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Abstract
Shale gas is considered by many to have the potential to provide the UKwith greater energy security, economic growth and jobs.
However, development of a shale gas industry is highly contentious due to environmental concerns including the risk of
groundwater pollution. Evidence suggests that the vertical separation between exploited shale units and aquifers is an important
factor in the risk to groundwater from shale gas exploitation. Amethodology is presented to assess the vertical separation between
different pairs of aquifers and shales that are present across England and Wales. The application of the method is then demon-
strated for two of these pairs—the Cretaceous Chalk Group aquifer and the Upper Jurassic Kimmeridge Clay Formation, and the
Triassic sandstone aquifer and the Carboniferous Bowland Shale Formation. Challenges in defining what might be considered
criteria for ‘safe separation’ between a shale gas formation and an overlying aquifer are discussed, in particular with respect to
uncertainties in geological properties, aquifer extents and determination of socially acceptable risk levels. Modelled vertical
separations suggest that the risk of aquifer contamination from shale exploration will vary greatly between shale–aquifer pairs
and between regions and this will need to be considered carefully as part of the risk assessment and management for any shale gas
development.
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Introduction

Increasing demands for use of the deep subsurface, such as for
storage of nuclear waste materials, sequestration of CO2, and
the development of conventional and unconventional on-
shore hydrocarbon resources can place additional pressures
on groundwater resources. One such use of the subsurface,
the production of natural gas from shales, or shale gas, has
received growing attention in the last few years, with recog-
nition of the range of potential threats to groundwater (e.g.

Jackson et al. 2014). The industry has expanded dramatically
since the year 2000 in North America due to cost effective
extraction technologies including directional drilling and slick
water fracking fluids (US EPA 2016; Gallegos and Varela
2015). Shale gas exploration and production is now taking
place in a number of other countries around the world, includ-
ing Europe (e.g. Scotchman 2016). Low-level resource-as-
sessment activity has been ongoing in the UK since 2011, with
two hydraulic fracturing licences now granted. Groundwater
is an important resource in England and Wales, providing an
average of 31% of water resources, and up to 100% in some
areas of southeast England. Pressures on groundwater re-
sources from the development of shale gas may include water
supply issues associated with drilling and hydraulic fracturing
of wells (Flavin and Kitasei 2010; Gregory et al. 2011; Wood
et al. 2011; Stuart 2012; Vengosh et al. 2014; Kondash and
Vengosh 2015). Potential groundwater contamination has
been postulated from a range of possible contamination path-
ways illustrated in Fig. 1a, including: (1) migration of pro-
duced gases and/or fluids used in the hydraulic fracturing pro-
cess though rock units separating shale-gas source rocks and
overlying aquifers (Vengosh et al. 2014; Myers 2012a); (2)
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contamination via defective production wells; (3) leakage of
abandoned wells (Davies et al. 2014); and (4) spills of
chemicals, flow back and produced waters at the land-
surface that could percolate to shallow aquifer systems
(Vengosh et al. 2014; Rozell and Reaven 2011).

Potential scenarios for migration of contaminants
from shales to aquifers (pathway 1) are shown in Fig.
1b. The greater the vertical separation between the shale
and overlying aquifer, the more likely the intervening
rock mass will limit the upward migration of fluids
and gases and thereby reduce the risk of contamination
of groundwater associated with this pathway. There will
also be a further reduction of risk when rock units with
low permeability are present within the overlying rock
mass, contributing to a relatively low bulk vertical hy-
draulic conductivity (Freeze and Cherry 1977), and also
where there is an absence of through-going, conductive
fracture networks which might connect them (Myers
2012a; Cai and Ofterdinger 2014).

A methodology is presented here for evaluating the
vertical separation between shales and aquifers across
England and Wales. Its application is demonstrated for
two important principal aquifer–shale combinations—the
Cretaceous Chalk Group aquifer and the Kimmeridge
Clay Formation, and the Triassic sandstone aquifer and
the Bowland Shale Formation (the upper shale within
the Craven Group). The Chalk Group and the Triassic
sandstone aquifers are the most important aquifers for

water supply in southern and northern England respec-
tively (Allen et al. 1997), while the Bowland Shale
Formation is currently the principal target for shale
gas exploration in England, with planning permission
having been recently granted for hydraulic fracturing
operations (DCLG 2016).

Context: the concept of ‘safe separation’

A number of studies have sought to quantify a ‘safe separa-
tion’ distance between the zone of hydraulic fracturing and
overlying aquifers (Davies et al. 2012; Kissinger et al.
2013); however, despite an increasing body of research there
is a lack of consensus regarding what might be considered a
‘safe separation’ on the basis of being confident that the risks
will be acceptable, i.e. be extremely low. The term itself cur-
rently has no commonly agreed meaning and is a relative
rather than absolute concept that encompasses considerations
of the value of groundwater resources within a particular so-
ciety and the consequent nature of risk assessment undertaken
within widely varying regulatory frameworks (Alberta Energy
Regulator 2013; Environment Agency 2013a). A useful way,
therefore, of using the concept of ‘safe separation’ is to aim for
a separation distance over which no contaminant break-
through would be expected to occur but in the unlikely event
that it did, the concentrations would be so low that they would
not be harmful or of concern to humans and the environment
(Myers 2012a). Therefore information about contaminant

Fig. 1 a Schematic diagram showing potential source-pathway-receptors
resulting from shale gas exploration and production (after Vengosh et al.
2014). Numbers correspond to pathways described in the text. Diagram
not to scale. b Schematic diagram illustrating the effect of aquifer–shale

separation distances and potential direct pathways through the interven-
ing interval, including migration through the intervening rock mass, and
aquifer and hydraulic fractures linking with a permeable fault zone. Green
dotted lines illustrate 100 and 600-m hydraulic fracture heights
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concentrations at source, timescales of interest in relation to
contaminant attenuation, the physical proximity of sources
and receptors, and the physical properties of the intervening
interval are all relevant to the concept of a ‘safe separation’
(Birdsell et al. 2015). The present study addresses methods to
constrain uncertainty about the separation of sources and re-
ceptors and looks at the impacts on the available area of po-
tential shales if suggested safe separation distances are ap-
plied. It does not attempt to define safe separation due to the
large number of other factors that would need to be
considered.

Vertical separation distances between aquifers and shales
vary greatly depending on the depositional and tectonic set-
ting and resultant relative position of aquifers and shales in the
local stratigraphy. Unlike existing plays in North America,
where shale gas plays and overlying aquifer units are typically
regionally extensive and often in relatively simple structural
settings, in many parts of Europe, including the UK, the geo-
logical and hydrogeological settings may be much more com-
plex (Ward et al. 2015). For example, in the UK there can be
multiple potential shale gas targets within relatively complex
stratigraphic sequences and structural settings that may alter
the spatial relationships between shales and aquifers across a
region (Andrews 2013). In these complex geological settings,
knowledge of aquifer–shale separation and its variability will
be a critical consideration for well-regulated, future develop-
ment of shale gas resources. Consequently, there is a need for
high-level regional-scale screening tools such as the one de-
scribed here, to characterise and investigate the vertical sepa-
ration between major shales and aquifers.

Data and methods

Consistent with the source-pathway-receptor conceptual
framework used by the Environment Agency (England;
Defra 2011), hydraulic fracturing of shales is considered as a
potential source of contamination (Jackson et al. 2013), aqui-
fers as potential receptors, and the intervening volume of rock
and associated discontinuities the potential pathway. The aim
of the current study is to develop an approach to estimate and
map spatial variations in the distance (vertical separation) be-
tween identified receptors and sources at a regional to national
scale. To do this there is a need to identify the aquifers
(receptors) and shales (sources) of interest across the area of
interest (England and Wales) and then to define their respec-
tive boundaries, in this case, the base of the aquifer and top of
the shale.

In England and Wales, principal aquifers are defined as
‘geological strata that exhibit high permeability and usually
provide a high level of water storage’. Also ‘they are capable
of supporting water supply at a strategic scale and are often of
major importance to river baseflow’ (EA 2013a). Principal

aquifers provide most of the potable groundwater supply
across England and Wales and are therefore the focus of the
present study. The Environment Agency for England and
Natural Resources Wales recognise 11 main bedrock principal
aquifers. The outcrop pattern of these is shown in Fig. 2a and
their relative stratigraphic position shown in a schematic col-
umn in Fig. 2b.

Principal aquifers are defined in terms of geological strata
(EA 2013b). As the base of these aquifers is considered to be
co-incident with the base of the geological unit this means that
the base of aquifers can be up to at least 7 km bOD (below
Ordnance Datum, or sea level)—much deeper than the maxi-
mum depth of exploitation, given that generally water quality
and groundwater yields reduce significantly with depth (Allen
et al. 1997).

In the UK, environmental objectives for groundwater
(quality and quantity) are established as part of the EU
Water Framework Directive and applied to groundwater bod-
ies. The UKTechnical Advisory Group (UKTAG) have issued
guidance on the definition and delineation of groundwater
bodies (UKTAG 2011), recommending a default maximum
thickness for bedrock groundwater bodies of 400 m, unless
local knowledge indicates that a different depth should be
applied.

The UKTAG recommendation is consistent with the
zone of active exploitation of groundwater in England
based on the distribution of borehole depths within a given
aquifer. Most exploitation of groundwater takes place at
depths of a few tens of metres below groundwater lev-
el—Fig. S1 of the electronic supplementary material
(ESM). However, different aquifers are exploited to differ-
ent maximum depths (dependent on their respective depth-
yield relationships)—for example, Triassic sandstones are
exploited to much greater depths (a number of boreholes
exceed 400-m depth) than the Chalk Group (maximum
depth ~200 m). Consequently, for the purposes of the sep-
aration analysis, and consistent with the UKTAG recom-
mendations, it was assumed that the base of a given prin-
cipal aquifer is either the base of the geological unit
forming the aquifer, or if the unit is present at greater than
400 m below ground level (bgl), the base of the aquifer is
assumed to be 400 m bgl.

The first extensive review of shale gas prospectivity in
the UK (Smith et al. 2010) identified potential shale gas
targets as the main organic-rich black shales from
Cambrian to late Jurassic age, which could have reached
the thermogenic gas window. Using this and related work,
reports for the Dept. of Energy and Climate Change
(Andrews 2013; DECC 2012; Andrews 2014) highlighted
the following six units as potential shale-gas source rocks:
the Kimmeridge Clay Formation; Oxford Clay Formation;
Lias Group; Marros Group; Bowland Shale Formation; and
the Upper Cambrian shales. These units are used in this
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Fig. 2 a Principal aquifers and major shales at outcrop in England and
Wales (part of the United Kingdom). Rock units are generally younger
towards the southeast. Note the principal aquifers are extensive at
outcrop, while the shale units are more extensive in the subsurface than

at outcrop. b Schematic stratigraphy of these units (scaled to time not unit
thickness). For more detail about the aquifer and shale units see Tables S1
and S2 of the electronic supplementary material (ESM)
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study and the outcrop of the shales is shown in Fig. 2a,
while Fig. 2b shows their position in a schematic strati-
graphic column.

In this study, the top of shale units has been identified for
the purposes of calculating separations between shales and
aquifers. In reality, the potential target or ‘sweet zone’ for
hydraulic fracturing and shale gas production will be below
this level, within the body of the shale (DECC 2012; Andrews
2014); however, this information is not yet consistently avail-
able at the regional- to national-scale, and hence a precaution-
ary approach has been adopted. Since the maximum depth of
principal aquifers considered here is 400 m bgl and the shale
units are unlikely to present a commercial prospect shallower
than this level (and in reality legislation prevents high volume
hydraulic fracturing above 1,000 m bgl) the only scenarios
considered are those where principal aquifers overlie shale
units.

Analysis of aquifer–shale separation based
on a three-dimensional geological model

The Brit ish Geological Survey (BGS) National
Geological Model (NGM) of Great Britain (Mathers
et al. 2012, 2014a, b) was used as the basis for model-
ling the aquifer base and the top of the shale in
England and Wales. The NGM is a digital model, de-
veloped using the geological modelling software GSI3D
(Mathers et al. 2014b). It consists of a series of geolog-
ical sections (‘fences’) across the UK, typically with
spacing of about 30 km and to a depth of up to
5 km. It is built on a common stratigraphic succession
for the UK. Depending on the underlying geological
data for each section, the location of geological bound-
aries in each section may have a vertical accuracy of
between about 10 and 100 m.

A subset of 84 geological cross sections across
England and Wales, totalling ~12,000-km line length,
was used to construct the aquifer and shale surfaces of
interest (Fig. 3a; Mathers et al. 2014a). Top or base sur-
faces were generated by applying a simple linear interpo-
lation algorithm between polylines along geological sec-
tions and the intersection of the land surface and outcrop.
A 3 km × 3 km-grid resolution was used for the interpo-
lation of the surfaces reflecting the degree of uncertainty
in the position of surfaces between cross-sections, while
still honouring the overall depth distribution data. Where
principal aquifers were present below 400 m, the base of
these units was modified to show a maximum depth of
400 m bgl. Where principal aquifers were underlain by
shale units, spatial queries in ArcGIS were used to calcu-
late vertical separations between the pairs of top shale and
base aquifer surfaces.

Results

Figure 4 shows that there are 25 pairs of surfaces where
major shales underlie principal aquifers in England and
Wales. The complexity of some of these relationships in
the geological sequence can be seen along a representative
section from central England through the western end of
the Weald (Fig. 3b), highlighting the spatial relationships
between the Chalk Group aquifer and three different
shales, the Kimmeridge Clay Formation, the Oxford Clay
Formation and the Lias Group. Figure 5 shows the
modelled full crops and vertical separation for the Chalk
Group principal aquifer and the Kimmeridge Clay
Formation and the Triassic sandstone principal aquifer
and the Craven Group (Bowland Shale Formation).

Vertical separations are typically smaller between the
Chalk Group and Kimmeridge Clay Formation than the
Triassic sandstone and Bowland Shale Formation pair
(Fig. 5; Tables 1 and 2), reflecting the proximity of the
Chalk Group and Kimmeridge Clay Formation in the
stratigraphic sequence over much of England. In addition,
in southern and eastern England regional structures are
typically relatively simple with more gentle, open fold
structures compared with deeper, fault controlled basins
and tighter, localised folding in central and northern
England. Consequently, the Triassic sandstone and
Bowland Shale Formation separation map (Fig. 5f) shows
more spatially complex distributions of vertical separation
than between the Chalk Group and Kimmeridge Clay
Formation pair (Fig. 5c). These differences are also
reflected in the respective histograms of relative frequen-
cy of vertical separations,(Fig. 6); however, a common
feature of both separation maps is that these aquifers only
cover part of the respective shales, 51% in the case of the
Chalk Group and Kimmeridge Clay Formation and 26%
in the case of the Triassic sandstone and Bowland Shale
Formation pairs. This area is reduced further when con-
sidering the minimum permitted depth of high volume
hydraulic fracturing in England and Wales, shown by
the 1,000-m contour of the shales (Figs. 5c,f), to 2 and
16% respectively. Full crop maps of all the principal aqui-
fers, shales and the respective separation maps are avail-
able in the supporting information (Fig. S2 of the ESM),
and from the BGS website (BGS 2016).

Discussion

Validation of mapped surfaces

Validation of the base aquifer or top shale surface maps can be
undertaken if independent mapping of these surfaces is avail-
able; however, there are very limited data available for most of
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the surfaces. One that has been mapped is the Bowland Shale
Formation across northern England (Andrews 2013). The top
surface of the Bowland Shale Formation produced in this
study was compared with a map of the depth to the top of
the Bowland-Hodder shale unit produced by interpretation
of commercially available seismic sections for the region,
which incorporated information on fault distributions and
throws. A comparison of the two showed that, despite the
limited number of sections used to create the surface, the rel-
atively coarse grid size and simple interpolation method used,
and the lack of information about fault control, the match
between the two outputs from the different approaches is con-
sidered to be very good (see Fig. S3 of the ESM).

Implications for the concept of ‘safe separation’
in England and Wales

Despite an increasing body of research there remains a great
deal of uncertainty surrounding definition and quantification

of safe separation distances (Rozell and Reaven 2011;
Vengosh et al. 2014). The following discussion summarises
the evidence for safe separation distances associated with dif-
ferent migration pathways (rock matrix, induced and natural
fractures) from geochemical, mechanical and numerical
modelling studies and discusses possible physical limits or
thresholds that can guide decision making.

Upward migration of deep brines (e.g. Warner et al. 2012;
Llewellyn 2014) and gases (e.g. Molofsky et al. 2013; Moritz
et al. 2015) with vertical migration over distances of up to
2,400 m (Llewellyn 2014) has been reported in shale basins,
unrelated to human activity. In such cases faults and fractures
are often thought to act as preferential pathways to subsurface
flow (Warner et al. 2012; Molofsky et al. 2013; Llewellyn
2014; Moritz et al. 2015); however, a driving force is also
required for brine migration, such as a deep hydrodynamic
pressure creating an upwards hydraulic gradient (Warner
et al. 2012). Neither the timescales of these processes, nor
the possible influences from shale gas exploitation are well

L egend

a

b

Fig. 3 aMap illustrating the location of the geological sections from the
BGS National Geological Model (NGM) used in this work. The section
shown in (b) is highlighted in red. bRepresentative cross section from the
NGM, through central southern England and the western end of the

Weald. The Chalk Group aquifer is outlined in green, and upper surfaces
of the Kimmeridge Clay Formation, Oxford Clay Formation, and Lias
Group are highlighted by red, blue and yellow lines respectively
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constrained. Geochemical data can provide evidence for such
contamination as well as information regarding sources, path-
ways and timescales; however, tracing potential contamina-
tion from shale gas operations at depth is challenging due to
the relatively short time frame since the start of exploitation
compared to typically very low groundwater flow rates both at
depths at which hydraulic fracturing takes place and in the
overburden (Vengosh et al. 2014), in addition to a general lack
of pre-operation geochemical baseline data.

Whilst there may be a significant number of potential con-
taminants released or mobilised at depth, methane can be con-
sidered a key indicator of contamination because of its buoy-
ancy (Vengosh et al. 2014). Its migration can also continue for
longer after the fracking process since large upwards driving
forces are not required (Kissinger et al. 2013). Methane can be
thermogenic, formed through high temperatures and sourced
from hydrocarbon reservoirs including shales, and is a com-
mon natural component of groundwater in many areas over-
lying shale reservoirs (Moritz et al. 2015; Li et al. 2016);
however, it may also be biogenic, being produced by bacterial
decomposition of organic material at shallower depths.
Baseline studies across Great Britain have found that methane
is widely present in groundwater (Gooddy and Darling 2005;
Darling and Gooddy 2006; Bell et al. 2016); therefore, its use
as an indicator needs to be carefully considered. The source of
methane can be distinguished using methods such as stable
isotope analyses (e.g. Osborn et al. 2011; Moritz et al. 2015).
Other tools such as noble gas, volatile organic compounds and

component ratio analysis can also help to determine the source
(Di Giulio et al. 2011; Osborn et al. 2011; Darrah et al. 2014;
Llewellyn et al. 2015; Wen et al. 2016). In most cases, espe-
cially where gases have migrated over large distances, a com-
bination of tools should be used as reliance on a single tool can
be misleading.

A number of studies have reported groundwater with
higher methane concentrations close to shale-gas exploitation
activities. Higher isotopic ratios, low methane to higher-chain
hydrocarbons ratios and associated noble gases, indicate a
thermogenic origin for the methane (Di Giulio et al. 2011;
Osborn et al. 2011; Darrah et al. 2014; Llewellyn et al.
2015). Faulty well casing rather than upward migration
through the bedrock is generally considered as the most likely
source of contamination (Osborn et al. 2011; Darrah et al.
2014).

The only known case of contamination by hydraulic frac-
turing chemicals is at Pavillion, Wyoming (Di Giulio et al.
2011; Wright et al. 2012; Di Giulio and Jackson 2016; US
EPA 2016), although it is also suspected above the
Marcellus shale in Pennsylvania (Llewellyn et al. 2015). The
Wind River Formation is the principal source of groundwater
in the Pavillion area but the same formation is also one of the
main gas targets (Di Giulio et al. 2011). Contamination is
thought to have occurred because stimulation fluids were di-
rectly injected into water-bearing units, but there was also
casing failure at five production wells, which could allow
migration into water-bearing units (Di Giulio and Jackson
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Fig. 5 Maps showing examples of modelled outputs. Depth is meters
above or below Ordnance Datum. a Base of the Chalk Group aquifer, b
top of the Kimmeridge Clay Formation, c Chalk Group and Kimmeridge
Clay Formation vertical separation, d base of the Triassic sandstone

aquifer, e top of the Craven Group (Bowland Shale Formation), f
Triassic sandstone and Craven Group (Bowland Shale Formation)
vertical separation. Contours and shading (c and f) show the areas
where the shale formation is >1,000 m bgl

Table 1 Summary statistics of
vertical separations for individual
aquifers and shales. OD relative
to Ordnance Datum; SD standard
deviation

Aquifer or shale Area (km2) Min. depth
(m OD)

Max. depth
(m OD)

Mean depth
(m OD)

SD of depth
data (m)

Chalk Group 33,165 251 −953 −181 183

Kimmeridge Clay Formation 23,670 257 −1,229 −351 320

Triassic sandstone 44,930 370 −3,400 −667 605

Bowland Shale Formation 24,120 628 −6,697 −1,539 1,097
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2016). These scenarios were compounded by the shallow (of-
ten <500 m and a minimum of 323 m) depth of hydraulic
fracturing, with very limited vertical separation compared to
the depth of domestic water wells (up to 229 m deep; Jackson
et al. 2013; Di Giulio and Jackson 2016) and lack of any
intervening hydraulic barrier (Di Giulio et al. 2011). Above
the Marcellus shale, Llewellyn et al. (2015) suggest that con-
taminants were transported along natural fractures which
intersected wells, during injection; however, it should be not-
ed that other studies have not found a relationship between
increased methane and proximity to oil and gas wells (e.g.
Molofsky et al. 2013; Li and Carlson 2014; Wen et al. 2016).

The presence of preferential pathways such as permeable
faults, significantly increases the likelihood (decreases travel
time and/or increases distance over which migration might
occur) of contaminants migrating between shales and aquifers
(Myers 2012a; Gassiat et al. 2013; Kissinger et al. 2013;
Lange et al. 2013; Cai and Ofterdinger 2014; Reagan et al.
2015). Numerical modelling by Reagan et al. (2015) found
that while gas breakthrough time was roughly an order of
magnitude greater when the vertical separation was quadru-
pled, permeability and overall volume of the connecting fault
or fracture, and production characteristics were found to have
a greater impact than separation distance.

Importantly, these numerical models of contamination
transport do not consider the likelihood of particular geologi-
cal conditions existing (Reagan et al. 2015) and should be
regarded in the context of their assumptions—both in terms
of hydrogeological conditions and shale gas operations
(Myers 2012a, b; Saiers and Barth 2012). Site-specific models
will provide a much better indication of risks than generalised
models. Only one contaminant transport model thus far has
been produced for UK shales, representing the Bowland Shale
Formation and overlying sequence, including the Sherwood
Sandstone Group (part of the Triassic sandstone) aquifer (Cai
and Ofterdinger 2014). Based on this model, the authors sug-
gest that hydraulically fractured Bowland Shale Formation
with a vertical separation of 1,600 m is unlikely to pose a risk
to the overlying groundwater when the induced hydraulic
fracture aperture is <0.2 mm. However, where modelled in-
duced fracture apertures were greater, upwards fluid transport
was found to be very sensitive to fracture height, and the
upward chloride mass flux could potentially pose a risk to
the overlying aquifers in as little as 100 years where induced
factures intercepted a fault connecting the Bowland Shale
Formation and Sherwood Sandstone aquifer. Vertical transport
of fluids was also found to be sensitive to hydraulic properties
of the intervening aquifers (Cai and Ofterdinger 2014).

600 m
1000 m 

Fig. 6 Distribution of vertical
separation for the two aquifer–
shale separation map examples
shown in Fig. 5; 600 m and
1,000 m represent the maximum
height of induced hydraulic
fractures and natural hydraulic
fractures (e.g. Davies et al. 2012)

Table 2 Summary statistics of vertical separations for both pairs of aquifers and shales. OD relative to Ordnance Datum; SD standard deviation

Aquifer/shale pair Area (km2) Min. separation (m) Max. separation (m) Mean separation (m) SD of separation data (m)

Chalk Group/Kimmeridge 12,996 0 1,239 229 259
Triassic sandstone/Bowland Shale Formation 6,255 0 3,935 1,207 746
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The Bowland Shale Formation at Preese Hall, Lancashire
was the first shale gas site in the UK to be hydraulically frac-
tured in 2011, but the test was stopped when it was found to
induce seismicity. Seismic sections from this site show that the
Bowland Shale Formation is heavily fractured and faulted,
although the faults in the immediate vicinity are relatively
small and contained within rocks of Carboniferous age or
the Bimpervious^ unit above it. However, there are larger
faults in the wider area such as the Thistleton Fault, which
reaches the St Bees Sandstone (basal part of the Triassic
sandstone; De Pater and Baisch 2011).

The aforementioned studies show that, where present, the
extent of fractures and faults are considered important for
contaminant migration between exploited shales and aquifers.
The height of potential fractures and their potential to link
shales and aquifers should be a primary consideration when
considering safe vertical separation distances.While geophys-
ical data can be used to image fracture height in the subsurface
(Davies et al. 2012; Fisher and Warpinski 2012) data avail-
ability remains relatively limited—for example, only 0.5% of
the hydraulic fracturing operations in the 100 hydraulic frac-
turing studies in BTheWell File Review^were monitored with
seismic arrays (US EPA 2016). Nevertheless, studies
assessing induced fracture height from microseismic and
micro-deformation data indicate that most hydraulic fractures
are less than 100 m in height (Davies et al. 2012; Fisher and
Warpinski 2012) and <1% of hydraulic fracturing stages have
fractures greater than 350 m in height (Davies et al. 2012).
Upper bounds to the height of induced hydraulic fractures are
estimated to be between 460 and 588m in height (Davies et al.
2012; Fisher and Warpinski 2012; Kim and Moridis 2015).
Figure 1b shows 100 and 600 m hydraulic fracture heights to
provide an indication of this scale. Natural hydraulic fracture
pipes are found to be slightly longer, with most between 200
and 400 m in height (33% > 350 m in height), and up to a
maximum of ~1,106 m, possibly resulting from the greater
fluid volumes involved and occurrence in more extensively
homogeneous lithologies (Davies et al. 2012; Lacazette and
Geiser 2013). The height of induced fractures is likely to vary
from site to site as the propagation of fractures can be impeded
by the nature of certain overlying geological units which act as
barriers (De Pater and Baisch 2011; Fisher and Warpinski
2012; Kim and Moridis 2015) and operational parameters
such as injection fluid pressure and volume (Flewelling and
Manu 2013; Kim and Moridis 2015). The longest induced
fractures are thought to result from interactions with existing
faults (Davies et al. 2012). Monitoring of shale exploitation in
Greene County, Pennsylvania found the maximum height of
hydraulically induced fractures measured by microseismicity
corresponds with the maximum height of faults in the region
(Hammack et al. 2014). It should be pointed out that it is not
clear that fracture apertures of hydraulic significance can be
sustained at depth once the hydraulic fracturing fluid

overpressure has been removed and formation pressure is re-
duced below hydrostatic once a well is producing (Stokstad
2014). In addition, Fisher and Warpinski (2012) argue that
while induced fractures are predominantly vertical at depths
greater than ~1,200 m, at depths shallower than ~ 600-m-
induced fractures would predominantly be horizontal due to
a decrease in overburden stress. Therefore, since the default
maximum depth of groundwater bodies in the UK is 400 m
(UKTAG 2011), vertical fractures might not directly extend to
aquifers from depth.

Implications

The preceding evidence suggests that the risk of contami-
nation to aquifers from shale gas operations increases with
reduced vertical separation distances between the exploited
shale and aquifer. The presence of preferential flow paths
from induced or natural fractures will increase the vertical
separation that can be considered safe, but the risk de-
creases strongly with increased vertical separation due to
both fracture (Davies et al. 2012; Fisher and Warpinski
2012) and fluid migration (Reagan et al. 2015) character-
istics. Given this, and the large variations in vertical sepa-
ration between the shale and aquifer units presented in this
work—from 0 m for the Chalk Group and Kimmeridge
Clay Formation to over 3,000 m for the Triassic sandstone
and Bowland Shale Formation (Figs. 5 and 6; Tables 1 and
2), it is inferred that there are likely to be large disparities
in the possible risk to aquifers from shale exploitation in
the UK.

The impacts on the area and location of shales that might
remain exploitable by applying thresholds for vertical separa-
tion with the respective aquifers (Davies et al. 2012; Fisher
and Warpinski 2012; Kim and Moridis 2015; Lacazette and
Geiser 2013) are shown in Fig. 6. In all, 80% of the overlap of
the Bowland Shale Formation and Triassic sandstone aquifer
and 11% of the Kimmeridge Clay Formation and Chalk
Group aquifer have vertical separations greater than 600 m,
which is reduced to 64% of the Bowland Shale Formation and
3% of the Kimmeridge Clay Formation if a threshold of
1,000-m vertical separation is applied.

Amendments to the UK Petroleum Act 1998 in the
Infrastructure Act (2015) establishes a minimum distance be-
low ground level of 1,000 m at which high volume hydraulic
fracturing may be carried out (Fig. 5c,f). This distance is ex-
tended to 1,200 m for protected groundwater source areas
(source protection zone 1) and other protected areas—BThe
Onshore Hydraulic Fracturing (Protected Areas) Regulations^
(2016). There would therefore be a minimum distance of
600 m from the default maximum depth of the base of the
groundwater body defined by UKTAG (2011) and a shale unit
undergoing high volume hydraulic fracturing and a minimum
distance of 800 m for protected areas.
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Conclusions

This work provides an initial overview of the co-location of
the main shales and principal aquifers in the UK. The mapped
outputs are from aquifer–shale pairs, but it should also be
noted that multiple aquifers and/or shales are common. The
use of all existing seismic and borehole data, in addition to
refinement of the aquifer and shale surfaces would improve
accuracy of vertical separation estimates. Since pre-existing
preferential pathways may present greater risk, it would be
useful to assess fault height and pervasiveness in conjunction
with shale-aquifer vertical separation, in addition to the hy-
draulic properties of the intervening units. This would only be
a first step to assessing the risk to aquifers from potential shale
exploitation and would need to be followed by in-depth site-
specific assessments taking additional data and local factors
into account.

The vertical separation distances of two of the aquifer–shale
pairs (Chalk Group-Kimmeridge Clay Formation and Triassic
sandstone-Bowland Shale Formation) out of a possible 25
aquifer–shale combinations identified in the UK have been
presented and discussed. In general, the vertical separation for
the Chalk Group and Kimmeridge Clay Formation is much
smaller than for the Triassic sandstone and Bowland Shale
Formation though both pairs show quite large variability,
reflecting the complex geological history and basin develop-
ment of the UK. Safe vertical separation distances are difficult
to determine due to large uncertainties in geologic parameters
and determination of socially acceptable risk levels and aquifer
depth limits. Modelled vertical separations suggest that the risk
of aquifer contamination from shale explorationwill vary great-
ly between shale–aquifer pairs and between regions.
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