  Stubbings Trial Pits (Eddy 1882), Ashnott Knoll 

and other barite occurrences noted by Earp et al. 1961. Of special 

interest is the small vein of barite and galena in Permo-Triassic 

sandstone only fifty yards from the Clitheroe Fault (Earp et al.). 

15.6 H2S generation under Bowland Megabasin  

In summary, the evidence is substantial for toxic hydrogen sulphide to 

be generated at depth throughout all the interior of the Bowland 

Megabasin, wherever Tournaisian littoral deposits accumulated: 

1. Tournaisian evaporites with anhydrite have been proved in Cominco 

-S2 borehole, Hathern-1, Eyam borehole and Long Eaton borehole. 

2. Tournaisian sabkha dolomites with sun cracks at Meathop. 

3. Tournaisian ‘Chatburn Evaporites’ inferred on seismic evidence. 

4. Tournaisian evaporites inferred under the East Irish Sea Basin, again 

on seismic evidence. 

5. More than 40 H2S springs mapped in parts of the Bowland Basin, 

constituting the Bowland H2S Province.  

6. Thermal waters of Matlock type have elevated levels of sulphate 

concentrations derived from buried Mississippian evaporites. 

7. Tournaisian anhydrites are found in boreholes in the Solway Basin. 

8.  δ34S of Solway anhydrites suggest the anhydrites were the source 

of sulphate for the barite mined at Haydon Bridge and the Alston 

district of the Northern Pennine orefield. 

But, as will now be demonstrated, there are other powerful ways that 

toxic hydrogen sulphide may be being generated in the Bowland 

Megabasin. Starting with the sixth very different line of evidence:  

9. Biogenic evolution of sweet gas into sour gas with toxic H2S. 

16 Unconventional wells increase H2S  

16.1 Introduction 

Consensus exists that sweet gas is prone to slowly evolve into sour gas 

due to generation of H2S at depth. This otherwise sluggish process is 

now realized to be rapidly accelerated by additives to unconventional 

wells, causing sweet gas to evolve into sour gas with medium to high 

concentrations of H2S. As a result, hundreds of gas wells in Texas no 

longer produce sweet gas only sour gas. Profit margins are squeezed and 

sour gas may need desulphurization before it can be sold. 

Consensus exists in the Texan gas industry that souring of sweet gas is 

the new norm, attributable to invasive anaerobic micro-organisms that 

thrive in darkness without photosynthesis, by the ability to achieve 

chemosynthesis, of which H2S is a by-product.  

16.2 Contamination by H2S-generating Microbes 

Both the rural and urban landscape support a rich biodiversity of 

microbes in ponds, streams, drains, sewers, manure, compost, cess pits, 

gardens, intestines, clothing, boots, vehicles etc.  

 

Figure 12: PONDS AROUND CUADRILLA’s FRACK PAD. 

Virtually all ponds, including well-aerated ponds supporting fish, frogs, 

toads, newts, higher plants and mammals, have organic rich bottom 

muds supporting a great diversity of anaerobic microbes capable of 

inoculating wells and converting sweet gas to sour gas containing H2S. 

For explanation see: Grayson 2013 https://www.researchgate.net/publication/309772785  

https://www.researchgate.net/publication/309772785
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Figure 13: PONDS OF NORTH-WEST ENGLAND. One of many 

sources capable of inoculating fracking wells with anaerobic microbes 

capable of converting sweet gas to sour gas containing H2S. 

For explanation see: Grayson 2013 https://www.researchgate.net/publication/309772785  

16.3 Biogenic Souring of Sweet Gas 

Biogenic sulphide production is a common problem with conventional 

gas wells, and can lead to “costly hydrocarbon processing and corrosion 

of extraction infrastructure. The same phenomenon has recently been 

identified in shale gas extraction by hydraulic fracturing, and organic 

additives in fracturing fluid have been hypothesized to stimulate this 

process” Sophie Nixon and Rawwater 2017. 

UK-based Rawwater Engineering Company is a world leader in 

understanding sour oil and gas, and the effects of microbiological 

growth. According to https://www.rawwater.com November 2018: 

“In 2003, Rawwater began running a number of pressurised bioreactors 

as part of an anaerobic corrosion study to establish whether particular 

dissolved gases could support microbiological growth. The success of 

the study was such that it was established that the process could be used 

to investigate the effect of pressure and temperature on oilfield 

microbiology. With the cost of oilfield reservoir souring control 

rumoured to consume as much as a third of typical production budgets, 

considerable interest was shown by oil majors and chemical service 

companies globally to develop this research tool further. This led to the 

birth of the ‘Seriatim’ series of work into oilfield souring and in excess 

of $10 million in funding for Rawwater to create its pressurised 

bioreactor dataset.” 

“Rawwater’s major pressurised bioreactor programme commenced in 

2006. At least 30 bioreactors, ranging from 20cm to 4 metres in length, 

are in operation at any one time. Operating conditions range from 

atmospheric pressure to 12,000psig, at temperatures from five degrees 

centigrade to just below the boiling point of water. Souring studies, 

including large-scale R&D joint industry projects (JIPs) and single 

client studies, have lasted from a matter of weeks to a number of years, 

and have been run on seawater and oil samples from major fields 

globally. The data harvested by Rawwater is truly unique in that it 

covers the complete range of operating conditions, including accurate 

chemistries at pressure and temperature.”  

“Rawwater’s pressurised bioreactor studies are also used to feedback 

into the organisation’s Dyna micTVS© oilfield reservoir souring 

forecasting model. A predictive software model that has been developed 

over many years, DynamicTVS© provides valuable insight into whether, 

when, and to what extent an oilfield reservoir will sour. The oilfield 

predictive software model uses operational, planning and survey data to 

generate future profiles of hydrogen sulphide in all fluid phases.” 

“Rawwater Environmental works closely with local communities and oil 

and gas companies to provide impartial subsurface environmental 

protection advice. 

Fracking: Rawwater's Subsurface Environmental team was established 

in response to the needs of the regulator, the community and the 

extraction industry to protect underground water courses. Rawwater's 

'Clean Shale Gas' research programme is developing techniques to 

reduce chemicals used in fracking operations. Our Bismuth Plug 

programme has already delivered the world's first metal plug to 

permanently seal oil and gas wells at the end of their life. The Bismuth 

Plug programme is now scheduled for the permanent sealing of carbon 

dioxide capture and storage reservoirs. https://www.rawwater.com 

16.4 Biogenic H2S stimulated by Guar Gum 

Sophie Nixon and Rawwater 2017 assessed the ability of Guar Gum - 

the most widely used gelling agent additive in fracturing fluids - to 

stimulate biogenic sulphide production by sulphate-reducing 

microorganisms at elevated pressure. They fed two bespoke pressurized 

bioreactors were fed with “sulphate-amended freshwater medium, or 

low-sulphate natural surface water, in addition to guar gum (0.05 w/v%) 

and an inoculum of sulphate-reducing bacteria” for 77 days. Sulphide 

production was observed in both bioreactors, even when the sulphate 

concentration was low. Analysis of 16S rRNA gene sequences showed 

heterotrophic bacteria closely associated with the genera 

Brevundimonas and Acinetobacter became enriched early in the 

bioreactor experiments, followed by an increase in relative abundance 

of 16S rRNA genes associated with sulphate-reducing bacteria 

Desulfosporosinus and Desulfobacteraceae. Wikipedia confirms that 

Desulfosporosinus is a genus of acidic sulphate-reducing bacteria, 

“commonly found in soils.” According to Sophie Nixon, Leanne 

Walker, Matthew Streets, Bob Eden, Christopher Boothman, Kevin 

Taylor and Johnathan Lloyd 2017: “Results demonstrate that guar gum 

can stimulate acid- and sulphide-producing microorganisms at elevated 

pressure, and may have implications for the potential role in microbially 

induced corrosion during hydraulic fracturing operations.” 

The UK and other EU members aspire to emulate the US expansion of 

unconventional shale gas production (Andrews 2013, Weijermars 2013) 

and the nascent UK fracking industry has the opportunity to “learn from 

and avoid problems encountered in the US, among them the biogenic 

production of hydrogen sulphide” Nixon et al. 2017.  

Unfortunately, the nascent UK fracking industry is largely in denial that 

H2S can be a problem from geological sources, although it has gone 

some way to addressing biogenic production of H2S by using biocides 

downhole to combat potential infections by acidic sulphate bacteria. The 

frackable Bowland-Hodder shales are extraordinarily thick, enabling 

Cuardilla to attempt multi-storey hydraulic fracking from multiple wells 

drilled from a single large pad. This arguably gives economy of scale, 

and greatly reduces the number of pads, as shown by Robin Grayson and 

John Pigott 2017. For comparison, the latest forecast by Brad Wolaver, 

Pierre, Ikonnikova, Andrews, McDaid, Ryberg, Hibbitts, Duran, Labay 

and LaDuc 2018 is for an additional 45,500 wells to be drilled between 

2017 and 2045 for hydraulic fracking of the Cretaceous Eagle Ford play 

in Texas resulting in “vegetation conversion of ~26,400 to 70,600 ha 

(0.73 to 1.96% of pre-development vegetation), depending on price 

scenario ($40 to $80/barrel). Grasslands and row crop habitats will lose 

2.3% and 2.8% loss of vegetation.” The Eagle Ford gas drilling is in 

addition to the ongoing vast gas drilling of the Barnett Shale play. 

On the downside, large pads increase convergence of trucking, increases 

flaring requirements, requires a much larger semi-permanent drilling rig 

that is impossible to conceal. Visual intrusion, noise, air pollution, traffic 

and overall industrialisation are increased. The writer anticipates having 

large pads increases the risk of sooner or later encountering hydrogen 

sulphide from geological sources whilst also increasing the risk of 

tightly clustered wells engaged in multi-storey fracking becoming 

rapidly inoculated with acidic sulphate-reducing bacteria capable of 

affecting all wells simultaneously, in an unstoppable epidemic 

analogous to that of the huge freshwater amoeba Hydramoeba 

hydroxena predator on hapless Hydra graysoni (Alan Stiven 1976; Tom 

Maxwell 1970). 

https://www.researchgate.net/publication/309772785
https://www.rawwater.com/
https://www.rawwater.com/
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The souring causes pitting and cracking of susceptible materials 

(increasing the risk of leaks), can form pyrophoric films on steel in gas 

lines (posing a severe fire risk), and necessitates costly removal from 

produced gas. These issues can lead to environmental and reputational 

damage, and can shorten the life span of a shale gas well (Eden et al. 

1993). Almost 50 years ago, King and Miller 1971 presented five 

explanations for aggravation of corrosion of iron and steel in oxygen-

free conditions by sulphate-reducing bacteria:  

1. Stimulation of the cathodic part of the corrosion cell by the removal 

and utilization of the polarizing hydrogen by the bacteria. 

2. Stimulation of cathodic reaction by solid ferrous sulphides formed 

by reaction of ferrous ions with sulphide ions produced by bacteria. 

3. Stimulation of anodic reaction, metal dissolution, by bacterially 

produced sulphide. 

4. Formation of local acid cells. 

5. Formation of iron phosphide by reaction of the metal with 

bacterially reduced phosphates. 

Tim Brown 2015: "In the past decade, Hydrogen Sulphide gas has 

begun to appear in many Barnett Shale gas wells. As more wells are 

drilled and hydraulically fractured, larger populations of bacteria are 

introduced to the formation resulting in the current concentrations of 

H2S that are observed today. In addition to a lack of biocide treatments, 

wells are often hit by fracs from other producers in the area. As the 

fractures in the rock converge, new bacteria are introduced that were at 

first only present in a neighboring well. This idea of fracture 

convergence prevents treating the problem at the source, as operators 

cannot control well contamination caused by other companies. The 

rapid rate at which bacteria are growing and spreading demonstrates 

a clear problem.” The Barnett Shale is now facing a H2S crisis. Many 

wells face a serious problem the Barnett Shale according to Fichter et al. 

2008. 2009, 2012, while Nixon and Rawwater 2017 note several studies 

have demonstrated “sulphidogenic bacteria to be present in produced 

waters from this and other shale gas plays”: Davis et al. 2012; Kirk et 

al. 2012; Struchtemeyer and Elshahed 2012; Mohan et al. 2013a,b; Cluff 

et al. 2014; Akob et al. 2015. 

16.5 Over a Thousand Additives in Gas Wells 

While the hydraulic fluid used to fracture the rock is water-based, Martin 

Elsner and Katherin Hoelzer 2016 compiled a list of over a thousand 

reported substances as additives in the US in addition to proppant sand. 

Although most additives were non-toxic, “frequent disclosures also 

included notorious groundwater contaminants”.  

Additives highlighted by Elsner and Hoelzer 2016 as being notorious 

groundwater contaminants include: 

1. Petroleum hydrocarbons (solvents).  

2. Precursors of endocrine disruptors like nonylphenols.  

3. Toxic propargyl alcohol (corrosion inhibitor).  

4. Tetramethylammonium (clay stabilizer). 

5. Biocides.  

6. Strong oxidants.  

Community-wide impacts on human health from volatile organic 

compounds (VOC) in the air from gas operations in the Barnett Shale 

were not demonstrated by Alea Goodmanson et al. 2014 who used 

continuous readings from six permanent stations. Pollution close to 

individual gas wells was not investigated. 

According to Elsner and Hoelzer “application of highly oxidizing 

chemicals, together with occasional disclosures of putative delayed 

acids and complexing agents (i.e., compounds designed to react in the 

subsurface) suggests that relevant transformation products may be 

formed.” Elsner and Hoelzer claimed that “to adequately investigate 

such reactions, available information is not sufficient, but instead a full 

disclosure of hydraulic fracking additives is necessary.” From Elsner 

and Hoelzer’s list of over a thousand additives, Nixon and Rawwater 

2017 embarked on testing the hypothesis that “organic fracturing fluid 

additives stimulate biogenic sulphide production.” First they reviewed 

three widely used organic fracturing fluid additives known to be 

bioavailable to microorganisms (Kirk et al. 2012): ethylene glycol, citric 

acid and guar gum:

Ethylene Glycol 

Ethylene glycol is a surfactant to inhibit scale formation during shale gas 

extraction (Elsner and Hoelzer 2016). It is bioavailable and readily 

degraded by soil and sewage microorganisms for growth (Haines and 

Alexander 1975; Watson and Jones 1977; McGahey and Bouwer 1992).  

1. Citric Acid 

Citric acid is used as a complexing agent in almost a third of disclosed 

hydraulic fracturing operations (Elsner and Hoelzer 2016), is readily 

fermented by strains of Clostridium, yielding further bioavailable by-

products such as acetate (Walther et al. 1977; Bernard Schink 1984).  

2. Guar Gum 

Fracturing fluids usually contain an organic polymer to serve as a gelling 

agent to increase viscosity and keep the proppant in suspension. The 

most widely used gelling agent is guar gum (Elsner and Hoelzer 2016), 

a polysaccharide common in the foods such as ice cream and fermented 

by intestinal bacteria (Tomlin et al. 1986; Crociani et al. 1994).  

Therefore, Nixon and Rawwater 2017 considered it to be “highly likely 

that fracturing fluid additives will stimulate microbial metabolism in 

shale gas extraction operations, and are in part responsible for the 

observed biogenic sulphide production in these systems” and tested the 

hypothesis that guar gum would stimulate biogenic sulphide production 

by sulphate-reducing microorganisms at elevated pressure. The 

hypothesis was confirmed using two pressurized bioreactors fed with 

water plus guar gum, inoculated with a trace of sulphate-reducing 

bacteria. Over 77 days, sulphide production was observed in both 

bioreactors, even when the sulphate concentration was low. 

Heterotrophic bacteria closely associated with the genera 

Brevundimonas and Acinetobacter became enriched early in the 

experiments, later followed by an increase in sulphate-reducing bacteria 

(Desulfosporosinus and Desulfobacteraceae). By these experiments in 

their state-of-the-art laboratories, Nixon and Rawwater 2017 

demonstrated guar gum can stimulate both acid-producing and sulphide-

producing microorganisms at elevated pressure, with implications for 

microbially induced corrosion during hydraulic fracturing operations. In 

addition the author considers this work to also demonstrate the 

commercial, environmental and safety risks of the composition of sweet 

shale gas shifting somewhat towards becoming sour fracked gas due to 

biogenic processes. 

16.6 Biocides and biogenic H2S  

Numerous laboratories confirm popular gelling agents such as guar gum 

added to assist the hydraulic fracking process also stimulate and 

accelerate the onset of biogenic hydrogen sulphide in the shale gas.  

However, recent research has also demonstrated that other additives, 

notably surfactants and biocides are capable of triggering biogenic H2S. 

For example, sodium dodecyl sulphate and glutaraldehyde undergo 

hydrolysis and thermochemical sulphate reduction reactions under 

moderate reservoir conditions, “with H2S as the final product 

accompanied with long chain alcohols and hydrogen sulphate as long-

lived intermediate species. This finding suggests that fracture fluid 

additives can be responsible for the delayed production of natural 

reservoir H2S.” according to Payman Pirzadeh et al. 2014.  

The most recently published research in this field was in November by 

Morgan Evans et al. 2018 who showed Marinobacter and Arcobacter 

influence system biogeochemistry during early production of 

hydraulically fractured natural gas wells in the Appalachian Basin.  
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17 H2S and Mississippian Carbonates 

17.1 Open fractures in Reef Limestones 

Reef Limestones are numerous in the Mississippian of North-West 

England, especially at or below the level of the frackable Bowland-

Hodder shales. These reef limestones can be huge in size, growing in 

darkness In deep water below the photic zone, by carbonate 

accumulation by microorganisms, bryozoan and calcareous sponges. 

Accumulating rapidly by hundreds of metres, many of these 

‘Waulsortian’ carbonate mud mounds reached the photic zone and 

became genuine wave resistant reefs with corals etc.  

Given the sheer abundance and spectacular size of the Waulsortian mud 

mounds in the Clitheroe area as the Clitheroe Limestone Complex (John 

Miller and Grayson 1972) they can be predicted to be present at depth 

in West Lancashire directly below the frackable Bowland-Hodder shales 

both north of the Ribble in the Fylde and south of the Ribble in the 

Tarleton-Mawdesley areas. Indeed similar Waulsortian mud mounds 

have been recognized as far away as the Staffordshire by Paul Bridges 

and Amanda Chapman 1988 and by Paul Bridges, Peter Gutteridge and 

Pickard 1995. 

Unfortunately there are some special hazards associated with fracking 

areas when Waulsortian mud mound ‘reefs’ are present (see below). 

17.2 Open fractures in Waulsortian ‘reefs’ 

Waulsortian ‘reefs’ at shallow depth are commonly shot through with 

open fractures. This is an inevitable consequence of the Waulsortian 

limestones lithifying quickly into rigid ‘reefs’ while the muds 

surrounding them (N, S, E, W above, below) were squeezed and lithified 

much later. Therefore very early, each huge rigid Waulsortian ‘reef’ lost 

its structural integrity and cracked and cracked again. This resulted in 

not only chunks of reef spalling and falling to create chaotic boulder 

beds as seen on Salthill Quarry Geology Trail of Grayson 1981, but also 

creation of wide open fissures inhabited by armoured blind trilobites 

such as the remarkable Coignouina discovered by Grayson at Crow Hill 

(John Miller 1973). But the most awe-inspiring phenomenon was the 

cracking open of entire reefs such as the massive Twiston Knoll 

(Grayson ms) creating text-book examples of ‘incipient megabreccias’. 

Such cracking, fissuring, fracturing and bouldering, resulting in 

networks inside Waulsortian ‘reefs’ for economic lead-zinc deposits. 

Similar incipient megabreccias similar to those of Crow Hill were 

described as “limestone clastic dykes” in Waulsortian reefs in the USA 

by Pray 1965, but in the Clitheroe area many megabreccias are sealed 

by calcilutite fills from the base as well as from the top (Grayson ms). 

Most megabreccias in the Clitheroe Waulsortian reefs can best be 

attributed to early rigidity of the reefs causing loss of structural stability 

due to foundation on unconsolidated ‘muds’ capable of liquefaction. 

The large outcrops of self-destructed Waulsortian ‘reefs’ enable 

predictions regarding the character of Waulsortian ‘reefs’ expected to be 

abundant at great depth under West Lancashire. 

Waulsortian ‘reefs’ at great depth under West Lancashire are equally 

expected to be commonly shot through with open fractures, but full of 

not only of lead, zinc and other heavy metals, but also full of pressurized 

saline water rich in dissolved hydrogen sulphide, methane and crude oil. 

The reason being that the network of open fractures were conveniently 

available refuges for the fluids with hydrocarbons, salts, heavy metals 

and hydrogen sulphide squeezed out of the surrounding muds being 

compressed relentlessly by the weight of overburden and by tectonic 

compression. The surrounding muds were anaerobic and therefore rich 

not only in oily gassy hydrocarbons but also rich in toxic hydrogen 

sulphide as per ‘rotten eggs’. 

In some spectacular instances reef limestones of this age contain huge 

amounts of sour oil and gas, containing so much hydrogen sulphide that 

it is a major hazard. Examples visited by the author include the Tengiz 

Superfield in western Kazakhstan that is partly reefal Mississippian 

carbonates. The crude oil is extremely sour with H2S posing a serious 

hazard to health and the environment, necessitating relocation of many 

 

 

hundreds of local people. Removal of the hydrogen sulphide produced 

vast ‘sulphur mountains’ for many years (Figure 14). With local experts 

of the Aktobe SME Development Agency, the author investigated 

potential uses for the ‘Sulphur Mountains’, such as production of 

sulphuric acid to revive production of fertilisers from local phosphate 

rock; high pressure acid leach (HPAL) of local nickel-cobalt laterites; 

and electricity production from a sulphur power plant. In the end the 

Sulphur Mountains were prilled (‘pelleted’) and exported by rail to 

manufacture phosphate fertilizer in western China, and the remainder of 

the H2S re-injected back into the carbonate reservoirs. 

 

Figure 14: SULPHUR MOUNTAINS of the Tengiz Oilfield in 

Western Kazakhstan. Google Earth image, 2005. 

17.3 Heavy metals in Waulsortian ‘reefs’ 

Waulsortian ‘reefs’ at shallow depth are attractive worldwide targets 

for Irish-style ‘Navan’ Lead-Zinc Deposits (Ashton et al. 1986, 2016) 

and indeed these have long been sought in the Clitheroe-Slaidburn areas 

where the Waulsortian ‘reefs are exposed at the surface by the 

Ribblesdale Fold Belt. In the event, BP Minerals was successful, guided 

by Les Oldham in B.L. Hodge & Partners.  

Waulsortian ‘reefs’ at great depth are too deep to be remotely 

economic for Irish-style ‘Navan’ Lead-Zinc Deposits, but sooner or later 

can be expected to be encountered by fracking. Enormous amounts of 

lead, zinc cadmium and other heavy metals would then be released 

during the fracking operations creating a severe hazards in and around 

the frack surface installations and in groundwater and surface seepages. 

Irish-style ‘Navan’ Lead-Zinc Deposits are generally stratiform but 

commonly associated with foot walls and/or hanging walls of powerful 

faults such as those present in West Lancashire 

17.4 Pb-Zn-Cu deposits in platform carbonates  

Lead-zinc-copper deposits are a feature of platform carbonates in the 

Bowland Megabasin. Bearing in mind the hundreds of unconventional 

gas wells planned to be drilled in the Bowland Megabasin by IGAS, 

INEOS and Cuadrilla, it seems inevitable that sooner or later a large 

lead-zinc-copper deposit will be accidentally drilled, albeit too deep to 

be mined. The primary metal ores in the Mississippian Bowland 

Megabasin are galena PbS, sphalerite ZnS and Chalcopyrite CuFeS2, 

while pyrite FeS2 is abundant while traces of cinnabar HgS are common. 

The metal sulphides can be present in large tonnages and indicate that - 

in the geological past - enormous volumes of H2S were available to serve 

as sinks for the metals. 

World class metal sulphide deposits have been mined in Visean 

carbonates at the Great Orme (Cu) and Halkyn (Pb-Zn), and significant 

Pb-Zn inadvertently drilled in the Croxteth-1 borehole near Liverpool. 

Of immediate concern is the proposed downhole leaching of the IGAS 

Ellesmere Port-1 well to enhance methane gas production from fractured 

Pentre Chert, in a similar setting as the Halkyn Pb-Zn mining field. The 

author considers the risk of IGAS Ellesmere Port-1 encountering toxic 

H2S and heavy metals is significant. 
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18 Gas Excursions 

Excursions of methane and H2S into piping systems and groundwater 

pose a significant risk. However there are marked regional variations in 

the degree of risk.  

18.1 Excursions of Methane  

High risk of methane excursions exist in tunnelling in areas of Namurian 

and Westphalian sandstones, especially from conventional traps and 

faults, as exemplified by the tragic Abbeystead disaster (HSE 1985, 

Wilson et al. 1989, Orr et al. 1991 and HSE 2017). Surface mapping 

nearby is by Brandon 1992 and Brandon et al. 1998. 

High risk of methane excursions also exist in all areas with mined or 

unmined coal seams, most notably in areas underlain by Lower and 

Middle Coal Measures. Methane excursions are common across the 

South Lancashire Coalfield as exemplified by the ‘Burning Well of 

Wigan’ (Thomas Shirley 1666, Grayson and Robinson 1990b), the 

‘Burning Well of Hindley’ (six-inch : one mile maps) and the burning 

wells of Westhoughton. At the same time as Lancashire scientists such 

as Thomas Shirley 1666 were attributing the Burning Well of Wigan to 

methane, a 365-line poem was penned in Yorkshire using much the same 

phrases for “The Dragon of Wantley” (Rodney Ireland, personal 

communication), which became the Legend of the Yorkshire Dragon, 

celebrated at the annual Dragon Festival (Grayson 1995).  

The Burning Well of Wigan was a tourist attraction to travellers for at 

least four hundred years. But the methane hazard manifest itself in the 

1930s when the local newspaper headline was “Consternation at the 

Vicarage, Flames through Dining Room Floor”. The Wigan Fire 

Brigade arrived but could not extinguish the flames with water. A team 

of miners were summoned who set about following the flames outside 

by digging a trench and eventually the methane flames were snuffed out. 

Reading the account and checking the exact location of the flame-

infested Vicarage it became apparent in 1980s it had been built directly 

on top of the Burning Well of Wigan. This was a sensitive matter for the 

Vicarage had become converted into an old peoples’ home. The Council 

called in the Gas Board to check the internal gas pipes as a decoy, and 

probed the gardens with methane detectors. No methane was detected in 

the grounds although five breaks were detected in the gas pipes indoors 

(Grayson ms).  

The Westhoughton burning wells also had a colourful history. They 

were highly active and attracted the attention of the local fire brigade 

who came to extinguish the flames (Grayson ms). This upset the herd of 

cows who clustered around the flaming wells in winter to keep warm, 

and upset the farming families who lived close by for then they suffered 

from headaches. After a while the wells were re-lit to the relief of the 

families and the cows. After a few days or weeks the fire brigade would 

return and so the cycle repeated itself. Eventually the National Coal 

Board constructed gas collection drains linked to large ventilation stacks 

to vent, dilute and disperse the methane. Later the farmland was 

allocated for housing. 

Methane excursions are also reported in the 1800s on Barton Moss, the 

Eccles end of Chat Moss, where a burning water well was recorded as 

being used for drying agricultural crops, particularly potatoes. A 

contemporary account claimed it was marsh gas, but examination of the 

well log and local geology shows the well to have reached groundwater 

in fluvioglacial sands, and therefore more likely to have coal bed 

methane from the underlying Coal Measures. If so, then this may have 

been the first recorded commercial use of natural methane in England 

(Grayson ms). 

Barton Moss was later the site of two deep boreholes in 2014 by INEOS 

for Coal Bed Methane CBM in their PEDL193 license: Irlam-1 and 

Irlam-1z, close to National Coal seismic for Bickershaw Colliery shot in 

1986, and other lines shot by Premier Oil in 1987 for conventional oil 

and gas. Details are from the zoomable interactive map of the UK 

Onshore Geophysical Library (UKOGL 2018).  

 

 

 

However the INEOS Irlam-1 well was drilled not only to the base of the 

Coal Measures at 1,453 but continued for an additional 820 metres to a 

total depth of 2,273 metres, terminating in the supposed Pendleside 

Limestone. The INEOS Irlam-1 well therefore not only also proved the 

Sabden Shale and Bowland Shale which are major potential gas source 

rocks accessible only by fracking, but also drilled through strata of very 

different geology and geochemistry to the Coal Measures and with 

potential risk of toxic inflammable hydrogen sulphide. Drilled in the 

same year, the adjacent INEOS Irlam-1z well drilled essentially the 

same sequence far below the Coal Measures. While the local public were 

largely sympathetic about coal mining and CBM from tens of thousands 

of family connections to the coal industry, they cannot reconcile how 

drilling for Coal Bed Methane could continue far deeper than the base 

of the Coal Measures to probe much deeper to explore potentially 

frackable shales such as the Bowland Shale. Neither of the INEOS wells 

conform even loosely with the UK definition of Coalbed Methane as 

used by the Department for Energy and Climate Change (DECC) 

prepared for them by the British Geological Survey 2014. 

The IGAS PDL193 license expires on 30th June 2019, at which time the 

license is revoked, surrendered, or else renewed for a further 20 years. 

The widespread presence of methane in the South Lancashire Coalfield 

is evident from a string of PEDL licenses for commercial extraction of 

CBM from the Coal Measures, including the concealed Coal Measures 

beneath Permo-Triassic cover. Examples include: 

PEDL39 at Bickershaw, including West Leigh CBM-1 well; held by 

Alkane and Egdon Resources. 

PEDL265 at Leigh, held by Alkane. 

EXL253 at Golborne & St Helens, including Golborne CBM-1 well, 

held by Alkane. 

EXL276 at Widnes including Sutton Manor CBM-1, 2 wells; held by 

Biogas Technology. 

PEDL191 at Huyton including Cronton CBM-1, 2, 3, 4 wells; held by 

Egdon Resources. 

PEDL145 at Penketh including Four Oak CBM-1 well, Doe Green 

CBM -1, 2, 3 wells etc.; held by IGAS. 

18.2 Excursions of Hydrogen Sulphide 

High risk of hydrogen sulphide excursions exists in all areas within the 

Bowland H2S Province, and its south-westerly continuation under very 

thick Permo-Triassic cover to the Irish Sea coast (Grayson 2017). More 

than forty springs emit hydrogen sulphide in the Bowland H2S Province, 

often accompanied by methane. 

The H2S is most probably generated at depth near the base of the 

Mississippian wherever Tournaisian anhydrite is present, by reaction 

with methane, as described elsewhere in this report. In the Bowland 

Megabasin, highs are widespread and complex and the Tournaisian may 

be thin or missing and anhydrite absent, as proved at depth by 

Continental Oil Boulsworth-1, Quintana Holme Chapel-1, IGAS 

Ellesmere Port-1 and the Woodale Borehole. On the other hand, seismic 

indicates basal Mississippian evaporites with anhydrite to be present at 

depth under the Ribblesdale Fold Belt, and such evaporites with 

anhydrite have been proved at depth near the base of the Tournaisian by 

the Eyam Borehole and Hathern-1 well.  

The Shell Milton Green-1 near Chester is of special interest, due to the 

presence near the base of the Mississippian of “dolomitized vuggy 

carbonate section” which, according to Newman 2007 of Total, 

produced substantial amounts of saltwater. Inspection of the Drill Log 

via UKOGL 2018 revealed Drill Stem tests in the 4,751ft to 4,841ft 

interval “produced saltwater (37,000 ppm Cl) with strong H2S odour, 

at a rate of 1,905 barrels per day BPD”.  

This constitutes impressive evidence for the existence of the ill-defined 

Chester H2S Province, and indicates wells in densely built-up areas such 

as IGAS Ellesmere Port-1 are located too close to housing and 

infrastructure, due not only to methane risks but also to H2S risks.  
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18.3 Gas Excursions and Groundwater Rebound 

Abstraction of Groundwater by pumping can have unintended 

consequences such as gas excursions. Manchester is a classic example 

of unintended consequences. Intrusions of deep saline groundwater have 

been a major problem under the city due to over-pumping of the 

overtaxed Triassic ‘Bunter’ reservoir of high quality groundwater. 

Pumping was unsustainable, causing the cones of exhaustion to drop the 

water table under the city centre to below sea level. This led to pulling 

up of ancient connate unpalatable saline water. The lower sections of the 

deepest production wells had to be cemented and water extraction 

reduced. Deindustrialisation led to most wells being abandoned. The 

aquifer ceased to be over-taxed and the water table began to rebound, 

deemed to be a good thing. Unfortunately this great Victorian city had 

been built when the water table was artificially low. Therefore many 

structures have piles through stiff boulder clay to terminate in dry 

‘Bunter’ sandstone rock. The rebound of the aquifer means the rockhead 

is water saturated, causing the footings of piles to be soft. Hundreds of 

basements and tunnels once dry are now damp or flooded. The risk of 

methane and other gases becoming pressurized in the ‘Bunter’ sandstone 

and trapped in pockets at the rockhead under the impermeable boulder 

clay seal is significant, raising the possibility of ‘unexpected’ gas 

excursions into tunnels and basements. The city centre is underlain by 

tens of miles of tunnels described in ‘Below Manchester - secrets of the 

city revealed’ a 272-page book by Keith Warrender 2009 and his earlier 

book ‘Underground Manchester’ Keith Warrender 2007. The largest 

network of tunnels under the city centre is the Guardian Underground 

Telephone Exchange (GUTE), a formerly top-secret communications 

centre linking Washington and Moscow by submarine cables. Robin 

Grayson made an underground visit at the request of the operators to 

discuss the seepage of water entering the bunker complex. The operators 

believed it was water from a broken water main as the water was so pure. 

Grayson informed them it was much more likely rebound of natural 

groundwater. The operators accepted the necessity of pumping, but on 

asking “for how long?” were taken aback when Grayson replied 

“forever”. GUTE is described by Richard Brook and Martin Dodge 

2014. Only after the Abbeystead tragedy was a single methane detector 

put over one of the three wells. 

18.4 Gas Excursions and Quaternary Geology 

Gas excursions can be dictated by deep bedrock channels and their 

complex infills of Quaternary sediments. A notable instance confronts 

the proposed high speed tunnel for the HS-2 railway in Manchester. 

According to HS-2 staff, as yet no boreholes have been drilled along the 

tunnel alignment and the route has been selected with reference to the 

most up-to-date geological maps and plans of the British Geological 

Survey. Therefore no mention that not far inside the southern portal from 

Manchester Airport Station the tunnellers will confront the Didsbury 

Bedrock Channel detected deep under the floodplain of the River 

Mersey by Grayson 1972. It appears likely that the twin-tunnels will 

encounter “unexpected ground conditions” leading to serious delays, 

cost overruns and risk of inrush of slurry and possibly methane. This 

problematic channel does not seem to be evident on the latest BGS 

regional map of bedrock channels on Fig.4.1 in Lee and Hough 2017. 

Problematic bedrock channels are widespread in NW England. A good 

example are the deep bedrock channels at Ince, Stanlow and Gowy to 

the east of Ellesmere Port-1 well, as mapped by Grayson 1972. 

Painstaking mapping of the bedrock surface and Quaternary cover has 

recently been undertaken by the BGS (Burke, Gow, Cripps, Hough, 

Hughes and Horabin 2016) but they do not comment on the possibility 

of excursions of methane or hydrogen sulphide to create gas pockets in 

sands trapped below caps of impermeable clays, and in conventional 

prospects for gas and oil mapped hereabouts by Shell Petroleum. Thick 

glacial clays exist in the Parbold-Leigh Bedrock Channel (Foster et al. 

2004). Such clays may have once plugged open natural joints in Appley 

Bridge now oozing sticky bitumen in the flagstone quarries while the 

joints facilitated dangerous excursions of anthropogenic methane from 

landfills to explode in a building on the opposite side of the public 

highway. In this regard, the leaky reservoir of the Formby Oilfield is the 

post-glacial Shirdley Hill Sands.  

18.5 Gas Excursions and Salt Collapse Breccia 

Gas excursions can occur from rollover cambers at dissolution fronts of 

thick beds of rock salt. So far, none seem to have been reported for 

dissolution fronts of thick beds of Cheshire Salt, as exemplified by the 

BGS Stockport and Knutsford memoir (Taylor et al. 1963), and the BGS 

Chester and Winsford memoir (Earp and Taylor 1986). Although 

fieldwork by Grayson, Jill Smethurst and Tony Browne (1995, 1997 on 

the collapse breccia in the Bollin valley from dissolution of Cheshire 

Salt failed to find positive evidence for a dissolution rollover, it did 

suggest the Bollin Valley was itself created en masse as a rollover in the 

distant past and proved the river channel was meandering on top of 

collapse breccia. Detailed mapping of exposures and boreholes by 

Albert Wilson 2003 during the construction of the Second Runway for 

Manchester International Airport showed this to be broadly correct. 

Downstream, some collapse breccias are wrongly interpreted as fills of 

bedrock channels by Howell 1973 in the vicinity of the Lymn saltfield. 

 

Figure 15: BURIED BEDROCK TOPOGRAPHY of Liverpool and 

Manchester. Grayson (1972). For explanation see Oldham Associates 

Report 84/4 on UKOGL 

18.6 Gas Excursions and Earthquake Swarms 

While the 1:50,000 BGS maps of Manchester and Stockport are 

excellent and updated to some degree, they do not use data from the 

miles of vibroseis lines acquired by oil and gas exploration companies 

in the 1970s and 80s that criss-crossed Greater Manchester, including 

lines along some major city streets above the twin tunnels for the HS2 

railway. Several stretches of the tunnels will penetrate prospects for 

several small gas fields, with fault closure to the east and dip closure to 

the west. Then having emerged from the twin tunnels, the elevated HS2 

will pass close to the cluster of epicentres of more than a hundred 

discrete earthquakes, known as the Manchester Earthquake Swarm 

(Baptie and Ottemoeller 2003) or Manchester Earthquake Sequence.  

The earthquake sequence started in Manchester on October 19, 2002. 

Three temporary seismograph stations were installed to supplement 

existing permanent stations and to better understand the relationship 

between the seismicity and local geology.  

The BGS received more than 3,000 reports from people who felt the 

Manchester earthquakes. Reports of minor damage, such as small 

cracks, falling tiles, shattered windows, falling rubble and plaster were 

also received. The BGS website reported “a maximum intensity of 5+ 

on the European Macroseismic Scale (EMS) was determined for the 

earthquake on October 21 at 11:42.” According to the BGS website, 

“The activity appears to be an earthquake swarm, since there is no clear 

distinction between a main shock and aftershocks. However, most of the 

energy during the sequence was actually released in two earthquakes 

separated by a few seconds in time, on October 21 at 11:42.” The cause 

of the Manchester Earthquake Swarm remains uncertain even in close 

proximity to abandoned deep coal mining for “the earthquakes occurred 

at a depth of 6-7 km, which places them far below even the deepest mine 

workings.” 
http://www.earthquakes.bgs.ac.uk/research/events/manchester_sequence.html  

http://www.earthquakes.bgs.ac.uk/research/events/manchester_sequence.html
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18.7 Gas Excursions by Compartmentalisation 

Gas excursions controlled by compartmentalisation appear to be 

common in NW England and North Wales. Gases and fluids are 

typically compartmentalized by facies, faults and joints. Geologists have 

long been aware of the role of faults and joints in providing pathways 

for mineralizing fluids in the region. Examples include the faults and 

joints in the Skelmersdale Pb-Zn-Ba mineral field involving the 

Boundary Fault (Grayson, Brent Jolley and Paul McCormick ms); the 

faults and joints of the Alderley Edge copper mines (Rowe and Burley 

1997); the Thieveley lead mine (English Heritage 2004b) and the galena-

barite mineralization encountered on the Thieveley Fault in the Holme 

Chapel-1 Well (UKOGL 2018); the Pb-silver mines of Rimington (Iain 

Williamson 1959, English Heritage 2004a); the lead-barite mines of 

Anglezarke (Iain Williamson 1963, 1977), and the world-class Halkyn 

lead-zinc orefield of Clwyd. Most remarkable are the recently 

discovered Bronze Age copper mines in the Mississippian sequence 

underground The Great Orme at Llandudno in North Wales, the world’s 

largest known Bronze Age copper mines with at least miles of 

underground tunnels with more being discovered each year and a 

substantial body of papers published, notably Budd 1992, David 1992, 

Lewis 1996, Alan Williams 2015, Simon Timberlake 2016 and Nick 

Jowett 2017. The primary copper ores are sulphides mostly associated 

with zones of hydrothermal dolomites along persistent vertical faults. 

The Mississippian limestones are compartmentalized by enhanced 

vuggy porosity created by diagenetic shrinkage by late dolomitsation. 

The underlying Llandudno Pier Dolomite is stratiform and locally 

exceptionally vuggy with some vugs as much as a metre across. 

Fieldwork by Grayson 1984 ms confirmed occasionally pockets of 

bitumen beads in both the stratiform LPD and the fault zones. Detailed 

investigation of the hydrocarbon residues by John Parnell 1998 proved 

uranium with annabergite Ni₂·8H₂O, gersdorffite NiAsS and cobaltian 

niccolite NiAs, while recently McMahon 2018 determined the uranium 

isotopes present in the Great Orme bitumen. 

18.8 Drilling Great Orme type Cu sulphide 

deposits at great depth 

One scenario is for an unconventional gas well to unexpectedly puncture 

at great depth a Great Orme type of copper sulphide deposit in closely 

spaced vuggy dolomitised faults capped and sealed above by Brigantian-

Pendleian shales of frackable Upper Bowland Shale, leading downwards 

to overpressurised fluids in voluminous vuggy dolomite. The risk of a 

blowout of fluids with sour gas would be significant, albeit avoided in 

the conventional Shell Milton Green-1 well near Chester.  

18.9 Drilling Irish-type Zn-Pb sulphide deposits 

at great depth 

Another scenario is an unconventional gas well to unexpectedly 

puncture at great depth a Mississippi Valley Type (MVT) zinc-lead 

mineral deposit as defined by David Leach et al. 2010 of the USGS. In 

particular the variant known as the distinctive Irish-type MVT. Ireland 

hosts “the greatest concentration of discovered zinc per square 

kilometre on Earth, with production from five carbonate-hosted deposits 

including the giant Navan deposit”- Stephen Hollis et al. 2017. North-

West England is highly prospective for large Irish-type MVT zinc-lead 

sulphide deposits notably in faulted vuggy dolomitised brecciated 

Waulsortian reefs of the Clitheroe Limestone Complex of Miller and 

Grayson 1972 capped and sealed above by frackable Hodder Mudstone 

and Lower Bowland Shale. Consensus exists that “Irish-type Zn-Pb 

deposits are syn-diagenetic ores formed by the replacement of Lower 

Carboniferous limestones during shallow burial” according to Hollis et 

al. 2017, Oakley Turner et al. 2018, and they concur with Wilkinson and 

Hitzman 2014 that the conditions for Irish-type Zn-Pb deposits are: 

a) Dense networks of normal faults. 

b) Warm, metal-bearing fluids equilibrated with Lower Palaeozoic basement.  

c)  The dense network of faults allow ascent of warm metal-bearing fluids.  

d)  Presence of cooler hypersaline brines that carried bacteriologically reduced 
sulphide of ultimate seawater origin. 

e)  Mixing of the ascending warm fluids bearing zinc and lead in solution, with 
the cooler hypersaline brines ultimately seawater origin bearing 
bacteriologically reduced H2S of seawater origin. 

In addition, the presence of brecciated dolomitised Waulsortian reefs is 

an advantage (Hitzman, Allen and Beaty 1998; Unicorn 2013, 2018). In 

the Bowland Megabasin, Waulsortian reefs are prolific at outcrop in the 

Clitheroe Basin and at great depth under the Cuadrilla licenses in the 

Fylde and West Lancashire, as well as at surface in the Widmerpool Gulf 

(Paul Bridges and Amanda Chapman 1988). Fault segmentation and 

relay geometries are also important Kyne et al. 2017, but usually 

obscured in the Bowland Megabasin. As yet, the search for Irish-type 

MVT zinc-lead deposits has hardly started in NW England in spite of 

favourable facies and structures, and a wealth of lessons learned in 

Ireland, as exemplified by Hitzman 1992, 1996, 1999, 2003; Hitzman et 

al. 1992, 1986, 1996, 1998; Wilkinson et al. 2000;  Freya Marks 2015. 

and by Unicorn 2013, 2018. 

18.10 Drilling compartmentalised groundwater 

Another scenario is drilling in groundwater at any depth but being 

unaware that the aquifer rocks are compartmentalised. The aquifer 

Triassic Chester Pebble Beds that conceal the Bowland Megabasin in 

much of Merseyside is an outstanding example of compartmentalization. 

Firstly by estuarine and glacial clays (Lewis et al. 1989. Robin Grayson 

1972, Frank Howell 1973) that seal much of the bedrock from mixing 

with seawater; and secondly compartmentalizing of the Triassic aquifer 

by a network of normal faults. Understanding required efforts of 

generations of geologists and hydrogeologists, such as:Braithwaite 

1855; Wedd et al. 1923, Jones et al. 1937; Shackleton 1953; Hibbert 

1954, 1956; Crook and Howell 1956,1970,1973; Memon 1975; 

University of Birmingham 1981,1984; Tellam 1983,1994; and Tellam et 

al.1986. However it took until this millennium before the 

compartentalisation of the major aquifer of Merseyside became fully 

clear at least on the Liverpool side of the Mersey estuary as elegantly 

illustrated by Mohamed and Worden 2006, and the resultant control of 

saline intrusions by groundwater-seawater interactions made visible by 

satellite remote sensing by Munkerjee, Mohammad and Worden 2005. 

Medici et al. 2016, 2017 concluded that “the UK Triassic Sandstone of 

the Cheshire Basin is low-mechanically resistant and flow is supported 

both by matrix and fracture. Additionally, faults in such weak-rocks are 

dominated by granulation seams representing flow-barriers which 

strongly compartmentalize the UK Triassic Sandstone.”  Medici et al. 

also emphasised considerable changes at depth in fluid flow regimes in 

Triassic sandstones, as exemplified by the St. Bees Sandstone. 

18.11 Drilling wildcat through Mississippian 

Another scenario is an unconventional gas well, namely the IGAS 

Ellesmere Port-1, having been initially granted permission as a coal-bed 

methane CBM exploration borehole, apparently ignored the coal-

bearing sequence and drilled two kilometres deeper than any 

geologically plausible economic CBM resource in NW England or 

North Wales. This repeats the pattern of behaviour in which the IGAS 

Ince Marshes-1 well is officially badged as a CBM exploration borehole 

(see UKOGL 2018), but in reality drilled two kilometres deeper than any 

geologically plausible economic CBM resource in the region, in order 

to prove the entire Mississippian sequence and finally terminate drilling 

in metamorphic basement rocks. On the way down, having passed 

through the coal-bearing sequence to enter a Mississippian sequence that 

by chance did not encounter toxic H2S unlike the conventional Shell 

Milton Green-1 well near Chester. However, having drilled deeper than 

the coal-bearing sequence it passed through the Holywell Shale, the 

local name for the Bowland Shale. Surface samples of the Bowland 

Shale in general, and the Holywell Shale specifically, have exceptionally 

high levels of toxic selenium (see John Parnell et al. 2016, 2018) and 

other toxic elements such as arsenic and cadmium. Permission for 

cleaning and acidifying the underlying Pentre Chert should therefore not 

be granted. 
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18.12 Drilling wildcat through Triassic sandstone 

Another scenario, again the IGAS Ellesmere-Port-1, is for an   

unconventional gas wildcat to drill through a Triassic sandstone aquifer 

of national importance, without first accurately determining the position 

of faults or the compartmentalization of the major aquifer,. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The latest BGS maps do not accommodate the important structural 

information shown on the 30-year old relinquishment report  

This should have been done as a routine exercise by the current license 

holder, in order to demonstrate the critically important fault-bounded 

compartments that determine the viability of groundwater resources in 

the major Triassic sandstone aquifer shared between Liverpool and the 

Wirral (inclusive of Ellesmere Port-1). 

As a result, the BGS 1:100,000 Hydrological map of Clwyd and the 

Cheshire Basin by Lewis et al. 1989 remains woefully inaccurate 

regarding the pattern of faulting of the Wirral and conveys no 

information about compartmentalization of its groundwater. While 

many opinions may be mooted, there is insufficient factual evidence to 

show the likely impact of the Ellesmere Port-1 well upon the Triassic 

aquifer of the Wirral or Liverpool. Nevertheless, the risk of the 

groundwater resource at Ellesmere Port being irreparably damaged by 

ingress from the well of high concentrations of toxic selenium cannot be 

overstated, nor can the risk to the groundwater from arsenic, cadmium 

and thallium be assessed. 

Once a draft updating of the Hydrological Map has been completed to 

the satisfaction of the BGS, then it can be integrated with technical 

information from Edward Hough et al. 2006, Helen Burke et al. 2016, 

Grayson 1972, Frank Howell 1973, Paul Worthington 1977, Rowe and 

Burley 1997. 

 

Figure 16: GEOLOGICAL STRUCTURE OF THE WIRRAL. 

Redrafted by Grayson from Shell 1988: “Note for Decision: License 

XL196, The Wirral, Cheshire. Exploration Note: EN88022WV, 

September 1988. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

18.13 Gas Excursions via joints  

Fauchille et al. 2007 made microtextural and mineralogical observations 

of Lower Bowland Shale, Pendleside Limestone and Worston Shale 

from Cuadrilla’s Preese Hall-1 and reported not only carbonate-sealed 

fractures but also bitumen-bearing fractures, resin-filled fractures, and 

empty fractures, and proposed that during thermal maturation, 

“horizontal bitumen-fractures formed by overpressuring, stress 

relaxation, compaction and erosional offloading”; while “vertical 

bitumen-bearing, resin-filled and empty fractures may have been 

influenced by weak vertical joints generated during the previous period 

of veining.”  

Ma et al. 2016 published further insights on shale samples from the 

Cluff/BGS Swinden-1 borehole, while Huw Clarke et al. 2018 provided 

an excellent holistic study of shales in three Cuadrilla boreholes near the 

Irish Sea Coast.  

Much more investigation is warranted in order to unravel the lateral and 

vertical variations in the microtextural properties of the Worston Shales, 

Pendleside Limestone, Lower Bowland Shale and Upper Bowland 

Shale. For example, the strata transitional between the Pendleside 

Limestone and the Bowland Shale (see Earp et al. 1961 page 89) when 

examined closely in the field and laboratory by John Miller and Grayson 

(ms) were found to contain prolific trilobites Archegonus (Phillibole) 

aprathensis that show little or no signs of compaction or distortion to 

their thin exoskeletons, including delicate moult stages and hypostomes 

as a result of the enclosing mudstone losing little of its original 

thickness. 
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19 Setback Distances 

19.1 Lessons from USA Setback Distances 

At some point, a decision has to be made about how far away schools, 

homes etc. should be setback from a fracking drilling site. A literature 

review reveals that in the USA setback distances from fracking wells are 

minimal due to a permutation of seven powerful reasons: 

REASON 
#1 

Extraordinarily powerful and persistent lobbying by 

the entrenched fracking industry. 

REASON 
#2 

Landowners receive large financial payments to grant 

permission to the fracking companies. 

REASON 
#3 

Households close to fracking wells may receive 

sizeable grants from the fracking companies. 

REASON 
#4 

Failure of fracking companies to take full account of 

risks from exposure to hydrogen sulphide. 

REASON 
#5 

Failure of fracking companies to take full account of 

risks from exposure to Volatile Organic Compounds 

(e.g. carcinogenic benzene). 

REASON 
#6 

Failure of fracking companies to take full account of 

risks of exposure to radon Ra, nitrogen dioxide NO2, 

carbon monoxide CO, selenium Se etc. 

REASON 
#7 

Entrenched ‘Industrial Inertia’ of the USA fracking 

industry is opposed to measures which would require 

them to accept an increase in the Setback Distance 

which would reduce the value of their concession 

areas, i.e. ‘bottom line’. 

In the end, decisions on the Setback Distance in the USA are essentially 

arbitrary and political, and are rarely based on proper consideration of 

scientific evidence. 

For the seven reasons above, all USA Setback Distances are essentially 

arbitrary, commercial and political, rarely being based on proper 

consideration of scientific evidence. 

This then is the overarching reason why efforts by the UK government 

to import ‘know-how’ on Setback Distances from the USA are 

fundamentally flawed in not being based on proper consideration of 

scientific evidence regarding health, safety or environment. 

Fortunately the literature survey revealed that in the USA there is now 

sufficient scientific evidence to make a rational decision on the Setback 

Distance for deep gas wells in Lancashire, Greater Manchester, Cheshire 

and Merseyside. 

19.2 Examples of different sorts of Setbacks 

Contrary to USA norms, THREE sorts of Setbacks are required.  

Media and communities muddle them, as indeed do emergency services, 

health authorities, insurance companies, livestock farmers, highway 

engineers, and planning authorities, geologists, ecologists and 

government.  

 
SETBACK FOR  
EMERGENCY 

SITUATION 
Blowouts, Explosions, Fires, 

Fumes, Contaminated Water etc. 

IMMEDIATE 
CONSEQUENCES 

Death, Serious Injuries, Burns, 

Hospitalization, Panic 

LONG-TERM 
CONSEQUENCES 

Recovering? 

 

19.3 Rational Scientific Evidence from the USA 

To arrive at a Setback Distance based on scientific evidence, Grayson 

2017 ignored setback distances determined with little or no scientific 

basis. The following evidence was culled from the USA literature by 

Marsha Haley, Michael McCawley, Anne Epstein, Bob Arrington 

and Elizabeth Ferrell Bjerke 2016 and published in an open source 

journal; https://ehp.niehs.nih.gov/15-10547/#a1 

PLUME DISPERSAL 

H2S Sulphur 
Dioxide  

plume dispersal 

H2S dispersal modelling 
shows toxic plumes extending 
“beyond even the most 
generous setback in our 
states of interest.” 

U.S. DOT 2005. 

COS Carbonyl 
Sulphide plume 

dispersal 

COS dispersal modelling 
shows toxic plumes extending 
in excess of 1 mile from drill 
sites. Fort Worth League of 

Neighborhoods 2011 CO2 Carbon 
Dioxide  

plume dispersal 

CO dispersal modelling 
shows plumes extending in 
excess of 1 mile from drill 
sites. 

H2S ODOUR 

0.01 to 1.5 ppm 
People begin to notice the 

unpleasant characteristic 

“rotten egg” smell. 
U.S. Department of Labor 

2015 

3 to 5 ppm Smell become offensive. 

Smell detectable 

Experience mucosal 

irritation, respiratory 

symptoms,  and need for 

anti-asthma drugs 

ATSDR 2014 

0.05 to 5 ppm 
Experience anxiety and 

compromised verbal 

learning performance. 

Fiedler et al. 2008 

Exposure to 
Odour  

Laboratory studies show 

genotoxicity and DNA 

damage from H2S.  

 

negative mood, stress, 

and annoyance for those 

living near H2S-producing 

facilities 

ATSDR 2014 

Exposure to  
H2S plus VOCs 

This produces a new set of 

exposures, possibly at 

distances of 2 kilometres, 

not yet well characterized 

nor well studied for their 

health effects.  

 

Requiring  
more 

Investigation  

Recurrent reports of nose 

bleeds for people living 

near fracking sites. 
Michael McCawley 2015 

Recurrent reports of 

metallic taste for people 

living near frack sites. 

Dermal and respiratory 

complaints increase near 

drilling activities. 

Rabinowitz et al. 2015 

19.4 Adequacy of USA Setbacks for Fracking 

The adequacy of Setbacks around onshore gas wells of all types - 

conventional or unconventional - is a cause of considerable and growing 

concern in the USA but seemingly less in the UK. 

The author has based the following section largely upon the detailed 

investigation by Marsha Haley et al. 2016 of the adequacy or otherwise 

of Setbacks around gas wells in the Mississippian Barnett Shale. The 

findings of her major investigation has some valuable lessons for the 

onset of the onshore boom in gas wells in England.  

https://ehp.niehs.nih.gov/15-10547/#a1
https://ehp.niehs.nih.gov/15-10547/#r99
https://ehp.niehs.nih.gov/15-10547/#r39
https://ehp.niehs.nih.gov/15-10547/#r39
https://ehp.niehs.nih.gov/15-10547/#r98
https://ehp.niehs.nih.gov/15-10547/#r98
https://ehp.niehs.nih.gov/15-10547/#r12
https://ehp.niehs.nih.gov/15-10547/#r37
https://ehp.niehs.nih.gov/15-10547/#r12
https://ehp.niehs.nih.gov/15-10547/#r61
https://ehp.niehs.nih.gov/15-10547/#r79
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19.5 What is a gas well? 

Haley et al. used the definition of “gas well” as defined by the 

International Association of Oil and Gas Producers (OGP) as one which 

has an estimated gas:oil ratio of  >1,000 (OGP 2010).  

19.6 Risks for setbacks around a gas well 

As in the UK, “what constitutes a judicious setback distance between 

natural gas industrial activities and natural or anthropogenic structures 

is a debatable issue in more densely populated areas (Begos 2014)”. 

Haley et al. single out an increasing awareness of the multiple potential 

pathways leading to human health risks from gas wells, and consider the 

following to be the most relevant to Setback Distances:  

1. Air pollution from volatile organic compounds (VOCs) found 

naturally in shale gas released during the drilling process.  

2. Air pollution during blowdowns and venting (Macey et al. 2014). 

3. Air pollution via leaks at multiple connection points (US 

Environmental Protection Agency 2014).  

4. Air pollution from heavy diesel equipment in drilling (Macey et al. 

2014).  

5. Chemical mixtures to facilitate extraction (Goldstein et al. 2014, 

Honeycutt et al. 2014). 

6. Silica sand as proppant (American Public Health Association 2012; 

Essweinm, Breitenstein, Snawder, Kiefer and Sieber 2013). 

7. Vapor dispersion (Center for Chemical Process Safety 2015). 

8. In addition, natural gas well sites have experienced blowouts and 

other types of explosions (Joe Hoffman 2015). 

19.7 What is a blowout? 

Haley et al. used the definition of “blowout” from the OGP as “an 

incident where formation fluid flows out of the well or between 

formation layers after all the predefined technical well barriers or the 

activation of the same has failed” OGP 2010. 

What are Level 3 Blowouts? 

Level 3 events are defined as blowouts that “present serious and 

immediate risks to personnel, equipment, and the environment, and 

warrant the immediate activation of an Emergency Response Plan.” 

Surface blowouts and underground blowouts with insufficient casing 

fall into this category. Wild West Control Inc. and Travelers Indemnity 

Company 2012. 

Calculation of Blowouts 

Haley et al. compiled data from a wide range of sources from 1997 to 

2015.  

PARAMETER METHODS UNITS 

Thermal Exposure Modelling kW/m2 

Vapor Dispersion 
hydrogen sulphide 

Measurements & 
(literature review) 

Concentration 
(ppm) and distance 

Vapor Dispersion 
carbon disulphide 

Measurements 
(literature review) 

Concentration 
(mg/m3) & distance 

Air Pollution 
benzene 

Measurements 
(literature review) 

Concentration 
(μg/m3 & ppb) 

 

Since natural gas is composed primarily of methane hydrocarbon, it is 

flammable within a certain range in air (Cashdollar et al. 1996).  

An ignition source at a natural gas well site has the potential to set off 

an explosion (Phi Nguyen 2010).  

Thermal Injury to Humans 

Hazard assessment studies from liquefied natural gas fires indicate the 

potential for thermal injury to humans from radiant heat (Phani Raj 

2007, 2008). At a well site, if the combustion process occurs in the open 

air, the gas will burn at a constant pressure, allowing the gas to expand 

during the process (Bob Arrington 2014).  

To estimate the radiant heat effects on humans from a natural gas well 

fire, Haley et al. applied thermal modeling to a typical gas well. 

Allowing for a constant pressure and changing volume, the adiabatic 

flame temperature of methane is 1,950°C. They applied the Stefan-

Boltzmann Law to a typical gas well producing 5.8 million ft3/day with 

a pipe diameter up to 6 in. An average well is producing 549 times the 

fuel needed to supply a 1 ft2 flux area. This assumes a flame ball of 549 

ft2, metric conversion of 51m2, with reduction of 1m2 to allow for a 

standard industry claim of 98% efficiency decline for a flare (Bob 

Arrington 2014). 

Vapour and Toxic Gas Clouds 

Shale gas often contains tens or hundreds of parts per million (ppm) of 

hydrogen sulphide (Ralph Weiland and Nathan Hatcher 2012), a 

flammable gas with known adverse respiratory and nervous systems 

effects [Agency for Toxic Substances and Disease Registry (ATSDR) 

Haley et al. reviewed a report prepared for the U.S. Department of 

Transportation (DOT), Office of Pipeline Safety detailing the potential 

impact radius (PIR), which can be obtained to determine the possible 

impact on people or property in the case of failure of natural gas 

infrastructure (U.S. DOT 2005). The GT IM Rule resulted in regulations 

(49 CFR Part 192, Subpart O) which specify how pipeline operators 

must identify, prioritize, assess, evaluate, repair and validate the 

integrity of gas transmission pipelines that could, in the event of a leak 

or failure, affect High Consequence Areas (HCAs) within the United 

States. These HCAs include certain populated and occupied areas. 

Operators must write and implement their IM programs. 

Haley et al. used a series of best-fit equations to relate release rate to 

distance to toxic end points based on information presented in the U.S. 

Environmental Protection Agency Risk Management guidance 

document, assuming a 10-min peak-release period (U.S. DOT 2005). 

Haley et al. also reviewed a 2011 report by the Fort Worth League of 

Neighborhoods. The League convened a committee of scientific and 

health professionals to review air testing data in the vicinity of gas 

drilling activities in the Barnett Shale. Their report included data from 

private tests by GD Air Testing Inc., Texas Commission on 

Environmental Quality (TCEQ 2010), and the Barnett Shale Energy 

Education Council’s industry-funded study conducted by Titan 

Engineering (Barnett Shale Energy Education Council 2010). 

Dispersion modeling was performed to predict the way pollutants might 

travel from their source (Fort Worth League of Neighborhoods 2011). 

Haley et al. used the results from these two studies to determine whether 

current setback distances provide adequate distance from clinically 

significant sulphide exposure, based on OSHA and NIOSH adult short-

term exposure regulatory and recommended limits (U.S. Department of 

Labor 2015). Hydrogen sulphide levels are reported in ppm and carbon 

disulphide levels are reported in milligrams per cubic meter (mg/m3)  

Haley et al. stress that air pollution sources from shale gas extraction 

and its related activities include emissions from engines powering the 

drilling and hydraulic fracturing operations, equipment used to capture 

and transport the gas on site, venting, blowdowns, and flaring. Air 

pollutants include particulate matter, carbon monoxide, nitrogen 

dioxide, methane, and VOCs (Lattanzio 2013). Haley et al. highlight 

notable among the list of VOCs are the BTEX (Benzene, Toluene, Ethyl 

benzene and isomers of Xylene) compounds, which tend to be found 

ubiquitously at drill sites (Leusch and Bartlow 2010). In an exploratory 

study, benzene was the most common BTEX to exceed health-based risk 

levels (Macey et al. 2014). In addition, benzene is well-studied with 

regard to deleterious effects on humans (CDC 2013). Therefore Haley 

et al. focused on benzene for their air pollution analysis. Benzene levels 

are reported in both parts per billion (ppb) and micrograms per cubic 

meter (μg/m3) to allow comparison between studies 
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Geography and Production of the Barnett Shale 

The Barnett Shale is of Mississippian age much the same age as the 

Bowland Shale of North-West England, and both are remarkably thick. 

Therefore this section is focused mainly on the gas wells in the Barnett 

Shale in the hope of gaining relevant ‘lessons learned’ from the onshore 

gas wells of the USA. 

“The Mississippian Barnett Shale of Texas is a good analogue for 

potential shale gas plays in the UK”. Munira Raji et al. 2013.  

The Barnett Shale is the largest natural gas play in Texas (Anon 2007). 

It is in the north-central part of the state, extending over a total area of 

5,000 square miles.  

The Barnett Shale produces primarily methane, and the producing gas-

oil ratio in the core areas of the Barnett shale is above 100,000 standard 

ft3/stock tank barrels (Holme 2013). There are approximately 18,000 to 

19,000 producing gas wells in the Barnett Shale (Barnett Shale Energy 

Education Council 2012); the majority of these are horizontal wells that 

employ hydraulic fracturing (US Energy Information Administration 

2011b). 

Policies and Oversight 

Natural gas well setbacks are determined at the state and, in some cases, 

municipality level: the exception to this is when drilling occurs near 

public work projects, such as dams and critical structures; in these cases 

federal regulation applies (Matthew Fry 2013). In general, the source for 

a setback distance is considered to be the well bore, although this is not 

specifically indicated in all statutes. As discussed below, setback 

distances vary among the three states studied by Haley et al. and all three 

have variances which can shorten the distance. 

Table 2 of Haley et al. 

STATE 

MINIMUM 
LEGAL SETBACK 

WITHOUT 
VARIANCE 

WITH 
VARIANCE 

TEXAS 200 ft Less than 200 ft 

PENNSYLVANIA 500 ft Less than 500 ft 

COLORADO 500 ft Less than 500 ft 

COLORADO IF 
HIGH OCCUPANCY 

1,000 ft Less than 1,000 ft 

 

Within the Barnett Shale of Texas, Haley et al. claim setbacks are 

designed to protect the health, safety, and welfare of residents; protect 

the rights of property owners; safeguard environmental quality; and 

promote efficient gas extraction. The Railroad Commission of Texas 

(RRC) is responsible for activities associated with oil and gas, including 

exploration, extraction, production, and transport (Matthew Fry 2013). 

The RRC does not directly determine setback distances; per Texas State 

Legislature Section 253.005c, a well “may not be drilled in the thickly 

settled part of the municipality or within 200 feet of a private residence” 

(Texas State Legislature 2009). In Texas, variances are granted “to 

prevent waste or to prevent the confiscation of property” (RRC 2015c). 

The majority of applications for gas drilling in the Dallas/Fort Worth 

Metroplex area contain a distance setback variance request (Welch 

2015). Many municipalities consider the minimum setback to be too 

close and have established local setback distances. For example, setback 

rules vary among the 26 municipalities in heavily drilled Denton 

County, with a range of 300-1,500 ft, mode of 1,000 ft. With variance, 

the range is 150-1,125 ft, mode of 300 ft (Matthew Fry 2013).  

In 2013, the Texas megacity of Dallas adopted a setback distance of 

1,500-ft. As reported in a news article by Jim Malewitz 11th December 

2013 in the Texas Tribune. “In a 9-6 vote on Wednesday, the City Council 

overhauled a natural gas drilling ordinance that, among other provisions, now 

requires a minimum 1,500-foot setback [around 475 metres] between 

“protected use” areas like homes, businesses and churches and new rigs and 

compressor stations. The setback is five times the previous buffer and matches a 

requirement in the suburb of Flower Mound as the strictest in North Texas.” 

States and the federal government regulate most aspects of drilling, including 

well integrity, pipeline safety, and the effects on air and water. Cities can regulate 

noise and control the location of wells or related sites like compressor stations. 

Unincorporated communities in Texas lack that power” 

https://www.texastribune.org/2013/12/11/dallas-city-council-tightens-gas-

drilling-ordinanc/ 
How this came about is charted by Matthew Fry, Christian Brannstrom 

and Trey Murphy 2015.  

Recently, the state of Texas passed into law H.B. No.40, which preempts 

regulation of oil and gas operations by municipalities (Texas State 

Legislature 2015). Therefore Haley et al. suggest all sites in Texas will 

presumably be required to conform to state law -even those such as the 

city of Denton, which had previously banned hydraulic fracturing 

entirely. It may also apply to the Texas city of Dallas. 

Federal laws provide for clean air (US Environmental Protection 

Agency 2015d); however, with few exceptions, natural gas extraction 

activities are exempt from these laws (NRDC 2013). Under federal law, 

gas well operators must comply with Title 40 of the Code of Federal 

Regulations, which outline emission standards and compliance 

schedules for the control of VOCs and sulphur dioxide (SO2) emissions 

(US Environmental Protection Agency 2012b). The United States 

Environmental Protection Agency (EPA) requires gas well operators to 

utilize green completions (capturing of excess gas instead of releasing it 

into the atmosphere) to reduce air pollution from VOCs (US 

Environmental Protection Agency 2012a). According to Title 40 

Subpart 0000 §60.5375, if state rules are more stringent and do not 

otherwise conflict with federal regulations, state law will prevail (US 

Environmental Protection Agency 2012b). In Texas, air quality is 

managed by TCEQ (RRC 2015a).  

Thermal Exposure regulation  

Thermal exposure criteria are regulated on a national basis. The National 

Fire Protection Association (NFPA; http://www.nfpa.org/about-nfpa ) is 

a global nonprofit organization which sets standards to eliminate death, 

injury, property and economic loss due to fire, electrical and related 

hazards. Liquid Natural Gas (LNG) Standard, NFPA 59A, sets limits in 

terms of maximum heat flux. For human outdoor exposure the limiting 

heat flux is 5 kW/m2 (NFPA 2015). The thermal radiation protection 

requirements in the U.S. Department of Transportation Regulations in 

49 CFR, part 193 (US GPO 2015) specify essentially the same 

requirements as NFPA 59A. The US Department of Housing and Urban 

Development regulations, applicable to HUD-assisted residential 

projects, have a much lower threshold of 1.4 kW/m2 (HUD 1982). 

Hydrogen Sulphide regulation 

Raw natural gas contains hydrogen sulphide (H2S), which is classified 

by the EPA as a hazardous air pollutant (U.S. EPA 2015d). Due to its 

toxicity, flammability, and corrosive properties, H2S is an important 

component to control at all stages of natural gas handling.  

Haley et al. stress that H2S has destructive effects on natural gas 

extraction and transportation equipment; there is also a threat to 

personnel working at natural gas sites (Ratner and Tiemann 2015). The 

US Department of Labor recommends well-site management, based on 

potential exposure to H2S. OSHA set a ceiling limit of 20 ppm for 

hydrogen sulphide in workplace air, which is a 15-min time-weighted 

average that cannot be exceeded at any time during the working day. 

NIOSH recommends a 10-min ceiling level of 10 ppm for workers; 100 

ppm is immediately dangerous to life or health of workers (US 

Department of Labor 2015). A Minimal Risk Level of 0.07 ppm has been 

recommended by the ATSDR for acute-duration inhalation exposure to 

hydrogen sulphide, and a Minimal Risk Level of 0.02 ppm has been 

derived for intermediate-duration inhalation. Death has occurred after 

acute exposure to high concentrations ≥ 500 ppm of hydrogen sulphide 

gas (ATSDR 2014).  

https://www.texastribune.org/2013/12/11/dallas-city-council-tightens-gas-drilling-ordinanc/
https://www.texastribune.org/2013/12/11/dallas-city-council-tightens-gas-drilling-ordinanc/
http://www.nfpa.org/about-nfpa
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Carbon Disulphide Regulation 

Carbon disulphide CS2 is another sulphide compound with 

neurotoxicological properties. OSHA 15-min exposure limit Carbon 

disulphide CS2 is 36 mg/m3, and NIOSH 15-min limit Carbon disulphide 

CS2 is 30 mg/m3 (ATSDR 1996). 

Blowouts and Evacuations 

Haley et al. draw attention to blowout fires being able to involve other 

equipment on the well pad, releasing additional fumes, smoke, and 

volatiles (Arrington 2014). If members of the public are located in the 

vicinity, evacuations may be required, with a safety perimeter 

established around the well (Wild Well Control Inc. and Travelers 

Indemnity Company 2012). 

Within the Barnett Shale, Haley et al. note that between 1997 and 2006, 

there were 18 well blowouts -14 blowouts in Wise County and 4 in 

Denton County (Nguyen 2010). Since 2006, 16 blowouts have been 

reported by operators to the Railroad Commission of Texas (RRC 

2015b).  

Examples of Blowouts and Evacuations 

A blowout in 2002 forced the evacuation of 30 homes in Haslet, Texas 

(Nguyen 2010). In December 2005, an operator lost control of a Barnett 

Shale gas well in Palo Pinto County and the ensuing explosion blew a 

750-ft-wide crater in the ground, and the fire burned uncontrollably for 

several days (Heinkel-Wolfe 2013; Nguyen 2010). On 22 April 2006, a 

blowout in Fort Worth required evacuation of 500 homes in a half-mile 

radius. One worker was killed (Korosec 2006; Nguyen 2010). On 19 

April 2013, a gas well blowout required evacuation of four homes and 

diversion of flights from the Denton Enterprise Airport (Heinkel-Wolfe 

2013). On 11 April 2015, uncontrolled pressurized flowback required 

the evacuation of 100 homes and evacuation zone of ⅛ mile (Arlington 

Voice 2015). On 7 May, lightning struck a gas well in Denton, resulting 

in an explosion and fire. No evacuation was ordered, but residents self-

evacuated due to overwhelming smoke and fumes (Sakelaris 2015). 

Thermal Modeling of Blowout Fireballs 

Damage from well-pad fires is a function of time and energy flux 

intensity and, in general, damage increases the longer a fire burns. In 

addition, the interval between blowout and gas ignition can affect the 

size of the resulting fireball and the extent of explosive damage. At a 

well site, if the combustion process occurs in the open air, the gas will 

burn at a constant pressure, allowing the gas to expand during the 

process (Arrington 2014). The risks to people and objects outside a 

vapor cloud fire arise primarily from radiant heat emitted by the fire 

(Phani Raj 2007). 

Applying the Stefan-Boltzmann Law to a typical gas well as described 

in the Methods section, at 500 ft the thermal exposure would be 2.98 

kW/m2; at 350 ft the thermal exposure would be 6 kW/m2 (Arrington 

2014). 

Vapour Dispersion 

Barnett Shale - Measurements of H2S in four core counties in the Barnett 

Shale showed that 8% of wells had hydrogen sulphide concentrations > 

4.7 ppb (0.0047 ppm) beyond the fence line (Eapi et al. 2014).  

Pennsylvania - Pennsylvania Department of Oil and Gas has designated 

19 wells as “Special Caution Areas” due to elevated levels of H2S 

encountered during drilling, defined as >20 ppm (PA DEP 2014b), 

which is remarkable to us in being more lenient than the 15-min OSHA 

ceiling limit (U.S. Department of Labor 2015).  

Colorado - In a community–based grab sample study, one in five 

samples in Colorado contained H2S that exceeded ATSDR intermediate 

minimal risk levels (Macey et al. 2014). 

PIR calculations presented in the U.S. DOT report resulted in a hydrogen 

sulphide toxic gas cloud radius of 0.27 miles for urban.  

In the report by the Fort Worth League of Neighborhoods 2011 various 

sulphur compounds were detected at extremely high levels. The 

neurotoxin carbon disulphide was found at levels 300 times the norm for 

ambient urban air.  

Based on the testing results, dispersion modeling was performed for a 

drill site near an elementary school. The carbon disulphide plume 

extended a mile from the source; the full extent of plume was in excess 

of 2 miles. The model predicted up to 1,000 times the short-term health 

benchmark for carbon disulphide, based on OSHA and NIOSH adult 

short-term exposure regulatory and recommended limits (ATSDR 

1996).  

A second model on carbonyl sulphide was performed based on a site 

near three elementary schools and one high school. The plume extended 

more than a mile with levels six times the health benchmark for carbonyl 

sulphide (Fort Worth League of Neighborhoods 2011). 

Air Pollution 

Within the Barnett Shale, air quality canister sampling identified 70 

individual volatile organic compounds in the vicinity of gas wells and 

associated transport operation. The most abundant non-methane VOCs, 

accounting for approximately 90% of emissions, were ethane, propane, 

butane, and pentanes (Kibble et al. 2013). In 2009, TCEQ used infrared 

cameras to survey 94 natural gas sites in the Dallas-Fort Worth area in 

order to identify potential sources of emissions (Whiteley and Doty 

2010). Air samples were collected at 73 of the sites; at 21 of those sites, 

benzene levels exceeded the U.S. EPA level for long-term health effects 

(ATSDR 2007), and 2 sites required immediate action for benzene levels 

high enough to pose an immediate threat to health and safety (Ethridge 

2010). In 2010, testing by TCEQ confirmed that toluene and carbon 

disulphide, in addition to other chemicals, were being emitted by gas 

facilities in the Barnett Shale. Their report concluded that “gas 

production facilities can, and in some cases do, emit contaminants in 

amounts that could be deemed unsafe” and that “35 chemicals were 

detected above appropriate short term comparisons” (TCEQ 2010; Fort 

Worth League of Neighborhoods 2011). 

Pennsylvania - In a community-based study in Susquehanna County, 

Pennsylvania, 25% of grab samples from well pads and associated 

infrastructure contained benzene levels that exceeded the 1/100,000 U.S. 

EPA cancer risk level (Macey et al. 2014; US Environmental Protection 

Agency 2015c).  

West Virginia - Michael McCawley, working for the West Virginia 

Department of Environmental Protection in May 2013, obtained air 

samples 625 ft from the well pad center at seven unconventional drilling 

sites in the West Virginia Marcellus Shale, specifically for the purpose 

of determining if the 625 ft setback established for West Virginia was 

adequate to protect public health (Michael McCawley 2013). Five of the 

sites were locations of active drilling and completion activities, and two 

sites involved only site preparation work. There were 22 data points 

provided, 15 of which came from the five active sites, and 7 of which 

came from the two well-pad preparation sites, all located 625 ft away 

from the well pad center. Benzene was found at the highest 

concentration of any of the VOCs, although toluene was the single VOC 

found most frequently (Michael McCawley 2015). Benzene levels 

exceeded the ATSDR minimum risk level for acute exposure-9 ppb 

(28.7 μg/m3) for exposure of 14 days or less -in 5 out of 15 samples, and 

at 3 out of the 5 active drilling sites. The two highest benzene values, 85 

ppb (270 μg/m3) and 49 ppb (160 μg/m3), were found at a single site 

during hydraulic fracturing and flowback activities. Well-pad 

preparation was not associated with elevated benzene levels (Michael 

McCawley 2013). 

Colorado - Daily air samples collected by the National Oceanic and 

Atmospheric Administration Boulder Atmospheric Observatory 

revealed that oil and gas activities, including shale gas extraction, were 

strongly associated with alkane and benzene levels in the atmosphere 

(Pétron et al. 2012). McKenzie et al. 2012 performed a health risk 

assessment by analyzing samples collected by the Garfield County 

Department of Public Health and Antero Resources. In 2008, the 

Garfield County Department of Public Health collected ambient air well 
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completion samples, including emissions from both uncontrolled 

flowback and supporting completion equipment such as trucks and 

generators. Samples were taken 130 to 500 ft from the well pad. In 2010, 

Antero Resources Inc. collected ambient air samples 350 and 500 ft from 

the well pad center during completion activities. No other hydrocarbon 

sources were in the vicinity of the sampling locations. These samples 

were compared with 163 samples taken from a fixed monitor in a rural 

natural gas development area 2,500 ft away from the nearest well pad. 

The median air level of benzene in the well completion samples was 2.6 

μg/m3 (0.82 ppb), which is below level of concern, but benzene samples 

were found to be highly variable: the 95% level of benzene was 20 μg/m3 

(6.26 ppb), which is right at the 6 ppb Minimal Risk Level for 

intermediate exposure (ATSDR 2007), and the maximum benzene level 

was 69 μg/m3 (21.6 ppb), which is more than twice the 9 ppb minimal 

risk level for acute exposure (ATSDR 2007). The benzene levels in the 

natural gas development area, by contrast, never reached levels of 

concern for health impacts. Residents living within ½ mi of an 

unconventional gas well were found to have an increased risk of 

neurological and respiratory health effects than residents living greater 

than half a mile away. The risk of cancer was increased in these residents 

as well, with benzene and ethylbenzene as the primary hydrocarbon 

contributors (McKenzie et al. 2012). 
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20 Examples of Gas Blowouts in USA 

Below is a photo-montage of gas blowouts in the USA 

 

Figure 17: MONTAGE OF BLOWOUTS OF 0NSHORE GAS 

WELLS IN USA. NONE HAVE OCCURRED IN UK. Google image 

21 Setback for Dallas in Texas USA 

 

Figure 18: TRANSFER OF 2013 DALLAS BEST PRACTICE 

SETBACK ON CUADRILLA’s PRESTON NEW ROAD-1. 

Google image 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: TRANSFER OF 2013 DALLAS BEST PRACTICE  

SETBACK ON IGAS ELLESMERE PORT-1.  

Google image 
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