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Public introduction
M4ShaleGas stands for Measuring, monitoring, mitigating and managing the environmental impact of
shale gas and is funded by the European Union’s Horizon 2020 Research and Innovation
Programme. The main goal of the M4ShaleGas project is to study and evaluate potential risks and
impacts of shale gas exploration and exploitation. The focus lies on four main areas of potential
impact: the subsurface, the surface, the atmosphere, and social impacts.
The European Commission's Energy Roadmap 2050 identifies gas as a critical fuel for the
transformation of the energy system in the direction of lower CO 2 emissions and more renewable
energy. Shale gas may contribute to this transformation.
Shale gas is – by definition – a natural gas found trapped in shale, a fine grained sedimentary rock
composed of mud. There are several concerns related to shale gas exploration and production, many
of them being associated with hydraulic fracturing operations that are performed to stimulate gas flow
in the shales. Potential risks and concerns include for example the fate of chemical compounds in the
used hydraulic fracturing and drilling fluids and their potential impact on shallow ground water. The
fracturing process may also induce small magnitude earthquakes. There is also an ongoing debate on
greenhouse gas emissions of shale gas (CO2 and methane) and its energy efficiency compared to other
energy sources
There is a strong need for a better European knowledge base on shale gas operations and their
environmental impacts particularly, if shale gas shall play a role in Europe’s energy mix in the coming
decennia. M4ShaleGas’ main goal is to build such a knowledge base, including an inventory of best
practices that minimise risks and impacts of shale gas exploration and production in Europe, as well
as best practices for public engagement.
The M4ShaleGas project is carried out by 18 European research institutions and is coordinated by
TNO-Netherlands Organization for Applied Scientific Research.

Executive Report Summary
This review considers the potential impact from infrastructure that would be developed as a result of
shale gas exploitation in Europe. The infrastructure considered here includes: the well pad, pipelines,
access roads and boreholes. The review is based upon: the experience of the North American shale
gas industry; draws from projections from Europe; and from the experiences of comparator industries
and from related studies of impact. The study covers: well infrastructure; spills and leaks;
biodiversity; and transport. Throughout mitigation strategies were considered.
The footprint of well infrastructure was studied from current conventional, onshore operations across
Europe. The average well pad size was used then to assess how many well pads, with a suitable
setback would fit within current license blocks without interacting with permanent infrastructure. It
was found that surface and sub-surface foot print size would restrict access to the technically
recoverable resource by between 5 and 42% - an average of 26%. Considering how to optimise access
to the gas resource showed that although in most cases it was best to maximise the number of wells
on each pad and to increase the length of laterals, that this was not the case in particularly crowded
license blocks.
The potential for spills and leaks from both on and off-site shale gas operations was assessed from a
number of sources, including records from the Texas Railroad Commission; the Colorado Oil and Gas
Commission; and UK records for road accidents involving milk and oil tankers. Records from the US
show that rates of incidents per well pad have significantly increased over the last decade of record
although this may be due to improved reporting rather than poor maintenance schedules of well pad
equipment. Based on the milk tanker data and tanker movement estimates over the development of a
10-well pad of 10 laterals will likely experience an incident on the road by the 12th well site and a spill
by the 19th well site. Based on fuel tanker data for the same scenario a 10-well pad of 40 laterals will
likely experience an incident on the road by the 29th well site and a spill by the 55th well site.
Studies of the impact of transport considered a scenario for the Flyde Coast, UK. Results were
developed using a new version of Newcastle University’s Transport Impact Model which has been
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made publically accessible. The model results show that there will be local impacts but these would
not transfer regionally or nationally. The caveat from this study is that regional impacts may emerge
due to cumulative impacts of further well pad development.
Given the limited research on the impacts of shale gas developments on European wildlife, there is an
urgent need for monitoring work to be undertaken in association with the early development stages of
this industry. Direct loss of habitat will likely only greatly impact species with very limited
distributions, or whose distributions coincide with exploited shale basins. By contrast, indirect
impacts of developments have the potential to affect a broader suite of species, as has been shown for
mammals and birds in areas of shale gas development in North America. It is likely that specialist,
habitat interior and disturbance-prone species will be most at risk from indirect impacts. The leakages
of fluids used in the fracturing process, which will be stored on site before transportation for
treatment, has the potential to impact ecosystems much more widely if such fluids enter catchment
drainage channels or groundwater. The impacts of such fluid leaks on riparian taxa, and the
coincidence of endangered riparian taxa and potential shale developments across Europe requires
further study.
Mitigation measures to minimize impact should include: maintain natural vegetation as much as
possible; site multiple wells on individual well pads; site well pads to be in line with existing
infrastructure; use existing disturbed ground; use biodiversity criteria to establish suitable setback
distance; learn from US with respect to on-site equipment maintenance and replacement; and utilise
the safety procedures of the best practice within the industry.
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1

INTRODUCTION

1.1

Context of M4ShaleGas

Shale gas source rocks are widely distributed around the world and many countries have now
started to investigate their shale gas potential. Shale gas has already proved to be a game
changer in the U.S. and Canadian energy markets (EIA, 2015a). The European Commission's
Energy Roadmap 2050 identifies gas as a critical energy source for the transformation of the
energy system to a system with lower CO2 emissions that combines gas with increasing
contributions of renewable energy and increasing energy efficiency. It may be argued that in
Europe, natural gas replacing coal and oil will contribute to emissions reduction on the short
and medium terms.
There are, however, several concerns related to shale gas exploration and production, many
of them being associated with hydraulic fracturing operations. There is also a debate on the
greenhouse gas emissions of shale gas (CO2 and methane) and its energy efficiency compared
to other energy sources. Questions are raised about the specific environmental footprint of
shale gas in Europe as a whole as well as in individual Member States. Shale gas basins are
unevenly distributed among the European Member States and are not restricted within
national borders which makes close cooperation between the involved Member States
essential. There is relatively little knowledge on the footprint in regions with a variety of
geological and geopolitical settings as are present in Europe. Concerns and risks are clustered
in the following four areas: subsurface, surface, climate & atmosphere, and public
perceptions. As the European continent is densely populated, it is most certainly of vital
importance to include both technical risks and risks as perceived by the public.
Accordingly, Europe has a strong need for a comprehensive knowledge base on potential
environmental, societal and economic consequences of shale gas exploration and
exploitation. Knowledge needs to be science-based, needs to be developed by research
institutes with a strong track record in shale gas studies, and needs to cover the different
attitudes and approaches to shale gas exploration and exploitation in Europe. The
M4ShaleGas project is seeking to provide such a scientific knowledge base, integrating the
scientific outcome of 18 research institutes across Europe. It addresses the issues raised in the
Horizon 2020 call LCE 16 – 2014 on Understanding, preventing and mitigating the potential
environmental risks and impacts of shale gas exploration and exploitation.

1.2





Objectives
Review the literature for shale gas operations within the US and determine from the
literature and currently operating conventional oil and gas practises the average direct and
indirect surface and subsurface footprint related to a shale gas site.
Determine the optimum lateral length which minimises surface disruption but maximises
technically recoverable gas extraction.
Review and determine the potential risks to public safety from infrastructure due to
pollution incidences and accidents; compare these instances to comparator industries.
Review if mitigation strategies could be implemented to reduce impact from
infrastructure in the issue areas expressed above.
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1.3

Aim

The rapid growth of shale gas developments within the US and now the possibility of
developments in Europe, especially in the UK, have raised concerns on the impact and the
environmental costs of shale gas extraction. Currently there are few papers that fully address
the impact of well site infrastructure, and thus this report hopes to answer some of the public
concerns with regard to the physical implication of developing well pads and their associated
infrastructure on the land. This report will also highlight some of the potential the risks
associated with shale gas sites and how these could potentially be mitigated. Using the US as
an analogy we shall endeavour to answer the objectives outlined.
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2

LITERATURE REVIEW

2.1

Footprint

Increased global demand for energy is driving a rapid increase in alternative and
unconventional natural gas extraction techniques such as hydraulic fracturing and horizontal
drilling (Gross et al., 2013; Patterson et al., 2017). Advances in technological developments,
such as horizontal drilling and hydraulic fracturing have enabled enhanced recovery of
unconventional gas (Vidic et al., 2013). Within the US these recent developments have led to
a rapid growth of shale gas production from negligible levels in 1990, to 430 km3 (15213 bcf)
in 2015 (Vidic et al., 2013; EIA, 2016a). Despite the recent success of shale gas production in
the US, future developments there and throughout the rest of the world remains unclear
(Hammond and O’Grady, 2017; McGlade et al., 2012). There are many unanswered
questions regarding the amount of gas-in-place and the recoverability of these resources
(McGalde et al., 2012). The US has been subject to a number of shale gas resource and
technically recoverable reserve estimates; however these are often ambiguous and highly
uncertain (McGalde et al., 2012). There is even greater uncertainty surrounding estimates for
countries throughout the rest of the World that have yet to undergo shale gas development,
generally once production experience is available, estimates become more reliable and robust
(McGlade et al., 2013). In addition to uncertainties surrounding the amount of gas-in-place
and the amount of gas deemed technically recoverable, there are also uncertainties
concerning how much gas can be extracted due to limitations from existing infrastructure on
the surface (Clancy et al., 2017). In sparsely populated countries such as the US, many shale
gas sites have been developed in close proximity to each other on rural and forested land,
largely infrastructure free (Drohan et al., 2012). With the success of shale gas in the US
(Baranzelli et al., 2015), other more densely populated countries, including several countries
in Europe, for example the UK, have begun exploration for shale gas (Stamford and
Azapagic, 2014). Within these countries the carrying capacity of the land (Clancy et al.,
2017) and competition for land with other uses are important factors to consider as they
restrict the amount of gas that could be extracted (Baranzelli et al., 2015; Drohan et al.,
2012). That is, one needs to study the well pad size and where it is, with its corresponding
setbacks (the minimum distance required between well pads and existing infrastructure) and
subsurface laterals can actually be located within an area heavily populated with existing
infrastructure.
Landscape disturbance from shale gas developments is inevitable (Drohan et al., 2012) as
numerous wells from many well pads are required to intersect the gas bearing formation(s)
(Baranzelli et al., 2015). Unlike conventional wells the production of shale gas requires
hundreds of wells to effectively deplete the resource rich shale formation, where only one
well is required for conventional gas, often several dozen wells are required for shale gas
(Chorn et al., 2014). Each of these well sites comes with a surface footprint, the area required
for the well pad, access roads and pipelines, and subsurface footprint, the area required for a
horizontal lateral(s). In addition to determining the carrying capacity of the surface, one
needs to consider how landscape disturbance can be kept to a minimum, thus questions
regarding the maximum number of wells per site, the possibility of stacked laterals and
optimal lateral length are key questions to be addressed.
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Land disturbance will vary depending on, amongst other considerations, the number of wells
per pad, the well pad size, the well pad density (pads per area), and the specifics of the shale
play that is being developed (Baranzelli et al., 2015). Furthermore, the pattern of land
ownership, public engagement and development regulations may cause higher or lower
densities of well pads. The direct surface footprint of a well pad, is in part, determined by the
number of wells on the pad. In recent years the mean and maximum number of wells per site
has been increasing, this trend has been attributed to advancements in technology and an
understanding that greater consolidation of infrastructure is more efficient and economical
(Drohan et al., 2012). In Pennsylvania, Johnson et al. (2010) document a mean of two
producing wells per pad, Drohan et al. (2012) reported over 75% of pads to have just one or
two wells per pad, whilst Jantz et al. (2014) found a mean of 2.45 wells per pad. When
including producing and permitted wells there was a higher mean of 4.67 wells per pad. Jantz
et al. (2014) focused on the more recently developed Bradford County, Pennsylvania, thereby
giving a more recent picture of current development patterns and consolidation of
infrastructure. In the UK, Cuadrilla Resource Ltd., herein termed Cuadrilla, who are currently
investigating potential shale gas production from the Bowland Shale in Lancashire, have
stated that they intend to have 10 wells per pad (Regeneris Consulting, 2011). The UK’s
Institute of Directors (IoD) suggested several potential development scenarios, one of which
was based on the development of pads with 10 vertical wells and 40 laterals (four laterals per
vertical well – Taylor et al., 2013). The US Inner City Fund (2009) summarised planning
information requested by the New York Department of Environmental Conservation from
three active Marcellus Shale operators and showed that a multi-well pad with six to eight
wells would be between 10000 m2 to 23000 m2, with a typical site being 19000 m2. The US
Inner City Fund has suggested a ‘rule-of-thumb’, based on discussions with operators:
assume an initial single-well pad size of 13000 m2 that increases by approximately 1600 m2
per well, i.e. according to these guidelines, a six well pad would have a footprint of 21000 m2
(US Inner City Fund, 2009). In the UK, Cuadrilla is planning to develop 10 wells on a 7000
m2 well pad (Broderick et al., 2011). However, Taylor et al. (2013) suggest future scenarios
with shale gas pads of 20000 m2.
It is difficult to review the additional footprint required for well site access roads as many
researchers have not distinguished between the area required for general infrastructure (e.g.
pipelines and storage ponds etc.) and the area specifically required for roads. However, Jantz
et al. (2014) made this distinction and found the mean additional area for access roads to be
12000 m2, with a range of 200 m2 to 68000 m2. Jiang et al. (2011) recorded a lower average
of 5800 m2, with a range of 400 m2 to 11100 m2. Access road widths generally range from 6
m to 12 m during the drilling and fracturing phase and from 3 m to 6 m during the production
phase (NYS DEC, 2015). Calculations show that for every 46 m by 9 m access road, ~400 m2
is added to the total well site surface acreage (NYS DEC, 2015). Permit applications for
Marcellus horizontal wells prior to 2009 recorded road lengths ranging from 40 m to
approximately 900 m (NYS DEC, 2015).
The physical footprint of the well pads and access roads do not necessarily represent the
entire surface area as many regulatory bodies have proposed setbacks from the edge of the
physical well pad. Setbacks are defined as the distance that well pads have to be away from
existing infrastructure, they are enforced to provide additional protection to water resources,

D12.6 Impact of well site infrastructure and transport

Copyright © M4ShaleGas Consortium 2015-2017

Page 7

personal and public property, and the health and safety of the public (Eshleman & Elmore,
2013). The UK and several other European countries have no legislative or planning policy
requirements on minimum setback distances; they are designated on a site to site basis (Cave,
2015). In the US, restrictions vary from state to state and are often based on local conditions
such as population density (Richardson et al., 2013). Of the 20 sites surveyed in Richardson
et al. (2013), 65% have building setback restrictions ranging from 30 m to 305 m from the
wellbore, with an average of 94 m.
Surface footprint should be considered alongside the subsurface footprint. Geology, planning
permits and legal requirements, along with the current onshore drilling technology, limits
lateral well extent and therefore the well pad spacing (NYS DEC, 2015). Lateral lengths for a
typical shale gas site over the last decade have increased from 762 m to nearly 2134 m (7000
ft) (EIA, 2016b). However, annual rates of increase are slowing, possibly due to limitations
imposed by lease and drilling unit size and configuration (EIA, 2016b). Currently maximum
lateral length cannot greatly exceed the depth of the well, however as drilling technology
evolves this is likely to change (NYS DEC, 2015). In the UK, Broderick et al. (2011) and
Hardy, (2014) note that typical horizontal wellbores extend 1 km to 1.5 km laterally, but
agree it can be more. The Maryland Department of the Environment indicates that spacing
multi-well pads in dense clusters located as far apart as is technically feasible makes
maximum use of horizontal drilling technology and could minimise the surface footprint
(Eshleman & Elmore, 2013). Composite Energy (cited in Broderick et al., 2011) estimates
laterals of 1 to 1.5 pads per 1 km2 should be sufficient in a UK setting. However, even
spacing of well pads is often impossible, as it does not account for geology and above ground
constraints, such as existing infrastructure (Broderick et al., 2011).

2.2

Well infrastructure

Based on our review of the scientific literature there are a number of studies that assess
current and likely future footprints of shale gas sites within Europe (Baranzelli et al., 2015;
Clancy et al., 2017) and the US (Drohan et al., 2012; Racicot et al., 2014; Johnson et al.,
2010) and their impact on the land. However, there are only two studies published on site
location limitations due to surface carrying capacity (Clancy et al., 2017; Racicot et al.,
2013). Racicot et al. (2014) studies the regional county municipalities of Bécancour and
Lotbinière, near Quebec. Racicot et al. (2014) looked at how many shale gas sites can be
located within the area for two scenarios: the first scenario factored in the regulatory setback
distance gas wells have to be from certain land cover features and ecological areas; the
second scenario included increased setbacks from important environmental and ecological
areas (deer parks, maple woodland, and wetland). Although gas exploitation is not prohibited
in these important ecological areas, social acceptability of drilling within such ecosystems
would be low and the potential environmental impact high (Racicot et al., 2014). The spacing
of pads in Racicot et al. (2014) scenario was set to one pad per 2600000 m3, using these
parameters in the areas free of constrain (approximately 54% of the 1400 km2 study area) the
number of well pads that could potentially be located within the area varied from 175
(scenario 1) to 234 (scenario 2). Both scenarios would impact large areas of core forest, with
the number of forest patches increasing by 13-21% due to fragmentation (Racicot et al.,
2014). The use of a pipeline network was also found to have a much greater footprint on land
cover than access roads (Racicot et al., 2014). Clancy et al. (2017) considered the carrying
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capacity of 20 license blocks covering the Bowland Shale within the UK. Using an average
well pad size of 10800 m2, a setback of 152 m and four laterals of 500 m each (generating a
subsurface footprint of 1 km2) they determined that the average licence block could
accommodate 26 well pads. The range of well pads that could be located per block varied
from 5 to 42, these results indicated that existing infrastructure can limit the amount of
technically recoverable reserves that can be extracted considerably. Within Clancy et al.
(2017) the authors have only used one potential scenario; however, their methodology can be
used further to analysis well pads of different sizes, with different setbacks and laterals of
varying length. For example, one simple solution to limit surface carrying capacity would be
to maximise lateral length to increase the sub-surface carrying capacity compared to surface
footprint.
Generally the longer a single horizontal well, the larger the subsurface area accessed,
providing greater wellbore contact with a larger volume of reservoir rock enabling more gas
to be extracted (Fisher et al., 2004). However, when looking in certain locations where
multiple wells are in close proximity, shorter lateral lengths could allow for greater access to
reserves. In areas that are heavily populated, more wells with a shorter lateral can generate
more gas than fewer wells with longer laterals. Thus maximising lateral length is not always
preferable. As mentioned in King (2010), there are no optimum, one-size-fits-all completion
or stimulation designs for shale wells.

2.3

Spills and leaks

The process of hydraulic fracturing involves high-volume fluid injection of fracturing fluid
into a shale reservoir at a sufficient rate to raise downhole pressure above the fracture
pressure of the formation rock (Gregory et al., 2011). When the shale is pressurised fissures
and interconnected fractures are formed enabling greater flow rates of gas into the well
(Gregory et al., 2011). Once the hydraulic fracturing processes are performed, the pressure is
relieved and the fracturing fluid returns to the surface through the borehole, the returning
fluid is termed flowback fluid (Gregory et al., 2011).
Within the US, fracturing fluids are typically composed of about 90% water, 9% proppant
(e.g. sand), and 0.5 – 1% chemical additives (McLaughlin et al., 2016; Vidic et al., 2013).
The type, volume and number of chemicals required are determined by the geological
characteristics of each site and the chemical characteristics of the initial water used (Vidic et
al., 2013). McLaughlin et al. (2016) comments that hundreds of different chemicals have
been added to fracturing fluid, however generally in the US only 4 – 28 are used per well.
The volume of fracturing fluid used varies depending on the shale-play, the operator, well
depth, the number of fracturing stages and the length of the wells (Nicot and Scanlon, 2012).
The European Parliament summarised the US literature on the volume of water required per
well and found the volume ranged from 1500 to 45000 m3 (Lechtenböhmer, 2012). More
recently Jiang et al. (2014) comments that the average Marcellus well consumes 20000 m3
(with a range from 6700 to 33000 m3) of freshwater per well over its lifetime. The single well
drilled in the UK at Preese Hall (Lancashire) required 8400 m3 of water and the fracking fluid
was made up of around 0.05% chemical additives (Fretwell et al., 2012). These large volumes
of water require a large number of additives, these are generally delivered to the well site in a
concentrated form and stored until they are mixed with the base fluid and proppant and
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pumped down the production well (US EPA, 2016). Within the US, additives are often stored
in multiple, closed containers and moved around the site in specially designed hoses and
tubing (US EPA, 2016).
Flowback fluid is typically highly saline, reaching five times the salinity of seawater
(Gregory et al., 2011). It can also contain high levels of dissolved and suspended solids,
heavy metals, fracking chemicals, naturally occurring radioactive materials of varying
concentrations and hydrocarbons extracted from the formation (Edminston et al., 2011). The
volume of flowback that returns to the surface is highly variable and is largely dependent on
the formation characteristics and operating parameters during the development of the well
(Gregory et al., 2011). Values vary slightly between studies, however more recently it is
understood between 10 – 50% of the fracturing fluid returns to the surface (Akob et al., 2015)
during the ‘flowback period’ (the first two weeks after hydraulically fracturing the rock)
(Howarth et al., 2011). During the active gas production stage, aqueous and non-aqueous
liquid continue to be produced in considerably lower volumes than the fracking and flowback
fluids over the lifetime of the well (Gregory et al., 2011). This wastewater, high in TDS
concentrations, as well as heavy and light petroleum hydrocarbons is known as produced
water (Gregory et al., 2011). Typically within the US, flowback water and produced water
flow from the well to onsite tanks or pits through a series of pipes or flowlines before being
transported offsite via trucks or pipelines for disposal or reuse (US EPA, 2016). Therefore,
for the development and exploitation of shale gas resources there would be three types of
potentially polluting liquids to consider: the fracking fluid; the flowback water; and the
produced water.
In the US, it is common for the majority of these fluids (fracking fluid, flowback and
production waters) to be transported considerable distances by truck on public roads to and
from the drilling sites, this can potentially lead to incidents and spillages on the road
(Eshleman & Elmore, 2013). In addition to the risk associated with transport as with other
outdoor practises well pad sites are exposed to extreme weather and environmental conditions
(e.g. heavy rainstorms, severe windstorms, floods and freezing conditions) which makes
working on site difficult and also elevates the risk of accidents, spills, or leaks (Eshleman &
Elmore, 2013). Even day-to-day with appropriately designed storage equipment for additives,
blended hydraulic fracturing fluids, flowback fluids and produced water, spills could occur.
At the time of writing there is currently no shale gas industry within Europe, however
exploration wells are underway and the public have expressed many concerns regarding the
potential for water contamination. Included in the perceived risk to water is the potential for
polluting spills and leaks to contaminate land, surface water and groundwater, which if severe
may lead to polluted fluid being exposed to humans and natural ecosystems (Eshleman &
Elmore, 2013; Vengosh et al., 2014). Based on our review there have been no studies
published in the peer-reviewed scientific literature addressing the potential for spills and
leaks either onsite or offsite from possible hydraulic fracturing sites within Europe. However,
within the US there have been several studies that address the potential for contamination,
especially of groundwater from surface spills associated with hydraulic fracturing activities.
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Gross et al. (2013) examined the Colorado Oil and Gas Commission’s database of incidents
and found there were 77 surface spills from oil and gas wells that caused groundwater impact
in the Weld County between July 2010 and July 2011. Surface spills were associated with <
0.5% of the active wells. They concluded that actions to remediate the spills were effective;
however, their analysis demonstrated that surface spills are an important route of potential
groundwater contamination from hydraulic fracturing activities (Gross et al., 2013). Drollette
et al. (2015) also found that groundwater near the Marcellus gas operations in northeastern
Pennsylvania had been contaminated by diesel range organic compounds via accidental
release of fracturing fluid chemicals, derived from the hydraulic fracturing activities at the
surface. DiGiulio et al. (2011) investigated ground water contamination in the Wind River
Formation above the Pavillion gas field in Wyoming. They found leakages from storage and
disposal pits were responsible for the high concentrations of benzene, xylenes, gasoline range
organics, diesel range organics, and total purgeable hydrocarbons found in shallow ground
water.
The US Environmental Protection Agency (EPA) analysed spill data from January 2006 to
April 2012 from nine state agencies, nine oil and gas production well operators, and nine
hydraulic fracturing service companies (US EPA, 2015). The EPA determined 457 hydraulic
fracturing-related spills occurred in 11 different states over the period studied, with spills of
flowback water being the most common spill type reported. Among the spills for which the
cause was reported, the most common was human error (33%) and equipment failure (27%)
(US EPA, 2015). Whilst the most common source of spills were storage units (US EPA,
2015). Of the hydraulic fracturing related spills 88 were of fracturing fluid, with the median
spill volume being 3.1 m3 (US EPA, 2015). There were 225 spills involving flowback and
produced water, these had a median spill volume of ~3.4 m3. EPA also reported that of 32
hydraulic fracturing-related spills (7%) reached a surface water body (often streams or
creeks); the median volume per spill for these spills was ~13 m3, with volumes per spill
ranging from ~0.3 m3 (5th percentile) to ~170 m3 (95th percentile) (US EPA, 2015). One spill
was reported as having reached groundwater (US EPA, 2015).
More recently Patterson et al. (2017) study of spills from unconventional oil and gas wells in
Colorado, New Mexico, North Dakota and Pennsylvania, from 2005 to 2014 recorded that
between 2 – 16% of wells reported a spill each year. Patterson et al. (2017) found between 75
– 94% of spills occurred within the first three years of well life, and between 26 - 53% of
spills occurred at wells that experienced more than one spill. The median spill volume ranged
from 0.5 m3 in Pennsylvania to 4.9 m3 in New Mexico; whilst the largest spills exceeded 100
m3 (Patterson et al., 2017). Across all the states assessed 50% of the spills were related to
storage and moving fluids via flowlines (Patterson et al., 2017).
The average multi-stage well in the US requires hundreds to more than a thousand round trips
to transport equipment, chemicals, sand and water required for well development and
hydraulic fracturing (Adgate et al., 2014; Muehlenbach and Krupnick, 2013). Muehlenbach
and Krupnick (2013) found that there was a significant increase in the total number of
accidents and accidents involving heavy trucks in counties with a relatively large degree of
shale gas development compared to those counties with less (or no) development. The study
of Muehlenback and Krupnick (2013) found one additional well drilled per month raises the
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frequency of an accident by approximately 2% and increased the risk of a fatality by 0.6%.
The Texas Department of Transportation also noted that the influx of traffic from
development of the Permian Basin had generated an increase in the number of road traffic
accidents (Texas Department of Transportation, 2013). Although the Texas Department of
Transportation did not comment on the number of spills, they reported that from 2011 to
2012 there was a 27% increase in roadway fatalities and that trucks were involved in 7% of
these reported crashes (Texas Department of Transportation, 2013).
With the possibility of a shale gas industry emerging within the UK, Goodman et al. (2016)
has developed a Traffic Impact Model (TIM) to study the potential environmental impacts.
Goodman et al. (2016) determined the number of truck visits required over the lifetime of a
six-well pad and from this the impact of a UK shale gas development upon local air quality,
greenhouse gas emissions and noise emissions. Although the study does not directly link to a
predicted number of incidents and spillages on the road this model gives an insight into the
potential traffic flow we could expect from a shale gas industry within the UK.
Lacey and Cole (2003) used information on vehicular flow of tankers, accident rate and the
probability that an accident will result in a spill from UK databases and from these they
predicted the expected number of spills per year. From their analysis they predict that the
likelihood of a spill which exceeds 150 kg of chemical load spilling on a 2 km section of road
is once in 370 years, with a range of 75 to 1800 years.
Patterson et al. (2017) summaries the required reporting requirements of hazardous spills
within the US and highlights that although there is a common minimum reporting
requirement enforced by different US Federal and State laws there are many exceptions.
These exceptions potentially lead to an underreporting of spills related to hydraulic fracturing
(Patterson et al., 2017). However an analysis of the spills and leaks data collected by the US
states allows for an insight into when and where spills related to hydraulic fracturing
operations are likely to occur and the underlying causes. Understanding these factors can
provide European regulatory agencies and policymakers with important information helping
prevent future incidents at future European hydraulic fracturing sites.
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3

WELL INFRASTRUCTURE

3.1

Introduction

Within the UK shale gas is still in the exploratory phase and no commercial operations have
yet been authorised (Delebarre et al., 2017). However, in 2016 two sites within the North of
England were granted planning permission to drill and explore the potential of shale gas in
the area (Delebarre et al., 2017). With exploration wells underway the public have concerns
with regards to the impact on the land and the surrounding environment. Based on our review
there have been no studies published in the peer-reviewed scientific literature that address the
impacts of well pad infrastructure within the UK. Therefore, the main aim of this study is to
determine if there is an optimum lateral length and well pad size that limits disruption on the
surface but maximises technically recoverable reserves for the Bowland Basin (UK).

3.2

Approach and Methodology

3.2.1

Study area

The Lower Carboniferous Hodder Mudstone Formation and the Bowland Shale Formation
(informally referred to as the Bowland-Hodder unit) is thought to be the most prospective
shale-gas play within the UK (Slowakiewicz et al., 2015). The Bowland-Hodder unit
comprises of Carboniferous organic-rich basinal marine shales which are located across a
large section of central Britain (Figure 3.1a) (Andrews, 2013). This study looks at licence
blocks that are located in the north of England over this Bowland-Hodder unit (Figure 3.1b).
Figure 3.1a
Figure 3.1b

Figure 3.1a. The area highlighted by the purple line indicates the location of the Bowland-Hodder
Shale study area in Central Britain. The prospective areas for shale gas are highlighted in pink: the
dark pink areas indicate the upper Bowland-Hodder unit, whilst the light pink areas highlight the
lower Bowland-Hodder unit. Image adapted from Andrews, 2013.
Figure 3.1b. The licence blocks within the UK, the peach coloured blocks indicate the licence blocks
currently leased.
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At the time of writing just one well has been hydraulically fractured within the UK. Cuadrilla
Resources drilled the Preese Hall-1 well near Blackpool (Lancashire) in 2011. This vertical,
multiple stage hydraulic fracturing operation into the Carboniferous gas bearing lower
Bowland Shale was suspended before completion of the fracturing programme after two
earthquakes were induced (Andrews, 2013; Clarke et al., 2014). However in 2016 two wells,
Cuadrilla’s Preston New Road well and Third Energy’s Kirby Misperton well, were granted
planning permission to drill into the Bowland-Hodder unit (Andrews, 2013), these well will
likely be drilled towards the end of 2017 or during 2018.
3.2.2

Resource and technically recoverable reserve estimates

McGlade et al. (2013) concludes that resource estimates should be presented as a probability
distribution or to a given level of confidence; often however, single ‘point’ estimates with
undefined levels of confidence are standard. Since the discovery and exploration of shale gas
in the UK there have been various predictions on the amount of shale gas resource and the
technically recoverable reserves that are present. However, these are uncertain and difficult to
constrain until more wells have been drilled and further analysis and sampling performed.
The Department for Business, Energy and Industrial Strategy, BEIS (previously named
Department of Energy and Climate Change - DECC) commissioned a British Geological
Society report in 2010 which estimated that the Carboniferous upper Bowland Shale, if
equivalent to the Barnett Shale of Texas, could potentially yield up to 0.13 bcm (4.7 tcf) of
shale gas (Andrews, 2013). In 2013, DECC estimated the resource (gas-in-place) for the total
area (upper and lower units) of the Bowland Shale. To reflect the range of uncertainty they
reported the various estimates in the form of a range, with a low, central and high estimate
(Andrews, 2013). They estimated a low, central and high total gas resource to be 23.3 - 37.6 64.9 bcm (822 – 1329 - 2281 tcf) for the combined upper and lower parts of the BowlandHodder unit (Andrews, 2013). Cuadrilla Resources believe there is 5.7 bcm (200 tcf) of gas
trapped in the shale rock within their licence area in the North West of England (Cuadrilla
Resource, 2017). IGas announced in 2013, that their licenses over the Bowland Shale have
gas-in-place of up to 4.8 bcm (170 tcf), with a low and central estimate of 0.4 bcm (15.1 tcf)
and 2.9 bcm (102 tcf) (IGas, 2013).
Andrews (2013) low, central and high estimates for gas-in-place for the entire Bowland Shale
(both upper and lower units) have been used to determine likely gas recovery for various
potential UK shale gas development scenarios. As Andrews (2013) values are the estimated
resource rather than the technically recoverable reserves, the likely technically recoverable
reserves have been determined by applying different recovery factors. The US experience of
shale gas production indicates recovery factors generally ranging from 20 percent to 30
percent, with values as low as 15 percent and as high as 35 percent in some exceptional cases
(EIA, 2015b). These recovery factors and the total gas-in-place estimates from Andrews
(2013) have allowed the likely technically recoverable gas reserve values to be calculated
(Table 3.1).
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Table 3.1. Low, central and high recoverable gas estimates (bcm) based on different recovery factors.
Estimates are based on original values extracted from Andrews, (2013).
Recovery factor
15
20
30
35

Low

Central

High

3.50
4.66
6.99
8.16

5.64
7.52
11.28
13.16

9.74
12.98
19.47
22.72

Clancy et al. (2017) indicates that the technically recoverable reserve estimates, determined
from the resource estimates, are limited by the recovery factor and the surface carry capacity,
that is:
(i)
Where: = Technically recoverable reserve (m3); = Surface carry capacity (fraction of the
land surface available for future development that is not already taken up by existing
infrastructure);
= Recovery factor (fraction of the estimated resource that it would be
technically recoverable); and = Estimated resource (m3 of gas).
3.2.3

Direct footprint

There are a number of reports that predict likely surface footprints of the well pads that would
be constructed as part of a future UK shale gas industry but these differ considerably
(Broderick et al., 2011; Taylor et al., 2013). Clancy et al. (2017) used the average measured
surface footprint of conventional wells in the UK as an analogue to likely future shale gas site
sizes, thus uses a value of 10800 m2. Generally, shale gas sites tend to be slightly larger than
conventional well sites as they require additional area for storage equipment etc. (Jones et al.,
2015; Drohan and Brittingham, 2012), despite this we have used Clancy et al. (2017)
conventional measurements as an analogue as we preferred to base our study on what is
currently accepted and practiced rather than hypothetical suggestions that may or may not be
accurate.
This study examined the relationship between the direct surface footprint (the size of the well
pad) and the number of wells located on the well pad. Aerial photography and the Google
Earth polygon and ruler tool were used to measure the perimeter and area of each currently
operational, onshore hydrocarbon extraction site (well pad) to obtain the direct footprint.
Where ambiguity in well site measurements arose (due to issues such as photographic
resolution, seasonal cover) measurements were categorised by reliability. The number of
wells per site was determined using data from the UK Oil and Gas Authority (Oil and Gas
Authority, 2017). Clancy et al. (2017) most reliable well site measurements for the UK, and
the number of wells per site, were compared to derive an empirical relationship to determine
the direct surface footprint of any given well pad, that is:
(ii)
Where:
= Surface footprint;
= Area required for a single well;
additional lateral;
= Number of additional laterals.
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3.2.4

Subsurface footprint

The subsurface footprint of any well pad is determined by the number of wells on a particular
pad and the lateral extent and width of these laterals. Bond et al. (2014) development
scenarios for a single-well pad with 10 laterals were envisaged to have a well pad physically
comprising of 5 laterals in each direction, all parallel to the axis of minimum horizontal
stress, draining an area of reservoir 0.7 to 1 km (lower estimate) by 1.5 to 2.5 km (higher
estimate). Bond et al. (2014) two scenarios allow us to determine an empirical equation to
determine the sub-surface footprint of a potential shale gas site. Bond et al. (2014) lower
estimate (0.7 by 1.5 km) has a subsurface footprint of 1.05 km2 with lateral length and width
being 0.75 km and 0.14 km, respectively. Whilst the higher estimate (1 by 2.5 km) has a
subsurface footprint of 2.5 km2 with lateral length and width of 1.25 km and 0.2 km,
respectively. We have formulated an empirical equation to determine the subsurface
footprint, and therefore drainage capacity for a well pad(s):
(iii)
Where:
= Subsurface footprint (m2); = Lateral length (m);
= The width accessed by
any lateral (m); = Number of wells on the pad. Note that the subsurface footprint value is
independent of the number of stacked laterals a well pad may have.
3.2.5

Indirect surface footprint

The direct footprint is the surface area required for the well pad. The indirect surface
footprint is determined from the required set distance a borehole or the edge of a well pad has
to be away from existing infrastructure. Within this study we have taken the setback distance
from the borehole itself, generating an empirical equation for indirect surface footprint ( )
of:
(iiii)
Where:

= Indirect surface footprint (m2); and

= Setback distance (m).

Within the US a setback distance is required, i.e. a set distance a well has to be away from
existing infrastructure, such as residential properties varies from state to state. In North Texas
the oil and gas well setback distances vary depending on municipality. Fry (2013) highlights
the wide range of setbacks from 26 municipalities, and concludes that the minimum and
maximum setback distance from residential properties are 91 m in Krum to 457 m in Flower
Mound. However, 46% of the municipalities studied had a residential setback of 305 m (Fry,
2013). In the State of Illinois all setback distances are taken from the edge of the well pad.
The required setback distance from any residence, place of worship, school, hospital, licensed
nursing home, water well or property line, is 152 m (Illinois Department of Natural
Resources, 2014). In addition, well sites have to be 91 m from a stream, river or lake, 229 m
from a nature park and 457 m from surface water or groundwater intake of public water
supply (Illinois Department of Natural Resources, 2014). In Colorado the minimum setback
distance from a building, public road, and railway line is 61 m. However, the setback distance
required from a high occupancy building (school, hospital) is 305 m (State of Colorado Oil
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and Gas Commission, 2013; State of Colorado Oil and Gas Commission, unknown). It is not
stated if these values are from the borehole or the edge of the well pad. In the State of
Maryland the suggested setback distance an occupied building has to be from a borehole is
305 m (Eshleman and Elmore, 2013). Within the UK there is not a fixed distance a borehole
or a well site has to be away from existing infrastructure; currently the setback distance is
determined on a site by site basis during the planning processes. To acknowledge the
experiences seen in the US a range of setback distances have been used to determine the
carrying capacity of different development scenarios, setback distances of 152 m, 305 m and
457 m from the borehole have been used.
3.2.6

Carrying capacity

Using the methodology of Clancy et al. (2017) the number of well pads with their associated
surface and subsurface footprints that could be placed in to a license block was calculated –
this is the carrying capacity. This calculation was performed for well pads with laterals of 500
m, 750 m and 1.25 km that could fit into 20 of the 100 km2 licence blocks over the Bowland
Shale without overlap or disruption of the surface infrastructure (including all roads,
buildings, water ways, ponds and woodland) was calculated. Unlike Clancy et al. (2017) but
in keeping with Bond et al. (2014) the well pad has been envisaged to consist of five wells in
each direction, all parallel to the axis of minimum horizontal stress. Lateral lengths of 500 m,
750 m and 1.25 km were chosen to be assessed as these represented realistic values for a
developing industry within the UK.
Since Clancy et al. (2017) study first began there have been updates in the number and
location of currently leased UK licensed blocks, however the 20 license blocks used in
Clancy et al. (2017) are still leased and so have been used again in this study. Of the 20
licence blocks, 15 were randomly selected using the uniform random distribution technique,
whilst five were chosen on the basis that they represented end members of the number of sites
that could be located within a licence block. From assessing the carrying capacity of the land
with different lateral lengths and different setback distances one can determine an optimum
lateral length that limits surface disruption but maximises gas extraction.
3.2.7

Recoverable gas per well function

To determine the amount of gas each lateral and subsequent well pad could extract, the
drainage capacity of the lateral and the amount of gas that can be generated per length of
lateral was required. To calculate the volume of gas that can be generated per kilometre we
used the likely recoverable gas estimates from Andrews (2013) and the total area of the
Bowland Shale. The total area of the Bowland Shale was calculated based upon maps
provided by the Oil and Gas Authority website (Oil and Gas Authority, 2017), these were
interpreted in ArcGIS. The maps used in this study recorded the lower, upper and combined
prospective units for the Bowland Shale. Merging the three units in ArcGIS gave one layer
containing the total prospective shale gas area. Initially some of the prospective area
overlapped with the coastline; it therefore needed editing to make sure the area calculated
only included onshore regions. From the total area of shale gas the volume of gas per km2
was calculated. For this study the assumption that shale thickness and its lateral extent is
constant over the Bowland Shale regions was made, i.e. in the absence of known hotspots
within the Bowland shale we have assumed uniformity.
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3.2.8

Carrying capacity and technically recoverable gas reserves

The volume of technically recoverable gas reserve that can be extracted was determined by
the carrying capacity of the surface and the volume of gas that can be extracted per km2.
Various potential shale gas development scenarios have been performed to give a range of
likely recoverable gas reserve estimates that could arise from the development of a UK shale
gas industry. The shale gas development scenarios factored in different setback distances
(152 m, 305 m and 457 m) and different lateral lengths (500 m, 750 m and 1.25 km). Initially
we looked at the development of one shale gas site with the different variables (setback
distances and lateral lengths). These results were then scaled up to factor in the development
of a whole licence block. Using the minimum, average and maximum carrying capacities
generated, we have determined the amount of technically recoverable gas reserves that can be
extracted from a licence blocks for each scenario. The optimum development scenario which
minimise surface impact while generating the greatest gas yield was then calculated.
In addition, although not developed currently, the possibility of multiple layered laterals was
considered. Taylor et al. (2013) suggests future scenarios for the UK that have single-well
pads with up to 40 laterals (10 wells with four laterals each stacked above each other). We
have therefore assessed the subsurface footprint and amount of technically recoverable gas
reserves that could be extracted if a single-well pad had not only 10 lateral but 20, 30 and 40
laterals with the additional lateral being stacked vertically.

3.3

Results

3.3.1

Surface and subsurface footprints

The most reliable UK well site footprint measurements for the average single-well pad had a
footprint of 5876 m2, this increase by 339 m2 for every additional well (lateral) present. From
Bond et al. (2014) the lower estimate, the 0.7 by 1.5 km 10-well pad generates a subsurface
footprint of 1.05 km2, with the individual lateral length and width being 0.75 km by 0.14 km,
respectively. Whilst the higher estimate, the 1 by 2.5 km 10-well pad generates a subsurface
footprint of 2.5 km2, with the individual lateral length and width being 1.25 km and 0.2 km,
respectively. From Equations (iii), we have determined the individual lateral length and width
of a single lateral to be between 1.05 and 2.5 km2. In addition to the scenarios mentioned in
Bond et al. (2014) we have also studied the subsurface footprint for a well pad with laterals
with an extent of 500 m. Using Equation (iii) and a 500 m lateral generated a subsurface
footprint of 0.45 km2, the lateral length and width for a single well would be 0.5 km and
0.095 km, respectively. Note that the value for the subsurface footprint is independent of the
number of subsurface stacked laterals a well has.
Within this study we looked at the carrying capacity of well pads with different setback
distances, e.g. 152 m, 305 m and 457 m. The indirect surface footprint generated for these
different development scenarios has been calculated. The indirect footprint for a well with a
152 m setback distance from the wellbore was 92416 m2. Whilst the indirect footprint for a
well with a 305 m and a 457 m setback distance from the borehole is 372100 m2 and 835396
m2, respectively.
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3.3.2

Carrying capacity

The number of well pads with laterals of 500 m, 750 m and 1.25 km that could fit into 20 of
the 100 km2 licence blocks without overlap or disruption of the surface infrastructure varies
depending on the setback distance used. The shorter the distance the wellbore has to be away
from existing infrastructure the more well sites that can be located per block (Table 3.2).
Table 3.2. The minimum, average and maximum number of well sites with setbacks of 152 m, 305 m
and laterals of 457 m and 500 m, 750 m and 1.25 km length that can be located within 20 licence
blocks.
Setback Distance
152 m

305 m

457 m

Number of well pads per block

Number of well pads per block

Number of well pads per block

Lateral
Length (m)

Minimum

Average

Maximum

Minimum

Average

Maximum

Minimum

Average

Maximum

500

20

59

156

0

9

32

0

1

3

750

10

30

74

0

7

25

0

1

3

1250

6

15

18

0

5

10

0

0

3

When the setback distance between existing infrastructure and the borehole is 152 m, thus
giving an indirect surface footprint of 92416 m2, the average number of single-well pads with
10 laterals, each 500 m long that could be located within a licence block was 59, whilst the
minimum and maximum were 20 and 156, respectively (Table 3.2). The setback distances
from the results generate an indirect surface footprint of 5.5 km2, 1.8 km2 and 14.4 km2,
respectively. The average number of single-well pads with 10 laterals each 750 m long, that
can be located with a licence block was 30, with a minimum and maximum of 10 and 74,
respectively (Table 3.2). The setback distances from the results generate an indirect surface
footprint of 2.8 km2, 0.9 km2 and 6.8 km2, respectively. The average number of single-well
pads with 10 laterals each 1.25 km long that could be located within a licence block was 15,
whilst the minimum and maximum number was 6 and 18 respectively (Table 3.2). These
results generate an indirect surface footprint of 1.4 km2, 0.6 km2 and 1.7 km2, respectively.
When the setback distance is increased to 305 m the average number of single-well pads with
10 laterals, each 500 m in length that could be located within a licence block was 9, with a
minimum and maximum of 0 and 32, respectively (Table 3.2). The setback distances from the
results generate an indirect surface footprint of 3.3 km2 and 11.9 km2, respectively. When the
lateral length is increased to 750 m the average number of well pads that can be located per
licence block was 7, with a minimum and maximum of 0 and 25 (Table 3.2). The setback
distances from the results generate an indirect surface footprint of 2.6 km2 and 9.3 km2,
respectively. A lateral length of 1.25 km reduces the average number of well pads that can be
located within a licence block to 5, with a minimum and maximum of 0 and 10, respectively
(Table 3.2). The setback distances from the results generate an indirect surface footprint of
1.9 km2 and 3.7 km2, respectively.
When the setback distance is 457 m the average number of single-well pads with 10 laterals,
each 500 m or 750 m in length that could be located within a licence block was 1, with a
minimum and maximum carrying capacity of 0 and 3 respectively (Table 3.2). The setback
distances from results generate an indirect surface footprint of 0.8 km2 for a single well site
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and 2.5 km2 for the maximum carrying capacity values. A lateral length of 1.25 km reduces
the average number of well pads that can be located within a licence block to 0, with a
minimum and maximum carrying capacity of 0 and 3 (Table 3.2).
3.3.3

Recoverable gas per well function

Based upon maps from the Oil and Gas Authority the total area of the Bowland Shale was
calculated to be 13164 km2. To determine the volume of gas resource per kilometre we used
Andrews (2013) estimate of the total gas resource to be between 23.3 - 37.6 - 64.9 bcm for
the combined upper and lower parts of the Bowland-Hodder unit. The central estimate for
volume of gas resource per kilometre was calculated at 350 bcm/km, with a low and a high
estimate of 565 bcm/km and 203 bcm/km, respectively. However, not all the resource will be
recoverable. Using recovery factors of 20 and 30 percent, as deemed acceptable from US
experience and the gas-in-place values from Andrews (2013), we have calculated the central
recoverable gas estimates to be 7.52 bcm and 11.28 bcm for the entire Bowland shale
respectively. Using the area calculated for the Bowland shale and the central recoverable gas
estimates when a recovery factor of 20 and 30 percent was used, the gas per kilometre of
lateral would be between 0.00057 and 0.00086 bcm/km2, respectively (Table 3.3). Figure 2
shows the technically recoverable gas reserves for different recovery factors for a single well
increasing as lateral length increases.
Table 3.3. Low, central and high recoverable gas estimates (bcm/km2) based on different recovery
factors. Based on original gas-in-place values extracted from Andrews, (2013).
Recoverable gas estimates (bcm/km)
Recovery factor

Low
0.00027
0.00035
0.00053
0.00062

15
20
30
35

Central
0.00043
0.00057
0.00086
0.00100

High
0.00074
0.00099
0.00148
0.00173

Table 3.4. Technically recoverable reserve estimates (bcm/km2) for a single-well pad with laterals of
500 m, 750 m and 1.25 km in length.
Lateral extent
500 m
Technically recoverable reserves
estimate (bcm/km)
Low
Central
High

750 m
Technically recoverable reserves
estimate (bcm/km)
Low
Central
High

1.25 km
Technically recoverable reserves
estimate (bcm/km)
Low
Central
High

15

0.0001

0.0002

0.0003

0.0003

0.0004

0.0008

0.0007

0.0011

0.0018

20

0.0002

0.0003

0.0004

0.0004

0.0006

0.0010

0.0009

0.0014

0.0025

30

0.0002

0.0004

0.0007

0.0006

0.0009

0.0016

0.0013

0.0021

0.0037

35

0.0003

0.0004

0.0008

0.0007

0.0010

0.0018

0.0015

0.0025

0.0043

Recovery
factor
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Figure 3.2. The central technically recoverable reserve (bcm/km2) estimate (based on values from
Andrews, 2013) for a single-well pad with different length laterals and recovery factors.

3.3.4

Application

The carrying capacity of a license block determines the number of well pads that can be
located within a license block and thus the amount of shale gas that can be extracted. Using
the minimum, average and maximum carrying capacity results (Table 3.2) for scenarios with
different lateral lengths and setback distances, we have determined the amount of gas reserve
that could potentially be extracted from a license block.
The technically recoverable gas reserves that could be extracted from a license block when
the well pads have a setback of 152 m and lateral length varies between 500 m, 750 m and
1250 m are shown in Figure 3.3. An increase in lateral length increases the subsurface
footprint and decreases the carrying capacity. Figure 3.3a and 3.3b show, that with the
minimum and average carrying capacities and a recovery factor of 15 or 35 percent an
increase in lateral length increases the blocks technically recoverable gas reserve. However,
for the block with the maximum carrying capacity, more gas will be recovered with a 750 m
lateral rather than a 1250 m lateral (Figure 3.3c).
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Figure 3.3. The central technically recoverable gas reserve (bcm) estimate for a license block (based
on values from Andrews, 2013), using the minimum, average and maximum carrying capacity of a
licence block when the well pads have a setback distance of 152 m.

When the setback distance is increased to 305 m for a block with an average carrying
capacity, an increase in lateral length increases the amount of technically recoverable gas
reserves (Figure 3.4b). Whereas Figure 3.4c shows that for a block with the maximum
carrying capacity more gas will be recovered with a 750 m lateral rather than a 1250 m
lateral. Figure 3.4a shows that there were some license blocks that could not accommodate a
single well pad with a setback of 305 m.
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Figure 3.4. The central technically recoverable gas reserve (bcm) estimate for a license block (based
on values from Andrews, 2013), using the minimum, average and maximum carrying capacity of a
licence block when the well pads have a setback distance of 305 m.

Similarly to Figure 3.4a, Figure 3.5a shows that for a well pad with a setback of 457 m there
were some license blocks that could not accommodate a single well pad. Figure 5b shows that
for a license block with the average carrying capacity more gas would be recovered using a
lateral of 750 m rather than a lateral of 1250 m. However, for a block with the maximum
carrying capacity a longer lateral generates a greater gas reserve.
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Figure 3.5. The central technically recoverable gas reserve (bcm) estimate for a license block (based
on values from Andrews, 2013), using the minimum, average and maximum carrying capacity of a
licence block when the well pads have a setback distance of 457 m.

If there were to be a shale gas industry in the UK it is unlikely that just one license block
would be developed. At the time of writing there are tens of license blocks currently leased
within the UK, if developments were established in several license blocks the cumulative
technically recoverable gas reserve volumes would be considerably larger. The results show
that each block is different, and carrying capacity varies substantially due to limitation from
existing surface infrastructure. Along with considering developments in a number of license
blocks, we should also consider the possibility of multiple layered laterals. The above results
just consider a single-well pad with 10 laterals; however, the Taylor et al. (2013) report
suggests single-well pad developments with up to 40 laterals – 10 laterals in each of 4 stacks.
Figure. 3.6 to 3.8 show the volume of technically recoverable gas reserves increasing as the
number of lateral increase from 10 to 20 to 30 to 40. Intuitively the greater the number of
laterals and the more subsurface layers of lateral the greater volume of gas that can be
recovered.
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Figure 3.6. The central technically recoverable gas reserve (bcm) based on the minimum, average and
maximum block carrying capacities for wells pads with a setback distance of 152 m for stacked well
pads with different lateral layers; layer 1 - 10 laterals at one level; 2 layers – 20 laterals stacked in 2
layers of 10; 3 layers - 30 laterals stacked in 3 layers of 10; and 4 layers – 40 laterals stacked on 4
layers of 10.

Figure 3.7. The central technically recoverable gas reserve (bcm) based on the minimum, average and
maximum block carrying capacities for wells pads with a setback distance of 305 m for stacked well
pads with different lateral layers; layer 1 - 10 laterals at one level; 2 layers – 20 laterals stacked in 2
layers of 10; 3 layers - 30 laterals stacked in 3 layers of 10; and 4 layers – 40 laterals stacked on 4
layers of 10. Note there is no graph for the minimum carrying capacity as there were licences blocks
that could not fit in any well pads.
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Figure 3.8. The central technically recoverable gas reserve (bcm) based on the minimum, average and
maximum block carrying capacities for wells pads with a setback distance of 457 m for stacked well
pads with different lateral layers; layer 1 - 10 laterals at one level; 2 layers – 20 laterals stacked in 2
layers of 10; 3 layers - 30 laterals stacked in 3 layers of 10; and 4 layers – 40 laterals stacked on 4
layers of 10. Note there is no graph for the minimum carrying capacity as there were licences blocks
that could not fit in any well pads.

3.4

Discussion

The Equation (ii) predicts the direct surface footprint generates a surface footprint of 8928
km2 for a single-well with 10 laterals; this would increase slightly with an increase in lateral
length. A limitation in this study is the additional area required on a shale gas site for longer
laterals, although minimal, has not been considered due to the number being difficult to
constrain. Therefore, the direct surface footprint is slightly under represented, especially for
well pads with longer laterals.
Despite the lateral length the surface footprint for a single-well pad with 10 laterals remains
fairly constant; however, the subsurface footprint and thus the carrying capacity of a licence
block can vary considerably depending on the lateral length. From evaluating the carrying
capacity for a single-well pad with 10 laterals, where lateral length varies from 500 m, 750 m
to 1.25 km and setback distance from the borehole varies from 152 m, 305 m to 457 m, we
have determined the surface and subsurface footprint and likely volume of extractable gas.
The number of well sites that can be located within a block is largely dependent on the
individual licence block. Blocks that include large cities and towns will have more existing
infrastructure limiting the space available for potential well pads and associated setbacks.
Generally, well pads with minimum and average carrying capacities show that multi-well
pads with longer laterals are more efficient in terms of footprint size to extracted gas.
However, as each block differs this is not always true. In certain blocks with average carrying
capacity a multi-well pad with laterals extending 750 m would potentially yield more gas
than laterals of 1.25 km. These results show that although generally longer laterals reduce the
cumulative surface footprint and generate more gas reserves this is not always the case and
licenced blocks need to be assessed individually. It is worth noting that in reality the
placement of well sites is carefully determined and is not only based on the location of
existing infrastructure but the underlying geology, specific of the shale play, as well as land
ownership and planning laws.
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Production of unconventional resources often requires many wells to intersect the oil and gas
bearing formations to be economic, these developments inevitability lead to surface
disturbance (Drohan et al., 2012; Baranzilli et al., 2015). The scale of the disturbance
depends on a number of factors including the geology and the number of developments etc.
Where possible regulations should be in place to avoid environmental impacts, where impacts
cannot be avoided their potential impact should be minimised and mitigated against (Arthur
and Cornue, 2010; Baranzilli et al., 2015). Our results support several mitigation strategies
that are currently practised, these are detailed and discussed below.
Restrictions on the number of wells pads allowed to be developed can reduce the impact of
well site footprint on the land. Pennsylvania’s newer leases hold operators to a maximum
number of well pad locations, or total disturbance of predefined acreage, whichever happens
to occur first (Eshleman and Elmore, 2013). If an operator wishes to deviate from the well
pad number or acreage, these newer leases require a waiver or possibly state forest approval
to be obtained (Eshleman and Elmore, 2013).
Rigs that are fit for purpose can reduce well pad sizes. Specialised rigs can drill multiple
horizontal wells efficiently from a relatively small well pad (Arthur and Cornue, 2010).
Although, multi-well pads are generally larger than regular oil and gas site, the cumulative
footprint for a development is far smaller than it would be with conventional development
using vertical wells (Arthur and Cornue, 2010). The number of production facilities required
and the total mileage of access roads and pipelines are reduced, thus minimising the overall
surface and environmental footprint (Arthur and Cornue, 2010; US Department of Energy,
2016). This economy of scale will be especially important in densely populated countries
such as the UK. Additionally, drilling rigs will not be required to be moved as many times,
therefore reducing the number of heavy good vehicles on the road.
Water requirements for hydraulic fracturing can be large; in the US if the water source is
nearby pipelines are constructed to transport the water rather than using tanker trucks. This
practice reduces the surface footprint required for roads and reduces the risk of spills and
leaks from truck movement. Where possible we suggest the use of pipelines to help minimise
the footprint on the land.
Arthur and Cornue (2010) comment that advances in technical drilling, such as directional
drilling, closed loop drilling, coiled tubing drilling, modular rigs, pneumatic drilling, slimhole drilling, and automated rigs, allow smaller well pads. Tanks used in closed-loop drilling
systems decrease the amount of drilling fluids required by facilitating reuse, therefore
reducing the required surface footprint because the mud is kept in tanks rather than earthen
constructions (Arthur and Cornue, 2010). Best practise would be to consider the most
appropriate and up to date drilling technology for each site which limits surface disturbance.

3.5

Best management practices

When planning shale gas developments there is a need to be proactive in thinking about how
to avoid or minimise surface footprint. Within the UK existing research and monitoring is
location specific. The results of these studies are therefore applicable under particular
circumstances but do little to set regional, national, or global science and policy agendas
based on quantifiable impacts comparable across industries (Jones et al., 2015). Additional

D12.6 Impact of well site infrastructure and transport

Copyright © M4ShaelGas Consortium 2015-2017

Page 27

research needs to be undertaken to assess the cumulative impacts of different development
scenarios (Jones et al., 2015). Scenario modelling can allow regulators to examine the
potential consequences of developments quickly and inexpensively (Jones et al., 2015; Evans
and Kiesecker, 2014). Researchers need to build on existing GIS-based tools to continue to
improve well pad and access road siting practices (US Department of Energy, 2016).
Various development scenarios that incorporate local and regional level will help to fill
information gaps, and allow for informed policy decisions to be made. Town planners,
private landowners, and policymakers need to work together to generate a comprehensive
overview on all the potential impacts of developments (Jones et al., 2015). By carefully
considering all stages of a well pads life cycle, from siting, construction, extraction, and
restoration, surface footprints can be kept to a minimum.
The main aims of best management practices are to site well pads and related infrastructure
safely, with as little environmental damage as possible, avoiding conflict with existing land
uses, and trying to conserve biological diversity (Eshleman and Elmore, 2013). Based on our
research and a review of the literature we suggest the following should be used as a base
when compiling best management practises:










Multi-well pads, i.e. pads with multiple wells, should be encouraged as they not only
increase regulatory efficiency for operators but also reduces surface disturbance.
The use of existing roads and right of ways should also be encouraged, as this can reduce
additional surface footprint and cumulative impacts on the landscape.
Appropriate drilling rigs and the most up to date drilling technology should be used, so
drilling is efficient and minimally obstructive as possible.
Sensible setbacks need to be established and enforced to protect public safety, in addition
to ecological, historical, cultural, recreational and aesthetic resources.
A “no-net-loss-of-forest” policy should be recommended, developments should be
encouraged in non-forested areas and where forest has to be removed planting new trees
as site size reduces and decommissioning occurs should be enforced. In addition, where
forest has been removed and replanting in the area is not possible, replanting should
occur elsewhere compensate for the loss.
Developments in areas already disturbed should be encouraged, an optimal location for
wells pads and associated facilities would be industrial parks designed for this type of
industrial activity, and/or in close proximity to major roads designed to handle frequent
heavy goods transportation.
A comprehensive planning process to assess the cumulative impacts of multiple shale
gas developments should occur pre-development.

Although there are concerns with regard to potential negative impacts from the footprints
well site infrastructure creates, there is the capacity for the well site developments to have a
positive impact on nearby wildlife, habitats, ecosystems and biodiversity in the area. For
example, through developments there is the opportunity to make improvements through land
management, land restoration and habitat creation (Eshleman and Elmore, 2013).
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3.6

Conclusion

In general multi-well pads with long laterals reduce the cumulative surface footprint and
generate more gas reserves, however, this is not always the case. License block need to be
assessed on a site by site basis to determine the most appropriate lateral length.
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4

SPILL AND LEAKS

4.1

Introduction

The potential development of a shale gas industry and the development of thousands of new
wells within Europe could lead to a higher probability of surface spills (Vengosh et al., 2014).
Spills of hydraulic fracturing and flowback fluid can contaminate soil, surface water, and
shallow ground water with organics, salts, metals and other constituents (Vengosh et al.,
2014). Patterson et al. (2017) summaries the required reporting requirements of hazardous
spills within the US and highlights that although there is a common minimum reporting
requirement enforced by different US Federal and State laws there are many exceptions.
These exceptions potentially lead to an underreporting of spills related to hydraulic fracturing
(Patterson et al., 2017). However, an analysis of the spills and leaks data collected by the US
states allows for an insight into when and where spills related to hydraulic fracturing
operations are likely to occur and the underlying causes. Understanding these factors can
provide European regulatory agencies and policymakers with important information helping
prevent future incidents at future European hydraulic fracturing sites. Thus, the first aim of
this study was to assess the probability of surface spills and leaks of fracturing fluid,
flowback water and produced water. Assessing the probability of spills occurring both onsite
(on the well pad) and offsite (during fluid transportation). Secondly, to determine the likely
volumes spilled and the underlying cause of the spill. The study will draw upon data from
comparator industries to determine if the potential risks associated with shale gas
developments are comparable to existing operations currently performed within Europe.

4.2

Approach and methodology

A leak is a way for fluid to escape a container or fluid-containing system such as a fluid
tanker on a shale gas site. The word leak usually refers to a gradual loss; a sudden loss is
usually called a spill. For simplicity this study refers to any accidental and undesired escape
of fluid as a spill.
Without a shale gas industry currently operating within Europe information has been drawn
from both onsite and offsite experiences in the US and analogues from within Europe. Due to
differences in the source and occurrence of the spills this study has analysed onsite and
offsite incidents separately. In the US, the Texas Railroad Commission and the Colorado Oil
and Gas Commission have maintained records of spills and leaks since 2009 and 1999
respectively, including records of: the quantity of fluid spilt; the volume of spilt fluid
recovered; reasons for the spill; and the reported impacts of both onsite and offsite spills
(COGCC, 2017a; COGCC, 2017b; RRC, 2017a). The recorded spills have been evaluated to
assess the type, volume and reasons for spills related to hydraulic fracturing that are currently
occurring. From the spill analysis the probability of potential shale gas developments within
Europe causing a spill on and off the well site has been assessed. Oil and gas spills are not
recorded separately in England but there is an environmental pollution incident database
where all incidents reposted to national environment agencies are recorded. This database
was analysed to access the number of incidents that have occurred on conventional well pads
within England. From accessing the frequency and by what method currently operating
conventional wells lead to spills, we can predict the likelihood of similar incidents occurring
on shale gas sites and importantly what mitigation strategies can be put in place to prevent
similar incidents occurring in the future.

D12.6 Impact of well site infrastructure and transport

Copyright © M4ShaelGas Consortium 2015-2017

Page 30

Typically spills tend to occur close to the drilling locations, with occurrence and frequency
linked to the density of the shale gas developments (Vengosh et al., 2014). However, given
the vast quantities of potentially hazardous liquid required and generated at all stages of the
hydraulic fracturing process, the probability of a spill occurring away from the site and
during transportation were also analysed as part of this study. Milk and fuel (petrol and
diesel) tanker incidents in the UK were analysed as an analogue to determine the probability
of an incident related to hydraulic fracturing occurring on the road. They were considered a
good analogue for the transport required within a UK shale gas industry because they often
operate on rural roads and carry a liquid that is a pollutant with respect to surface waters.
Recorded tanker incidents have been cross-correlated with the pollution incident database for
England to determine their environmental impact.
After estimating the likely number and characteristics of the spills, these values were applied
to potential UK shale gas development scenarios. From evaluating the reasons spills and
leaks have occurred in hydraulic fracturing operations in the US and comparable industries in
the UK, we have compiled a list of mitigation strategies to help avoid such occurrences at
potential future developments within Europe.
4.2.1

Datasets

The spill datasets analysed have been split into those that occurred onsite and those that
occurred offsite.
4.2.1.1 Onsite
Texas Railroad Commission database
The Texas Railroad Commission (RRC) enforces the delineation and reporting of any spill of
0.8 m3 or more within the state of Texas (RRC, 2017b). The dataset includes surface spills of
crude oil, gas well liquid1, products2 and combined3 (RRC, 2017a). This data is publically
available and documents the number of spills, volume spilt, spill type, facility type the loss
was from and the cause for all spills from 2009 to 2016. The database indicated the gross loss
per spill, the amount of spill recovered and the net loss. The data were evaluated for each
year individually and then compiled to assess trends within the whole dataset. The RRC also
records the number of wells active per year and the volumes of crude oil produced, from
these the percentage of produced crude oil spilt was calculated. To determine the level of
statistical significance a t-test was performed.
Colorado Oil and Gas Commission database
The Colorado Oil and Gas Commission (COGCC) require operators to fully report,
investigate and clean up all environmental impacts resulting from a spill regardless of the
size. The COGCC has two spill databases, due to considerable changes in processing and data

1

Condensate or other hydrocarbons produced from a gas well.
Derived from petroleum hydrocarbons, for example, crude oil, processed crude petroleum, residue from crude
petroleum, fuel oil, natural gas gasoline, gas oil, waste oil, blended gasoline, lubricating oil, blends or mixtures
of petroleum, and/or any and all liquid products or by-products derived from crude petroleum oil or gas, whether
hereinabove enumerated or not.
3
Combination of crude, condensate, and/or other produced water.
2
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collection these databases are not comparable and have been analysed separately, these two
datasets are henceforward referred to as: ‘1999 – 2015 spill data; and ‘2014 – 2015 spill
data’(COGCC, 2017a; COGCC, 2017b). Both datasets included data for 2016; however, data
were only available for the first two quarters of 2016, as the dataset for 2016 was incomplete,
it had not been included in this study. The ‘2014 – 2015 spill data’ is a collection of the data
taken from the newer and more comprehensive report forms. The newer forms require the
following information on each spill; timing, location, type and volume, facility type (where
breach occurred) and the impact on land and surrounding environment. Conversely the ‘1999
– 2015 spill data’ dataset is less comprehensive, only consisting of the number of active
wells, the annual volume of oil and water spilt and produced, and the percentage of the
produced oil and water spilt. From the ‘1999 – 2015 spill data’ we have assessed the changes
and patterns in oil and water spill numbers and volumes over the 17 years recorded. To
determine the level of statistical significance a t-test was carried out on the spill data from
both datasets. As the ‘2014 – 2015 spill data’ is more comprehensive much analysis has been
carried out on the reasons for spills and their impact. This level of reporting has assisted with
generating a detailed mitigation strategy that can be carried out in Europe.
Pollution incident database
The Environment Agency records the pollution incidents in England and classifies them
according to their impact on the population, the environment and the level of response
required. Each incident is recorded by date, location and is categorised on pollution type and
impact. The pollution impact category system is as follows: category 1 (major); category 2
(significant); category 3 (minor); category 4 (no impact) (EA, 2017). The pollution incident
database for England contains 12335 incidents recorded between March 2001 and December
2016 (EA, 2017).
To determine the number and cause of incidents related to well integrity failure within
England, Davies et al. (2014) analysed the pollution incident database for all incidents
reported within 1 km of wells in England between 2001 and 2013 (the only time period for
which data were available). These data were then filtered for those indicating a release of
crude oil to the environment (Davies et al., 2014). These incidents were described as pipe
failures above or below ground and could be related to the well, or pipelines connected to the
well. To act as a control, Davies et al. (2014) also looked at pollution incidents within a 5 km
radius of the well to examine whether there was a broader issue of hydrocarbon pollution
incidents that needed to be considered. The number of wells active prior to the period covered
by the pollution record was also calculated (Davies et al., 2014). The study of Davies et al.
(2014) only reported incidents which could be confirmed as being due to well integrity
failure, whereas as this study considered all incidents reported from any well pad. Spills from
these conventional wells have been analysed as a comparison to issues that could arise from a
shale gas industry. Identification of causes for releases in currently operating industries
allows for lessons to be learnt and mitigation strategies to be put in place to avoid future
incidences in future industries.
4.2.1.2 Offsite
Media reports database
Milk tankers
Without a shale gas industry currently operating within Europe, this study has used an
analogue of milk tanker journeys to predict the probability of spills during the transportation
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of fracking fluid, produced water and flowback water to and from the well site. Within this
study milk tankers are defined as vessels used to transport large quantities (approximately 30
m3) of milk. This study does not include references to milk floats, vans or lorries. Assuming
an average milk tanker size of 30 m3, some 366667 milk tanker journeys are required to
transport the 11 million m3 of milk produced by British farmers each year (Taylor et al.,
2013). A search for local media reports involving milk tanker incidents in the UK between
1998 and 2016 was carried out online. The data collection involved searching for all online
media articles that mentioned ‘milk’, ‘tanker’, ‘accident’, ‘incident’, ‘road’, ‘crashes’,
‘overturned’, ‘UK’ and ‘spillage’. There was no discrimination on the type of report or
article, authorship or publisher used. Incidents due to engine fires were not recorded. The
number of milk tanker incidents that were reported was recorded; those that resulted in a
spillage of milk or flammable liquid (e.g. diesel) were logged, as were volumes spilt if
documented. If the incident resulted in injuries or fatalities and the cause of the incident (e.g.
tanker roll over or collision) was also recorded.
Where possible to assess the type and scale of the pollution caused by the milk tanker spill
incidents, incidents reported in the media were matched to those recorded in the pollution
incident database. As this database only includes incidents from England, only these have
been matched.
Fuel tankers
The UK road fuel tanker fleet is estimated to be around 1000 – 1500 vehicles, these are
estimated to travel some 220000 km each year (Robinson et al., 2014). The size and volume
capacity of fuel (petrol and diesel) tanker trucks varies considerably. Commonly large tanker
trucks with capacities of 21 – 44 m3 are used to transport petrol and diesel to filling stations
(Madigan, 2017). These larger fuel tankers have been studied, as similarly to milk tanker they
are a good analogue for the truck movements that would be associated with a UK-based shale
gas industry. Unlike milk tankers the average number of journeys required each year to
transport the nations fuel is undocumented in the literature. Therefore, from assessing how
much road transport fuel is used each year and the average tanker size used within the UK,
we have determined the number of fuel tanker journeys taken annually. This has then been
used to determine the probability of an incident or spill per year.
The Transport Research Laboratory (TRL) compiled different datasets on fuel tanker
accidents to determine: accident frequency; how often rollovers and rear impact collisions led
to fuel spillages and/or tank rupturing; and in what circumstances (Robinson et al., 2014).
This study analyses and expands on their study which compiled data from local media
articles. The TRL carried out a search of local BBC news reports involving tanker incidents
which occurred in the UK between 2009 and 2014 (Robinson et al., 2014). Their data
collection involved searching for all media articles that mentioned ‘tanker’ and ‘accident’ on
the BBC news website. These were then assessed on whether: a spillage occurred; a
flammable liquid was spilt; injury resulted; the incident was caused by a collision or the
tanker overturned; and if the tanker overturning led to a spillage (Robinson et al., 2014). This
study continued the search for 2015 and 2016 in a similar manner to the method used by
TRL. In addition, and in a similar manner to milk tankers a broader search was then carried
out for fuel tankers between 2009 to 2016 using the same search terms previously used online
with ‘milk’ being substituted for ‘fuel’, ‘petrol’ and ‘diesel’. As with milk tankers, where
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possible the incidents and spills data related to fuel tankers have been matched to incidents
recorded in the pollution incident database.
Infrastructure for Business (IoD) report
The IoD report investigates the economic impacts of large-scale gas production, setting out
practical implementation steps for both government and industry. It suggests several shale
gas development scenarios for the UK and what this would mean for truck movements. This
study has used these suggested development scenarios as an example of likely truck
movements and from these determines the likely annual number of incidents and spills within
the UK. Their first scenario suggests the development of a single 10-well pad of 10 laterals
(one well pad with 10 wells each with one lateral) (Taylor et al., 2013). The report
commented that this scenario could potentially produce 0.9 km3 of gas, and require 136000
m3 of water (Taylor et al., 2013). If the water is not piped to the well site via the mains, which
is unlikely within the UK initially, it will need to be trucked requiring between 2856 and
7890 trucks over a 20 year period (Taylor et al., 2013). If truck movement was concentrated
in the early years of drilling activity, which is likely, this would average out at 3.9 – 10.8 per
day over two years or if spread over 20 years 0.4 – 1.1 per day (Taylor et al., 2013). The
second scenario involves the development of a single 10-well pad of 40 laterals (one well pad
with 10 well each with 4 laterals) (Taylor et al., 2013). This scenario could produce 3.6 km3
of gas and use 544000 m3 of water, which equates to between 11155 - 31288 truck
movements over 20 years, or averaged out 6.1 - 17.1 per day over five years (Taylor et al.,
2013). As it is unlikely that just one well site would be developed, the probability of an
incident or spill occurring from 1, 10 and 100 well pads have been investigated. It is worth
noting that the IoD report suggested gas recovery estimates cited above for each scenario
would be reduced due to limitations on the carrying capacity of the land, from such things as
existing infrastructure (Clancy et al., 2017).

4.3

Results

The analysis of the results has been spilt into incidents that occurred onsite and incidents that
occur offsite, during transportation.
4.3.1

Onsite

Texas Railroad Commission
The number of reported spills between 2009 and 2015 has increased year on year with 675
reported in 2009 and 1485 in 2015 (Table 1). Over the same period the number of producing
wells has also increased from 157807 in 2009 to 193807 in 2015. The t-test showed that the
increase in spill rate is significant at the 95th percentile. Of the 7820 spills recorded during the
study period the majority (82%) involve the loss of crude oil, whilst 9% involved the loss of
gas well liquid, 4% products and 4% combined (Table 1). The most common cause of
leakage was due to equipment failure; the second was due to corrosion (rust) of equipment,
followed by ‘Acts of God’ and human error. The most common location for a spill to occur
was around the tank battery, followed by the flow line and pipeline.
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Table 4.1. The annual number of active wells, and associated gross loss, fluid recovered, net loss and percentage recovered for crude oil, gas well liquids or
associated products. Data recorded by the Texas Railroad Commission (RRC, 2017a; RRC, 2017c).
Number of spills by type

Number of
Producing
Wells

Spills

2009

157807

2010

158451

2011

161402

Year

Combined

Gas
Well
Liquid

Products

Gross
Loss

Crude

Gas Well Liquid

Products

Net
Loss

%
recovered

Gross
Loss

Recovered

Net
Loss

%
recovered

Gross
Loss

Recovered

Net
Loss

%
recovered

65

60

52

42230

21498

20732

51

6599

2418

4181

37

2015

192

91

78086

59440

18646

76

9572

3882

5690

41

511

20

61002

30589

30413

50

7282

2571

4711

35

6012

Combined

Crude

Recovered

675

3

549

91

32

125

796

5

630

123

38

2207

869

8

724

101

36

637

126

Gross
Loss

Recovered

Net
Loss

%
recovered

7042

5785

1257

82

19338

18102

1236

94

2893

3119

48
16

2012

167864

1236

19

1028

128

61

1584

1071

513

68

75580

43618

31962

58

11846

3123

8723

26

40654

6680

3397
4

2013

179797

1354

29

1105

125

95

2632

1683

949

64

78930

45848

33082

58

15337

3657

11680

24

21237

13545

7692

64

2014

190331

1405

122

1160

91

32

17924

7597

10327

42

69818

38487

31331

55

4788

899

3889

19

12858

9631

3227

75

2015

193807

1485

154

1270

56

5

27931

17297

10634

62

89049

55098

33951

62

3073

834

2239

27

213

163

50

77

56799

5055
5

Total

1209459

7820

340

6466

715

299

53040
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Along with the number of producing wells, the number of crude oil spills has increased year
on year since 2009, with 549 crude oil spills reported in 2009 and 1270 in 2015. The trend
analysis over the study period shows that the increase in spill rate was significant at the 95th
percentile (Table 4.1). The total volume of crude oil spilt varies each year, the minimum and
maximum occurring in 2009 and 2015, with liquid losses of 6714 m3 and 14158 m3,
respectively (Table 4.1). Crude oil production (both onshore and offshore) was approximately
160 km3 in 2015 (RRC, 2017c), thus 0.0000089% of the oil produced within that year was
spilt. Clean-up operations recover some of the lost fluid however much is left unrecovered.
Annually between 50 and 76% of the crude oil spilt is recovered, with an annual average of
59% (Table 4.1). Thus the annual average loss of crude oil to the environment was 41%
(Table 4.1). The largest spill was recorded in 2010 with 3975 m3 of crude oil escaping in one
incident; however, 99.7% of this was recovered (Table 4.1). The largest reported net loss of
crude oil for a single spill was 1069 m3 (Table 4.1).
Between 2009 and 2015, 715 producing wells reported gas well liquid spills. The number of
spills involving gas well liquid decreased over the time period analysed (Table 4.1). The
statistical analysis indicates the rate of spills involving gas well is not significant at the 95th
percentile. The total annual volume of gas well liquid spilt ranged from 489 m3 in 2015 to
2438 m3 in 2013 (Table 4.1). Over the years analysed the annual average amount of gas well
liquid recovered was 30%.
The number of spills involving product varied year on year, from five spills in 2015 to 95 in
2013 (Table 4.1). Although there has been an increase in the number of wells per year the
statistical analysis shows the number of spills per year involving product has not increased,
and is not significant at the 95th percentile. The annual percentage recovery rates show that
65% of the product is recovered after a spill (Table 4.1). The annual average minimum and
maximum recovery ranged from 16% in 2012 to 94% in 2010 (Table 4.1).
The statistical analysis highlights there has been an increase in the rate of spills per well per
year involving the loss of combined liquids and this is significant at the 95th percentile. In
2009, three cases were recorded, whilst in 2015, 154 cases were recorded (Table 4.1). The
annual average minimum and maximum recovery ranges from 19% in 2011 to 91% in 2010
(Table 4.1).
Colorado Oil and Gas Commission
1999 - 2015 spill data
This dataset does not distinguish between whether it was oil or water that was spilt. It records
a total of 6617 spills, the maximum and minimum numbers of spills per year were 789 in
2014 and 193 in 2002 (Table 4.2). Between 1999 and 2015 there has been an increase in the
number of active producing wells and the number of spills, a statistical analysis on the data
gives a p-value of 0.07, indicating the rate of spills per year has increased slightly during this
period but this is not significant at the 95th percentile. A total of 0.11 km3 of oil and 0.88 km3
of water were produced between 1999 and 2015. Of this 8670 m3 of oil and 81200 m3 of
water were spilt, equivalent to 0.008% and 0.009% of the oil and water produced (Table 4.2).
For this dataset there is no information on recovery rate or reasons for the spills.
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Table 4.2. The annual number of active wells, number of spills and volumes of oil and water
produced and spilt for Colorado. Data recorded by the Colorado Oil and Gas Commission (COGCC,
2017a).

Water
Spilled
(m3)

Oil
Produced
(m3)

%
Produced
Oil
Spilled

Water
Produced
(m3)

%
Produced
Water
Spilled

Average
Oil
Spilled
(m3)
per
incident

Average
Water
Spilled
(m3)
per
incident

Average
Oil
Produced
(m3) per
incident

Average
Water
Produced
(m3) per
incident

% of
active
wells
that
spilled

Year

Active
Wells

Spills

Oil
Spilled
(m3)

1999

21745

263

363

6576

3131683

0.01

36590207

0.02

1

25

11908

139126

1.21

2000

22228

254

569

3584

3183339

0.02

40227601

0.01

2

14

12533

158376

1.14

2001

22879

206

308

1682

3208682

0.01

42335137

0.00

1

8

15576

205510

0.90

2002

23711

193

509

9196

3270789

0.02

45013104

0.02

3

48

16947

233229

0.81

2003

25042

213

465

3105

3434841

0.01

48137113

0.01

2

15

16126

225996

0.85

2004

26968

222

637

5898

3588455

0.02

46985899

0.01

3

27

16164

211648

0.82

2005

28952

326

797

3917

3692872

0.02

55177628

0.01

2

12

11328

169257

1.13

2006

31096

336

414

5317

3894915

0.01

63313559

0.01

1

16

11592

188433

1.08

2007

33815

376

648

4308

4163614

0.02

62628307

0.01

2

11

11073

166565

1.11

2008

39944

408

508

11441

4759933

0.01

58431321

0.02

1

28

11667

143214

1.02

2009

37311

368

443

3532

4827681

0.01

57129268

0.01

1

10

13119

155243

0.99

2010

41010

499

521

5349

5243162

0.01

57559586

0.01

1

11

10507

115350

1.22

2011

43354

501

522

5374

6271776

0.01

54762143

0.01

1

11

12519

109306

1.16

2012

46835

407

716

2334

7869668

0.01

52857376

0.00

2

6

19336

129871

0.87

2013

50067

633

627

2281

10397330

0.01

52203721

0.00

1

4

16425

82470

1.26

2014

51737

789

388

2847

15230669

0.00

53356073

0.01

0

4

19304

67625

1.53

2015

53054

623

233

4468

20038113

0.00

52190327

0.01

0

7

32164

83773

1.17

Total

599748

81208

106207523

0.01

878898369

0.01

6617

8670

Average

389

510

4777

6247501

51699904

Maximum

789

797

11441

20038113

63313559

Minimum

193

233

1682

3131683

36590207

2009 - 2015 spill data
This dataset dates back to 2009 however only years 2014 and 2015 are complete therefore
only these have been studied. Of the 2893 spills recorded during this period; 563 were oil,
401 condensate, 50 flowback water, 1399 produced water, 78 E&P waste and 129 drilling
fluid (Table 4.3). The volume spilt varies considerably; 188 spills were recorded between >0
and <0.16 m3, 1201 were between >=0.16 m3 and <0.8 m3, 1051 were between >=0.8 m3 and
<16 m3 and 180 were >=16 m3 (Table 4.3). The average length and width of a spill was 33 m
and 10 m, whilst the maximum was 1416 m and 152 m. The average depth to groundwater in
the spill locality was 28 m and the average depth the spill impacted was 2.5 m, with a
maximum depth impact of 22 m. Just over 73% (2112) of spills had at >=0.16 m3 of fluid
leak outside the berm of the well pad, with three sites requiring an emergency pit to be
constructed. The average amount of soil that needed to be excavated due to pollution from a
spill was 220 m2, with a maximum of 10780 m2 being removed from one site. Polluted soil
was excavated offsite from 471 sites; 62 sites treated the soil onsite, whilst 74 sites had the
soil disposed of by alternative methods. The average amount of groundwater removed was 42
m3, with 484 m3 being the maximum quantity removed from one site. At two sites 1 m3 and 6
m3 of surface water was removed.

D12.6 Impact of well site infrastructure and transport

Copyright © M4ShaelGas Consortium 2015-2017

1.10

Page 37

Table 4.3. The type and volume of fluid spilt for 2014 and 2015 in the State of Colorado. Data from
Colorado Oil and Gas Commission (COGCC, 2017b).

0

2083

2125

Flow
back
2801

>0 and <1

98

41

0

43

1

5

188

>=1 and <5

265

259

15

607

24

31

1201

>=5 and <100

191

90

30

606

46

88

1051

>=100

9

11

5

143

7

5

180

unknown

247

367

42

582

37

670

1945

Total number of spills

563

401

50

1399

78

129

Volume spilt

Oil

Condensate

Produced
water
912

E&P
Waste
2778

Drilling fluids

Total
number

2094

Of the spills documented; 1107 impacted soil, 260 groundwater, 16 surface water and 30 dry
drainage features. The minimum distance a water well was from a spill locality was 0.3 m,
from surface water 0.3 m, from wetlands 6 m, from a spring 0.3 m, from livestock 0.3 m and
from an occupied building 0.3 m away.
Of the spills 1946 were termed ‘recent’, thus recent or ongoing at the time of discovery.
Whereas 947 were termed ‘historical’, therefore the spill occurred at a time unknown or was
discovered during activities such as plugging and abandonment or site reclamation. Of the
spills 653 were reportedly due to equipment failure, 254 human errors, 186 were historical
and 46 were recorded as ‘other’. Examples of ‘other’ include weather, vandalism and external
sources of interference such as cattle. One instance in 2014 is believed that cattle rubbed
against the valve handle of the wellhead partially opening the valve allowing produced water
to spill out. In 2015, there was a report of wild horses pushing open a 2.5 cm valve, this was
determined by tracks and faeces left in the area. The most common location facility type from
which spills originated from was the tank battery, with 36% of spills initiating there.
Pollution incident database
Based on data provided by DECC, Davies et al. (2014) comments that there were 143
onshore oil and gas wells producing at the start of the year 2000. Between 2000 and 2013 the
Environment Agency recorded nine pollution incidents involving the release of crude oil
within 1 km of an oil and gas well. Two of the spills were recorded at the Singleton Oil Field
and were caused by borehole cement failure. The other seven pollution incidents were due to
leaks from pipework linked to the well (Davies et al., 2014).
4.3.2

Offsite

Media reports
Milk tankers
Between 1998 and 2016 122 incidents involving a milk tanker were recorded, 54 of these
were reported to have spills associated with them. The last four years studied saw the highest
number of incidents per year with spill rate increasing since 1998 (Table 4.4). The level of
statistical significance expressed as a p-value was 0.0000041, this was significant at the 95th
percentile. The greatest number of incidents in a year was 15 recorded in 2014 (Table 4.4).
Of the spills 89% consisted of milk and 24% flammable liquid, and where mentioned it was
diesel implying that the accident had been severe enough to rupture a fuel tank. The largest
spill involved 20 m3 of milk escaping from the tanker. However, many media reports have
not recorded the quantity of milk spilt, nor were the volumes of flammable liquid spilt
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commented on. Of the incidents assessed 61% were caused by a collision, this was most
commonly milk tankers with other cars but also with central reservations, hedges, houses and
in one incident a bridge. Tankers rolled over in 43% of the reported cases, this was often due
to a collision but was also due to tankers jack knifing, tanker breaking away from the drivers
cab and drivers losing control. One of the spills was caused by a faulty valve. Injuries were
reported in 58% of incidents, 16% of these resulted in death.
Six milk tanker incidents reported in media reports correlated with an incident in the
pollution incident database, i.e. 48 milk spills were not found to be recorded in the pollution
incident database. Air pollution was recorded in two of the incidences; the impacts of these
events were reported as being minor and “significant” (note that the term significant is as
used within the database and implies no statistical significance as is the case in the rest of this
study). Two incidents were reported as causing land pollution; one was considered as having
minor impact and the other “significant”. All the incidents were recorded as polluting a water
system; two were determined minor, four as “significant”. Pollutant type has been determined
for each incident, three spills were categorised as oils and fuel, the other three were recorded
as; organic chemicals or product, general biodegradable material and wastes, and specific
waste materials.
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Table 4.4. A summary of the milk tanker incidents and spills reported within the online media reports. The percentage of milk tanker journeys that resulted in
an incident or spill have been based on the annual number of milk tanker journeys being 366667 with a capacity of 30 m3 (Taylor et al., 2013).

Number of
incidents

Number
of spills

Number
of milk
spills

Quantity
of milk
spilt (m3)

Number of
flammable
liquid spills

Quantity of
flammable
liquid spilt

Number
of
injuries

Number
of
fatalities

Number
of
collision

Number of
tankers that
overturned

Number of
incidents
that
resulted in
road
closure

2016

11

7

6

15.50

1

unknown

5

1

6

7

9

11

% of milk
tanker
journeys
that
resulted in
an
incidents
0.0030

2015

10

6

5

0.01

4

0

1

0

5

5

8

9

0.0027

0.0016

2014

15

6

5

1.40

2

0

11

3

6

5

14

15

0.0041

0.0016

2013

13

3

3

1.01

0

0

10

1

8

5

9

13

0.0035

0.0008

2012

7

3

3

15

0

0

4

1

4

4

5

7

0.0019

0.0008

2011

8

6

4

4

2

unknown

5

2

3

5

4

8

0.0022

0.0016

2010

8

6

5

20

3

unknown

3

0

3

4

4

8

0.0022

0.0016

2009

6

3

3

18.02

0

0

4

1

4

4

6

6

0.0016

0.0008

2008

7

4

4

0.20

0

0

4

1

5

4

6

7

0.0019

0.0011

2007

7

3

3

25

1

unknown

3

0

6

3

4

5

0.0019

0.0008

2006

5

0

0

0

0

0

5

2

5

0

3

5

0.0014

0.0000

2005

7

0

0

0

0

0

2

1

6

1

2

4

0.0019

0.0000

2004

5

3

3

20

0

0

3

2

3

2

4

5

0.0014

0.0008

2003

3

3

3

22.64

0

0

2

0

1

2

3

3

0.0008

0.0008

2002

3

1

1

19

0

0

3

0

3

0

1

3

0.0008

0.0003

2001

2

0

0

0

0

0

2

2

2

0

2

2

0.0005

0.0000

2000

1

0

0

0

0

0

1

0

1

1

1

1

0.0003

0.0000

1999

3

0

0

0

0

0

2

2

3

0

0

3

0.0008

0.0000

0.0003

0.0000

Year of
incident

Emergency
services
attended
scene

1998

1

0

0

0

0

0

1

1

1

0

0

1

Total

122

54

48

161.8

13

0

71

20

75

52

85

116
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Fuel tankers
From the review of the local media reports TRL identified 59 incidents involving a variety of
vehicles (both rigid and articulated) and loads (foodstuff, chemicals and fuels) between 2009
and 2014 (Robinson et al., 2014). Of those recorded 42% were found to be spillage incidents
with 80% of those cases involving flammable liquids (Robinson et al., 2014). A tanker
overturned in 37% of the media reported incidents (Robinson et al., 2014). Of these 64%
were then reported to have spilled their load. When this study continued the search for 2015
no additional media stories were recorded. However, when the media search was conducted
using the broader approach used for identifying milk tanker incidents the reported fuel tanker
incident numbers for 2015 and 2016 were 14 and 17 respectively. Of these 36% and 53%
resulted in a fuel spillage. The largest known spill volume was 8 m3 in 2016, however this
could be far higher as many of the media reports did not record the volume spilt. When
assessing the media reports between 2009 and 2016 with the broader search terms, 61
incidents were recorded, of these 44% had associated spills. The level of statistical
significance expressed as a p-value was 0.0054, this was significant at the 95th percentile. Of
the incidents reported 51% involved an injury, whereas 23% were associated with a fatality.
All incidents were caused by some sort of collision, with 28% of the incidents resulting in the
tanker overturning. There was no correlation between the fuel tanker incidents recorded in
the media and the pollution incident database.
Table 5. A summary of the fuel tanker incidents and spills reported within the online media reports.
The percentage of fuel tanker journeys that resulted in an incident or spill have been based on the
annual number of fuel tanker journeys being 1384415 with a capacity of 32.5 m3 (BEIS, 2017).

Number
of
collision

Number
of tankers
that
overturned

Number of
incidents
that
resulted in
road
closure

Emergency
services
attended
scene

% of milk
tanker journeys
that resulted in
an incidents

% of milk
tanker
journeys that
resulted in a
spill

Year of
incident

Number
of
incidents

Number
of spills

Quantity
of
flammable
liquid
spilt

2016

17

9

8500

8

2

16

6

11

14

0.0012

0.0007

2015

14

5

unknown

10

3

16

3

12

16

0.0010

0.0004

2014

4

3

2250

0

1

4

1

2

4

0.0003

0.0002

2013

6

4

unknown

2

0

6

3

5

6

0.0004

0.0003

2012

7

3

4000

3

2

6

2

6

6

0.0005

0.0002

2011

6

1

150

5

2

6

1

5

4

0.0004

0.0001

2010

3

0

unknown

2

2

2

0

2

2

0.0002

0.0000

2009

4

2

8000

1

2

4

1

2

2

0.0003

0.0001

Total

61

27

22900

31

14

60

17

45

54

4.3.3

Number
of
injuries

Number
of
fatalities

Application

Milk tankers
Different development scenarios have been generated using the milk tanker data as an
analogue; the number of milk tankers that experienced an incident and subsequent spill, and
the number of milk tanker journeys made within one year, were used to determine the likely
number of incidents that would occur during the transportation of hydraulic fracturing fluid.
Within this study the milk tanker incident and spill data for 2016 was used to generate these
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scenarios as this was considered the most up to date and appropriate. An average annual spill
value could have been used but this would have led to an underestimate, as the further back
one goes the less spills are reported. The results for the first scenario (a single well pad with
10-wells, each with one lateral) with truck movement concentrated over the first two years of
drilling resulted in the probable number of incidents and subsequent spills annually being
between 0.043 – 0.118 and 0.027 – 0.075, respectively (Table 4.6). When spread over twenty
years the probable annual number of incidents was between 0.004 – 0.012, with the predicted
number of spills being between 0.003 – 0.008 (Table 4.6). The accumulative risk of an
incident or spill over the lifetime of a well (in this case 20 years as assumed in Taylor et al.
2013 and stated in Goodman et al. 2016) for this scenario was between 0.086 – 0.237 and
0.055 – 0.151, respectively. Therefore, if one well pad with ten wells each with one lateral
was developed, the likelihood of an incident or spill over the lifetime of the well would be
less than one.
Table 4.6. The number of tankers required over different time frames and the probability of an
incident or spill occurring for six scenarios. Scenario 1 - 1 well pad with 10 wells and 10 laterals (one
lateral per well); Scenario 2 - 10 well pads with 10 wells and 10 laterals; Scenario 3 - 100 well pads
with 10 wells and 10 laterals; Scenario 4 - 1 well pad with 10 wells and 40 laterals (four laterals per
well); Scenario 5 - 10 well pads with 10 wells and 40 laterals; Scenario 6 - 100 well pads with 10
wells and 40 laterals. The number of predicted incidents and spills has been generated using milk
tanker data from 2016.
Scenario

Truck over number of years (yrs)

Number of trucks
per yr

Number of predicted
incidents

Number of
predicted spills

1

2856 over 2 yrs

1428

0.043

0.027

1

2856 over 20 yrs

143

0.004

0.003

1

7890 over 2 yrs

3945

0.118

0.075

1

7890 over 20 yrs

395

0.012

0.008

2

2856 over 2 yrs

14280

0.428

0.273

2

2856 over 20 yrs

1428

0.043

0.027

2

7890 over 2 yrs

39450

1.183

0.753

2

7890 over 20 yrs

3945

0.118

0.075

3

2856 over 2 yrs

142800

4.284

2.726

3

2856 over 20 yrs

14280

0.428

0.273

3

7890 over 2 yrs

394500

11.835

7.531

3

7890 over 20 yrs

39450

1.183

0.753

4

11155 over 5 yrs

2231

0.067

0.043

4

11155 over 20 yrs

558

0.017

0.011

4

31288 over 5 yrs

6258

0.188

0.119

4

31288 over 20 yrs

1564

0.047

0.030

5

11155 over 5 yrs

22310

0.669

0.426

5

11155 over 20 yrs

5577.5

0.167

0.106

5

31288 over 5 yrs

62576

1.877

1.195

5

31288 over 20 yrs

15644

0.469

0.299

6

11155 over 5 yrs

223100

6.693

4.259

6

11155 over 20 yrs

55780

1.673

1.065

6

31288 over 5 yrs

625760

18.773

11.946

6

31288 over 20 yrs

156440

4.693

2.987
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The annual number of incidents for the second scenario (ten well pads with 10-wells, each
with one lateral) with truck movements concentrated over two years was between 0.428 –
1.183, with the likelihood of a spill being between 0.273 – 0.753 (Table 4.6). The annual
probability of an incident and subsequent spill when truck movement are concentrated over
20 years was between 0.043 – 0.118 and 0.027 – 0.075, respectively (Table 4.6). The
accumulative risk of an incident or spill over the lifetime of a well for this scenario was
between 0.857 – 2.367 and 0.545 – 1.506, respectively.
The annual number of incidents for the third scenario (100 well pads with 10-wells per pad,
each with one lateral) with truck movements concentrated over the first two years of drilling
was between 4.284 – 11.835, with the likelihood of a spill being between 2.726 – 7.531
(Table 4.6). The annual probability of a spill when the truck movements are spread over 20
years was between 0.428 – 1.183, with the predicted number of spills being between 0.273 –
0.753 (Table 4.6). The accumulative risk of an incident or spill over the lifetime of a well for
this scenario would be between 8.567 – 23.670 and 5.452 – 15.062, respectively. At this level
of development, the number of potential incidents and spills related to shale gas is
considerable.
The IoD report also gives the likely truck movement if well pads with 10-wells per pad each
with 40 laterals were developed. Based on the reported incident rates reported in 2016 the
likely annual number of incidents and spills if truck movement was concentrated over 5 years
would be between 0.067 - 0.118, and 0.043 – 0.119, respectively (Table 4.6). When truck
movement is spread over 20 years the probability of an incident and spill was between 0.017
– 0.047 and 0.011 – 0.03, respectively (Table 4.6). The accumulative risk of an incident or
spill over the lifetime of a well for this scenario would be between 0.304 – 0.853 and 0.183 –
0.512 respectively.
As it is doubtful just one well pad would be developed scenarios 5 and 6 access the likely
annual number of incidents and spills that would occur if 10 and 100 well pads were
developed. If ten well pads with ten wells per pad each with 40 laterals was developed
(scenario 5) over 5 years the probable number of incidents and spills would be between 0.669
– 1.877 and 0.426 – 1.195, respectively (Table 4.6). If the development occurred over 20
years the likely number of incidents and spills would be between 0.167 – 0.469 and 0.106 –
0.299 (Table 4.6). The accumulative risk of an incident or spill over the lifetime of the well
for this scenario would be between 3.042 – 8.533 and 1.825 – 5.120, respectively.
If 100 well pads (each with 10 wells per pad and 40 laterals) were developed over 5 years the
probability of an incident or spill would be between 6.693 – 18.773 and 4.259 – 11.946,
respectively (Table 4.6). If the development was developed over 20 years the probability of
an incident or spill would be between 1.673 – 4.693 and 1.065 – 2.987, respectively (Table
4.6). The accumulative risk of an incident or spill over the lifetime of a well for this scenario
would be between 30.423 – 85.331 and 18.254 – 51.199, respectively.
Fuel tankers
As with the milk tankers, incidents associated with fuel tankers have been assessed as an
analogue to likely incidents associated with shale gas developments. The number of fuel
tanker journeys has been determined from the known UK motor fuel consumption recorded
by the Department for Business, Energy and Industrial Strategy (BEIS, 2017). Within this
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study the fuel tanker incident and spill data for 2016 was used to generate the following
scenarios as this was deemed the most up to date and accurate. An average annual spill value
from 2009 – 2016 could have been used but this would have led to an underestimate of the
number of spills that occurred as the further back one goes in time the less incidents and
spills are reported. For 2016 the recorded volume of motor spirit (gasoline/petrol) and Derv
(road diesel) used were 11951 KT and 24648 KT (BEIS, 2017). This equates to 15800000 m3
of gasoline, 29200000 m3 of diesel and thus a total of 45000000 m3 of hydrocarbon road
fuels. A large tanker generally used for fuel transportation has a capacity of between 21 and
44 m3, we have averaged this value for our study. Therefore, with an average fuel tanker
capacity of 32.5 m3, 1384415 fuel tanker journeys would be required annually.
The first scenario (a single well pad that has 10-wells, each with one lateral) when truck
movement was concentrated over the first two years of drilling resulted in the probable
annual number of incidents being between 0.018 – 0.048, respectively (Table 4.7). The
annual number of associated spills is between 0.009 – 0.026, respectively. When truck
movement is spread over 20 years the probable annual number of incidents was between
0.002 – 0.005, with the predicted number of spills being between 0.001 – 0.003 (Table 4.7).
The accumulate risk of an incident or spill over the lifetime of a well would be between 0.035
– 0.097 and 0.019 – 0.051, respectively.
For scenario 2 (ten 10-well pads with 10 laterals were developed) when truck movement was
concentrated over two years the annual number of incidents would be 0.18 – 0.48. With the
likelihood of a spills being between 0.09 – 0.26 (Table 4.7). The annual probability of an
incident if spread over 20 years would be between 0.02 – 0.05, respectively, with the
likelihood of a spills being between 0.01 - 0.03 (Table 4.7). The accumulate risk of an
incident or spill over the lifetime of a well would be between 0.351 – 0.969 and 0.186 –
0.513, respectively.
For scenario 3 (100 well pads with 10-wells per pad each with 10 laterals) with truck
movements concentrated over the first two years of drilling the likely annual number of
incidents would be between 1.75 – 4.48, with the likelihood of a spill being between 0.93 –
2.56 (Table 4.7). The annual probability of a spill when spread over 20 years was between
0.18 – 0.48, with the predicted number of spills being between 0.09 – 0.26 (Table 4.7). The
accumulate risk of an incident or spill over the lifetime of a well would be between 3.507 –
9.689 and 1.857 – 5.129, respectively.
The IoD report also gives the likely truck movement if well pads with 10-wells per pad each
with 40 laterals were developed. Based on the reported incident rates reported in 2016 the
likely annual number of incidents and spills if truck movement was concentrated over 5 years
would be between 0.027 - 0.077, and 0.015 – 0.041, respectively (Table 4.7). When truck
movement is spread over 20 years the probability of an incident and spill was between 0.007
– 0.019 and 0.004 – 0.010, respectively (Table 4.7). The accumulative risk of an incident or
spill over the lifetime of a well for this scenario would be between 0.137 – 0.384 and 0.073 –
0.203 respectively.
As it is doubtful just one well pad would be developed scenarios 5 and 6 access the likely
annual number of incidents and spills that would occur if 10 and 100 well pads were
developed. If ten well pads with ten wells per pad each with 40 laterals was developed
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(scenario 5) over 5 years the probable number of incidents and spills would be between 0.274
– 0.768 and 0.145 – 0.407, respectively (Table 4.7). If the development occurred over 20
years the likely number of incidents and spills would be between 0.068 – 0.192 and 0.036 –
0.102 (Table 4.7). The accumulative risk of an incident or spill over the lifetime of the well
for this scenario would be between 1.370 – 3.842 and 0.725 – 2.034, respectively.
Table 4.7. The number of tankers required over different time frames and the probability of an
incident or spill occurring for six scenarios. Scenario 1 - 1 well pad with 10 wells and 10 laterals (one
lateral per well); Scenario 2 - 10 well pads with 10 wells and 10 laterals; Scenario 3 - 100 well pads
with 10 wells and 10 laterals; Scenario 4 - 1 well pad with 10 wells and 40 laterals (four laterals per
well); Scenario 5 - 10 well pads with 10 wells and 40 laterals; Scenario 6 - 100 well pads with 10
wells and 40 laterals. The number of predicted incidents and spills has been generated using fuel
tanker data from 2016.

1

Truck over number of
years (yrs)
2856 over 2 yrs

Number of trucks per
yr
1428

Number of predicted
incidents
0.018

Number of predicted
spills
0.009

1

2856 over 20 yrs

142.8

0.002

0.001

Scenario

1

7890 over 2 yrs

3945

0.048

0.026

1

7890 over 20 yrs

394.5

0.005

0.003

2

2856 over 2 yrs

14280

0.175

0.093

2

2856 over 20 yrs

1428

0.018

0.009

2

7890 over 2 yrs

39450

0.484

0.256

2

7890 over 20 yrs

3945

0.048

0.026

3

2856 over 2 yrs

142800

1.754

0.928

3

2856 over 20 yrs

14280

0.175

0.093

3

7890 over 2 yrs

394500

4.844

2.565

3

7890 over 20 yrs

39450

0.484

0.256

4

11155 over 5 yrs

2231

0.027

0.015

4

11155 over 20 yrs

557.75

0.007

0.004

4

31288 over 5 yrs

6257.6

0.077

0.041

4

31288 over 20 yrs

1564.4

0.019

0.010

5

11155 over 5 yrs

22310

0.274

0.145

5

11155 over 20 yrs

5577.5

0.068

0.036

5

31288 over 5 yrs

62576

0.768

0.407

5

31288 over 20 yrs

15644

0.192

0.102

6

11155 over 5 yrs

223100

2.740

1.450

6

11155 over 20 yrs

55775

0.685

0.363

6

31288 over 5 yrs

625760

7.684

4.068

6

31288 over 20 yrs

156440

1.921

1.017

If 100 well pads (each with 10 wells per pad and 40 laterals) were developed over 5 years the
probability of an incident or spill would be between 2.740 – 7.684 and 1.450 – 4.068,
respectively (Table 4.7). If the development was developed over 20 years the probability of
an incident or spill would be between 0.685 – 1.921 and 0.363 – 1.017, respectively (Table
4.7). The accumulative risk of an incident or spill over the lifetime of a well for this scenario
would be between 13.698 – 38.420 and 7.252 – 20.340, respectively.
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4.4

Discussion

The statistical analysis of the TRC dataset from between 2009 and 2015 and the COGCC
dataset from 1999 to 2015 highlight that there has been an increase in the annual rate of crude
oil spills. The increase could be due to tighter and stricter enforcement on reporting of spills
or due to companies being more honest and reporting a higher number of spill incidents.
Alternatively, companies are not learning from experience and are getting worse at managing
site equipment leading to an increase in spill numbers. With the most common cause of
leakage within Texas and Colorado being due to equipment failure the need for
improvements in maintenance and equipment checks onsite is paramount. The increasing rate
of spills per well could be due to a mismatch between equipment lifetime and maintenance.
Although the TRC results highlight that clean-up operations recover between 5 and 76% of
the crude oil spill prevention is vital, releases into the environment pose a considerable risk to
the surrounding ecosystems.
Of the 2893 spills recorded in the ‘2009 to 2015 spill data’ from the COGCC records the
majority were of low volumes, between >=0.2 and <0.8 m3. However, spills often reached
considerable sizes (180 reached >=16 m3) and therefore impacted extensive areas. One
reported spill reached a depth of 22 m. In many cases spills have led to large quantities of soil
and groundwater being removed. Over 70% of the spills are leaking outside the berm, with
emergency pits often being required to prevent serious pollution incidents. The issue with
regard to spills is therefore twofold. It is apparent that spills occur due to equipment failure,
also the lack of spill management practise allows for the spill to continue and pollute greater
areas. Given so many spills leak outside the berm highlights that well pad infrastructure is not
fit for purpose, it needs to be reassessed with more appropriate infrastructures put in place.
More stringent onsite spills management practises would hopefully prevent spills occurring
and causing considerable, avoidable damage.
Within the UK a common practise carried out by water treatment works is site contained
drainage, the site is lined with an impermeable membrane and any fluid discharged is
directed towards carefully located drains and collected in tanks underground. The fluids
collected can therefore be appropriately dealt with. This practise should be introduced at all
sites within Europe to contain any spill that do occur.
Seven of the recorded pollution incidents in Davies et al. (2014) were reportedly due to leaks
from pipework linked to the well. Indicating that leaks due to equipment failure at
conventional onshore well sites within the UK are an issue. Therefore if a shale gas industry
was to be developed within the UK improvements must be made in current practises to avoid
spills in the future. As Davies et al. (2014) comments in their paper, improved monitoring is
crucial for better understanding of hydrocarbon well failure.
It is unrealistic to assume that all incidents involving milk and fuel tankers on UK roads
would be identified from the approach used in this study. Media reports were mainly
produced for milk and fuel tanker incidents which were notable for a particular reason. For
example: the tanker shed its load during the incident, particularly if large quantities were
spilled or the load posed a threat to the public; the accident caused roads to be closed and
caused severe congestion or delays; the accident had a high severity including fatalities or
injuries. The further back in time one searches for events the less are found. Therefore, the
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results from the media articles are likely to be low estimates of the actual number of tanker
related incidences a year. Despite the limiting factors mentioned these values enable us to
attempt to determine the likely annual number of tanker incidents and spills. Using the milk
tanker results as an analogue and different development scenarios given by the IoD report,
our analysis shows that when (2856 – 7890) truck movements for a single 10-well pad with
10 laterals is concentrated over 2 years the likely annual number of spills is less than one.
However, the production of the low permeability shale formations decreases rapidly over the
first few years of drilling; it is thought by up to 85% during the first three years (Vengosh et
al., 2014). Therefore, shale gas wells are required to be drilled at high rates to overcome the
rapid decline in production. If hydraulic fracturing was to go forward in the UK this would
potentially mean tens to hundreds of well pads with hundreds to thousands of laterals being
drilled over several years. It is worth noting that the number of well sites that could be
located within the UK would be limited by the carrying capacity of the surface, thus the
presence of existing infrastructure and the setbacks each well requires. Clancy et al. (2017)
study found that the average carrying capacity for a well pad measuring 10800 m2 (average
conventional UK well pad size), with a setback of 152 m and a lateral of 500 m was 26%.
Therefore, 26 well pads could be located on average per licence block, with a range of
between 5 and 42 (Clancy et al, 2017). Our calculations show that the number of spills
increases to 2 - 6 when 100 well sites with 10-wells per pad with one lateral each is
developed. This correlates with Vengosh et al. (2014) analysis that states the number of
reported violations increases in areas with higher shale gas well density.
The majority of the reported traffic incidents were caused by collisions, most commonly milk
tankers with cars. Research suggests that drivers who drive for business purposes are at an
above average risk of accident involvement relative to the general driving population (Clarke
et al., 2005). Generally heavy goods vehicles such as milk tankers are 7.5 times more likely
to present an accident risk to other road user per kilometre (Copsey et al., 2010). Different
explanations are put forward in the literature to explain the higher number of accidents
involving commercial road transport, it is important to understand these so appropriate
mitigation strategies can be developed. Several suggested explanations heavy good vehicle
drivers are at higher risk are they undertake longer journeys, often drive late at night or
during the early hours when fatigue and drowsiness is more likely to occur (Copsey et al.,
2010; RoSPA, 2001). Truck drivers are often driving under time pressure and are more likely
to carry out distracting tasks while driving, such as making phone calls, eating and drinking
(Copsey et al., 2010; Broughton et al., 2003). Milk tankers are also required to carry heavy
loads down small country tracks which are often unfit for fit for purpose and sometime made
worse by bad weather conditions or heavy traffic. To minimise the likelihood of an incident
occurring there are a number of mitigations strategies that could be put in place, these include
regular vehicle inspections and maintenance of vehicles, specialised training and instructions
for drivers, selecting appropriate route and planning trips according to weather and road
conditions. It is also important for the employer to avoid tight schedules for drivers and to
make sure a sufficient number of rest stops are planned for drivers.
Six milk tanker spills matched with the pollution incident reports indicating that spills from
tankers on the road can cause considerable impacts to the environment. The consequence of
surface spills associated with hydraulic fracturing is a complex issue and one that is difficult
to measure as there have been few incidents documented in the peer-reviewed scientific
literature. One of the few papers that comments on the direct consequence of fracking fluid
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releases on a well site is Papoulias and Velasco, (2013). They record a leak of fracking
chemical into a 2 km stretch of Acorn Fork Creek in Kentucky (US) in May and June 2007.
The chemicals were reportedly being stored in surface pits which overflowed (Papoulias and
Velasco., 2013). The incident led to the streams pH dropping to 5.6, the conductivity
increasing to 35000 µS/cm and aquatic invertebrates and fish dying and those that were not
killed being left in distress (Papoulias and Velasco., 2013). Fish examination from the
polluted stretch of the river by the US Geological Survey showed that of the 45 fish
examined all had severe gill lesions, consistent with exposure to low pH and toxic
concentrations of heavy metals (Papoulias and Velasco., 2013).
Bamberger and Oswald, (2012) document several experiences farmers have had with regards
to shale gas operations leading to environmental concerns. One example involved a release of
fracturing fluid due to a worker shutting down a chemical blender during the fracturing
process (Bamberger and Oswald, 2012). The fluids released flowed into an adjacent cow
pasture which was then reported to have led to the death of 17 cows within one hour
(Bamberger and Oswald, 2012). Another reported example was caused by a defective value
on a hydraulic fracturing fluid tank, the fault led to hundreds of litres (barrels) of hydraulic
fracturing fluid leaking onto a goat pasture (Bamberger and Oswald, 2012). The goats
exposed to the fluid were later reported to have issues reproducing over the following two
years (Bamberger and Oswald, 2012). However, it should be noted that the studies of
Papoulias and Velasco (2013) and Bamberger and Oswald (2012) had no control to know
what might have happened had no spill occurred, or if a spill of another type of fluid had
occurred. These examples of water contaminations are due to improper practices. Therefore,
very strict handling of these issues should be mandatory. In Europe, hydraulic fracturing is
still in the exploratory stage; however, a report in the German Tax De newspaper reported a
leak which occurred in 2007 (Kummetz, 2011). The report claimed that a waste water pipe
leaked at a tight gas field in “Söhlingen”, Germany, causing groundwater contamination with
benzene and mercury (Kummetz, 2011). At the time the corresponding Mining Agency of
Lower Saxony was correctly informed, however the public reportedly were not informed of
the incident and only noticed when the company started to replace the agricultural soil where
the fluids had leaked into the ground (Kummetz, 2011).
On the 24th July 2002, 19 m3 of milk was spilt into a stream flowing into Rudyard Lake near
Leek in Staffordshire, this incident correlates with an ‘organic chemicals/products’ spillage in
the pollution incident database. The impacts of the incident were classified as follows; air
pollution category 2 (“significant”); land pollution category 4 (no impact); water pollution
category 3 (minor). A BBC news report commented that ‘50000 fish were in danger if the
milk entered the reservoir’ after a milk tanker crashed into a bridge (BBC news, 2002).

4.5

Best management practices

With shale gas development potentially emerging within the UK and the rest of Europe over
the next several decades the number of well sites will increase in the most productive regions.
The potential developments have already faced great apprehension and concerns, especially
regarding the risks to public health and safety. Based on our study we have recommended the
following mitigation strategies to minimise the chances of spills associated with hydraulic
fracturing activities.
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4.6

Patterson et al. (2017) comments that enhanced and standardised regulatory requirements
for reporting spills could improve the accuracy and speed of analyses to identify and
prevent spill risks and mitigate potential environmental damage.
Procedures need to be in place to identify, evaluate and mitigate potential risks associated
with the transportation, handling, storage and disposal of hydraulic fracturing related
fluids.
Maintenance and safety protocols should be in place to address the risks associated with
the spills onsite and during transportation of hydraulic fracturing related fluids by road or
pipeline. Safety check and preventative maintenance programs should be in place onsite
and for all transportation.
Procedures need to be in place to respond quickly and efficiently to an accidental surface
release of hydraulic fracturing related fluids, including remediation of the spill site.
Baseline, site and monitoring after plugging and abandonment is essential. Initial baseline
monitoring at the site and in the surrounding area allows for comparisons to be made to
the original environment so deviations from the norm can be recognised. Systematic
equipment checks and regular site monitoring should allow for any equipment failures to
be acknowledged and dealt with rapidly, thus avoiding future spills. Long term
monitoring after plugging and abandonment allows for equipment failures to be
recognised so any issues that do arise can be dealt with appropriately. It is important that
those responsible for the above monitoring are confirmed and adequate monetary
provisions are made prior to drilling so all concerned are aware of who is responsible for
the long term maintenance of the wells.
Transparent and consistently measured data sharing allows for insights to be gained into
when spills are most likely to occur, where they are most likely to occur, and the
underlying causes. Better understanding of these factors would provide regulatory bodies
and industry makers with important information on where to target efforts for locating
and preventing future spills (Patterson et al., 2017).
All equipment should be fit for purpose and investments must be made into sourcing the
most up to date and appropriate technologies. Well sites and equipment should also be
appropriately designed for adverse weather conditions, including severe flooding. This
should help make practises safer and more efficient. On large-scale development projects
pipeline should be constructed instead of trucking the fluid required for hydraulic
fracturing.

Conclusion

The rate of crude oil spills recorded by the Texas Railroad Commission and the Colorado Oil
and Gas Commission is increasing, this could be an indicator that operators on shale gas sites
are not learning from their experiences and more spills are occurring. Alternatively it could
mean that more spills are being reported because improvements have been made in reporting
procedures and enforcement of these procedures. With 33% of the spills recorded for 2014
and 2015 in the Colorado Oil and Gas Commission 2009 - 2015 spill dataset termed
‘historical’, therefore the spill occurred at a time unknown or was discovered during activities
such as plugging and abandonment or site reclamation, improvements and frequency of site
inspection are required.
The development of hydraulic fracturing within Europe will require additional trucks to be on
the road inevitably leading to an increased risk of a spill on the road. The potential number of
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incidents and subsequent spills is linked to the number of sites and trucks required. Based on
data from milk tankers the likelihood of an incident and subsequent spills for a development
of one hundred 10–wells pads with 10 laterals with truck movement focused over the first
two years of drilling would be approximately 4 - 12 incidents a year, with the likelihood of a
spill being between 3 - 8.
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5

IMPACTS ON BIODIVERSITY

5.1

Introduction

Shale gas developments require land for the placement of well pads, resulting in direct habitat
loss, which is often the case even when located on sites that were not previously natural or
undisturbed. In the U.S., an average of 1.5-3.1 ha of land is cleared for each of these pads
(Entrekin et al., 2011). This footprint excludes roads, pipelines and other infrastructure that
must also be constructed to support functioning of the well, and does not account for the
likely presence of multiple wells on a pad. It is estimated that additional areas of 2.9-3.6 ha
per well are converted to accommodate supporting infrastructure, further fragmenting the
local landscape. Altered land use and habitat fragmentation have been associated with
reduced biodiversity (Russildi et al., 2016), an increase in invasive species (Cross et al.,
2016) and a higher abundance of disturbance opportunists (Airoldi et al., 2008), as well as
reduced habitat connectivity (Morrison et al., 2016). Extensive development of shale gas
related infrastructure across areas of Europe in the future is very possible given the localities
of technically recoverable shale gas resources (EIA 2013). As a result, large portions of land
and a range of habitat types and species could be negatively impacted by degradation.
Therefore, it is essential to gain the best possible understanding of the ecological issues
surrounding the land conversion that accompanies shale gas development, and how to
successfully mitigate any problems.

5.2

Approach and methodology

In order to determine the potential ecological impacts of shale gas development in Europe,
the scientific literature was extensively reviewed. Globally, there is a lack of high quality
ecological studies on the impacts of shale gas exploitation on ecosystems, and fewer still with
before- and after-development elements. However, the rate of publication of such studies is
increasing, likely as a response to greater public interest and heightened economic interest in
this new potential source of energy.
At the time of writing, due to the widespread concern surrounding shale gas development in
Europe, very little exploration has occurred, and consequently there is a lack of available data
on shale gas impacts for the continent. Most existing papers on the impacts of shale gas on
ecosystems, though few in number, detail effects on North American ecosystems, where this
form of resource extraction has existed for the longest period of time and at the greatest
spatial scale. Whilst information gathered from these studies is likely to be region-specific,
and often non-transferrable, currently it is the only available ecological data. It is possible
that general, but careful, inferences about effects on European ecosystems can be made using
such resources. This is discussed in more detail later in this report.
In addition to the localised specificity of data, only a narrow range of habitat types and
species have been considered in relation to potential shale gas impacts, potentially limiting
the use of such information. For example, a previous review found only one paper discussing
impacts on amphibian species (Northrup and Wittemyer, 2013), a taxon that is extremely
threatened on a global scale. There are more papers addressing behavioural changes in
species as a result of shale gas development than of any other single ecological impact
(Northrup and Wittemyer, 2013). Consequently, the available literature of shale-gas impacts
contains inherent biases in coverage. Given these limitations, we include in this review
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studies on the ecological effects of other industries and activities that have similar types and
levels of infrastructure, pollution and disturbance as shale gas extraction. Although some
aspects of extraction of shale gas by hydraulic fracturing are unique (Rahm and Riha, 2014;
Hays et al., 2015) and could bring about previously unexplored ecological impacts, it is
important to predict what these impacts might be, using the best-suited data available,
whether that is from direct studies of shale gas sites or from elsewhere.
The objectives of the current chapter are to review and summarise:
 The potential impacts of shale gas developments and its associated infrastructure upon
biodiversity, in terms of direct and indirect habitat loss and fragmentation. This review
being based on research associated with currently developed well pads in North America
and on comparable situations elsewhere.


The potential impacts of human activity and disturbance associated with shale gas
developments upon biodiversity, based on currently developed well pads in North
America and comparable disturbances in other situations.



The potential impact of noise, light and air pollution arising from shale gas developments
and associated infrastructure on biodiversity.



The impacts of shale gas developments on water quality and quantity, in terms of likely
biological impacts of potential changes.



Potential mitigation strategies to minimise the impact on biodiversity from shale gas
developments and associated infrastructure.

5.2.1

Datasets

In this chapter, we have considered peer-reviewed, empirical field and laboratory studies,
along with modelling and simulation studies, in order to gain the best possible understanding
of the available information. Independent governmental reports were also considered a
suitable source of data. A systematic approach was taken whilst searching for material for
review to ensure an unbiased methodology, and the references of previous reviews were
explored and used where appropriate. This methodological approach was applied to both
papers studying the impacts of shale gas extraction and those papers documenting impacts of
other, analogous industries.
In assessing the potential impacts on species across Europe, this study focuses principally on
birds and mammals. This focus is largely a consequence of the published literature on gas
field impacts across North America, combined with the fact that these two taxonomic groups
typically utilise larger ranges than other species and hence are more prone to indirect impacts
of development. In assessing the overlap between species ranges and potential shale-gas
developments across Europe, we have used the information on shale basins presented in the
World Shale Resource Assessments produced by the U.S. Energy Information Administration
(www.eia.gov/analysis/studies/ worldshalegas/). These reports identify shale basins in the
following areas of Europe: northern and (limited areas of) southern England, northern and
south-eastern France, limited areas of Spain to the south of the Pyrenees, small areas in each
of Germany, Denmark and southern Sweden, and more extensive areas of Romania,
Hungary, Slovakia, Poland, Lithuania, Latvia and Estonia. Data on the ranges of European
birds and mammals were taken from the EBCC Atlas of European Breeding Birds
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(Hagermeijer and Blair, 1997) and the Atlas of European Mammals (Mitchell-Jones et al.,
1999).

5.3

Habitat Loss

Habitat loss following construction of a shale gas extraction site is deterministic (Souther et
al. 2014), meaning it is a guaranteed effect of development. The literature documenting
ecological effects of habitat loss associated with the development of the North American
shale gas industry is poor, meaning we must to some extent infer likely impacts from other
onshore industries with similar footprints and activities to inform us of the likely impacts.
The following section, unless stated otherwise, details ecological changes across ecosystems
of North America arising from habitat loss at conventional onshore oil and gas extraction
sites, which tend to have similar footprints to shale gas sites. Most American studies are
focussed on ungulates (hoofed mammals), the component species of which are mostly
different between America and Europe. However, we present the findings from America here
as the only available evidence of impacts, and make parallels where possible to similar
species that occur in Europe.
5.3.1

Impacts on Mammals

In the U.S., reported impacts on ungulates have included likely alterations to routes used by
pronghorn antelope (Antilocapra americana) following the development of an onshore
natural gas field (Beckmann et al., 2012). Caribou (Rangifer tarandus caribou), another
ungulate, also avoid conventional oil and gas wells, reducing by up to 48% their use of
habitat in some areas (Dyer et al., 2001). Female elk (Cervus canadensis) have maintained
annual site fidelity at some gas field developments, though they altered the use of some parts
of their range to minimise contact with developed areas (Webb et al., 2011); the overall result
being a loss of habitat. Elk and deer (Odocoileus spp.) have been found to be more likely to
use areas away from roads, but also were more likely to use areas near well pads (Webb et
al., 2011d). Whilst road avoidance was probably security response to reduced cover in such
areas, individuals probably used areas near well pads more because of foraging opportunities
Mule deer (Odocoileus hemionus) also avoid developments, selecting areas further from
conventional oil and gas well pads as developments progressed (Sawyer et al., 2006). Mule
deer have also been observed to avoid wells with active production (and also roads) more
during the day than at night (Northrup et al., 2015). A recently published study (Sawyer et al.,
2017), spanning 17 years of energy development, showed that deer do not become habituated
to natural gas development, and that during the development period, population abundances
declined by 36%.
As several of the large herbivorous species in Europe are related to some of the North
American species mentioned above, it is plausible that their populations could be affected by
energy development in similar ways. Large herbivore populations occurring at high densities
are already managed in many parts of Europe (Putman and Moore, 1998; Smit et al., 2015) to
prevent trampling and overgrazing, and to protect areas of agriculture, horticulture, forestry
and conservation interest (Gordon et al., 2004). Increased grazing pressure can significantly
impact already threatened pollinator communities (Lázaro et al., 2016), alter hydrological
processes that lead to increased flooding (Marshall et al., 2014), and reduce plant species
richness while increasing abundance of invasive weeds (Koh et al., 1996). It can also reduce
bird population densities (Fuller and Gough, 1999), and increase predation risk for smaller
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mammals (Buesching et al., 2011). Habitat loss associated with shale gas development could
force populations into occupying smaller ranges, increasing grazing intensity of those areas.
This could be particularly problematic if developments are placed near sites of conservation
concern, as driving a greater number of large herbivores into protected areas could disrupt
important ecological processes and established management strategies in the area.
Conversely, areas which become devoid of large herbivores, due to indirect habitat loss,
could also suffer reduced plant diversity and succession, as moderate grazing can increase
diversity of an ecosystem.
Given that most studies on the impacts of onshore shale gas developments in North America
have focussed on impacts on ungulates, here we start by considering the potential impacts of
European developments on its ungulates. In the UK, areas proposed for shale gas licensing
overlap relatively little with the range of the native red deer (Cervus elephas), There is more
overlap with the now near ubiquitous native roe deer (Capreolus capreolus), the only other
native wild ungulate in the UK which will occur in most areas of proposed licensing. Given
the wide occurrence of the latter species and the distribution of red deer, the only other native
deer, it seems that shale gas extraction in the UK would have little other than localised
impacts on the population of these potentially susceptible taxa. However, if populations of
roe deer avoided area of development, this could impact upon the wider flora and fauna due
to localised vegetation changes arising from the changed grazing regime (Palmer et al.,
2015). Given that ungulates in the UK, and across those areas of Europe likely to be affected
by onshore shale gas, migrate to a much lesser degree than do North American ungulates in
shale gas regions, impacts of habitat fragmentation on migratory populations are likely to be
less of a problem in Europe. Of the other UK mammals, three species (otter, water vole and
water shrew) are highly dependent upon waterways, and hence these species would be most
at risk as a result of any declines in water quality, or pollution incidents, associate with shale
gas developments.
Of the other large mammals across Europe, there are several species whose European ranges
overlap markedly with areas of shale gas basins (Table 5.1). Many such species occur in the
shale basins of Eastern Europe, largely as a consequence of the more extensive areas of shale
basins in this area. Here we summarise some of the species whose ranges overlap with the
broad shale basin regions, using (now slightly dated) information from the Atlas of European
Mammals (Mitchell-Jones et al., 1999). The UK has no mammal species for whom important
components of their European range lie within the UK shale basin areas, though two species
are of national conservation concern (i.e. UK Biodiversity Action Plan species: otter (Lutra
lutra) and northern water vole (Arvicola terrestris)) and are reliant upon waterways and
hence might be more widely exposed due to pollution leakages into waterways.
5.3.2

Impacts on Birds

It has been estimated that between 12,000 and 60,000 nests are lost each year in Canada as a
result of its onshore oil and gas industries (Van Wilgenburg et al., 2013). Seismic
exploration, pipeline clearing, well pad clearing and oil sands mining are responsible for this.
When accounting for natural mortality, nest losses trigger an estimated loss of 10,000 to
41,000 potential recruits into migratory bird populations each year. Increased predation of
avian nests could additionally negatively contribute to impacts on bird populations; increased
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rodent nest predation has been linked to habitat loss from sites using hydraulic fracturing
(Hethcoat and Chalfoun, 2015).
In North America, much work has gone into assessing the effects of energy development on
the greater sage-grouse (Centrocercus urophasianus), as large areas of land have been
developed in its sagebrush habitat and it is considered an umbrella species for the
conservation of other sagebrush obligates (Rowland et al., 2006). Energy development has
affected the species’ winter habitat selection, with individuals avoiding otherwise suitable
habitat (Doherty et al., 2008; Carpenter et al., 2010). Proximity to a well sites has also been
shown to negatively affect the daily survival rate of greater sage-grouse nests (Webb et al.,
2012). Shifts in their diel cycle of greater sage-grouse have also been identified (Dzialak et
al., 2012). Additionally, recruitment of both male and female yearlings into breeding
populations has declined because of associated land use changes (Holloran et al., 2010).
Yearling males avoided leks (communal display areas where males congregate and pair with
females) close to site of energy development when establishing their breeding territories, and
yearling females did not nest within 950m of infrastructure associated with energy
development. Lost habitat and lower levels of recruitment could together lead to declines in
greater sage-grouse abundance. Sage-grouse leks (a lek being a communal display and makeselection area) have been shown to have fewer attending males when wells are nearby (Harju
et al., 2010). This decline in lek attendance was associated with high landscape-level well
density. A delay of two to ten years between energy development and associated, measurable
declines in lek attendance was recorded. This highlights how the impacts of pad
developments may not be immediately apparent and that long-term monitoring may be
required to detect effects.
Lesser prairie-chicken (Tympanuchus pallidicinctus) is another lek-breeding species. Habitat
around buildings, improved roads, transmission lines, gas and oil wellheads and irrigated
fields, all associated with energy development, were all considered to contribute to site
avoidance by nesting prairie chickens (Pitman et al., 2005).
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Table 5.1. A list of European mammal species whose ranges have substantial overlap with, or abut, shale basin areas of Europe.

Common Name

Scientific name

Pyrenean Desman
Broom Hare
Beaver
Balkan mole rat
Lesser blind mole rat
Steppe mouse
Southern birch mouse
Northern birch mouse
Golden jackal
Steppe polecat
Brown bear
Wolf
European mink

Galemys pyrenaicus
Lepus castroviejoi
Caster fiber
Spalax graecus
Nannospalax leucodon
Mus spicilegus
Sicista subtilis
Sicista betulina
Canis aureus
Mustela eversmanii
Ursus arctos
Canis lupus
Mustela lutreola
Felis sylvestris
Arvicola sapidus

Wild cat
Southern water vole
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IUCN status
Vulnerable
Vulnerable
Least Concern
Vulnerable
Data Deficient
Least Concern
Least Concern
Least Concern
Least Concern
Least Concern
Least Concern
Least Concern
Critically Endangered
Least Concern
Vulnerable

Countries affected
Spain
Spain
Several in Eastern Europe
Romania
Romania
Romania, Hungary
Romania, Hungary, Poland
Romania, Poland, Lithuania, Latvia & Estonia
Romania, Hungary, Slovakia and Poland
Romania, Hungary, Slovakia and Poland
from Romania to Estonia & Latvia; Spain
from Romania to Estonia & Latvia; France & Spain

Spain
France and Spain
France and Spain
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Whilst much of the research of impacts of gas developments in North America has focussed
on lekking species, effects of habitat avoidance and increased predation could potentially
apply to any disturbance-prone species, and perhaps especially ground-nesting species. Of the
main European lek-breeding species (capercaillie, Tetrao urogallus; black grouse, Lyrurus
tetri; ruff, Calidris pugnax; great snipe, Gallinago media; and great bustard, Otis tarda), all
five have components of their range within some of the eastern European potential shale
basins that span Romania, Hungary, Slovakia, Poland, Lithuania, Latvia and Estonia. Hence,
such species could be similarly prone to shale-gas developments in such areas as has been
reported for North American lek-breeding species.
There are around 40 European breeding bird species whose breeding ranges within Europe
overlaps considerably (i.e. approximately one-third or more of a species European range)
with shale basin areas (Table 5.2). Only one of these species, black grouse, is a lek-breeding
species. However, a substantial proportion of the remaining species require large tracts of
intact habitat, or are disturbance prone. There are a further 10 European breeding bird species
whose southern range margins lie extensively within areas of shale basins (Table 5.3). Such
populations might be best adapted to cope with the warming climates across Europe in future.
Only one species, cirl bunting (Emberiza cirlus), has a northern range limit that lies
extensively within European shale basin areas.
Within the UK, there are few bird species that are limited to the main shale basin areas,
though a number of northern upland species have their southern limits distributed in regions
of the carboniferous basins. This is the case for species such as willow grouse (Lagopus
lapgopus), merlin (Falco columbarius), short-eared owl (Asio flammeus), hen harrier (Circus
cyaneus), black grouse and golden plover (Pluvialis apricaria). Twite (Carduelis
flavirostris), whilst not markedly distributed in shale basins across Europe has most of its
southern European limit in the shale basins of northern England.
Of the wetland bird species in the UK that are currently on the UK Red List of birds of
highest conservation concern (Eaton et al., 2015) only one, grey wagtail, is heavily dependent
upon riverine systems. Two ducks (pochard, Aythya ferina and common scoter, Melanitta
nigra) and two grebes (slavonian, Podiceps auritus and red-necked grebe, Podiceps
gricegena) are reliant upon still waters for breeding but only one of these, pochard, has UK
breeding range that overlaps with UK shale-gas basins. A number of other UK red-listed
birds depend heavily on peripheral wetland habitats or on wet grasslands, marshlands and
boggy land. Of these curlew (Numenius arquata), lapwing (Vanellus vanellus) and yellow
wagtail (Motacilla flava) have ranges that overlap with shale gas areas. Bird species on the
UK Amber List comprise species that are of lower conservation concern than red-listed
species but nonetheless still of conservation concern. Such species include a number of
wildfowl species that are heavily reliant upon wetlands either for breeding or during the nonbreeding period and other wetland-associated species (e.g. common crane, Grus grus, spotted
crake, Porzana porzana, osprey, Pandion haliaetus and bittern, Botaurus stellaris). The
dipper (Cinclus cinclus), kingfisher (Alcedo atthis) and common sandpiper (Actitis
hypoleucos) are three species that are heavily reliant upon rivers and streams are also amber
listed and occur commonly in UK shale basin areas.
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Some areas of the UK that have the potential for shale gas developments such as the Ribble
Estuary, Morecambe Bay and Teeside are of international conservation value due to the high
numbers of birds that come to these areas from across Europe whilst on migration or to spend
the winter. Any impacts on such sites would have much further reaching consequences than
would most isolated developments that affect primarily resident species. Species that have a
substantial proportion of their UK breeding range in areas of shale basins include several
upland bird species (red grouse, black grouse, merlin and hen harrier) and several waterbirds
(wigeon, Mareca penelope, goosander, Mergus merganser and black-necked grebe, Podiceps
nigricollis), several of which are mentioned above as already being of conservation concern,
i.e. red or amber listed species.
Table 5.2. Bird species with European breeding ranges that overlap markedly with shale basins.
IUCN Red List status abbreviations: LC = least concern, VU = vulnerable, NT = near threatened, EN
= endangered.
IUCN Red List
Scientific name
Common name
Category
Podiceps grisegena
Podiceps nigricollis
Pelecanus crispus
Pelecanus onocrotalus
Microcarbo pygmaeus
Platalea leucorodia
Plegadis falcinellus
Ardeola ralloides
Ardea alba
Phoenicopterus roseus
Tadorna ferruginea
Aythya nyroca
Circus cyaneus
Circus macrourus
Circus pygargus
Clanga pomarina
Clanga clanga
Aquila heliaca
Falco vespertinus
Falco cherrug
Lyrurus tetrix
Zapornia parva
Tetrax tetrax
Burhinus oedicnemus
Tringa stagnatilis
Chlidonias leucopterus

Red-necked Grebe
Black-necked Grebe
Dalmatian Pelican
Great White Pelican
Pygmy Cormorant
Eurasian Spoonbill
Glossy Ibis
Squacco Heron
Great White Egret
Greater Flamingo
Ruddy Shelduck
Ferruginous Duck
Hen Harrier
Pallid Harrier
Montagu's Harrier
Lesser Spotted Eagle
Greater Spotted Eagle
Eastern Imperial Eagle
Red-footed Falcon
Saker Falcon
Black Grouse
Little Crake
Little Bustard
Eurasian Thick-knee
Marsh Sandpiper
White-winged Tern
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LC
LC
VU
LC
LC
LC
LC
LC
LC
LC
LC
NT
LC
NT
LC
LC
VU
VU
NT
EN
LC
LC
NT
LC
LC
LC
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Scientific name
Leiopicus medius
Dendrocopos leucotos
Dendrocopos syriacus
Luscinia luscinia
Locustella fluviatilis
Acrocephalus paludicola
Acrocephalus melanopogon
Acrocephalus dumetorum
Sylvia nisoria
Phylloscopus nitidus
Ficedula albicollis
Ficedula parva
Carpodacus erythrinus

IUCN Red List
Category

Common name
Middle Spotted Woodpecker
White-backed Woodpecker
Syrian Woodpecker
Thrush Nightingale
Eurasian River Warbler
Aquatic Warbler
Moustached Warbler
Blyth's Reed-warbler
Barred Warbler
Green Warbler
Collared Flycatcher
Red-breasted Flycatcher
Common Rosefinch

LC
LC
LC
LC
LC
VU
LC
LC
LC
LC
LC
LC
LC

Table 5.3. Bird species with European southern breeding range edges that overlap markedly with
shale basins. IUCN Red List status abbreviations as in Table 1.
IUCN Red List
Scientific name
Common name
Category
Falco columbarius
Lagopus lagopus
Grus grus
Pluvialis apricaria
Gallinago media
Lymnocryptes minimus
Tringa glareola
Hydrocoloeus minutus
Asio flammeus
Picus canus

5.3.3

Merlin
Willow Grouse
Common Crane
Eurasian Golden Plover
Great Snipe
Jack Snipe
Wood Sandpiper
Little Gull
Short-eared Owl
Grey-faced Woodpecker

LC
LC
LC
LC
NT
LC
LC
LC
LC
LC

Potential impacts of habitat loss on other taxa

Research into the potential effects of habitat loss and disturbance associated with shale gas
developments on taxa other than mammals and birds are distinctly lacking. The need for
improved surveys and monitoring of such taxa has been stressed. Modelling of salamander
ranges in the Marcellus shale region of the U.S. identified high uncertainty in species’ ranges,
and in how the populations would respond to different development scenarios (Brand et al.,
2014). As this is likely the case for other currently unstudied taxa in affected regions, it is
crucial that steps are taken to initiate studies on the wider ecosystem impacts of such
developments, and to not focus only on birds and mammals. The potential impacts of shale
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gas related habitat loss on species of wetland systems and waterways are discussed separately
under the heading of water quality and quantity.

5.4

Habitat Fragmentation

Whether habitat loss or fragmentation associated with shale gas development is likely to be
most problematic, in terms of how they impact an ecosystem, has yet to be established.
Nevertheless, it is important that both are considered. Given the limited literature specific to
shale-gas developments and habitat fragmentation effects, to better understand the potential
impacts of fragmentation we include in this section research describing impacts from
comparable energy sectors. Unless stated otherwise, the material described below related to
impacts of conventional oil and gas extraction. These processes require seismic lines, roads
and pipeline networks, features in common with shale gas development and those most likely
to fragment the landscape and affect local flora and fauna. Studies of infrastructural networks
associated with unconventional gas development have shown that their spatial footprint can
spread far beyond the immediate perimeter of the well pad site (Patterson and Maloney,
2016), highlighting the need to explore the potential for similar outcomes in Europe.
In North America, brown bears (Ursus arctos) use of areas has been shown to decline along
seismic lines associated with oil and gas development. (Linke et al., 2005). In a European
context, it is possible that the remnant brown bear populations in the Spanish Cantabrian
Mountains might be similarly affected if developments occurred in the Basque-Cantabrian
basin, though overlap of the basin and the current range of the bear in the region may be
limited. Wolves (Canis lupus) predation can actually be facilitated through increased habitat
fragmentation and higher densities of linear features. In a Canadian study (James and StuartSmith, 2000), wolves stayed closer to, and caribou remained further from, linear features than
random locations, suggesting an avoidance of predation risk. This avoidance of otherwise
high-quality habitat due to the presence of predators is sometimes referred to as a ‘landscape
of fear’ effect (Laundré et al., 2010), and can alter species composition and vegetative cover
in an area, with unknown, indirect impacts on the other species occurring there (Miller et al.,
2012). Therefore, in potential European developments areas containing wolves, increased
predation risk resulting from habitat fragmentation could impact more than just the primary
prey population. In North America developments associated with oil sand extraction have
also led to cascading community changes. (e.g. Latham et al., 2011b).
Line cutting to remove all vegetation in preparation for seismic lines, pipelines or powerlines
is a common practice in oil and gas development sites. Modelling the territorial response of
birds to increasing seismic line density showed that an increase in seismic line density from 0
to 8km/km2 resulted in a 38% decline, and an 82% decline, in abundance when individuals
used them as territory boundaries, or avoided edges by 50m, respectively (Bayne et al.,
2005a). Some companies have begun to use lower impact seismic lines, which are only 2-3m
wide, which some woodland bird species can incorporate within their territories. Even
apparently innocuous structures such as fences can act as a repellent for some species. A
North American ground-nesting quail species, the northern bobwhite (Colinus virginianus),
avoided fences, fragmenting its habitat. This highlights again that not all species respond in
the same way to disturbance, and that generalisations across species cannot be easily made.
Even within a species, the impact of developments can vary spatially. For example,
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salamanders in one study area used edges adjacent to well sites less in drier and warmer areas
but used the same type of sites to a greater extent in cooler, moister areas (Moseley et al.,
2009).
Habitat fragmentation is a well-known conduit by which invasive species can spread,
especially those species adapted to the disturbed and open habitats that tend to be associated
with fragmentation. For example, forest roads have been shown to facilitate the spread of
invasive plants by providing areas of disturbed ground that they were more easily able to
colonise (Mortensen et al., 2009)., Woody invasive plant species richness has also been
shown to increase more in areas with more forest edge in comparison to less disturbed forest
types (Allen et al., 2013). Furthermore, construction can lead to compaction of soil, changing
its structure and hydrology and causing physiological problems in the plants trying to grow
there (Kozlowski, 1999). This can lead to changes in productivity and plant community
structure (Beck and Wurst, 2013), which could ultimately affect higher trophic levels. As soil
compaction is a likely result of energy development, preventative and mitigating measures
need to be identified and accounted for.
In a European context, the impacts of habitat fragmentation could be substantial dependent
upon the extent of development, i.e. well density in different areas and the individual
susceptibility of different species to fragmentation caused by developments. A scoping study
(part of the M4ShaleGas project) of the potential number of wells that could be sited on
100km2 license blocks within the Bowland Shale basin area of the UK concluded that the
average license block could hold 26 well pads due to restrictions on well pad placement due
to surface infrastructure (Clancy and Worrall, 2017). If a species exhibited avoidance
behaviour such that did not use habitat within 500m of a the centre of a well pad, this would
result in a loss of about 20% of available habitat across a 100km2 square, is all of the cell
previously contained suitable habitat. Impacts on larger species, which require substantial
areas of connected habitat to form a home range would be even more severe. Given that
studies on birds and mammals in North America have documented avoidance behaviour and
detrimental effects up to 1 km from a well pad, it is easy to see how extensive areas of habitat
could become unsuitable for such species. Applying a 1km avoidance areas around well pads
in the previous example would result in habitat loss exceeding 80% in an average UK
licencing block, if occupied by its full potential of well pads.

5.5

Human activity and disturbance

The presence of humans and human activity, such as traffic, in a landscape can significantly
disturb ecosystems and the organisms inhabiting them. Often this results in similar effects to
those associated with habitat loss and fragmentation (discussed in Chapter 3) such as
avoidance behaviours and declines in abundance. This chapter aims to distinguish effects that
are a result of direct human activity and disturbance, as they likely require different, or
additional, methods of mitigation compared to habitat loss/disturbance because of the
different way in which they can affect a system. Three main issues will be discussed here in
relation to shale gas development: (1) changes in human activity at shale-gas sites and in
neighbouring areas, (2) changes in traffic density associated with the site operations and (3)
improved human access to areas that were previously difficult to reach.
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5.5.1

Changes in human activity levels

The development of shale gas resources requires human presence on site during construction
and operation, and for on-going maintenance. For many mammal populations this can present
a problem, as most mammals are elusive and actively avoid humans. Such area-avoidance
effects have been shown for large terrestrial herbivores in several regions, though few studies
exist for Europe. Population declines can result from such increases in human activity,
exacerbating impacts on species that are already threatened by other factors. Another
response to human disturbance can be a change in e.g. diurnal activity patterns. For example,
many mammals in human-dominated areas are strictly nocturnal, to coincide with reduced
human activity but will be diurnal in undisturbed parts of their range. The impacts of such
behavioural changes on populations have rarely been quantified. Some bird species will not
breed or nest in areas of increased human activity and disturbance (Lyon and Anderson,
2003), potentially affecting breeding patterns and population recruitment. Impacts of
disturbance can be particularly acute if they impact colonial nesting species (Carney and
Sydeman, 1999). However, changes in behaviour of birds due to human disturbance may not
relate directly to population consequences (Gill et al., 2001). Responses in other taxa (e.g.
reptiles and amphibians) may be less obvious, but are rarely studied. Available literature on
human disturbance effects relating to the energy sector rarely acknowledges organisms other
than birds and mammals, limiting our understanding of potential wider ecosystem-level
impacts. Such impacts, even if not a direct response to the increased presence of humans,
may manifest themselves indirectly through trophic cascades related to their impacts on birds
and mammals.
Whilst this review failed to find any research into the specific effects of human activity and
disturbance associated with shale gas extraction, it has been possible to compile some similar
studies in the context of conventional oil and gas extraction, and in areas of broader
ecological scope. Multi-species studies often highlight variation in species’ tolerance of
human activity, which can help to assess how increased activity levels affect community
dynamics. For example, the presence of human activity on the Canadian prairies has been
shown to influence the relative abundance of grassland birds, due to species-specific
tolerance thresholds (Hamilton et al., 2011). Worryingly, it has been shown that declining
bird species across Europe are less tolerant of human activity (as measured by the distance at
which they flee from people) than are species with stable or increasing population trends
(Møller, 2008). Hence, any increase in human disturbance in previously undisturbed areas is
more likely to threaten already declining species.
5.5.2

Changes in traffic density

Increased traffic density from shale gas development presents another impact, and traffic
density is frequently linked to higher mortality in species. Bird-vehicle collisions in the U.S.
are estimated to cause between 89 and 340 million bird deaths each year (Loss et al., 2014),
indicating the potential for significant impacts on local wildlife populations. Similarly, road
traffic can lead to substantial mortality levels of large mammals in Europe. For example,
collisions between deer and vehicles in the UK between 2001 and 2006 were estimated to
involve circa. 42,000 (and possibly up to 74,000) collisions per year (Langbein, 2011).
Although traffic density associated with shale gas developments will probably increase traffic
volume only marginally in most areas, in some areas traffic may pass through areas that have
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previously been relatively undisturbed. The frequency of vehicle journeys in such areas could
be orders of magnitude higher than pre-development levels, presenting a potentially
significant impact. In addition, new roads built in association with shale gas development
can provide access to areas that previously have gone relatively undisturbed. This effect is
common to other developments. Documentation exists of increased human activity,
disturbance and hunting associated with new access roads for developments (Thibault and
Blaney, 2003), in addition to problems associated with the development itself. Improved
accessibility allows human to penetrate the natural environment further and potentially
extend disturbance effects.
Traffic flow around a site will vary depending on its stage of development, meaning impacts
on susceptible wildlife will also be variable throughout time and difficult to predict. It is
expected that European traffic disturbance could be lower than that experienced at North
American extraction sites, as European trucks are permitted to carry greater loads (AEA,
2012). It remains unclear, however, what level of traffic disturbance European sites will
experience, as there is uncertainty surrounding how produced waters will be removed from
sites - therefore, there is significant difficulty in accurately judging ecological consequences.
All current impact studies are North American, involving mostly species that are absent from
Europe, albeit that some mammals considered are common to both regions and others have
European near-analogues. Thus, some uncertainty remains about what the impact to
European ecosystems of traffic density increases will be. Having said that, many of the areas
of shale basins in Europe are already relatively developed, and hence many species present in
such areas are those that are tolerant of road traffic.
In North America, traffic disturbance from natural gas sites reduced nest-initiation rates in
greater sage-grouse (Lyon and Anderson, 2003), and increase the distance travelled from leks
during nest site selection. The traffic levels causing these impacts were deemed light, at 1-12
vehicles per day. Mule deer also selected areas further from well pads with increasing levels
of traffic (Sawyer et al., 2009).
Collisions with wildlife present a different problem to avoidance behaviours, by directly
reducing the population size. In both North America and Europe, passerines and owls are the
most common bird orders reported dead following vehicle collisions (Bishop and Brogan,
2013; Erritzoe et al., 2003). This is considered a major factor in the decline of barn owls
(Tyto alba) in the UK and Germany (Ramsden, 2003; Erritzoe et al., 2003). Increasing the
number of vehicles on the roads in ecologically sensitive areas, where many shale gas
developments may occur, could have serious negative implications for the species present.
Furthermore, traffic can impair movement of amphibian populations by increasing mortality.
Any increase in traffic load will result in higher mortality of mammals, especially if traffic
movements were to occur at night, when many mammals are most active, and when remote
areas typically have lower flow rates. Most mammalian traffic mortality across Europe relates
to widespread species such as roe deer, badger (Meles meles) and hedgehog (Erinaceus
europaeus) (and elk [Alces alces] further north). Hence, in many situations increased road
mortality associated with new developments will impact population management of
commoner species rather than endangering rare or protected species. Having said that, road
mortality can impact threatened species where the two coincide. For example, a large
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proportion of mortality in European species such as wolf, brown bear and Iberian lynx (Lynx
iberica) can be attributed to road mortalities. Hence, when rare and susceptible species are
present in a potential development area, special consideration should be given to minimising
likely impact. The situation in birds is similar, with a lot of reported avian mortality involving
e.g. nocturnal owls and commoner species. However, declining species such as common
kestrel (Falco tinnunculus) and barn owl are also vulnerable to traffic mortality.
Vehicular access around sites and during site development can present significant problems
for ecosystems on fragile substrates (where damage can be more severe) and at high
elevations (where recovery can be much slower). In addition, new infrastructure can also alter
drainage regimes further from the site.
5.5.3

Increased access not directly associated with the development itself

Improved accessibility can lead to increased human penetration into previously undisturbed
areas, extending the negative impacts of disturbance. Furthermore, road developments may
well remain after shale gas wells cease to function, meaning access-related disturbance could
persist longer than the lifetime of the well. Currently, however, there is little to no evidence
of the impacts of increased human access to previously undisturbed natural areas resulting
from the development of shale gas sites. Human activity at extraction sites in North America
was found to negatively impacts female elk survival rates, both within and outside of the
hunting season (Webb et al., 2001c). Whilst changes in hunting pressure due to improved
access to some areas are unlikely to materially impact most species across Europe, increased
use of newly developed areas by people could have real impacts on disturbance-prone
species. For example, the hen harrier (Circus cyaneus) in the UK is relatively disturbanceprone, reportedly having a median alert distance (the distance at which birds become alert to
human presence) of 310m. By contrast, the short-eared owl (Asio flammeus), which nests in
similar habitat, has a median alert distance of only 75m (Ruddock and Whitfield, 2007).

5.6

Noise, Light and Air Pollution

Human activities can create various sources of pollution, and shale gas development is no
exception. Noise pollution is one of the most well studied types of pollution emitted by
onshore energy developments. Two forms of noise pollution exist; chronic noise, and
intermittent noise. Whilst chronic noise can severely impair the ability of animals to detect
and respond to sounds, intermittent, unpredictable noises can be perceived as threatening
(Francis and Barber, 2013). Both forms have the potential to significantly impact the fitness
of animals, by altering behavioural and physiological parameters. Shale gas extraction entails
production of both intermittent noise (produced when drilling) and chronic noise (produced
by gas compressor stations, which pump retrieved gas away from a site to be used).
Therefore, it is important to understand, and be able to mitigate, both of these distinct sources
of noise pollution before widespread European development begins.
Light pollution changes natural cycles of light and dark in the environment, by the production
of artificial light in times of natural darkness, affecting both flora and fauna. 85% of the UK
is thought to experience light pollution, with mostly unknown effects on its ecosystems
(Cinzano et al., 2001). Many shale gas developments produce artificial light, with potential
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implications for wildlife in the surrounding areas. As shale gas developments are often placed
in areas of low human density, they are also likely to be placed in areas with little to no preexisting light pollution, as the two variables are often positively correlated (Sutton et al.,
1997). Such artificial light production can cause biological problems with orientation, and
can attract species to, or repulse them from, light sources. Artificial lighting can also alter
reproductive behaviour and communication in species and affect community composition
(Longcore and Rich, 2004). Thus, minimising the impacts of light pollution caused by shale
gas developments is likely to be an important component of mitigation.
Shale gas developments also produce a number of hazardous air pollutants, which can be
harmful to both flora and fauna. These include: nitrogen oxides (NOx), sulphur dioxide (SO2),
carbon monoxide (CO), volatile organic compounds (VOCs) and particulate matter (Souther
et al., 2014). Oil and natural gas operations are often significant sources of VOCs (Gilman et
al., 2013) which, along with NOx are ozone (O3) precursors.
Noise, light and air pollution could cumulatively add to the impacts on wildlife of gas shale
developments described in previous sections, such as population-level effects and
behavioural alterations, as well as causing unique problems. Here, we highlight possible
effects of noise, light and air pollution related to shale gas developments in Europe. Whilst
many studies have assessed the impacts of noise pollution from onshore oil and gas
operations, few have addressed the effects of light and air pollution. Therefore, for these two
pollutants, other sources will be used to provide the best available information to predict how
they may affect European ecosystems.
5.6.1

Noise pollution

Although standardised protocols are available for assessing noise pollution on people, these
cannot be extended to biodiversity more generally due to the different hearing ranges and
sensitivities among species (Radford et al., 2012). In North America, the effects of noise
pollution from conventional gas developments on greater sage-grouse populations found that
leks treated with (a) natural gas well drilling noise and (b) traffic sounds saw declines in male
attendance of 29% and 73%, respectively, compared with paired controls (Blickley et al.
2012a), A further study suggested that male birds which remained in areas of noise treatment
had raised stress levels. (Blickley et al., 2012b).
North American passerines (songbirds) have been shown to be significantly affected by the
noise pollution associated with gas developments. In a boreal forest study, pairing success of
ovenbirds (Seiurus aurocapilla) near noise-producing gas compressor stations was 77%,
compared to pairing success of 92% at noiseless well pads (Habib et al. 2007). A similar
studies on other North American passerines, grey flycatcher (Empidonax wrightii) and
western scrub jay (Aphelocoma californica) territorial occupancy, and grey flycatcher nest
success, were found to be significantly affected by gas well compressor noise (Francis et al.,
2011c).
Often it is unclear exactly what aspect of a disturbance deters a species from occupying an
area. A study near a natural gas extraction site showed species-specific responses in
abundance following exposure to anthropogenic noise (Francis et al., 2011a). Birds with
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high-frequency vocalisations remained, whilst birds with low-frequency vocalisations
avoided noise; this was likely due to low-frequency signals being more easily masked by the
anthropogenic noise produced by wells and compressor stations. Furthermore, vocal plasticity
may enable some bird species to remain in noisy areas, by changing the frequency of their
song to prevent their signals being masked (Francis et al., 2011b). For example, skylarks
(Alauda arvensis) in areas of wind turbine noise changed their song to sing at higher
frequencies once turbines were operational (Szymanski et al., 2017). As vocalisations play
such important role in a species’ capacity to remain in noisy areas, it is important that this is
explored in a European shale gas development context, to help identify vulnerable species
ahead of developments.
In a European context, most impacts of noise pollution on species relate to the impacts of
road noise on bird species. One of the most frequently observed responses to traffic noise in
European passerines has been a shift in song frequency. This has been noted in reed bunting
(Emberiza schoeniclus) (Gross et al., 2010), great tit (Parus major), blackbird (Turdus
merula) and chiffchaff (Phylloscopus collybita) (Brumm, 2006). In urban areas, a tendency
for robins to vocalise at night was linked to urban noise rather than to, for example, light
pollution (Fuller et al., 2007).
Whilst the majority of studies of the impacts of energy development-related noise pollution
describe impacts on bird species, some mammalian research on the topic does exist, but with
limited coverage of impacts on species in temperate setting. Species have been recording
avoiding areas associated with seismic exploration noise (Rabanal et al., 2010). Bat species
that use sound to locate their prey, as opposed to echo-location, could be especially
vulnerable.
Despite being quite tolerant of humans, badgers in Europe are known to sometimes abandon
their setts due to even quite moderate levels of disturbance (Griffiths and Thomas, 1997). The
noise and increased human presence associated with shale gas developments could lead to
similar effects in Europe on badgers and other disturbance-prone mammals. By contrast,
some European species such as wild boar and fox can become habituated to human
disturbance (Stillfried et al., 2017), and may be relatively little affected by development.
5.6.2

Light pollution

Shale gas developments in Europe will likely involve the installation of artificial lighting, to
illuminate well pads, roads and associated infrastructure. Whilst literature investigating the
effects of light from conventional or unconventional oil and gas developments is difficult to
find, there are many studies assessing the impacts of other sources of artificial lighting on a
wide range of taxa. This section will aim to use this information to provide a broad outline of
some ecological effects that could be expected as a result of light pollution from shale gas
developments in Europe.
Predation risk to prey species can increase with light pollution as some predators are able to
better orient themselves and forage for longer (Hill, 1990; Schwartz and Henderson, 1991).
For some species, increased light during the hours of natural darkness reduces the time
available to find food and could impact fitness and survival. Light pollution from shale gas
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developments should be designed so as to minimise alterations to predator-prey relationships
and prevent ecosystem-level community shifts. Shielding of lights to minimise the escape of
light into the wider environment would be a simple means of restricting the area of highest
light pollution to the area close to the pad.
Almost all bat species globally are nocturnal and their behaviours can be significantly
impacted by artificial light. Artificial lighting can also cause seasonal dawn and dusk
songbird singing to begin earlier in the year (Silva et al., 2015) and male songbirds to start
singing at dawn significantly earlier in the day than other males further from it (Kempenaers
et al., 2010). Hence, light pollution can significantly affect breeding patterns and individual
reproductive behaviour. Different lighting technologies can have varying effects on the
species in an area. For example, use of broad light spectrum technologies, as opposed to
narrow light spectrum technologies, could allow a wider range of animals to detect light
passing over features in their environment and enable the performance of visually-guided
behaviours (Davies et al., 2013). Moth species across Europe are suffering severe declines,
and light pollution has been implicated as a significant contributor to this. Impacts of
artificial light production on plants are very poorly studied.
5.6.3

Air pollution

Shale gas developments are associated with a number of air pollutants that can cause varying
degrees of harm to a diversity of organisms. As shale gas developments are likely to
contribute to SO2 emissions, which can affect woody plant communities. Nitrogen oxides
(NOx) are another group of gases produced by shale gas operations that have long been
known to have impacts on both flora and fauna. NO2 exposure causes suppressed growth and
cause damage to foliage in plants (Taylor and Eaton, 1966), and these effects can occur at
lower concentration thresholds when NO2 and SO2 are both present (Tingey et al., 1971), as
is possible in areas of shale gas development. Such stress responses from plants can have
cascading effects on the herbivorous invertebrates that feed upon them. Nitrogen oxides have
also been show to directly affect birds and mammals.
Low level ozone (O3) have been recorded in the vicinity of oil and natural gas extraction sites
(Martin et al., 2011). Ground-level O3 can have detrimental effects on natural vegetation,
which will obviously have impacts on other species and competitors in the food chain. A US
study in the Barnett Shale found that the average of all ozone components was 8% higher in
regions with shale gas development than those without (Ahmadi and John, 2015), The effects
of such exposure remain largely unknown for many plants and animals. Introducing and
increasing shale gas operations across Europe could lead to significantly higher levels of
localised ozone exposure. Shale gas operations are yet to be specifically implicated in the
production and local presence of high concentrations of surface ozone. However, given the
precedent set by the conventional oil and natural gas industry, it is likely that low level O3
could present an ecological problem at shale gas extraction sites, and therefore, should be
closely monitored.
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5.7

Water quality and quantity

Comparison of the impacts of shale gas extraction to other onshore energy industries
becomes more problematic when investigating the ecological effects on water quantity and
quality, as these issues are largely unique to shale gas developments. Hydraulic fracturing of
shale formations, to release the desired gas, requires large volumes of water at high pressure.
Estimates from the U.S. suggest that a well will use up to 26 million litres of water during its
lifespan (Entrekin et al., 2011). This is the first ecological concern discussed in this section.
As shale gas developments will require access to large amounts of water, it is important to
address the potential biotic effects resulting from removing this resource from the
environment. In the USA, water for hydraulic fracturing is often either delivered onsite by
trucks, or piped in from a nearby, centralised storage facility to reduce the pressure of traffic
on forest roads (Eshleman and Elmore, 2013). Approved sites in the UK aim to use a mains
supply of water, as agreed with local water distributers (Cuadrilla Bowland Ltd, 2014; Third
Energy, 2015). Although neither of these options suggests developers themselves will be
removing freshwater directly from aquatic systems, water will ultimately be removed from
the environment somewhere, potentially putting additional stress on areas already strained by
excess water abstraction. Therefore, the potential ecological implications of excessive
freshwater removal are discussed here.
Secondly, the way in which wastewater is treated must be considered. Some authors
distinguish between the liquid released immediately after hydraulic fracturing, and the fluid
that flows up the well with gas at the production stage, and continuously throughout the
well’s lifetime (Estrada and Bhamidimarri, 2016). These are referred to as ‘flowback fluid’
and ‘produced water’, respectively. However, because of their similar compositions, from an
ecological perspective, for the purpose of this review these terms will be used
interchangeably.
Flowback fluid can be up to more than seven times more saline than seawater, and contain
radium and barium at levels hundreds of times higher than drinking water standards
(Haluszczak et al., 2013). Accidental release of the wastewater into freshwater systems could
be disastrous for the organisms living within it, as well as the terrestrial biota that use it as a
resource. Because of this, developers are compelled to reduce the risk of water source
contamination as much as possible. A recent planning application for shale gas exploration,
which was approved in the UK, stated that the developers would reuse as much flowback
fluid as they are able, as fracturing fluid, and transport the remainder offsite by truck to a
nearby water treatment facility (Lancashire County Council, 2015). The permit also requires
developers to provide closed onsite storage facilities, in case the rate of waste water
production exceeds the rate of treatment agreed with the offsite water treatment facility.
However, it is unclear whether this will be completely successful in keeping flowback fluid
from entering the environment, and whether the same approach will be adopted across
Europe. Therefore, this section will also examine the potential impacts of the escape of
hydraulic fracturing waste water on ecosystems, and how this can be most effectively
mitigated.
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5.7.1

Water Quantity

Water levels and flow rates vary naturally, and organisms are usually able to survive
fluctuations, within species-specific thresholds. Removal of water from these systems can
severely disrupt natural hydrological patterns, and, consequently, the ecological balance of
the system. Excessive water abstraction can cause freshwater communities to collapse, by
affecting a broad range of taxa, from fish to algae (Bunn and Arthington, 2002). Many shale
gas developments intend to have multiple wells per well pad, increasing hydrological stress
on aquatic systems by raising the water demand of a site.
Extraction of water from streams and rivers can significantly alter their flow. Flow rates can
vary both spatially and seasonally, and many species are adapted to survive in specific
conditions determined by this rate and its natural fluctuations. Fish assemblages have been
shown to be sensitive to pronounced reductions in stream flow, with lower catch per unit
effort, and fewer benthic and drought-intolerant species recorded in experimentally
manipulated streams (Benejam et al., 2009). A study of streams in the Marcellus Shale
region, in the U.S., found that alterations to the fish community were related to changes in
flow, and that flow alteration could reduce species richness by more than 23% (Buchanan et
al., 2017). The study also found relationships between the size of a stream and how well
minimum flow environmental standards protected the species it contained; common
minimum flow requirements were found to be insufficient to stop significant impacts on flow
at many of the studied locations.
Fish and invertebrate abundance and taxonomic richness, and algal biomass are negatively
affected by flow rate declines following water abstraction (Matthaei et al., 2010). Loss of
seasonal variation in flow peaks has also been implicated in the reduction of plant growth
rates (Reily and Johnson, 1982), the elimination of riparian plant recruitment (Fenner et al.,
1985), and the spread of invasive plant species (Horton, 1977). Drought intolerant
macroinvertebrates exposed to intermittent flow rates have been shown to disappear from a
system following a period of low flow, whilst drought-tolerant species survived (VidalAbarca et al., 2013). Hence, low flow rates can significantly impact taxa that are vulnerable
to desiccation. Larval fish have been shown to be less abundant in regulated rivers where
flow rate was altered, compared to unregulated rivers (Scheidegger and Bain, 1995),
highlighting how certain life stages can be more susceptible to disruption by water source
regulation.
Modifying the flow regime of a river or stream also modifies its thermal regime. Shallower
water and fewer deep areas in rivers will result in a loss of low temperature environments that
can be crucial for some species in summer months, and at warm and bright periods of the
day. For example, Atlantic salmon (Salmo salar) can suffer poor egg survival during low
flow rates of rivers (Casas-Mulet et al., 2015). Periods of natural high flow move sediment
throughout the system, transporting organic resources within this sediment. By removing
periods of high flow through water abstraction, the redistribution of nutrient-rich sediments
may not occur, leaving some areas nutritionally deficient (Poff et al.,1997). Further to this,
decreased flow can lead to the accumulation of coarse particulate organic matter (CPOM),
causing localised anoxic condition and altering species composition (Death et al., 2009).

D12.6 Impact of well site infrastructure and transport

Copyright © M4ShaelGas Consortium 2015-2017

Page 69

Reduced infiltration rates of water into the environment can also cause flow rate declines. In
the UK, wells pads will be covered by an impermeable sheet, as a barrier to pollutants created
in the drilling process, and storm water will run off into sealed drains (Cuadrilla Bowland
Ltd, 2014). Although this is aimed at preventing contaminated water from leaching into
surrounding soil, it has the potential to reduce infiltration into the soil beneath the covered
well pad and the area surrounding it. Any roads constructed to service shale gas
developments could alter natural hydrological patterns in the vicinity.
5.7.2

Water Quality

Abstracted freshwater is modified prior to use for hydraulic fracturing. When water returns
above ground from a well, its composition has further changed. Usually changes include a
significant increase in salinity, and heightened concentrations of organic and inorganic
pollutants, as well as normally occurring radioactive materials (NORMs). These differences
are thought result from the water mixing with highly saline brines and salts underground in
the shale formation (Blauch et al., 2009). The longer the water stays in contact with the shale
formation, the greater resulting solute concentrations tend to be (Estrada and Bhamidimarri,
2016). Suspended solids, used initially as proppants, also remain in the water. These,
however, are considered easier to remove than some of the other changes due to inexpensive,
readily available filtration treatments.
Due to its mixture of potential pollutants, the treatment and disposal of waste water from
hydraulic fracturing presents a problem that is unique to unconventional gas extraction.
Concentrations of organic compounds are initially in the order of mg L-1 in waste water but
decrease rapidly within the first 20 days following hydraulic fracturing action (Estrada and
Bhamidimarri, 2016). Yet, some can remain at concentrations between 10 and 250 μg L-1 250
days after fracturing (Orem et al., 2014). The potential implications of these pollutants for
ecosystems are unknown and difficult to predict due to the variety of chemicals that are used
(UK regulated organic pollutants are summarised in Estrada and Bhamidimarri (2016).
However, the concentration of total dissolved solids (TDS) is likely to have the largest,
greatest impact of all possible contaminants as the salinity levels often far exceed the
tolerance levels of most organisms. Sodium typically reaches concentrations of around
30,000 mg L-1 in wastewater from wells worldwide, while chloride concentrations increase to
approximately 80,000 mg L-1 (Olsson et al., 2013). There is evidence to suggest that total
suspended solids (TSS) in surface water is raised in areas downstream of shale gas wells,
whilst chloride concentrations remain constant (Olmstead et al., 2013). Yet, watersheds
downstream of shale gas waste treatment plants have also been found to have increased
chloride concentrations, but not altered TSS concentrations.
Solute contamination can drastically alter the natural function of an ecosystem. Wastewater
from hydraulic fracturing was purposefully applied to a patch of mixed hardwood forest in
West Virginia, USA (Adams, 2011). Both instantaneous and longer-lasting effects were
observed. Two years on, 56% of the trees in the treated area had died. Spills from onshore oil
and gas production in the USA are substantial. Cozzarelli et al., (2017) show numerous
catchments within the state of South Dakota, USA where the total spill volume over a sevenyear period exceeded 750,000 L. Across Europe, smaller, accidental releases are both
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possible and likely; therefore it is important to understand how increased salinity and other
contaminants can affect taxa.
Freshwater systems could be particularly vulnerable to influxes of solute-rich water because
of the limited tolerances of freshwater species to salinity. Almost all stages of freshwater fish
life cycles can be negatively impacted by increased salinity and TDS levels (Weltman-Fahs
and Taylor, 2013). Cozzarelli et al. (2017) examined the survival of fish in an area
downstream of an oil and gas wastewater spill. Survival was only 2.5% at 7.1km downstream
of the spill, compared to 89% upstream of the affected areas. The study found that whilst
organic and inorganic matter were released into the freshwater environment following
contamination, the elements from brines (e.g. NH4, Ra, Ba and Sr) persisted for longer,
occurred at much higher concentrations and consequently posed a greater threat to fish.
Mercury has also been highlighted as a problematic contaminant in the Marcellus shale
region in the U.S.. In one study, the number of well pads within a watershed and the total
mercury concentrations in crayfish were correlated (Grant et al., 2015). The same study
showed a negative correlation between the number of well pads in an area and both fish
diversity and macroinvertebrate richness. Effects of mercury bioaccumulation on trophic
structure have also been recorded in the Marcellus shale (Grant et al., 2016).
Sudden changes in other chemical characteristics of a freshwater habitat due to fracking fluid
spillages have been linked to distress, and often death, in aquatic invertebrates and fish. For
example, the elevated metal concentrations associated with fracking fluid have also been
shown to affect the growth and mortality of brook trout (Salvelinus fontinalis) (WeltmanFahs and Taylor, 2013), highlighting the potential for widespread multi-species responses to
release of fracking fluid into freshwater systems. Declines in the abundance of aquatic
macroinvertebrates, particularly mayflies, in the Marcellus Shale region have been linked to
increases in TDS concentrations (Weltman-Fahs and Taylor, 2013). Studies of the impacts of
road salts on amphibian populations in adjacent wetland have highlighted their high highly
sensitive to increased salinity (Karraker, 2008). This provides a reasonable proxy for the
potential impacts of increased salinity due to contamination by flowback fluid. Survival can
also decline drastically in amphibian populations that are exposed to increased chloride levels
(Sanzo and Hecnar, 2006), and those individuals that do survive often suffer malformations
(Karraker 2007). Evidence also exists of metal accumulation in non-aquatic species (Latta et
al., 2015).
Some onshore oil industries use large evaporation ponds aboveground to separate oil from
water. These are similar to open ponds used by the shale gas industry to store fracturing
fluids onsite before reuse. Shale gas developers in the UK are legally required to store
fracturing fluids in sealed containers. However, this regulation is not reflective of all
European industry. Open ponds, can attract wetland bird species to land on the water. In
evaporative ponds high levels of mortality of grebes and waterfowl have been recorded
(Ramirez, 2010).
In summary, ecosystems can be affected by both physical and chemical changes in water
quality, and shale gas developments have the potential to cause both. Fracturing fluid is a
unique product of this relatively new technology, and can cause large, widespread problems
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if released into the environment. Therefore, developing mitigation steps to minimise the risk
of this, in order for environmental contamination to become highly improbable, should be of
high priority.
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5.8

Mitigation of ecological impacts

Very few studies have directly tested mitigation strategies designed to reduce the ecological
impacts of the onshore shale gas industry (Northrup and Wittemyer, 2012). Therefore, current
research cannot provide the evidence-base for mitigation strategies required for the many
wide-ranging ecosystems being affected by a rapidly expanding shale gas industry. Many
strategies and best management practices (BMPs) have been suggested, but there is little
evidence of their effectiveness. In this section, these suggested mitigation strategies and
BMPs will be discussed in relation to the ecological side effects addressed in the previous
sections, along with suggestions for future research priorities.
Unlike current sources of renewable energy, shale gas is a finite resource and extraction sites
are highly unlikely to be a permanent feature of the landscape. Because of this, the focus of
many suggested mitigation strategies and BMPs is to bring the wildlife and ecosystem
through the period of development, until a time where the habitat can be restored.
Detailed pre-development assessments of the local environment will be key to ensuring the
success of ecosystems affected by shale gas development in the future. Determining whether
species or systems will become critically threatened by development requires that we
consider their state before any actions are taken. This will be crucial in managing the risk to
wildlife and ecosystem services if shale gas developments in Europe are to become
widespread, and will help in environmental restoration following the cessation of resource
extraction, as it will provide a clearer picture of what came before.
Restricting development in some key or fragile areas could also minimise the risk to
vulnerable species and ecosystems. Minimum setback distances from critical habitat for well
pads should also be evaluated by future Europe-specific research, to ensure key habitats or
species are not impacted. Furthermore, changing seasonal use of habitats by species and the
seasonal variation in the habitats themselves should be considered in management plans to
preserve biodiversity. The preservation of refuge habitat that may only be used seasonally, or
for short periods, by important, wider ranging species are one example where losing a
relatively small area of habitat might have more widespread ecological repercussions (Runge
et al., 2014). If such areas exists within, or adjacent to, potential development areas, their
protection and preservation should take priority over the development (Doherty et al., 2008).
To minimise impact, developers should ideally seek to locate pads on already disturbed land,
or land of low ecological value, wherever possible to prevent further habitat loss.
Additionally, many species occupying already disturbed areas will likely be adjusted to living
in anthropogenically-altered landscapes, and hence could be impacted less, relative to species
of more pristine habitats.
If planner and regulators were to estimate costs and benefits to development and to consider
trade-offs among sites, they could improve the industry’s environmental performance at a
reasonable cost (Milt et al., 2016). Similar reductions in impacts could be achieved by
clustering multiple developments, and by having multiple wells running from a single well
pad. This would lower the total area of land lost to shale gas development, subsequently
limiting the total biodiversity impact of resource extraction. A study in Pennsylvania showed
that over 112,838 acres of forest could have been saved between 2006 and 2015 if policy
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mandated that wells should be consolidated onto under-utilised well pads (Klaiber et al.,
2017). Additionally, such actions would lower overall impacts of other factors impacting
neighbouring ecosystems (Milt et al., 2016), such as noise and light pollution, as impacts will
be concentrated in one area rather than scattered across many, with the consequence of much
greater edge effects in the latter case.
Developers should always use existing roads wherever possible, and avoid the construction of
new roads so to minimise habitat fragmentation and avoidance behaviours. Traffic should
also be minimised to the lowest possible level. Similarly, any seismic lines cut for resource
exploration purposes should be as narrow as possible (Bayne et al., 2005b).
The impacts of noise disturbance are poorly understood for many species. Because of this and
the large amount of noise pollution that shale gas extraction can cause, it has been
recommended that developers should incorporate some method of noise suppression, whether
that be through noise barriers or other techniques (Francis et al., 2011c). In disturbance
sensitive areas, the times during which humans are active on site should be limited to
minimise impacts; this might, for example, be restricted as much as possible during crucial
seasonal periods for key resident species, or be restricted to daylight hours. Additionally,
when noise pollution could affect, for example, sensitive migratory species passing through a
region activities could be restricted during key periods. Light pollution from development
sites should be tightly controlled wherever possible, with artificial light sources being
minimised during hours of darkness as much as possible. Future research could investigate
the benefits of using artificial light of different wavelengths to minimise impacts on animal
and plant life (Gaston et al., 2012).
The sources of water required for hydraulic fracturing across European sites are likely to be
variable and site-specific mitigation of potential impacts will be required. Ultimately,
however, large volumes of freshwater are likely to be removed from a region where hydraulic
fracturing is being undertaken. It will be important for regional water suppliers to manage
this (Rahm and Riha, 2012), to avoid catchments being left ecologically vulnerable
(Buchanan et al., 2017). It has been suggested that brackish ground water could be used in
place of freshwater to reduce pressure on demand for this precious resource (Mauter et al.,
2014). However, this could also result in changes to local hydrology that could impact
biodiversity.
Assessing changes to water quality arising from shale gas development will require
developers to be honest about the frequency and scale of contamination incidents; depending
upon legislation this can sometimes be under-reported (Patterson et al., 2017). Cleaning up
spills effectively will only be possible if the contents of the spill mixture are known, hence
the disclosure of chemicals used in the fracturing process and having plans in place to deal
with spills will be vital. The most proactive approach to mitigate for potential declines in
water quality is to minimise the likelihood of a spill occurring. This is reflected in the current
intended UK practice and should be adopted by all countries wishing to hydraulically fracture
for shale gas. Fracking fluid (the mixture after it has been used for fracturing) should be
stored in a sealed container on site until it is transported away to a treatment facility that can
effectively deal with its contents. The container should be placed on an impermeable surface
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to ensure no leakage into ground or surface waters. Vulnerability assessments should also be
carried out in future research to identify any overlap between highly sensitive habitats and
species, and development (Brittingham et al., 2014). There is still a requirement for further
research to ensure the smooth and safe running of European shale gas developments from an
ecological and environmental perspective.
Future research should also aim to disentangle responses to the multiple, co-occurring
stressors of shale gas development in order to target areas for improvement more specifically,
and to get a better estimate of likely outcomes. Once the understanding of cumulative impacts
has improved, research should explore the relationship between shale gas development and
other possible factors affecting biodiversity, such as climate change, so that the ecological
health of specific sites is not underestimated (Souther et al., 2014). Finally, the collection of
rigorous baseline data before development must become the norm. Without this, it is much
more difficult to evaluate the effects of development, and even harder to understand how best
to mitigate them.

5.9

Best management practices

With shale gas development potentially emerging within the UK and the rest of Europe over
the next several decades the number of well sites will increase in the most productive regions.
The potential developments have already faced great apprehension and concerns, especially
regarding the risks to public health and safety. Based on our study we have recommended the
following mitigation strategies to minimise the risks to biodiversity associated with hydraulic
fracturing activities.
Mitigation measures to minimize impact on biodiversity should include:
 Keeping individual well pads compact and maintaining natural vegetation as much as
possible.
 Siting multiple wells on individual pads to minimize habitat loss and fragmentation.
 Considering the impact of well pad networks on surrounding landscapes and locating
pads so as to minimize the overall fragmentation and other indirect effects of
development in an area. In some situations clustering pads together might minimize
impacts more than would regularly spacing pads.
 Locating well pads as close as possible to existing infrastructure to minimize additional
requirements for access roads and to minimize disturbance in semi-pristine areas.
 Where possible, locating well pads on already disturbed or developed sites, whose current
species pool already consists of species tolerant of human disturbance.
 Taking additional precautions to ensure that leakages cannot occur in areas where effluent
could enter waterways.
 Minimizing human disturbance at sites that adjoin areas containing disturbance sensitive
species.
 Incorporating biodiversity considerations into set-back distances to ensure pads are placed
away from sensitive biodiversity features, in addition to the usual considerations of
human impacts.
 Routinely undertake monitoring at sites to detect impacts on the widest possible diversity
of species. Long-term monitoring is likely to be required to detect some changes.
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5.10

Conclusion

Given the limited research on the impacts of shale gas developments on European wildlife,
there is an urgent need for monitoring work to be undertaken in association with the early
development stages of this industry. Given the heterogeneity of environments impacted,
‘before-and-after’ ecological studies of sites to be developed would provide the most robust
evidence of any changes resulting from development activity.
The impact of developments in Europe will, to a large extent, depend upon the extent of
exploitation of resources and the density of wells and associated disturbance in individual
regions. Whilst many of the studies on shale gas impacts in North America focus on impacts
on migratory ungulates (hoofed mammals), such migrations of mammals tend not to occur in
the regions of European shale basins and hence impacts on mammals in Europe will
principally be to resident species.
Direct loss of habitat will likely only greatly impact species with very limited distributions, or
whose distributions coincide with exploited shale basins. By contrast, indirect impacts of
developments have the potential to affect a broader suite of species, as has been shown for
mammals and birds in areas of shale gas development in North America. It is likely that
specialist, habitat interior and disturbance-prone species will be most at risk from indirect
impacts.
We present information on species of birds and mammals in Europe whose ranges
substantially overlap shale basins. For Europe, consideration of the coincidence of occurrence
of restricted-range species with potential shale gas development areas, across a broader range
of taxa than the birds and mammals considered here, would help identify especially impacted
species.
The leakages of fluids used in the fracturing process, which will be stored on site before
transportation for treatment in most cases, has the potential to impact ecosystems much more
widely if such fluids enter catchment drainage channels or groundwater. The impacts of such
fluid leaks on riparian taxa, and the coincidence of endangered riparian taxa and potential
shale developments across Europe requires further study.
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6

TRANSPORT IMPACTS

6.1

Introduction

This document (section) briefly outlines the second version of the Traffic Impacts Model
(TIM), developed by Newcastle University as Deliverable 12.4 of the M4ShaleGas project.
Version One of the model was previously implemented as part of the ReFINE (Researching
Fracking in Europe) programme, and was described in Goodman et al. (2016). Both models
share a common approach to modelling unconventional hydrocarbon operations, and the
reader is referred to the above paper for further information, though elements are reproduced
below.
The website for the TIMv2 model is: http://research.ncl.ac.uk/uhtim. The model,
documentation and test datasets may be accessed via the ‘downloads’ section.

6.2

Background

As outlined in Deliverable 12.1 of the M4ShaleGas project, unconventional hydrocarbon
exploitation will necessarily generate surface transport activities at every stage of
development, though the use of large numbers of tankers and heavy trucks to transport water,
sand and proppants, as well as flowback or produced water, are a primary concern. Surface
transport activities have been identified as having impact on:
 Greenhouse Gas (GHG) Emissions (primarily CO2);
 Local Air Quality (LAQ) issues (primarily NOx/NO2 and particulate matter);
 Noise;
 Damage to road surfaces and sub-structure;
 Congestion, and community severance;
 Occurrence of incidents, accidents and spills.
Whilst ultimately good practice, infrastructure development and improvements in technology
may drastically reduce the need for, and impacts of, such activities, there remains the
requirement to be able to assess the impact of operations in a holistic fashion – hence TIM.
The original version of TIM was developed to use UK emission and fleet data. It could only
handle a single well pad, with up to twelve wells active on that pad, in a single model run. It
was also limited to a four-year period of pad activities. Post-processing of multiple runs was
required to collate data from multiple sites, over many years. Version Two of TIM can
potentially handle data from any country if presented in the correct format. It can also handle
a large number of pads and wells, over a 50-year maximum period, if necessary. The tradeoff for the increased flexibility of Version Two, is that run-times may be long, and a large
number of intermediate and final output files may be produced.
Basic Concept
The ultimate aim of TIM is to provide a comparison of ‘Baseline’ (i.e. ‘Do Nothing’ or
‘Business As Usual’) traffic activities (and resulting emissions) over a period, against ‘Sites
Active’ (i.e. ‘Do Something’) activities over the same period. The ‘Baseline’ and ‘Sites
Active’ are treated as separate scenarios in TIM, though calculated simultaneously during a
model run.
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Inputs
In order to model both the ‘Baseline’ and ‘Sites Active’ scenarios, the TIM requires a number
of inputs. At the heart of the model is the concept of a ‘region’ – a spatiotemporal domain in
which activities of interest occur. Inputs to the region include:
 The structure of the underlying road network in the region – both the physical
locations and the ‘types’ of roads. The road ‘type’ determines how traffic speeds vary
with traffic flow, and may also be used to determine different patterns of emissions;
 The baseline traffic, in terms of a weekly pattern of flow on the region’s roads. If only
limited data are available (e.g. only data from weekday peak periods), then
appropriate scaling may be used to build a weekly pattern of flow;
 The position of well pad sites, a timetable of well pad activities, and the associated
inbound and outbound flows of vehicles associated with each activity, for calculation
of ‘site-active’ conditions.
The region concept, the structure of the road network, and the handling of well-pad
activities is described in more detail in Goodman et al. (2016) and the forthcoming user
manual for TIM. Inputs (and outputs) to (and from) TIM are generally in the form of text
files, in comma-separated variable (csv) or structured JSON formats.

6.3

Emission Calculations

Emissions are calculated using individual Look-Up Tables (LUTs) for each specified
pollutant. An individual LUT gives an emission rate as a function of:
 Pollutant
 Year;
 Vehicle type;
 Road Type;
 Road Gradient;
 Vehicle Loading, and;
 Vehicle Speed
At the lowest level LUTs are provided for individual vehicles (e.g. Petrol Car complying to
the Euro 5 emission standard), but scenario calculations are generally performed on tables
based on ‘fleets’ – i.e. weighted-averages (logarithmically weighted-averages in the case of
noise) of the contributions from multiple types of vehicles.
Obviously using appropriate rates in the LUTs are critical for successful model operation.
The TIM has been demonstrated using emissions rates and fleet data from a variety of
sources, including:
 The UK Department of Environment, Food and Rural Affairs’ (DEFRA) Emissions
Factor Toolkit (EFT, DEFRA, 2017);
 The UK Highways England Interim Advice Note ‘IAN 185/15’ model (HE, 2015);
 The UK National Atmospheric Emissions Inventory (NAEI, BEIS, 2017);
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COPERT (COmputer Programme for the Emissions from Road Transport) emission
factors (EMISIA, 2017);
HBEFA (Handbook Emission Factors for Road Transport) (Infras, 2017)

Note that fleet data from EMISIA for COPERT, and the HBEFA are commercial products
from third-parties, and therefore data from these sources isn’t included in the TIM
distribution. Rather, the data included in the download of TIM for demonstration purposes
comes from earlier versions (5.1.3) of the UK NAEI and EFT databases.
For noise, calculations are based on an approach derived from a simplified version of the
CNOSSOS-EU model (JRC, 2012). CNOSSOS allows the calculation of sound power levels
from vehicles across multiple frequency bands, and requires a complex propagation model to
produce results. The (current) approach in TIM is based on using an appropriate LUT of precalculated A-weighted sound power levels by vehicle type and speed from CNOSSOS. These
values are then used in the simplified approach proposed by Watts et al. for CNOSSOS’
predecessor model, HARMONOISE, to calculate an approximate LAeq sound pressure level at
roadside.
For ESALs, calculations are based on axle loading and vehicle weight values extracted from
Newcastle University’s PITHEM (Platform for Integrated Traffic, Health and Environmental
Modelling) tool (Namdeo and Goodman, 2012).

6.4

Outputs

The outputs generated from TIM cover the first four elements of the impacts list above, with
GHG and LAQ impacts being expressed as ‘mass emissions’ (i.e. grams, kilograms or tonnes
of pollutant), noise being represented by a nominal roadside equivalent A-weighted sound
level (LAeq) and road damage being expressed in Equivalent Standard Axle Loadings
(ESALs). For air pollutants and ESALs, total emission values are given for both the
‘Baseline’ and ‘Site Active’ scenarios.
The figure below (Figure 1), taken from the Goodman et al. paper demonstrates a
‘Baseline’/’Site Active’ comparison, in terms of percentage changes in pollutant totals, from
a model of a six-well pad, developed over an 85-week period to completion, with all
incoming and outgoing demands handled by tanker traffic. The type of road used to access
the site makes a major impact on the relative increase in emissions. The selection of the
length of the baseline period can radically alter the apparent increases in emissions (e.g.
selection of the baseline over ‘initial pad development to well completion’ will give relatively
larger increases than over ‘initial pad development to decommissioning’).
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Figure 6.1. Percentage increases over baseline values for vehicle kilometres travelled, GHG and LAQ
pollutants, noise and axle loading, assuming six-well pad operation using differing road types.
Vertical bars show the difference between the ‘low-water use’ and ‘high-water use’ scenarios.

The ‘overall’ picture presented in Figure 1 does not reflect the fact that the intensity of
operations may result in short-term, transient air quality issues. High intensity of operations
may be experienced during a well frack, when water demand is high over a period of several
weeks. Figure 2, again from Goodman et al. demonstrates how the TIM can model changes in
(NOx) emission rates, during a short-term event, based on site access policy.

Figure 6.2. Peak operational NOx emission rates compared to the baseline profile under differing
vehicle arrival and departure policies.
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For all outputs, totals may be broken down to the hourly level. This resolution is suitable for
use in other models – e.g. for pollutant dispersion modelling in an appropriate, third-party
package such as ADMS-Roads (CERC, 2017).

6.5

Model Structure

The current version of TIM consists of seven, small executable files, compiled for the
Windows operating system. Each of these executable files reads input from a particular
directory (and sub-directories) associated with a given model run. Outputs from each stage of
a model run (i.e. outputs from individual applications) are saved into sub-directories of the
main. In that way, all inputs and outputs for a given run of TIM will exist, collated in the
same location.
The individual applications and their functions are as follows:
1. M4InitialiseProject.exe: Takes a model run name and creates the main directory, and all
required sub-directories for a given run. Also copies required pollution LUTs from the
TIM installation location, to the main directory.
2. M4BaseTraffGen.exe: Takes a timetable of traffic events as input, and creates a ‘typical’
traffic pattern (flow only) for a week as output. The traffic patterns for an individual hour
may be based on provided values (i.e. statically defined traffic on a particular road), based
on traffic assignment (e.g. using ‘All-or-Nothing’, ‘Incremental Loading’ or ‘FrankWolfe’ cost-based assignments), or based on scaling data from another hour for which
traffic has already been defined;
3. M4RegTimeGen.exe: Takes a timetable of events throughout the region, and collates
them into a series of ‘time-slices’, with associated traffic patterns, that may be applied to
the network in sequence;
4. M4FleetPollProc.exe: Calculates fleet-weighted LUTs for all used fleets (‘Baseline’ and
‘SiteActive’) using a ‘palette’ of vehicles. It is these fleet-weighted LUTs that are used in
the final emissions calculations;
5. M4RegTraffGen.exe: Takes the baseline traffic pattern from ‘M4BaseTraffGen.exe’, and
loops through the time slices provided by ‘M4RegTimeGen.exe’, to create traffic patterns
(flows, speeds and costs on links) for a typical week in each time slice;
6. M4RegPollProc.exe: Uses the traffic patterns output from ‘M4RegTraffGen.exe’,
combined with the fleet-weighted LUTs output from ‘M4FleetPollProc.exe’, and the
time-slice durations output from ‘M4RegTimeGen.exe’ to produce ‘Baseline’ and
‘SiteActive’ emissions for the required pollutants in the period time-slices, and hourly
values if necessary;
7. M4RegPostProc.exe
(under
development):
Post-processes
outputs
from
‘M4RegPollProc.exe’ to give inputs appropriate for the 3rd Party ADMS (CERC, 2017)
software.
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The full workflow through the model, including the location of required input and output files
is summarised in the Excel spreadsheet ‘TIMv2_Workflow_190917.xlsx’, provided as part of
the downloads. Further information on each individual application will also be available in
the TIM User Manual.

6.6

Further Work

Work is ongoing to improve the usability, flexibility, memory and disk requirements and runtime of TIMv2. Outside of M4ShaleGas activities, it is envisaged that future versions of TIM
will feature:
 Enhanced run-times through multithreading of core calculation loops;
 Integration with Geographic Information Systems (GIS) to improve data entry, handling
and visualisation;
 Better links to existing, third party air-quality modelling and noise mapping tools;
 Integration of health-related dose-response/impact-cost relationships for pollutants.
Whenever feasible, updates to TIMv2 will be made available via the ‘Downloads’ section of
the Newcastle University UHTIM website.
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CONCLUSIONS
The carrying capacity of a license block decreases as setback distances and lateral length
increases. In the UK and for existing conventional well pads the measured setback for any
building was 21 m and for a domestic residence as little as 46 m, although 150 and 300 m
are recommended in some states of the USA.
The carrying capacity of UK license blocks varied from 5 to 42% within an average of
26%. This carrying capacity will limit the technically recoverable resources within shale
gas basins.
Longer laterals will generally allow for more gas to be recovered, however depending on
the pre-existing infrastructure within a license block a shorter lateral may yield more gas.
The rate of reported crude oil spills recorded by the Texas Railroad Commission (TRC)
and the Colorado Oil and Gas Commission (COGCC) is significantly increasing.
Based on milk tanker data a development of 100, 10-wells pads with 10 laterals with
truck movement focused over the first two years of drilling would be approximately 4-12
incidents a year, with the likelihood of a spill being between 3-8.
A new version of the Newcastle Traffic Impact Model has developed and made available
- http://research.ncl.ac.uk/uhtim
Local impacts of increased transport may be severe but with little regional or national
impact unless there is a cumulative effect as the number of well pads increases across a
shale basin.
Direct loss of habitat will greatly impact species with very limited distributions, or whose
distributions coincide with exploited shale basins. By contrast, indirect impacts of
developments have the potential to affect a broader suite of species
Mitigation strategies for the impact of infrastructure have been outlined.
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