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Executive Summary

Environmental monitoring plays a key role in risk assessment and management of industrial
operations where there is the potentialthe release of contaminants to the environment (i.e.
air and water) or fostructural damage .@. seisicity). The shalegas industry is one such
industry. It is also new to the UK and specificenvironmental regulatioand other controls

have been introducednly recently Associated with this is a need to carry out monitoring to
demonstrate that the magement measures to minimise the risk to the environment are being
effective. While much of the monitoring required is common to other industries and potentially
polluting activities, there are a number of requiremspeific toshalegas ando what isa

new and undevelopeddustry

This report presents recommendations for environmental monitoring associated witeshale
activities and in particular the monitoring required to inform risk assessment and establish the
pre-existing environmental conditins at a site and surrounding area. Baiselinemonitoring

Is essential to provide robudata anctriteria for detectingny future adverse environmental
changesaused by the shalas operations. Monitoring ithereforerequired throughout the
lifecycle of a shale gas operation. During this lifecytihe objectives of the monitoring will
change, from baseline characterisation dperational and posoperational monitoring
Monitoring requirements will also change. This report focusses on good priachaseline
monitoring and places it in the context of the loAgem environmental monitoring
programme, recognising the need to transition ftbmbaselineconditionand to establish
criteria fordetectng any changesithin the regulatory framework.

The core suite of environmental monitoring activities currently required to suggoitatory
compliance, i.e. meet environmental and other permit conditmt®mpasses monitoring of
seismicity, water quality (groundwater and surface water) and aityquRécommendations

for each of these are included in this repAdditionally, recommendations for a number of
other ypes of environmentahonitoringare included radon in air, soil gas and ground motion
(subsidence/uplift) Theseare not associatedirectly with regulatory compliancebut can
provide information to support interpretation of statutory monitoring restilisy are also
considered importarfor public reassurance. Health impacts arising from radon and damage
caused by ground motion areth issues of public concern in relation to shale gas.
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1.Introduction

This report providegioodpracticerecommendationfor environmental baseline monitoring
associated with shalgas operationdis purpose is to support the development of effective
reguatory and industry monitoring guidance and practice, and associated policy development
in the UK. Effective monitoring also plays an important panteiassuringhe publicof shale

gas operations being carried out safehjle not putting health or thengironment at risk.

The recommendations contained in this report are primarily based on the research findings and
experience gained from sever&8ritish Geological Survey BGS)/partnerfunded and
Department for Business, Energy and Industrial Strg®ByS)-funded projects. These include
national monitoring and survey projedtsg. Bell et al., 2017)research projects and, more
importantly, the targeted baseline studies focused on areas ofgsisaldevelopment in
Lancashiréand the Vale of Pickering,.Norkshire. These later studies have been undertaken

by an interdisciplinary research consortium led by the BGS and represent the first ever inter
disciplinaryenvironmentabaseline studies for shale gas.

The report is cognisant of previous national kvand recommendations (including Royal
Society/Royal Academy of Engineeriri2012; Public Health Englan@013 UK Task Force
on Shale Gag2015 UKOOG, 2015 CIWEM, 2016 Environment Agency201%) and likewise
informed by the growing body of internatidriderature as well as applicable international
standards.

Environmental monitoring plays a central role in risk assessment and management associated
with onshore unconventional hydrocarbon development. It needs to be carried out to acquire
information bah before the start of operations, to establish critically the initial environmental
conditions, and during the lifetime of the hydrocarbon operation(s). A key goal of baseline
monitoring and supporting site assessment works lsutidl on and refine thexesting site
conceptual model andevelop asite condition report The latterdocuments the nature and
conditionof the site and surrounding aréecluding waterair and seismicity ahead of any
industrialdevelopment (EA, 2016). Any future impacts freite activities are then determined

by monitoring for significant change from the baseline established.

Site-condition reporting will be updatedontinually based on monitoring throughout
operational phases with the intentimonstratanysignificantand unacceptabbieterioration
in the condition ofa site duringits lifetime. Wheremonitoring shows significant deviation
from baselineand other evidencge.g. known incident occurrencedicates thasite and/or
operations pose an increasgdgk to the environment,action wouldthen be required to
investigate and manageoserisks and/or impacts.

Monitoring includes measurements undertaken for environmental pssmilianceand for
assessmerf environmental conditions and operational (industerfjgomance Results of the
monitoring can also provideublic reassuranceCompliance refers to the process of ensuring
environmental conditions remain within the limits imposed by permit conditions such as any
regulatory standard that might apply. Assaent is the process of characterising the
environmental conditions (baseline) prior to industry development and then evaluating the
significance of any deviation from the baseline, orqgerational, conditions and attributing it

to cause(s). Public resisrance refers to demonstrating that robust, appropriate and trustworthy
monitoring is being carried out, and that environmental impacts are not occurring and
conditions remain within compliance limits.

Monitoring requirements will vary during tlugfferen stages of a shale gas operatmaddress
specific stage monitoringbjectivesand also respond to evolving understanding and site

1 http://www.bgs.ac.uk/lancashire
2 http://www.bgs.ac.uk/valeofpickering
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conceptualisation made. Fundamentally thoutje, baseline monitored condition initially
established needs to provide ttenerstone point of reference against which future change in
site conditions may be measured across a sit
baseline condition idefinedrobustly to allow the detection significantchange from baseline
conditions Baseline monitoring data are thus needed of adequate spatial and temporal
resolution and sufficient timeframes to characterise the variability of initial site conditions.

They should forensically determine components of the baseline sigrthiaréo natural

processes veus those derived from existiignd sometimes former) anthropogenic activity

that may prove more dynamic.

Throughout the site lifecyclenonitoring will always play arucial role innot only identifying
any influencesrisingfrom an operation and the response to any actions taken, bitdeaisity
any extraneous changeghe principal monitoring components include:

1 definition of monitoring objectives in relation to risk/impact assessment and
management

design of monitoringgrogramme(s) to meet objectives

installation and management of monitoring infrastructun@uding individual
stations and/or networks of sensors)

implementation of monitoring programme (data collection)

recording of metadata to support the interpretatiomonitoring results
analysisandinterpretation of data

reporting and presentation of data @odtanalysis to demonstrate achievement of
monitoring objectives

= =4

E

The planning and operation of the monitoring programme should ensure that it is based on
delivering an adequate and reliable evidence base to support understanding and management of
the risks to the environment and/or human health. This requires the data to be of the correct
precision and accuracy, be qualégsured andufficient forstatistichassessment

The focus of the report is therefore on environmental baseline monitoring before site activities
start, but recognising such monitoring will substantially underpin that conducted in the
operationalandpostper at i onal setyada Ehe folloving sectisns presénsand i f
discuss the recommended approaches for different components of an environmental monitoring
programme with the possible range of monitoring activities and their principal objectives
summarised irFigure 1. Not all of these are currently associated with regulation and so they
may not be formally required as part of the conditions/permissions to operate (e.g. planning,
environmental permit) to operate. However, they have been included henesédbey are
considered to be important in providing additional evidence to inform the characterisation of
the environmental baseline ahead of onshore shale gas/oil development, and for assessing any
future change induced by the associated operationgsaedvironmental significance. This is
particularly important at the early stages of industry development in the UK where there is a
clear need for evidence to better understand the risks, inform future environmental monitoring
priorities and approachesnd address public concerns.
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Monitoring activities Principal objective(s)

Hydraulic Fracturing (HF) consent |

Greenhouse
gases (GHG)

[y

| Air qua;;ty (AQ) }7

—>| Groundwater li—b{ EC Directive compliance (EPR)
Water quality
—>| Surface water }7

e | Compliance with Traffic Light
@ T System (HF consent)
B Supporting evidence for
| Ground motion }—————> e

D Regulatory monitoring
‘ Radon in air I
D Supporting evidence
|
|

GHG inventory contribution ‘

I

Atmospheric
composition

=I Supporting evidence for AQ ‘

Soil gas

Figure 1. Monitoring activities to establish an environmental baseline for shale gas
development and their principal objectives shown within the regulatory context for
England.

The report sections ger: seismicity (Sectio8), groundwater and surface wa{&ection4),
atmospheric composition (Sectid), radonin air (Section6) andsoil gases (Sectioid) and
grounddeformation(Section8). All sections draw from theesearch findings and experience
gained on applying stataf-the-art monitoring approaches on the aforementioned -inter
disciplinary baseline studies for shale gas recently undertaken in the& lwéKbredth of
environmental monitoring required is significant, involves contrasting spatial and temporal
scales and involves a broad range of techniques and approaches. Sithdaalyailability of
reattime data, the ease and costs of data acquisition, processing and interpretation vary
significantly.

Within the different components of monitoring, some common questions and challenges arise
that this report attempts to addregs;agnising also that some mayrhenitoringtype or site
specific andpoerhapoonly fully addressed once shale gas operations take place. Questions
include:

1 What environmental parametesisould benmonitored? Are there key indicators that

could be useful foidentifying environmental impact?

What are the spatiaind temporascales which monitarg should addre8s

Is there scope faxpplication ofproxy methodgi.e. not necessarily monitoring at each

site)?

1 What areas of methodological and scientific une@etyaemain to be addressadd
minimised

1
1

1 What recommendations can be méatedetecting changom the baselineduring
subsequent operational and poptrational stages of a stdecycle?
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A monitoring programme needs to be designed according todividual sites @vironmental

setting and by considering the degreerisk that the industrial operation presents to the
environment and human health. Fundamental to this is the need to develop a representative
processbasedconceptualisationforthe i t e/ area (a O0site concept ue
available information and identifies relevant sources of a possible hpoasible pathways of

exposure and receptors at risk. Environmental monitoring needs to be integrated effectively to

the ste conceptual model to ensure adequate monitoring of the risks posed. It should be
designed to support definition of environmental permit conditions and test critazadlyeview

the sitebs compliance with thespoced@esiiosi der a
conveying thenformationto the public in d&ransparent and meaningfuby.

2.Key principles

2.1 MONITORING PROGRAMME DESIGN

The monitoring programmgFigure 2) that is necessary to underpianvironmental
understanding othe development site lifecycle is demanding, batits longevity spanning
perhaps two decades, and the breadth of monitoring activity required. Given these demands,
effective design of an optimal environmental monitoring programsmaramountespecialy

of the baseline phase due to its foundational underpinning of later phases. Monitoring
approaches selected at outset and many of the individual monitoring point stations established
may need tobe retainedfor the completiono f a s i t driegatidn ioff treevagoasl e .
monitoringactivities is vital to achieving a holistic monitoring approach and allowing informed
overall site decision making.

g f . Monitoring phase
Environmental monitoring programme overview ——
Operational
Post-operational
Optional ~  ====—-

-12 months 0 1 2 3 4 months ~20 years
| \ \ L

eunl >l Ny > >

< zF |2 g g

g & |2 |3 g

§ % 'r_‘% 2 Production Phase 3

5 |55 B

3 E
Regulatory ®

e AT DA e R e |y e o —
..Greenhouse gases g
. Seismicity

__Surface water

._Groundwater

Supporting evidence

Soil gas and radon in air

Ground motion

Figure 2. Environmental monitoring programme overview for shale gas develament
spanning the site lifecyclgsolid lines represent recommended minimum period of
monitoring and dashed lines indicate udel extended monitoring period).

Appreciation at the outset of the objectives, requirements and logical flow of information and
data arising from the monitoring programme is crucial and is conceptualisedfigthie 3

5



OR/18/043

monitoring flowchart. The activities itemised illustrate the logical flow from a foundational site
conceptual model of understanding thagtleles appropriately informed baseline monitoring
design and execution from which data arise and are processed to provide a statistical description
of the baseline as well as iteration of the site conceptual model understanding. A key output of
the baselia period shown is the establishment of change detector indicator values (if these have
not already been defined) that determine the change threshold criteria to be taken forward into
the operational and subsequent decommissioning phases. Operationainphasang and
associated data processing to enable testing for change detection with respect to the threshold
criteria established at baseline then allows informed decision making on any response actions
required. Appreciation of this information flow aitsl key elementsHigure3) detail variously

referred to later) is foundational to optimal monitoring programme design.

2.2 CONCEPTUAL MODEL DEV ELOPMENT

It is important for environmental monitoring of shaas operations to be fuligtegrated and

not compartmentalised. The interdisciplinary synergies between the different technical
monitoring approaches, data sharing and interpretation and conceptualisation of a site and its
surroundings need to be holistic. To support this, a kayent is the development of a site
conceptual model. A site conceptual model allows the integration of current understanding of
the environment and its condition, and provides a framework for identifying information and
knowledge gaps and to support desesd monitoring programmes. It is well recognised that the
development of conceptual models is central to effective decision making and that they should
be improved iteratively throughout the monitoring life cycle. The UK Government has
published guidelinre f or ri sk assessment Grandeavesalia ge mer
(Cranfield University/Defra2011). This also establishes the importance of conceptudetao

to support decision makingzuropean guidance to support the implementation of the Water
Framewok Directive and Groundwater Directivieboth of which are relevant to shale gas
development in the UK provides an example of the design and use of conceptual models to
support risk assessment for groundwater (EC, 2010).

In all elements of the environmahtmonitoring described in this report a conceptual model
underpins the design of the relevant programme and the interpretation of the data collected.
Figure4 illustrates the importance of an integrated approach to conceptual dexe@lopment

to inform monitoring design.

2.3 BASELINE MONITORING

Baseline monitoring is the period of monitoring before any operational activity starts. It is
carried out to define and characterise the 0
parameters, spot any underlying or natural trends and to enhance the site conceptual model
understanding. The frequency and range of monitoring data collected during this period of
monitoring need to be sufficient to be able to characterise-wangng am other pre

operational influences on the environment and their contribution to the spatial and temporal
characteristics of the baseline. Key elements of the baseline period monitoring are summarised

in Figure 3 that develop fromite selection, through data collection and processing to the
development of a statistical description of the baseline and establishment of change threshold
values. The detail of these aspects is covered within the specific monitoring sections that follow.

A broad range of measurements is required to characterise the baseline. In many cases, although
valuable geological and hydrogeological area understanding and water and air quality and
seismicity datasets may be gathered at desk study allowing prelimsiteagpnceptualisation,
detailed and/or relevant characterisation of the site environment and its baseline condition is
unlikely to be sufficiently documented to predict the nature of future impacts and associated
risks with certainty. Of particular intesein terms of monitoring measurements, are those that
indicate introduction or mobilisation of contaminants and possible generation of pathways

6
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Activity Key elements

Conceptual model * Environmental characterisation
* Monitoring site selection
* Selection of parameters
* Measurement frequency
* Monitoring requirements
(accuracy/precision)

Baseline monitoring * Sampling and measurement

* Sample/measurement QA/QC

- Data .

b . * Databasing

2 processing SRS

= * Data visualisation

3 * OQutlier treatment

= » Data aggregation/segregation

©

© .

0 Statistical description of * Trend analysis

baseline * Data distributions and statisitics
(spatial/temporal)
* Correlations — other measurements
and environmental parameters
Change detection * Selection of indicator parameters
indicator(s)/value(s) * Establishment of change threshold
values/ratios/statistics/locations
\ 4
Operations monitoring * Sampling and measurement
(informed by baseline
characterisation and change
detection requirements)
- Data processing * As above for baseline

: l

c

e

E Test for change * Individual points (measurement

8 detection values/ratios compared to

O threshold(s))

* Aggregated data — statistically
significant change between potential
impact/control areas

* Trend analysis (change in slope)

v

Action(s) * |nitiate investigation of change

* Increase frequency of monitoring

* Additional monitoring site

* Additional parameters

* Pause/suspend operations

* Remedial action

Figure 3. Monitoring flowchart of activities and key elements for a shale g
environmental monitoring programme

during shalegas development; especially indicators that may provide an early warning of
change. In this angkther focus areas of monitoring, dedicated baseline monitoring infrastructure

7
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are typically required to allow bespoke assessment of the initial site condition, and detection of
change.

Whilst establishment of a robust environmental baseline involvinggeiuali interdisciplinary
approach may be perceived costly, such investment should ultimately proveffeosve. A
poorly-characterised baseline condition could, for example, lead to uncertainties in
apportionment of subsequent environmental deviatiodspatential misattribution of cause.

Change detection

Environmental baseline monitoring for shale-gas development

Atmospheric composition

— Monitoring of dynamic air flow regimes

« Air flow dynamics: wind speed-direction, meteorological data
* Regional/local flow regime - prevailing winds and variability

- Monitoring of composition - air quality and fluxes

« Air composition monitoring in proposed site vicinity

* Monitoring of NO,, CO,, PM, HCs, CH,, radon, H,S, VOCs, etc.
« Distant / regional background dynamic air quality influences

* Near/far urban - industrial centre dynamicinfluences

= Attribution of local point sources and their dynamic influence
« Local roads / peak traffic, industry, landfill emissions, petrol stations
« Influence of existing conventional oll/gas operations

INSAR ground
deformation monitoring

Yorto Sasy

Ground deformation

Monitoring of uplift, subsidence ground motion
* Ground motion monitoring in proposed site vicinity
* Natural earthquake influence
* Mining —extraction, mine-water — groundwater rebound
* Groundwater abstraction / replenishment
+ Sub-building land consolidation, settlement
« Land subsidence - aquifer compaction, organic soil
drainage, sinkholes, natural compaction
* Conventional oll/gas extraction activity influence

* Land slips, unstable slopes
Seismicity

Monitoring natural/ind

* Seismicity in proposed site vicinity

O

S,

Aoy o 70/,
Q,

Radon gas

Radon monitoring in outdoor and indoor air
+ Natural radon gas concentrations in proposed site vicinity
* Assessment of short ~long-term variability and controlson
radon concentrations and cumulative radiation dose risks
* Assessment of spatial variabllity controls—local geology,
hydrogeology, geography, dynamic climate conditions
* Attribution of radon sources and preferential pathways

Soil gas

~ Monitoring soil-gas emissions

* Soil-gas monitoring in proposed site vicinity

= Understand subsurface -~ atmosphere soil pathway

« Quantify CH, and CO, soll-gas concentration - fluxes
« Attribution of natural or anthropogenic source terms
* Understand dynamic influences, e.g. of infiltration

3

Urban Industrial
oreg

ProposedShale-gos
extraction fagility

Yog
tergy

Groundwater & Surface water
Monitoring of water flow regime

« Groundwater flow regime in proposed site vicinity

* Groundwater —surface-water interactions

* Hydrology - Surface water flows, run-off

- Monitoring of water quality

« Groundwater quality in proposed site vicinity -

sensitive receptors, source-pathway attribution

uced seismic activity

Figure 4. Conceptual

* Distant natural earthquakes: fault activity

* Distant smaller earthquakes: volcanic activity

* Subsurface mining, quarry blasting activity

* Subsurface geothermal activity

* Conventional oil/gas extraction activity

« Industrial activity , subsurface waste disposal

* Close by vehicle /animal/human movement noise

model of a shale gas operation and local/regional environment

* Potential receiving surface-water quality monitoring
= Natural hydrochemical and contamination baseline
* Industrial, urban, agricultural, rural contamination

* Natural CH, sources: organic-rich geological units,

* Anthropogenic CH, sources: fuel spllls, landfill

= Conventional oil/gas abandoned borehole pathways
« Preferential pathways from depth, eg. faults, springs

showing key factors influencing environmental quality and monitoring design

8
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Approachesd change detection in the shale gas context have been recently described in detail
by the Environment Agency201%) for water and airThis includes description of statistical
techniques appropriate® the detecion of statistically significant changesofn baseline
conditions(not covered hereinpProvided herein and complimentary to the above are summary
commentaries on change detection specific to each of the monitoring activity types that aim to
be practical and indicative of key issues that include example illustrations where collected
data are available.

Whilst approach detail may vary between the various strands of monitoring activity type, the
fundamental essence of approach is similar and common considerations are introduced below.
Key elemers of the approach to change detection are also summarised Figtive 3
monitoring flowchart. Fundamentally, tests for change detection implemented in the
operational (and postperational) phases are founded mploe detection indicator (threshold)
values output from the baseline phase and involve the comparison of operational phase
monitoring data with the statistical description of the baseline to evaluate whether thresholds
of significant change are exceedexdl & response action required.

2.4.1 Satistical baselinedescriptionto underpin change detection

Statistical characterisation of the variation of monitored data collected during the baseline
monitoring period fundamentally underpichange detection asssnent. Sound statistical
principles should be followed to attritednychangesietectedccorrectly Theyshouldprovide
justification for adjusting sampliriguonitoringfrequency, analytical suites/methodologies and
quality assurance/quality control (QA/Q@rocedures. It is important therefore that appropriate
statistical methodbe adopted for monitoring programme desigmonitoring frequency and
reliability of measurementslso, for the evaluation of monitoring data &mablestatistical
definition ofthe baseline and identify change and its significance.

To be able to detect change(s) arising from site operations, teigting pattern of variation

in a monitored variate, i.e. the baseline, needs to be quantified before any operational activity

takes place. Baseline monitoring data are defined as measurements that characterise relevant
environmental properties that are unaffected by shale gas development activities. Statistical

description of such a baseline may typically comprises not only thetaefiof various means

and variances, but also temporal trend analysis, consideration of spatial variations, and the

establishment of correlations and relationships to other measurements and environmental

parameters (Figure 3). Together these may providdast baseline signature against which

any future change may be evaluated.

It should be recognised, however, that the variability in baseline may be complex and
attributable to multiple sources or influences. For instance, a baseline largely asswitiated
natural process origins (say natural methane steadily releasing from a geological unit) may have
inherent variation due to natural process noise, but could also be subject to frequent, but
intermittent spikes of influence from an anthropogenic sowa®mponent (say dynamic
methane emissions from a nearby landfill). Resgtio forensic methods, including the use of
isotopic tools ochemical fingerprint signaturesightsometimes prove necessary to determine

the provenance(s) of methane (or othesraltals of concern) to better understand the controls
upon baseline signature variabilityjowever, it must also be recognised thithiough baseline
variability may be reasonably characterised, controlling factors can still remain elusive.

It should belikewise recognised that variability exists in all baseline (and operational phase)
data due to environmental measurements having error. A degree of result uncertainty arises
from random fluctuations in the performance of sampling/measurement systermasy or
systematic bias introduced by the sampling and measureystams. It is therefore important

to characterise the uncertainty in measurements made during the baseline period and discern
the contribution of individual component errors as far as possible



OR/18/043

Treatment of outliers detected in the baseline may be problematic and contentious. Whilst it
may be tempting to dismiss the odd elevated
say an analytical or simple data transcription error or artefadvemtently introduced to a

sample, outright dismissal is not prudent in that the data may in fact be real and documenting a
sporadic occurrence in the baseline of high values actually found in the monitored system. It is
important that the occurrence ofthers is recognised otherwise their continued, and perhaps
increased occurrence in subsequent operational phases may lead to their erroneousrassociatio
with shale gas activities.

2.4.1Change detection pobaseline

The primary objective of monitoringonducted during the operational and post operational
stages of the site lifecycle is to ensure compliance with environmental permits and other
conditions.The detection of changedicates the potential fom breach of permit conditions or
unacceptablererironmental impact

For detecting changeath collected after the start of operations can be compared with baseline
monitoring data primarily in two ways:

(1). directcomparison of measurements with the baseline, e.golmparing data from
individual monitoring points with prexisting trends or ranges at the same monitoring
point; or

(2). by comparison of sets of data relating to two (or more) area$preagy:. quality, up

and down (prevailing) wind direction of the site, or for radon comparindtsefsam
households close to the proposed shale gas site with those from a geographically distant
control area with the same radon potential.

To define the frequency, duratiamd reliability (precision and accuracy) of a measurement, it

is necessary to knwv the requirements for data interpretation. This will be informed by the
baseline variability of a monitored parameter and the extent of change from the norm that would
indicate an impact (significant deviation). It is important therefore that theratistisal
confidence in the baseline and so monitoring needs to be carried out for a sufficient period of
time and measurements taken at appropriate intervals. The baseline monitoring programme is
therefore likely to be iterative with results continualging used to test and optimise it.

The purpose of operational (pdsiseline) monitoring is to provide measurement data with
which it is possible to confidently identify deviations from baseline and establish the
significance of these with respect to rigiassed and regulatory criteria. In change detection it

is important to understand and define the uncertainty in measurement and establish a level that
is acceptable. This should be informed by a number of factors including, for example, the
proximity of the monitoring to sensitive receptors and the nature of the pollutant (source) or
other hazard of concern, e.g. seismic activity. The guidance for each monitoring type addresses
these and, where appropriate, uses illustrative case studies.

The selection of ltange detection indicator(s) value(s) or thresholds deemed to indicate a
significant change worthy of further investigation and action is far from triiaome cases,
regulatory standards already exist, e.g. the Traffic Light System for seismicityiooEmental

Quality Standards for surface waters, but in other cases thresholds need to be established
through a riskbased approach, as is the case for groundwater. In this case recognised risk
assessment modedschas he Envi ronment géopgoaRisgloAsseBiedt Hy dr
(Environment Agency, 2006nethodologycan be usedrlestsfor change detection may, for
instance involve: individual points examining measurement values or ratios compared to
threshold criteria; aggregated data whereby theneisiation of statistically significant change
between potential impact and control areas; and, trend analysis examining significant change
in slope Figure3).

10
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Where changes ailidentified assignificant, further etions are triggered that may comprise
suspension of operations iovestigation otthe cause of thehange which mape supported

by increased frequencggditional site monitoring or monitoring of additional parameténg

aim of any further investigatn should be to extend thevidence basehat is used for
determining what further management actiarerequired Key within theevidence gathering

is to be able to correctly attribute the cause of the significant change detected which may or
may not rehte to shale gas activity and could arise from gradually changing natural processes
or other anthropogenic activity changes. It is probableahgincreased monitoring triggered

may well involve a more forensic approach to provide correct attributieawde given the
actions if proven to be shalgasdewelopment relatechre to suspendperations or implement
possibly expensive remedial actiofsgure3).

24 OPTIMAL TRANSITION T O OPERATIONAL -PHASE MONITORING

Monitoring data asssment and interpretation are required at different stages to meet different
needs. During the baseline monitoring period they not only allowopeeational
environmental conditions to be characterised, but also should allow development of an
optimised oprationalphase monitoring plan in terms of parameters, frequencies and locations.
It is prudent to ensure that monitoring capability established during the baseline appropriately
transitions to and effectively underpins subsequent operational skageep).

Due consideration should hence be given to the initial design and any subsequent iteration of
baseline monitoring to allow the baseline established to optimally underpin the smooth
transition and deliveringf later stage monitoring requirements. For instance, the positioning

of monitoring should be carefully considered at outset with a view to future requirements. It
would be prudent, for example, to locate some baseline groundwater monitoring wells along
swspected pathways of migration downstream of proposed key infrastructure localities. That
said, the baseline may more confidently establish groundwater flow and potential plume
directions that may still require further monitoring borehole installationgtimally monitor
facilities in operational phases. The baseline period may likewise provide opportunity to
optimise temporal monitoring frequencies and preferred parameter subsets to be measured at
later stages.

It should be recognised that transitionnfréhe baseline into operational phase monitoring is
not réoat éa occurring on a specific date, but
types FEigure 2). Air quality monitoring, ground motion and surfas@ater (that may be in
receipt of direct discharges) each effectively transition from baseline to operational as soon as
shalegas plant mobilisation occurs as potential changes in signaigre be expected from
baseline from such site activity. This wduhot be the case fanethane in ajrsoilgas,
seismiaty and groundwater monitoring for which any changes in baseline signature may not be
applicableuntil the onset of hydraulic fracturingven then, given the generally low flow rates

of groundwatecoupled with a range of physical, chemical and biological attenuation processes
expression of shale gas developmamntimpactswould be much delayedmpacts manifesting

as changes in groundwatguality mayalsobe slow to affecteven relatively close mdaworing

wells. The early stages of operational phase monitoring of groundwater may hence be expected
to continue to display baseline style signatuaesl delayed detection of shajas related
problems. This contrasts with essentially instantaneous dwtedtiair quality derogation or
seismic events relating to shajas activity.

Finally, technology advances continually and so improvements in both precision and accuracy
of measurements and new innovations in monitoring methodology are possible, indeed
probable with time. Opportunities include for example, developments in capability for
collection of automated or continuous (logged) data. Innovation may occur over operational
and postperational timeframes. Clearly, such opportunities should be corgiceregnising

11
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comparison to baseline data maguire some facilitatiorfpr instance, a period of overlap of
old and newmonitoringtechnologies
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3.Seismicity

3.1 INTRODUCTION

It is well known that anthropogenic activitgrcresultinmama de or Ai nducedo e
Although such events are generally small in comparison to natural earthquakes, they are often
perceptible at the surface and a small number have been quite large with magnitudes greater
than 5 MW. Undergrounanining, deep artificial water reservoirs, oil and gas extraction,
geothermal power generation and waste disposal have all resulted in cases of induced seismicity
(Davieset al, 2013) Suchinduced events represent a temporary perturbaditrebackground

seismic activity inthat region.Since natural earthquake activity & response to lorggrm
deformation from tectonic processesich asfirst order plate motions, the rate of these
earthquakeshould remairstable when measureder long periods ofime, whereas rates of

induced earthquakes are likely to vary more strongly with time.

Earthquakes are the result of sudden movement along faults within the Earth that releases stored
up elastic strain energy in the form of seismic waves or vibrationptbpagate through the

Earth and cause the ground surface to shake. The size of any earthquake depends on both the
area of the fault that ruptures and also the amount of slip or displacement on the rupture plane.
The larger the rupture area and the lardgper displacement, the larger the earthquake. The
amplitude of the ground vibrations depends on both the size of the earthquake and distance of
the observer.

The aim of baseline seismicamitoringin the context of shale gas exploration and production
(Majer et al, 2012)is to fully characterise background seismic actiwitythe area of interest

by measuring transient ground vibrations in ortehelp discriminate etween naturally
occurring seismicityand marAmade seismicity resulting froraperations suctas hydraulic
fracturing This must be established prior to the commencement of any activity that is known
to induce earthquakes so that any changes in activity can be robustly ideBi#gsdine
monitoring can also help tentify hidden/unknown activéaults that may beaffecied by
industrial operations.

Following the induced seismicity linked to fluid injection during hydraulic fracturing near
Blackpool, UK in 2011 (De Paér and Baisch2011),the UK Department for Energy and

Climate Change (DECC,023) pubished a regulatory roadmap outlinimggulations for

onshore oil and gas (shale gas) exploration in the UK. These regulations contain specific
measures for the mitigation of induced seismicity including: avoiding faults during hydraulic
fracturing assessing baseline levels of earthquake activity; monitoring seismic activity during
and after fracturing; and, using a o6traffic
proceed or not, based on that seismic actifiigce existing networks sensors in the UK are

only able to reliably detect and locate earthquakes with magnitudes of 2 or greater, additional
monitoring will be required to establish baselines of activity at lower magnitudes.

Local seismic monitoring requires the operation oeamork of sensors whose basic purpose

is the detection of earthquakes in the area of interest and the determination of accurate locations
for these earthquakekde and Stewartt981) Continuous monitoring using a walesigned
network over a period ofrtie should lead to a catalogue of earthquake activity that is not biased

in time and space. Howevehid is not always a straightforward task, given that eliable
detectionand location of earthquakes at smmalhgnitudes is only possible usinglativdy

dense networks of sensatssigned taetect and locate these events.

Decades of experience in observational seismology has led to a large body-refvpseed
literature on seismic monitoring and detection and measurement of earthquakes. Studies of
eathquake aftershocks, fatdbne imaging and monitoring of small earthquakes associated
with volcanic eruptions are some of the many subjects that can provide useful insights for
baseline seismic monitoring. Experience in industries such as the geotfegnaldwardet
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al, 20L5) and mining industries (Verdon et al, 2017) provides further insights into monitoring
induced seismicitySimilarly, recent observations of seismicity relatedhydraulic fracturing

of unconventional hydrocarbon reservaitso povides(Schultz et al, 2016; Yoon et al, 2017)

also provides essential context on how this can be monitored and better understzoaas
resulted in a considerable body of new research on seismicity related to fluid inj&atialhy,

the underlyingheory of both earthquake behaviour in space and time and how seismic waves
propagate through the Earth is relatively well understood and provides an essential framework
for designing and installing a seismic monitoring network.

In this report we discussome of the guiding principles for baseline seismic monitoring using

a network of seismic sensors. These include; the design and installation of a network of sensors
to ensure reliable detection and location of seismic activity in the area of interesiomlof
monitoring and its dependence on background earthquake activity rates.

3.2 EXISTING CAPABILITY

The British Geological Survey operates I b
permanent network of seismic sensors s :
monitor seismic activity across the URigure ¥ &y e
4).Long term earthquake monitoring is require |+ -7~ =

to refine our understanding of the level | m
seismic hazard in the UK. Although seism . P r
hazard and risk are low by wdrstandards they Vorum wht
are notnegligible, particularly with respect tc g =
potentially hazardous @tallations and sensitive 2. o =
structures. The monitoring results help ’ W, -
assessment of the level of precautioneé ™| ” ‘ .
measures which should be taken to prev = [ I m =
damage and disruption to new building 5 .m
constructions and installations which otherwi | =
could prove hazaous to the populatioriThe s E " n =
network currently consists of 60 sensors with T A ]
average spacing of 50 km. This develop
gradually over a period of arounbirty years &
starting in 1969, andyrew in size, both in -
response to specific events, such as the Ll B “ z N
Peninsula earthquake in 19&%urbitt et al,

1985) and as a result of specific initiative:Figures Permanent seismic monitoring

such as monitoring North Sea seismiCit\i~tions operated by BGS in the UK along

(Marrow, 1992) has been in place for Sever i, siations operated by AWEand DIAS
decades and is designed to detect (Ireland)

earthquakes with magnitudes of 2 oroab

throughout the UK, which are usually large enough to be felt by people nearby. Smaller
earthquakes may be recorded but not uniformly, owing to irregular distribution of sensors. The
density of the existing sensors is lowest in north, central and sstitBegland.

3.3 NETWORK DESIGN AND SITE SELECTION

Detectionand locationof seismic events across a given areguires a network of seismic
sensorsThe density of theensorsalong with the noise levels at easite control the lowest
magnitudes that can lketectedeliably. Highersensodensities will be required to detect and
locate lower magnitudesthis is because the signal amplitude is a function of both the
magnitude of the earthquake and the distance of the earthquake from the recording position,
and decreases with the square of the distaAneevent may be undetected because it is too
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small or too distant, so its signal is indistinguishable from the background noise on the sensors.
Also, many detection algorithms require the signal from an eweexdeed the background

noise level by a certain ratio on a number of sensors for an event to be detected. If the density
of the sensor network is low, this will only happen for larger events. The detection of small
earthquakes thus requiresnsors thatra close to the source because the amplitudes of the
ground motions are small and are attenuedgdlly within the Earth.

Figure 6 shows ground velocitymodelled using a stochastic approach that incorporates
earthquake source zaneters as well as parameters to characterise path and site effects (Boore,
2003) as a function ofthe distance from the hypocentre (point of rupture initiatitom)
earthquakes with magnitudes &.0, -1.0, 0.0, 10 and 2.0. This provides an indicatioh
possible transient ground motions for earthquakes of these magnitudes, e.g. ground velocities
for an earthquake with a magnitude-bf0 at a distance of 30 km will be around 1RD1n/s,

while those for an earthquake with a magnitude of 0.0 at andestaf 10 km will be around

3x10% cm/s. The former will be below the noise level at almost any surface site. The later will
be above the background noise level at all but the noisiest sites, where the background noise
may be a result of human or naturalse sources (roads, railways, industrial operations, wind,
sea).

This means that the number of sensors in the network depends on: (1) the extent of the area of
1.0E+00 1
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Figure 6. Modelled peak groundvelocities (cm/s) for a range of earthquake magnitude
plotted as a function of hyocentral distance(km)

interest; (2) the minimum magnitude of the events to be detected; and (3) the required event
location accuracy. It will also depend on the capability of any existing monitoring networks and
the completeness of catalogues of seismic activity in the area of interest. Therefore, it is
essential to decide what is required before monitoring begins.

3.3.1 The Monitored Area

The monitoring network should be able to provide comprehensive background monitoring over
an aredhat is several timdarge than thearea ofproposed exploitation. We suggest that the
area of interest should extend at least 10 km frompasgible future hydraulic fracturing
operations, so a typical area for baseline monitoring might be 20 km by 20 km. However, this
will depend entirely on the extent of the proposed operatfonsonitoring network must also
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extend beyond the limits of tlaeea of interest in order to be able to reliably detect earthquakes
that occur close tthese limits

3.3.2 Number and distribution of sensors

Current regulations (BEIS, 2013) mean that hydraulic fracturing operations must be stopped
temporarily if there are ouced earthquakes with magnitudes of 0.5 ML or greater, therefore it
would seem prudent to establish a baseline with a minimum magnitude at this level or less. This
will require suitably sensitive monitoringetworks to be deployed nestesof interest pior to

any hydraulic fracturingoperations, since existing regional seismic monitoring networks are
not designed or capable of reliable detection of earthquakes with such magnitudes.

The detection capability of any seismic network is a complex functiorany factors including

the distribution, density and characteristics of individual stations, their local site and noise
conditions, as well as processing software and processing strategies. The amplitude of the
ground motions caused by any earthquakdusetion of both the magnitude of the earthquake

and the distance of the earthquake from the recording position. An event may be undetected
because it is too small or too distant, so its signal is indistinguishable from the background noise
on the seismagph. The detection of small earthquakes thus requires relatively high station
densitiesThe detection thresholdlso, many detection algorithms require the signal from an
event to exceed the background noise level by a certain ratio on a number of dtatian

event to be detected. If the station density is low, this will only happen for larger events.

In order to better understand how detection capability depends on sensor distribution and
density, we model this using the amplitudeseismic waves aa function of magnituel and
distance (Molhoff et al, 2019%iven the location of a network of sensors, we calculate the
minim detectable magnitude across a grid of hypothetical earthquake epicentres as follows:

1. Calculate the distanc®, between the gridoint and each station.

2. Calculate the amplitudd, at each stations for a range of magnitude from the equation
for the ML scale.

3. Find the smallest ML value for which the amplituélejs greater than three times the
background noise for at least threéations.

The amplitudeA, is calculated using the equation for the ML scale (Havskov and Ottemoller ~
2010) as follows:

D0 11T @ dlT¢r Yo
whereA is the maximum ground displacement amplitude measured with a-aelson (W
A) seismometer and the parametesb, and ¢ are constants representing respectively

geometrical spreading, attenuation and the base level which is used to anchor the scale to the
original definition by Richter (1935).

For exampleFigure7(a) shows theéheoretical detection capability of tbkeven statioseismic
network that was installed around Kirby Misperton in 2015/20t& contours show the
magnitude of earthquake that can be detected at different points across a 40 kikmbgritD
centred on the Kirby Misperton site, whexesignal in excess of three times the noise level
needs to be recorded on at least three sensors for an earthquake to be detected. The noise levels
at eachsite havethe samevalue of 10 nm, which isepresentative of average UHaytime
ambient noise levels in theZD Hz rangeThe irregular distribution of the sensors ieaultof
thedistribution of noise sources, the variability in the local geology and logistical constraints
such as permissionandcausesome skewing of the detection capabilllye results suggest
that a network often sensors with a spacing affew kilometresshould be sufficientdr
detection of magnitude Odarthquakes acrossl@ km by10 km areaHowever, tirther from

the cerre of the network only larger magnitudes can be detecstwing thathe network
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must also extend beyond the limits of the area of interest in order to be addiality detect
earthquakes that occur close to these limits.

Figure7 (b) shows the theoretical detection capability of the Kirby Misperton network where

the background noise level is assumed to be 4 nm amghal in excess of three times the
background noise needs to be recorded at three or more stations ifooateearthquake to

be detected. The reduced noise levels show how smaller earthquakes may be detected in more
favourable noise conditions.

Reliable estimation of event location and magnitude places additional constraints on network
design, since measments at more stations are needed than for detection alone. In addition,
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Figure 7. (a) Modelled detection capabilty of the eleven station seismic network that wi
installed around Kirby Misperton in 2015/2016. The contours show the magnitude of
earthquake that can be detected at different points across a 40 km by 40 Igrid

centred on the Kirby Misperton site (red star). A signal in excess of three times the
background noiseneedsto be recorded at three or more stationgn order for an
earthquake to be detectedA background noise level of 10 nm is assumed at all station
(b) Modelled detection capability for the nework of sensors around the Kirby
Misperton where a signal in excess of three times the background noise needs to be
recorded at three or more stations in order ér an earthquake to be detected and a
background noise level of 10 nm is assumed at all stati®

location errors depend on the distribution and density of the recording stations. These errors
may be large if the station density is insufficient, or if the closest stations drerfathe
earthquake source. For the lowest errors, the source needs to be surrounded by stations. Large
errors are likely to limit the capability to discriminate between induced and natural earthquakes.
Again, a uniform station density is required to @estomparable location accuracy across the
region of interest, with monitoring stations extending beyond the area of interest.

The neasured arrival timesf different seismic waves (e.g-\iPaves and Svaves)at different

points can be used to estimate lkbheation of the seismic event. Thedepend on the distance

from the source and the velocity of the medium, and, in geneilldinerease wth distance

from the source. Uncertainties in earthquake locations are dominated by three factors (Pavlis,
1986): () errors in the measured arrival times of the observed seismic waves; (2) modelling
errors of calculated travel times; and (3), nonlinearity of the earthquake location problem.
Measurement errors may arise because it is difficult to clearly identifyrivalaime of the

seismic phase because the signal is small and cannot clearly be discriminated from the noise.
Assuming that the measurement errors are normally distributed, confidence regions may be
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computed. The size of the confidence regions dependth® variance and is commonly
computed using eitherthet at i stic (e.g. Flinn, 1965) or
orientation of the error ellipsoid depends on both the number and geometry of the recording
stations. For example, a singlediof recording stations will result in significantly larger errors

in the direction perpendicular to the line than along the line. When designing an experiment, it
is important to position recording stations around the expected source location to get good
azimuthal coverage. It is also important to have sufficient stations close to the expected location
to constrain the depth of the events.

Figure8 shows the errors in the earthquake source location for a given network geoheetry T
sourcelocationis calculated usingnodelled Pwave arrival times at eight stations (triangles)

for a source aa depth of 10 km and offset from the centreadf00 km by 100 kngrid by a
distance of 40 km in the X direction and 30 km in the Y direcfl¢tre event was located using

a probabilistic, nosinear, globalsearch earthquake locati@lgorithm (Lomax et al, 2009).
Gaussian noise, with a mean error of 0.1 seconds was added to the theoretical arrivethéimes.
red dots show densigcatter reprgenting the geometrical properties of the location probability
distribution function, where regions with a higher probability of containing the earthquake have

X(km)

w0 o m  w m
40 F 40
20 VAN 20
£ N E
= VAN =
AA
20 A\ . 20
-40 I-—40
1 1 : : 0 10 20 30
0 * Z(km)
£ 10 S
=
N 29
30— ‘ . ,
-40 -20 0 20 40
X(km)

Figure 8. Location calculated for a modelled earthquake at a depth of 10km offset from
the centre of a 100 km by 100 km grid, by a distance of 40 km in the X direction and 3(
km in the Y direction, using P-wave travektimes for the eight sensos shown by the
triangles. The blue star gives the maximum likelihood location. Red dots show the
density-scatter in the location probability distribution function

a higher number of samples. The blue star gives the maximum likelihood locEiien.
calculatedepicentre is approximately 1 km from the true location; however, the calculated depth
of 2 km is significantly different from the true depth. In addition, there is a large scatter in both
epicentre and depth. The uncertainty in the epicentre is stretahedtlbe northeastouthwest
direction, as a result of the geometry of the recording stations and the fact that the largest
azimuthal gap is greater than 270Ris emphasises the need for a network with uniform station
density, extending beyond the locat of earthquakes of interest.

Figure9 shows thecalculatedocationof an evenat a depth of 10 km in the centre of a 100 km

by 100 km grid. calculated using only the predictesld¥e arrival times from all eight stations.

The red dots show denskHgcatter representing the geometrical properties of the location
probability distribution function, where regions with a higher probability of containing the
earthquake have a higher number of samples. The blue star gives the mabdatinmot!
location. The calculated location is less than 100 m from the true location. The location is also
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well constrained with an epicentre error of onh2 km. The depth error is slightly larger,

approximately 5 km, but remains well constrained.

3.3.3 Site Selection and Noise Levels

Ambient Earth noise is present in all recordings eaud limit the ability to detect and reliably
locate small transient signals from earthquakes or other disturbafoesoise lesels at

individual stationaffects data qulity and signalto-noise ratiosso selecting sites where noise
levels are low willmaximise detection capabilitseismic noise from human activity is often
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Figure 9. Location calculated for a modelled eehquake at a depth of 10 km atthe
centre of a 100 km by 100 km gridusing Pwave travektimes for the eight sensors

shown by the triangles. The blue star gives the maximum likelihood location. Red dot

show the densityscatter in the location probability distribution function
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surface waves (>100 H2 that attenuate within a few kilometres of the noise source and often
shows very strong diurnal variations.

Figurel10showsthe low and high noise values derived from recordings in the United States by
Peterson(1993) Noise amplitudes at high noise sites may exceed the ground velocities
expected for earthquakes with magnitudes of O or less at distances above 10 km.

Site seledbn should be based on both nearface geology and the proximity of cultural noise
sources such as roads, towns and villages, although logistical constraints are often also a factor.
This is a particular problem in very dense arrays, where it can b&ohale away from these
sources of noise. The aim of this is to choose a site with good coupling to bedrock and a
minimum of cultural noise. Hard, dense rocks which have high seismic velocities are most
suitable. Sediments such as clays or poorly coreelt soils, which have a low seismic
velocity, act as efficient waveguides for ambient noise from cultural sources. Data recorded on
sensors sited on unconsolidated sediments can have low signal to noise ratios, therefore efforts
need to be made to avoiémloying in such situations, particularly where cultural noise levels

are high.

3.3.4 Installation

Seismic sensors may be installed in a variety of ways, depending on the type of seismometer
and the required performance. A comprehensive review of both seismonséddiation and

site selection can be found in Trnkoczy et al. (2002). Local seismometer networks designed to
record high frequency signals from local earthquakes commonly have sensors deployed in
shallow pits or buried in postholes. However, in allesathe seismometer should be well
coupled to the ground. The following measures can help ensure this:

1 Ensure that the sensor is stable, avoiding rough surfaces or surfaces covered with dust
or sand.

1 Ensure a direct coupling by installing the sensor orrdstdrather than on a buried
boulder.

1 Inunconsolidated sediments it is often effective to directly bury the sensor in a shallow
posthole. However, ensure that the instrument is suitable for this.

1 Make sure that connecting cables do not exert additioneg¢$oon the sensor. Cables
should loop round the sensor and be fixed to the ground.

Sensors may also require shielding from thermal effectpressure, magnetic fields, humidity
and electromagnetic fields and lightning.

1 Insulating covers can be effaaifor temporary installations, but is only really essential
for broadband sensors. Direct burial also provides good thermal insulation.

1 Some sensors may be susceptible to water damage. Sensors can be deployed in sealed
bags or containers to keep them.dFfiese should contain desiccant. When situating a
pit, drainage should be considered, so that water does not naturally pool around the
seismometer.

1 Electromagnetic interference caused by strong fields must be avoided. There should be
a suitable distanceebveen any signal cables and AC mains power cables if the latter
are used. Differential signal transmission should be used where possible and avoid loops
of signal cables which might act like pickup coil

1 Sensors can be vulnerable to lightning damage. boagpgue cables should be avoided
where possible. Placing the sensor on a glass or Perspex plate can also help.

Research has shown that installing sensors in boreholes can significantly improwtosignal
noise ratios, which is critical for both recordinglrogh quality data and the detection and
measurement of small earthquakes. For example, Shearer and Orcutt (1987) compared borehole
and surface recordings of both seismic refraction shots and earthquakes in the southwest Pacific,
finding that the boreholseismometer had significantly better sigt@hoise advantage over
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the surface instruments. Our experience of baseline seismic monitoring in the Vale of Pickering
suggests that noise signal power is200dB higher on surface sensors compared with btaeho
sensors at the same location at a shallow depth-8020. This translates to a reduction in the
background noise level by a factor of around 10 in terms of RMS amplitude.

As a result, sensors deployed below the surface in shallow boreholes aretdikefer
significantly better performance for background monitoring than surface instruments. Such
arrays have become standard practice for the operational phase of many geothermal projects
(Majer et al, 2007) and also for microseismic monitoring in th&SlWpPerations (Rutledge et

al, 2004). However, boreholes are costly to drill, and the specialist seismic equipment required
for them expensive. A borehole deployment can cost up to ten times that of normal surface
station.

If installing in a shallow pit oposthole, it is important not to be too close to structures that
couple wind noise with the ground. The most obvious example of this is trees, although pylons
and even some fences can be problematic if the pit is very close. With trees, a good rule of
thumb is that the pit should be at least as far from the trunk as the tree is high.

Animals, such as sheep and cows, can damage equipment, as well as act as a source of seismic
noise. Sites in fields used for grazing should be fenced. Finally, the possibMandalism

should be considered. Sites on public land or near to footpaths should be as inconspicuous as
possible.

3.4 MEASUREMENTS

3.4.1 Instrumentation

Earthquake source parameters such as origin time, location and magnitude are commonly
determined from high s®lution recordings of ground motion as a function of time. Ground
displacements in an earthquake magnitude rang@ tof8 can range from around*ao 10*

meters (Bullen and Bolt, 1985), so that sensors with a high dynamic range are needed to capture
a range of magnitudes. In addition, sensitivities below typical Earth noise levels are needed to
record the smallest detectable events. Modern sensors with high sensitivity and a dynamic range
of around 140 dB are recommended. Either seismometers, wie@sune ground velocity or
accelerometers, which measure ground acceleration, may be used for local earthquake
monitoring.

Similarly, the digital recording equipment needs to have a high dynamic range and this should
be achieved through the use of al#recording system or better. Digital data must be
timestamped using reliable absolute timing measurements so that signals from different sensors
can be compared. GPS or similar clocks should be used for this.

The sensor must also provide high sensitivitgroa relatively wide range of frequenciés.

simple terms, the observed frequencies for earthquake ground motions are largely controlled by

the magnitude of the earthquakégure 11 showsmodelled velocity amplitude spectfar
earthquakes with magnitudes-@to 2, fora fixed stress drop of 1 MPa. In generagduency
contentdecreases as magnitude increases, soetiréttiquakes with magnitudes of around 2

might havea frequency conterdf around 10Hz, whereagarthquakes whit magnitudes ofl

may have frequenciem excesf 100 Hz. Local microseismicity, with magnitudes of 2.0 or

less, will have a higher frequency content than large distant earthquakes from elsewhere in the
worl d, therefore s hohrhave pleaanresgbiase to grousdweotityt er s
at frequencies of above 1 Hz may be suitable, as well as broadband sensors. High frequency
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Figure 11. Modelled velocity amplitude spectra for different earthquake magnitudes.
Frequency content increases as magnitude decreases

geophones with appropriate characteristics over the expected frequency range may also be
suitable. In addition, samptates in excess of 200 Hz are likely to be needed to reliably record
earthquakes with magnitudes of less than 1

3.4.2 Network Metadata

Seismic sensors produce an analogue output that is proportional to ground motion and digital
recording converts this to a nuertof digital counts for each sample. In order to determine the
actual ground motion the calibration information or instrument response of the sensor and
recording equipment must be known. Instrument calibration and response data are usually
supplied by te manufacturer and can also be tested using a number of methodsg the
deployed instrumentation to be tested in situ at regular intervals. Hqwletaited calibration

will usually require the equipment to be returned to the manufactlifer calibration
information must be stored in such a way that it can be apgdigiti/to the raw datandmust

be carefully updated whenever changes to instrumentation are made.

It is vital for the usefulness of a network that full and complete metadata isdciaade
maintained. This should include the location of each site and the serial numbers of all
instrumentation presemts well as the instrument response datang with a history of any
changes to that instrumentation due, for example, to failure.lfdseasential that all archived
data contain not only the raw data but also the instrument response information.

3.4.3 Data Completeness

As well as providing high data quality, it is important that the network provide a high degree of
data completeness, i.e. thare no significant gaps in recording due to instrumental failure. A
completeness of greater than 90% is desirable.

For baseline monitoring studies, data may be recorded locally at each station and collected at
regular intervals for subsequent analy$isis, however, can lead to poorer data completeness,

as there is no way to know that there is a problem at a station between data collections. It is
better if data from individual stations is transmitted to a central recording site using a suitable
form of data telemetry. This allows near réiahe processing of the data for rapid identification
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of any events, as well as giving the promptest possible warning of any failures. Telemetry will
add to hardware costs but these can be offset by the need fovisigsio the sites.

Loss of power at a station is the most common reason for data loss. If regular data collection
visits are being made then the batteries that power the equipment can be replaced each time.
Otherwise, either solar panels can be used amsnpower made available. It is worth
considering that telemetered sites require much higher power thaelaoretered sites.

3.4.4 Duration of Monitoring

Reliable determination of earthquake activity rates requires a representative sample of events
at a rangeof magnitudesTherefore, lhe duration of the background monitorirsglikely to

depend on both the background earthquake activity rate and also the presence and capability of
existing monitoringnetworks Earthquake activity rates can vary from placelace, but in a

region of homogeneous seismicity, the number of earthquakes above a given magnitude in any
subregion scales with the relative size of the two regions. For example, if a region where
seismicity is homogeneous has 1000 earthquakes abovgratunie of zero each year, then a
subregion, whose area is ten times smaller, will have 100 earthquakes above a magnitude of
zero each year. This has important implications for baseline monitoring in small regions,
particularly where activity rates arenpsince the number of earthquakes in a given period of
time may be very low, so longer durations of baseline monitoring are required to reliably
determine seismicity rates.

In the UK, we record around 17 earthquakes of a tectonic origin with a magnit@d® ar

above somewhere in mainland Britain every year and around 500 with a magnitude of 0.5 ML
or above. Assuming that seismicityhemogeneoysa 20 km by 20 km sufegion will have

an earthquake with a magnitude of @ @&bove only every 65 yearsichthree earthquakes with

a magnitude of 0.0 or above every two years. As a result, operating a local network for only a
year or two is unlikely to contribute significantly to better quantification of seismic activity
rates unless it can reliably detectldacate earthquakes with very low magnitudes throughout
the region of interest. However, by dense seismic monitoring for one or two years it may be
possible to determine if seismic activity rates are significantly different from the national
average andtidentify seismicity associated wisipecific fault structurethat may be affected

by future hydraulic fracturing operations.

Finally, it is importantto continuemonitoring both during and afteany future hydraulic
fracturing operations tallow inducel events to be discriminated from natural seismicity and
ensureadherence ttocal vibration guidelines.

3.5 DATA PROCESSING, ANALYSIS AND REPORTING

3.5.1 Event Detection

As we have seen, seismic monitoring requires the operation of a network of sensors that
continwously record ground motions. However, we are mainly interested in transient seismic
events such as earthquakes that are contained in short periods of the continuous data. These
events need to be detected and extracted from the continuous recording#) egil¢ime or
retrospectively and a wide variety of algorithms have been developed for this purpose over
many decades of observational seismology. In low noise conditiemsask may be relatively
straightforward; however, the presence of noise miakesch more difficult.

Detection algorithms can be divided into two very general types: energy based methods that
use some attribute of the signal energy to detect an event; and, pattern matching methods that
use the similarity of the entire waveformdetect an event. One of the simplest energy based
methods uses the ratio of the amplitude of the signal in a short time window to the amplitude
in a longer time window. This is often called steortterm average (STA)/lonterm average

(LTA) method (Allen 1982, Baer and Kradolfer, 198Mthis ratio exceeds a given threshold

23



OR/18/043

at multiple sites within a time window thatdsnsistent with a seismic source, then an event is
detected.

The STA/LTA method requires muior knowledge of the event waveformtbe source, but it

may fail orproducemanyfalse detections/here the signaio-noise ratio isow, where arrivals

are emergent, or where many events occur within a short period of time. This means the method
hasa low detection sensitivity and may not &lele to detect low magnitude events consistently.

When noise levels are very high and signal levels are low then event detection is very difficult.
There are essentially two ways to try to improve this situation: (1) better datdeplaying
moresensos to improve signal to noise ratity reducing distances between the sources and
receiversor, (2) the use of more sophisticated detection methattern matching methods
compare the waveforms of known events with other recorded signals, often asiefprmn
correlation (e.g. Schaff and Richards, 2004). If the signals are sufficiently similar, then an event
is declared. Such methods have a high sensitivity, but may require some prior knowledge of the
expected signals, which may not be available, andoeacomputationally expensive. Yoon et

al (2015) use new data mining algbms which are very computationally efficieot dlow

very fast pattern matching.dwever templates are still needadrder to identify events.

3.5.2 Event Location

An impulsive soure of seismic energy can be thought of as a point source in time and space,
defined by an origin timetd) and hypocentrexq, Yo, z0), respectively. The travel time of a
seismic wave propagating away from such a source will depend on the distance souordke

and the velocity of the medium, and, in general, will increase with distance from the source.
Measured arrival times at different points can be used to estimate the location of the seismic
event. The problem of estimating source location from tréve¢ data has been studied
extensivelyin earthquake seismology and numerous algorithms of this type have been
developed and are in widespread use. Given observations of arrival times at a number of points
we can compute predicted travel times to the spoiets by assuming a reference velocity
model. We can then try to minimise the difference between the observed and modelled travel
times and estimate the best fitting location for the event. Although the-thanesl are not
linearly dependent on the daguake location, the problem can be linsadiby considering

only small perturbations from an initial target location. lterative, linearized methotased

largely on the method of Geiger (1912) and solve the problem using partial derivatives and
matrix inversion. These usually converge rapidly unless the data are badly configured or the
initial guess is very far away from the mathematically best solution. Nonlinear methods (e.g.
Lomax, 2000) solve the earthquake location problem by sampling theltulbscspace. They

have the advantage of obtaining a more complete estimate of uncertainties as compared to the
linearized methods and do not rely on the quality of an initial guess.

A minimum of four independent measurements are needed to determineahenlamf an
earthquake. However, the results will have little value due to their uncertainty. There are a
number of Arules of thumbo of what i s commonl
locations (e.g. Bondar et al, 2004). These includéal@ving:

1 At least eight arrival time measurements.

1 At least one Svave arrival time measurement.

1T At | east one arrival from a station withi
1 The largest azimuthal gap between two stations should not exceed 180°

Swave arrivals within 1.4 focal dept hdés di st
constraint on the focal depth (Gomberg et al, 1990). Denser networks will result in better
azimuthal coverage and stations and better depth constraiotde to provide a uniform

location capability within a given region, a network of stations must extend beyond the region
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itself, otherwise, the capability to locate earthquakes at the edges of the monitored region will
be compromised.

3.5.3 Magnitude Estimation

Eathquake magnitude is a measure of the amount of energy released during an earthquake and
can be determined from the amplitude of the ground motions caused by the earthquake. We also
need to know how far away the earthquake was because the amplitudeseikthie waves
decreases with distance. The first magnitude scale was developed by Charles Richter in 1935,
based on observations of earthquake ground motions in California. Although this magnitude
scale is only strictly applicable in California, it has meesed all around the world and is
commonly referred to as Local Magnitudd,. Richter (1935) defined this as

. D C'c‘)
V) Cu
(0]

whereA is the maximum deflection, zero to peak in millimetres registered by the earthquake

on a WoodAnderson seismograph, anbi s t he defl ection produc
magnitude zero earthquake at the same distam&=Adtactor allows observed amplitudes to

account for decay between the seismographlameépicentre of the earthquake. Values4or

are given byRichter(1935) to distances of 600 km. A magnitudea®thquake was defined as

a 1mm displacement at 100kilthough Richter intended his method to be an approximate
quantification of earthquake size and his attenuation téspstrictly only applies to California,

the formula is still used worldwide today.

Local magnitude is generally only applicable to obagons of small to moderate earthquakes

at local and regional distances. For larger earthquakes, the scale saturates and at larger distances
records are dominated by long period surface waves. All earthquakes in the BGS earthquake
catalogue have been agsed a local magnitude (ML) as defined by Richter (1935). Ground
motion records are converted to the equivalent WAnderson deflection and the maximum
amplitude is measured for each. Ideally, the measurements are made on the two horizontal
components ofround motion and then averaged. Ground motion registered at a seismograph
varies with site conditions, distance and direction from the earthquake, and the nature of the ray
path. Therefore, it is important that the calculated magnitude is an average fmomber of
recordings at different sites. The resulting errors on magnitudes quoted in the bulletin will
normally be less than 0.4 ML.

It is important to note that Richterods | oca!
derived from ground motits measured at a range of distances, this did not include any
measurements made within a few kilometres of the earthquake source. As a result, it cannot be
assumed that it will work at these distances. The very small earthquakes discussed in this report
will generally only be recorded at very nearby statidRecent research has shown that
amplitude measurements from epicentral distances of less th&0 k& considerably
overestimate event magnitudes compared to more distant obser(Btnciser et al, 206).
Similarly, magnitudes calculated for earthquakes induced by hydraulic fracturing at Preese
Hall, LancashiréClarke et al., 2014)sing ground motions recorded sgismometerdistances

of a few kilometres away wenenrealistically high Since existig UK regulations (DECC,

2013) require that hydraulic fracturing operations stop if earthquakes with magnitudes of 0.5
ML or greater are induced, reliable estimation of magnitude is essehtial. UK local
magnitudescalepublished by Luckett et al. (2018)idresssthis andincorporates a correction

for nearsource observations

An alternative magnitude measurement that can be applied to earthquakes recorded at local and
regional distances is moment magnitulliey (Hanks and Kanamori, 1979). This is based on
seismic moment, which is related to both the area of the rupture and the displacement on the
rupture.Mw can be derived from measurements of seismic moMetitat are calculated from
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the amplitude spectrum of ground displacement records after they bawecbrrected for

source radiation pattern, geometrical spreading and path dependent attenuation (e.g. Edwards
et al, 2010). The latter may vary strongly with geology. The calculated seismic moment also
depends on the velocity and density of the rockshatdarthquake source depth, so it is
important that the velocity depth model is well constrained, otherwise, the seismic moment
estimates are likely to be incorrect. Stork et al. (2015) present an assessment of how moment
magnitude estimates vary with theethod and parameters used to calculate seismic moment.
For example, Mw estimates can depend on the length of the measurement window. Given this,
moment magnitude is more complicated to determine than local magnitude, although the scale
should work at altlistances and has the advantage of providing greater insights into the source
properties of the earthquake. However, given that the current traffic light system to mitigate
induced seismicity is specified in terms of local magnitude, a robust a reliables noé
determining local magnitude is essential.

3.5.4 Behaviour in space and time

The relationship between the magnitude and number of earthquakes in a given region and time
period generally takes an exponential form that is referred to as the Gut&itietey law
(Gutenberg and Richter, 1954), and is commonly expressed as

17T@ & &b

where N is the number of earthquakes above a given magniuddée constard, is a function

of the total number of earthquakes in the sample and is known as the earthquake rate. This is
commonly normalised over period of time, such gea. The constaritgives the proportion

of large events to small ones, and is commonly referred to dsvillee. In generaly-values

are close to unity. This means that for each unit increase in magnitude, the number of
earthquakes reduces tenfold.
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Figure 12. The number of earthquakes above a given magnitude plotted against
magnitude. Earthquake data from the British Geological Survey UK Earthquake
Catalogue © NERC 2016

Plotting earthquake magnitudes agsithe logarithm of frequenciigure12) gives a straight

line, where the slope of the line is thevalue and the rate, is the value where the line
intersects with a given reference magnit(mféen zero)The bvalueshould be estimatagsing
amaximum likelihood method (e.g. Aki, 196&jther than a leasiquares fitAn observed roll

off in the number of earthquakes at low magnitudes shown by observed data (squares) due to
inability of regimal seismic networks to detect small earthquakes. Thisoffolin the
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magnitudefrequency relationship at low magnitudes leads to the concept of a completeness
magnitude, Mc, which can be defined as the lowest magnitude at which 100% of the
earthquakes i spacdime volume are detected (Rydelek and Sacks, 198%jumber of
techniques can be used to assess the magnitude of completessssiicity catalogueSee
Mignan andWoessne(2012) for a comprehensive review.

3.5.5 Outputs

The primary output of angnonitoring study should be a comprehensive catalogue of seismic
events within the region of interest for the time period that the monitoring network was in place.
Such a catalogue should contain at least the source parameters for each event (origin time,
latitude, longitude, depth and magnitude) along with the errors in these parameters. Other useful
information might include macroseismic information, e.g. was the earthquake felt by people,
and if so, at what intensity.

The arrival time or phase data forcaavent should also be made available as required, so that
users can use this to determine new source parameters as required.

Finally, the recorded time series and metadata, both for individual events and the continuous
recordings from each site shouldiade available in an internationally recognised format for
data exchange.

The results of the monitoring should be disseminated through the Internet, either through
specific web pages or by other means. These should be updated in nearerédgbossibleto
ensure transparency and that data is available for public scrutiny.

3.6 CASE STUDIES

The baseline seismic monitoring and subsequent monitoring of induced seismicity related to
earlyshale gaslevelopment in Englanaieans thathere is now direaxperiencef the effects

of hydraulic fracturing. However, given that experience is limited to only one area of the
country, it is too early to consider this as a definitive indication of what might be observed at
other sites. A summary of the measured inducednseiy at the Preston New Road shale gas
site in Lancashire is provided as a case stadgiadditionally,two other studies are described

to illustrate the establishment of seismic monitoring for detection of low magnitude induced
seismicity events trigged by other industrial processes. The experience and recommendations
arising from these UK case studies has informed the guidelines contained in this report.

3.6.1 Seismicity induced by hydraulic fracturing operations at Preston New Road, 2018

In 2011, hydralic fracturing of the first dedicated shale gas well in the UK (Preese Hall 1),

near Blackpool, led to felt seismicity that resulted in the suspension of operations and a
government enquiry to assess the risk of induced seismicity. Clarke et al (2014yledribat

the seismicity resulted from the interaction of hydraulic fracturing fluids with a previously
unmapped fault. Subsequently, the UK DepartmentEivergy and Climate Change (BEIS

2013) published regulations for onshore oil and gas (shale gpleyaon in the UK that
contained specific measures for the mitigat:i
l ightd system (TLS) to control whet her i nj e
activity (e.g. Bommer et al., 2006). ThiS requires operators to stop hydraulic fracturing if

an event with a magnitude of 0.5 ML or above occurs during operations.

In late 2018, hydraulic fracturing of the Carboniferous Bowland Shale was carried out at the
Preston New Roaddite (PNR-1), approximatly 4 km south of Preese Hall. Again, operations
were accompanied by microseismicity (Clarke et al., 2019)
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Figure 13. Surface seismic monitoring stations installed at Preston New Road.
Monitoring Stations around Preston New Road.Red squares show BGS stations, gree
squares show stations operated by Cuadrilla Resources, blue squares show stations
operated by the University of Liverpool Contains Ordnance Survey data © Crown
copyright and database ridnts. All rights reserved [2020] Ordnance Survey [10002129C
EUL]

A dense network of surface sensors was instdledhe British Geological Survey (BGS)
(Figure 13 andthe operatorCuadrillaResources Ltdp monitor any induced seismicity, partly

in order to comply with regulatory requiremen#s.total of 57 microseismic events were
detected in near reéime usinga conventional, energy transient detection algorittiBeptie

and Luckett, 20192 of thesdad magnitudes greater than 0.0 ML, the amber TLS threshold
and 7 had magnitudes greater than the TLS limit of 0.5Mk.largest event had a magnitude
of 1.6 ML and was felt by a few people close to the site.

By contrast an array of borehofeophones stalled by the operatatetected over 38,000
microseismic events during thgeriod of operations including the largest event of local
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Figure 14. Seismicity as a function of time during operations (red circles). Circles are
scaled by magnitude. Blue lines show the cumulative volume of injected fluid during
hydraulic fracturing operations. The magenta line shows the cumulative flovback
volume. No hydraulic fracturing was carried out between 3 November and 4 Decembel
as flow-back from the well took place.From Baptie and Luckett (2019)
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magnitude 1.6. Seven events equal to or greater than magnitude 0.5 occurred, exceeding the
UK regulatory threshold thaéquires operators to halt and pause operations.

The PNR1z well targets the Bowland shale at a depth of approximately 2,300 m, and runs
approximately easwest for 700 m horizontally through the unit. A slidisigeve completion
method was used, with 41dividual sleeves spaced at intervals of 17.5 m along the well. The
hydraulic fracture plan allowed forupto 765mf f | ui d p e rf rsalcede vceo.n sA
of a few 10s of mof fluid was pumped prior to each main stage. The sleeves were numbered
from 1 to 41 proceeding from the toe (west) to the heel (east) of the well. A total of 16 sleeves
were hydraulically fractured with an additional 18 rifirgics between 16 October 2018 and 17
December 2018. The sleeves were used in the following order: 112, B3, 14, 18, 22, 30,

31, 32, 37, 38, 39, 40 and 41. The average injected volume for each fracture wasa2@4 m

the maximum injected volume was 43%.iNo hydraulic fracturing was carried out between 3
November and 4 December as fldpack from the wiktook place.

Locations for all events in tldownhole microseismicatalogue are shown kigurel4. Events

are coloured by time and move from west to east corresponding to different stages of hydraulic
fracturing in the horizotal well PNR1z. The locations of the events closely correspond to the
positions of the sleeves that were hydraulically fractured (coloured squ&igsiels). Event

depths are around 2280 m, but decrease slightly from ar@0@m at the toe of the well to
approximately 2250 m closer to the heel.
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Figure 15. (a) Map of all events in the microseismic catalogue. Events are coloured by
time and scaled by magnitude. The coloured squares show the locations of thexesges
that were hydraulically fractured. The squares are coloured using the same colour sca
as the events. Axes show British National Grid Eastings and Northings. Grey squares
show geophone positions. (b) Depth crosection showing event depths alongheeast
west profile

Figurel5shows seismicity detected using the surface monitoring network as a function of time
during operations (red circles) along with the cumulative velwh injected fluid during
hydraulic fracturing (blue line) and the cumulative flback volume (magenta line). Events

are clustered during periods of injection with relatively few events outside these periods,
suggesting that activity decays rapidly withne after injection stops. It is clear that most of the
seismicity is associated with certain stages or sleeves. For example, sleeves 22, 30, 31 and 32
on 25, 26, 27 and 29 October, all had relatively high levels of detected seismicity. Similarly,
sleeves38, 39 and 40 on 11, 13 and 14 December also have relatively high levels of detected
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seismicity. These sleeves are all at or closer to the heel (east) end of the horizontal part of the
well and all the events with magnitudes greater than 0.5 ML occuartgdhese hydraulic
fracture stages. Conversely, sleeves 1, 2 and 3 on 16, 17 and 18 October at the toe (west) end
of the well all have relatively low levels of seismicity, despite similar injected volumes.

Moreover, there appears to be no clear ratatigp between the volumes of injected fluid during
individual hydraulic fracturing stages and either the number or magnitude of events. No
seismicity was detected during the stage 41 on 17 December, which had the largest inject
volume of 431 m2, while coiderable seismicity was observed during a number of-fracs

when the injected volume was very small, for example sleeve 18 on 24 October.

Magnitudes for events detected by the surface monitoring network were determingdefrom
largest zerdo-peak dispacement in hanometres on horizontal component waveforms with a
signatto-noise ratio of greater than 2 that were hjglss filtered at 1.25 Hz. Magnitudes were

then calculated using the UK local magnitude (ML) scale of Luckett et al. (2019), which
incorpaates a correction for near source observations. Between 16 and 28 station magnitudes
were measured for each event, with two magnitude measurements for each station, so a large
subset of the recording stations is used for all events. The event magnitlamias the mean

of the magnitudes measured at each statiatividual stations magnitudes typically show a

large scatter as a result of source radiation effects and local site effects, however, n
parametric confidence intervatan be estimated usitgotstrap resampling.

Figure 16 shows histograms of the mean local magnitudes for each event with a magnitude
greater than 0 ML. calculated using 10,000 bootstrap resampling rep{Bape and Luckett,
2019) The resulting tributions are approximately normal for most events. The- non
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Figure 16. Histograms showing the results of bootstrap resampling of the measured lo
magnitudes at each station for events with magnitudes greater than 0 ML. Red vertica
lines show 95% confidence intervaland the median for each event

parametric 95% confidence limits (red verticalels inFigure 16) in the mean magnitude for
each event are typically £0.1 ML. However, standard deviations in thevedsstation
magnitudes are significantly greater, varying from approximately 0.2 to 0.25 ML, while the
overall spread in the magnitude measurements is typically one magnitude unit. Also the
distributions of station magnitudes for each event are oftenyhgldwed suggesting that
magnitudes may be strongly influenced by individual station measurements.
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Mc for the catalogue of events detected using the surface seismic stations was determined by
Baptie and Luckett (2019) using tk&odnessf-Fit test (GFT) Wiemer and Wyss, 2000),

which calculates Mc by comparing the obserfrequency magnitude distributioRID) with

synthetic onesThis givesa magnitude focompleteness 6D.6 £ 0.2 ML, where thereors were
calculated using bootstrappinghe b-value for the cataloguewas estimatedusing the
maximum likelihood method of Aki (1965), which gives a value of 1.029 + 0.118

To assess how seismicity rates increase during operdBiapse and Luckett (201@pmpare

the frequency magnitude distribution asdbted for the Preston New Road events with a
frequency magnitude distribution calculated for instrumentally recorded tectonic earthquake
activity across the British Istefrom 1970 to presenFigure17). The errors bars show 95%
confidence i nt er v aThsnnuinlers af teectonic &ent$ ars scaled fothei o n .
time period of operations, 57 days, and for the approximate area of operations (10 km by 10
km). A b-value of close to 1 was calculated for the tectonic eveatogaie using a magnitude

of completeness of 3.5 ML. This suggests that activity rates increase during the period of
operations by a factor of around 100 against the average background activity rate for the UK.
The activity will decay to background aftéetoperation stop.

Magnitude

Figure 17. Observed frequency magnitude distributions for the Preston New Road
events (blue squares) and instrumentally recorded tectonic earthquakes across the
British Isles from 1970 to present (ed squares). The tectonic activity data are scaled tc
time period of 57 days and for an area of 10 km by 10 km. The blue and red dashed li
show maximum likelihood estimates of the value and activity rate for each

3.6.2 The Hot Dry Rock Project, Cornwall, UK

The Hot Dry Rock (HDR) project was a geothermal research project designed to test the
feasibility of extracting geothermal energy from the Carmenellis granite in Cornwall by
circulating water betweaedeep boreholes (Parker, 1989). The experiments were conducted at
Rosemanowes quarry between 1982 and 1991. A historical earthquake study of Cornwall and
Devon by Musson (1989) identified some 41 felt seismic disturbances within a 25 km radius of
the HDRsite in the period 1750 to 1988. The British Geological Survey carried out background
seismic monitoring around the site starting in 1981, one year before the start of injection
(Walker, 1987), and this continued until the end of the project in 1991. Thikamiog network,
Figurel8, consisted of three seismometers up to 30 km from the site, a further six seismometers
within a 9 km range, and a seismometer at the site itself. The network was considered capable
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of detecting any eartjuake with a magnitude of 0.0 ML @bove within approximately 20 km
of the HDR site.

Several hundreds of natural background earthquakes were detected across the wider region
using this network before, during and after the project, many of which cautl dtherwise
been attributed to the project its@figurel8). On 25 February 1981, only a few days after the
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Figure 18. The seismic monitoring network around the HDR site at Rosemanowéblue
square) Stations are shown by black triangles. Seismic activity detected during the
operation of the network is shown by red circles

installation of the network, a series of almost 200 earthquakes was detected immediately to the
south of the HDR sitgground the village of Constantine. These were not caused by operations
at the site since they occurred before operations started. The largest had a magnitude of 3.5 ML
and was widely felt by people in the area. This activity continued over the followang, yeth

a further magnitude 2.9 ML earthquake on 2 September 1986.

Fluid injection at the site started in 1982, and went on to generate over 11,000 induced events
between 1982 and 1987 (Baria and Green, 1990). Most of these were very small, with
magnitueks typically ranging from 0.5 te&? ML, and could only be detected by a separate
network of borehole geophones installed at the site. However, a number of these were also
detected by the background monitoring network. The largest induced event occuirPetlibn

1987, had a magnitude of 2.0 ML, and was felt locally.

More generally, seismic monitoring is used widely in the geothermal industry before, during
and after operations. For example, during operations, it can be used to image the stimulated
volumeand effectively manage geothermal reservoirs (Majer et al, 2007). Moreover, the risk
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of felt earthquakes means that seismic data is also essential for forecasting induced seismicity
and mitigating the risk of potentially damaging events. Experience ssgipesta reliable
measurement of seismicity at low magnitudes (0 to 1 ML) is needed for many geothermal
projects to enable active seismic zones to be properly identified. Also, since most geothermal
induced seismicity is below magnitudes of about 2.8, ithportant to know the baseline level

of seismicity at the lower magnitudes.

Majer et al (2012) make the following four recommendations for baseline monitoring in the
geothermal industry.

1. Monitoring needs to fully characterise background seismicigcéind identify any faults

with the potential to be affected by operations, and should not be biased in time or space in the
vicinity of the potential geothermal project The duration of the background monitoring may be
relatively short (one month) if theris already existing monitoring that can detect small
earthquakes with magnitude around 1. If there is no existing monitoring, the duration may need
to be extended for as long as six months.

2. High resolution instrumentation will allow induced activitylie modelled and forecast

more accurately. As the induced earthquakes may span several orders of magnitude,-say from
2 to 4, the monitoring system requires a high dynamic range to ensure that data of sufficient
quality is recorded. Also, borehole instibns are better than surface sensors as the sgnal
noise ratio is better, and this allows smaller events to be recorded, increasing resolution and
location capability. The monitoring network should be able to provide comprehensive
background monitorignover an area at least twice as large as the area of geothermal potential.

3. Data processing must provide locations, magnitudes and source mechanisms. A typical
geothermal project, consisting of one or two injection wells and several production veglls in
area with a diameter of 5 km, will require at least eight monitoring stations distributed over the
area of interest.

4. Monitoring should be maintained throughout the injection activity to validate the
engineering design of the injection in terms ofdlmovement directions, and to guide the
operators on optimal injection volumes and rates. This will also allow induced events to be
discriminated from natural seismicity and ensure that local vibration guidelines are being
followed.

These recommendatioase equally valid to the monitoring of seismic activity around areas of
shale gas exploration and production.

3.6.3 Mining Induced Earthquakes at New Ollerton

The coalfields of Britain are frequently the source areas of small to moderate earthquakes and
tremorsin these areas have been reported for at least the last hundred years, for example the
Stafford earthquake of 1916 (Davison, 1919). With the growth of instrumental seismic
monitoring in the UK in the 1970s many more earthquakes were recorded in minsgamess

the UK (Redmayne et al, 1988) and a number of temporary networks of sensors have been
deployed to study these events in more detail. This led to the conclusion that these events were
related to ongoing mining activity and that these were quitindigrom the natural background
seismic activity of the UK.
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Between December 2013 and October 2014, over 300 small earthquakes were detected in and
around New Ollerton (Verdon et al., 2018). Many of these were felt loGdliy.is an area with

a history of seismic activity related to coal mining and the occurrence of these events coincided
with the resumption of deep mining operations at the nearby Thoresby Cdlhéys the most

recent example of seismicity associated with deeproa@hg inthe UK. A temporary network

of seven seismometers was deployed providing some high quality data to allow detailed
analysis of these events.
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Figure 19. Map of event hypocentres, with events coloured by occurrence date (from
Verdon et al 2018). Also shown are the positions of the monitoring network (triangles)
and the mining panels (brown rectangles). Panels B&and DS5 were active during the
monitoring period, and the coloured bars running across these panels show the forwai
movement of the mining faces with time. The position of the crossection AT B (Figure
10) is marked by the dashed line

Verdon et al (2018) carried out a detailed analysis of the seismicity associated with the mining
of the Deep SofSeam in 2012014, calculating precise event locations, comparing locations
to the propagation of the mining faces with time, and comparing seismicity rates with the
volume of coal extracted from the mine. The calculated dueations are shown iRigure20,

with the event coloured by date. Also shown are the positions of the mining panels and the
progress of the mining face with time from the UK Coal Authority mine abandonment plans.
Event locations clearly correlate with the position of the face asvemsoutheast along panel
DS-4, before switching to DS and again following the mining front to the southeast. The
monitoring period ceases when the events have propagated approximatelgyhalbng the

length of panel DS.
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4.Groundwater and surfaeemter

41 INTRODUCTION

Therearerequiremerd to protect groundwateand surface watdrom pollution and prevent
unsustainable abstraction. European legislation, in particular the Water Framework Directive
(2000/60/EC) and the Groundwater Directive (2006/118/E@)ovide for the integrated
management and environmental protection of groundwater, surface water and associated
ecosystems. River flows maften be supported by significant components of groundwater
baseflow Indeed discharging groundwater méagcome the domant component during drier
seasonsin many catchments underlain by extensigeoundwater bodies, i.eaquifes
(Bloomfield et al., 200Q Rivers, lakes or wetlandsay form the natural discharge point of
groundwater anbecome theinwitting receptor otdiscreteplumes of contaminatiomigrating

within thatgroundwate(Freitas et al., 2015)

Should any contamination arise from a shgds operation, it is not only the underlying
groundwater that may be at risk, but also surface water recqutianstiallylocal orat some
distance from a facilityHence, baseline assessmehsensitive water receptors includest

only groundwateresource aquifer unitsdeemed at riskbut alsoassociated surfaseatess to
which impacted groundwater could dischargeaseliow as well as (if applicable) any further
surface waters that may receive regulated, direct pipe, discharges consented frorgasshale
facility or inadvertent surface rusif leakage Both groundwater and surface water, quantity
and quality may supprt sensitive ecosystems.

TheWater Framework Directive (2000/60/E€3tablishes a series of environmental objectives
for groundwaterand surface watethat must be met. This includes preventing patutby
prohibiting the entry of hazardous substantesvater bodiesand limiting inputs of non
hazardous pollutants. It also requires that there is no deterioration in quality that would lead to
a failure in achieving goodhemical, quantitative and surface water ecologstatus (as
defined by a series aésts). Regulations are in place to meet these objectives and one of the
principal activities to confirm that these are being effective, and European environmental
objectives being met, is through monitoring. The environment agencies carry out statutory
monitoring to confirm the status of groundwater and identify any general deterioration in
quality and they also require, as appropriate based on risk, those granted an environmental
permit to carry out compliance monitoring to demonstthée their activites areoperating

within permit conditions and is noausing pollution. This includes shale gas operations.

The objective of baseline groundwater and sur@ater monitoring is to provide an evidence

base that along with other data and information alloaracterisation of the underlying and
surrounding groundwater and surfagater systems. This is essential to allow for future
comparison against any water (and associated) impacts that might arise, and to support
identification of suitable compliance giassessment criteria where appropriate.

The baseline monitoring aims to characterise the susiater or groundwater that could
potentially be affected bghale gasdevelopment with sufficient confidence to distinguish
impacts from contamination via sade spillages, borehole infrastructure leakages or enhanced
upflow of deepsalinefluids and other contaminant3he monitoring should be designed to
target analytes that are indicative of these types of contaminant as well as those best able to
demonstrag the baseline conditiohe monitoring design, whilst targeting assessment of
water quality and potential contamination occurrence, needssiadbséantiallyunderpinned by

a sound understanding and conceptualisation of the integrated grouridsvatere water flow
regime that critically transports chemical solutestbercontaminants preserithe wateiflow
system characterised by surface water and groundwater level and floystiatadd hence be
monitoredalongside water quality to form a truly @grativeand holisticbaselinemonitoring
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of the water systemynamicgresentin combination, this will provide an assessment of spatial
variability and trends.

Overall, in operating the monitoring programme the results obtained should be sufficiently
representative of groundwater (in the relevant strata) or surface water and not detrimentally
influenced by the monitoring point design, sampling methodology, extraneous contamination
or analytical limitations.

Additional guidance on development and openatiof groundwaterand surfacevater
monitoring programmes is provided in the following British/International standands
monitoring shouldaim to comply withthe best practice identified within these:

1 BS EN ISO 56673:2012-Water quality. Sampling. Presstion and handling of
water samples

1 BS EN ISO 566+6:2016- Water quality. Sampling. Guidance on sampling of rivers
and streams

1 BSISO 566711:2009, BS 6068.11:2009 Water quality. Sampling. Guidance on
sampling of groundwaters

1 BS EN ISO 566714:20%6 - Water quality. Sampling. Guidance on quality assurance
and quality control of environmental water sampling and handling

1 BS ISO 566720:2008-Water quality. Sampling. Guidance on the use of sampling
data for decision making. Compliance with threshaldg classification systems

1 BS ISO 566722:2010- Water quality. Sampling. Guidance on the design and
installation of groundwater monitoring points

4.2 MONITORING SITE SELE CTION

Monitoring site selectiorshould be informed by a conceptual geological/hydraggodl

model (CM) of the study area which shoaldh toidentify all potential contaminant sources,
pathways and receptors as well as the prevailing hydrogeological and suateceonditions.

It is important to identify sources of contaminant that cgiNe rise to background signatures

of the types of contaminants frequently associated with shale gas operations. For instance,
methane arising fronmatural sources or other anthropogenic ¢sbalegas development)
activities should be included the conceptualisationCollation of data to contribute to the CM
should incorporate information on lithology, texture and permeability of represented strata,
locations and orientations of known and suspected faults and data on well constructions (water
well/pump depths, screen intervalgas well as construction dhe proposed hydrocarbon
infrastructureand its key source terms or principal activities posingk. Water usage (actual

and potential)and water quality ar@lso a key criterion for determining vuhadility of
local/regional water bodiess is surface drainage from a shale gas site

Monitoring design should incorporate sites likely to be representative of potential impact from
operations as well as a comparable number of likelyimpacted sites. flese, together with
decisions on numbers of sites required for the proposed network, should be informed by the
CM. Monitoring sites should therefore include all water courses and aquifers deemed
potentially at risk and of environmental significance, sufficiently shallow to be accessible

and of a quality to be usable.g.a cutoff of around400 mdepth has beeadvocatedor this
purpose by UK-TAG, 2011) For groundwaterconsideration should also be given to
monitoring in deeper geological formationgth significant permeability which may act as
pathways for contaminant migration.

Monitoring designshould also take into account the lontggnm objectivesSpecific design
objectives relating to groundwater monitoring points that need to be addnesisel® iability
tobothmeasure an accurate water | evel or press:|
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be recorded relative to a recognised datardetermine groundwater flow rates and directions
and/or to enable an appropriate sample to be obt&ioedthe surrounding stratum containing
groundwater. This requires an appropriate design standard to be adopted for the environmental
conditions encountered.

As a minimum:

1 Using the CMa sufficient number ojroundwater monitoring points in ticentrol
area (upgroundwategradient( ¢ u p s tofrthe prapdsied industrial operation)
should be identified to character@sdequatelyhe groundwater/surface water
conditions taking into account the range of land uses, potential contaminant sources
and the compbaty of the hydrogeological conditionsor example, if there are
multiple aquifers upgradieneach of these shoulthve adequate monitoring to define
the spatial and temporal variability in water quality, levels and flavesuding
exchange flows betweeunits

1 Monitoring points should be identified and/or installed close tptbposed
operational site considering both #ea ofsurfacebased hydrocarbon infrastructure
andthe area overlyinghe subsurface infrastructure footprint, e.g. well latsralhe
depth, location of monitoring points asgacingshould be informed by the CM and
the proposed design and operation of the hydrocarbon well infrastructure. The use of
existing boreholes for sampling should only be considered if their locations are
suitable, constructiofe.g. well screen interva$nd geological details are known,
purgingandsampling protocols are adequate to underpin reasonable understanding of
sample provenancand the data obtainedterelevant to the objectives.

1 Monitoring is equired dowrgroundwategradient( 6 d o w n sntterms afm o6
groundwater flow of the site particularlyalongsuspectegotential pathways between
key siteinfrastructure locations (if knowrand environmental receptoiche CM
model should be used to idéy potential sourcgpathwayreceptor combinations.

This is a priority monitoring &a for an operational site recognising that any
inadvertent release of site contamination may lead to groundeaateErminanplumes
developing and expanding down grountevagradien{pathway). 1 is therefore
necessaryo ensuraluringbaselinemonitoringthis pathwayarea is well monitored
with multiple monitoring poins. Within the operational phase, monitoring point
densities will need to be sufficiemt this aredo safeguardeceptos, recognising the
probablesmall scaleof any groundwater contaminant plumes arising and also the
uncertainty in plume direction of transport (flow).

1 Deeper aquifers should be identified and included within the conceptual model. They
may in themselves be receptors, éngvecurrent o potentialfutureuse,or may
represent significant pathways for contaminant migration, where the contaminants
might originate from either the targegdrocarborformation or from other formations
where thdntegrity of the installed infrastructureirsadequate. Monitoring of these
deeper units should be included in the both baseline monitoring and operational
monitoring. Sufficient monitoring of these aquifé&sgequiredwithin, and
downgradient of, theub-surface footprinof the sitd s i n f r. Asswellrasiveateru r e
guality, it is importanto measuréydraulic head (water level) and compare with near
surface aquifers to determine tp@undwater flow regime and in particular the
potential for upwardlows and flow pathways to potential receptors
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For surfacewvater monitoring, monitoring points should be established on sigeiificant

water course within the area of the subface footprint of the site at locations both upstream
anda short distancdownstream of the sit®Vithin thismonitoredarea surface waters that may
potentially be at future riskof contaminabn from baseflowfrom groundwater discharge
should be identified and monitoredonitoring pointsshouldalsobe consideretbr wetlards
andany standing water bodies such as lallestified at possiblefuture risk Establishing the

actual and possible connectivity of both shallow and deeper groundwater systems te surface
water bodies t he O dsudasewdweart el nt e risaseen asocarpdority iGtEd ) |,
baseline perioth thatidentifying pathwaysf concernwill improve the conceptual model and

may allow futurerationalisation and optimisation of surface water monitoring programmes.

For groundwater, sites might include fmesting boreholes and wells as well as sprjngs
including deepsource springsConsideration should be given to the sampling zone of the site
being considered, e.g. the screened interval of boreholes and capture zone of springs. It is
essential that the belnole completion details are known for any site being considered and that
it meets the objectives of the monitoring programme, e.g. can yield a representative sample
from a known geological formation. Often pegisting boreholes will not be adequate. bses

of boreholes with long screens, consideration should be given to the thickness of aquifer being
represented by the sample as this, and other construction details, will affect the sampling
methodology (BS ISO 5661, 2009). Groundwaterguality data fom potential receptor
(public-supply) boreholesvhich aretypically longscreen andvould bepresumably at distance,
maystill provide usefulnformationand should not be overlooked.

In most situations, ew bespokeboreholesare expected tbe needed touffil the monitoring
requirementsTheseshould be constructed according to objectives of the monitoridg an
informed by the local hydrogeological conditions. They should be screened (open section for
sampling) as appropriate and taking into account BS366¥-22 (2010). Borehole records
should be documented poovideinformation used to update the CM. Borehole records should
also be lodged with the British Geological Survey (Water Resources Act 1991 and Water
(Scotland) Act 1946).

Where the hydrogeologal system is stratified, e.g. muléiyered, and monitoring is required

at different depths, consideration should be given to installation of-lexdti samplers (MLS)
(Chapman et al., 2014Yhese allow sampling of/measurement at discrete depths \ihihin
subsurface at a single location. The advantages of manufactured multilevel samplers over
multiple completions include: fewer drilled holes, reduced drilling and installation costs,
reduced site disturbance, minimisation of purge water volumes, rediastd handling and
disposal costs. Although the MLS construction materials are more expensive than materials
used for individual borehole completion, Mé®ecome coseffective where sampling is
required at four or more discrete horizons as a resulwgrldrilling costs (CL:AIRE, 2002).

The data obtained are also likely to be of better quality anddWt&/ide greater potential as

an earlywarning system for detecting contaminant release(s) at @euthnforming on the
conceptualisation of deep to sloal system contaminant migration potential

In all cases, site selection will be influenced by logistical considerations such as site access and
site safety and compromises will inevitably be needed for these factors. Justifications for site
selection an@peration should be recordgdality assurance purposés example is provided

in the case study describing the water quality network site selection in the Vale of Pickering.
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CASE STUDY Water-quality network site selectioni Vale of Pickering, North
Yorkshire

Selection of sites for monitoring in the Vale of Pickering around the Kirby Mispg
proposed shalgas site (KMA) has been determined by factors including location
distribution of recognised aquifers, locations of identified fagitsundwater flow patterns
use of aquifers for water supply, land use and practical considerations (site suitability,
and safety). This information has informed the development of the conceptual model
area. The network of groundwater siiesludes sites from a proximal shallow aquif
(Quaternary lacustrine and/or Jurassic clay) used for local private supply, and a mor|
principal aquifer (Jurassic Corallian limestone), used for regional public supply as W
private supply. Thiimestone aquifer also occurs at depth (>g9Mdelow the KMA site buf
is not exploited due to depth and salinity. The Cretaceous Chalk aquifer is not inclu
the network as it is more remote from the KMA site. Surface waters in the monit
network comprise loworder streams (tributaries of the River Derwent). For both sur
water and groundwater, sites have been selected both within and outwith the area of
impact, as defined by the hydrogeological conceptual model, and with repressniiana
both recognised aquifers. The network comprises 25 sites for groundwater (in roughly
proportions of potential impact/nempact) and 10 sites for surface water (5 of ea
Groundwater sites in this network include suitable privateyned, pe-existing water
supply boreholes. However, as locations ofgxesting groundwater sites were not alwg
ideal in terms of monitoring objectives, 10 additional water monitoring boreholes
drilled at strategic locations (withinkin of KMA, within the shallow aquifer upgradier

1
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43 MEASUREMENTS

4.3.1 Selection ofchemicalanalytesand measurement parameters

Idertification of the analytes that require measurement and/or monitoring should be informed
by the CM, existing knowledge of the prevailing groundwater quality and the substances and
potential pollutants that will be used in the industrial operations arfdibntay be mobilised

by them. These may be defined in an environmental permit if one has already beehussued
should also include others where they are required for environn@siainecharacterisation

andto supporinterpretation of dataollectedduring/after operations

Measurements will include observational and physical measurements (such as water levels),
physicochemical indicatore (g. fielddetermined parameters such as pdox potential Eh),
Electrical Condu@nce EC)), major ions (proming general characterisatiomforming CM
developmentanalytical quality controdnd assurangeselectedrace elements (indicators of
change/pollutants), trace organic compounds including hydrocagahdrack compounds
(indicators of anthropogenintustry impact) and natuigl occurring radioactive materials
(NORM; indicators of change/suturface pollutants). The parameters identified able 1
should be included as a minimum. This analyte suite incorporates general indicators of pre
developmentonditions, indicators of environmental change/impact and indicators of health
exposure. In the latter case, not all heattbacting analytese(g.analytes contained within the
relevant Water Supply (Water Quality) Regulations) are included and thé@elafcanalytes

with this objective should be rigkased and informed by the CM.

Where multielement analytical techniques are ugad. ICRMS, ion chromatography), extra
data acquired as part of the analytical process should be stored (and reportgsigalthe
essential analytes.

It is essential for water levels to be measured in the network of groundwater monitoring
boreholes. This allows lateral groundwater flow direction and changes over time to be
determined. Measurement of levels (hydraulic Bgdd boreholes completed at different
depths, or in MLS, can also allow vertical hydraulic gradients to be measured. In both cases
this is important for interpreting the watguality data and for identifying potential flow paths

for contaminant movemeifitom deep to shallow systems (or vice versa). In combination with
other hydrogeological parameters, e.g. hydraulic conductivity of the rocks, thelevatiedata

can also be used to estimate groundwater velocities and hence the movement of contaminants,
recognising most contaminants migrate at (substantially) lower velocities than groundwater. In
a similar way, data on surfageater flows is important for understanding variation in surace
water quality and the spatial variation of groundwater baseflowibating to those flows.

4.3.2 Sampling, measurement and analytical methods

Choice of appropriate sampling, measurement and analytical methodology should be defined
by analyte stability, reliability of measurement and required limits of detecliable 1
indicates the analytes that are most unstable and require measurersg@at onthe case of
groundwater, these should be measured as close to the wellhead (the point that groundwater
reaches the surface) as possible and preferably irsiime techniques to avoid exposure to

air.

For surface water (rivers and streams), the sample should be collected directly from mid depth
within the water column. Insertion of probes directly into the surface water body may be
appropriate in order to odih a representative observation if conditions are safe to do so (BS
ISO 56676 (2014)). For lakes and wetlands the sampling point should be as close to the outlet
as possible (BS ISO 5667 (2016)).
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Table 1. Baseline vater-monitoring analytes.

Min. reporting
Analyte value (limit of Unit Comment Justification
guantification)

On-site Heat from deep sources

Temperature °C , :
measuremen purging QA
: Onssite Rapid response to fluid
pH pH units - nap .
measuremen mixing, purging QA
Electricd Conductanc€EC) uS/cm gitectmg salinitypurging
mg/L or Onsite Defining redoxconditions,

Dissolved oxygen %sat measuremen purging QA

Onssite Defining redoxconditions,

Redox potentialEh) mV measuremen purging QA
Ammonium (as NH) 0.05 mg/L Defining redoxconditions
Defining redoxconditions,
Nitrate 0.5(as NQ) mg/L major nonshalegasrelated
pollutant indicator
Dissolved Organic Carbon (DOC 0.2 mg/L Identifying hydrocarbons
. Defining major
Calcium L mg/L characteristicef water
. Defining major
Magnesium ! mg/L characteristicef water
. Defining major
Sodium 1 mg/L characteristicef water
Potassium 1 mg/L Defining major
characteristicef water
- Defining major
Total alkalinity 5 (as HCQ) mg/L characteristicsf water
Defining major
Sulphate (as S§) 3 mg/L characteristicef water
. Defining major
Chloride L mg/L characteristicef water
Iron 20 po/L Defining redoxconditions
Manganese 50 Mo/l Defining redoxconditions
. Defining redoxconditions
Arsenic 1 H/L health-related
Boron 100 ug/L Deflnm_g redo_xcond|_t|ons
assessing saline fluids
Strontium 5 ug/L Deflnm_g redoxcond!tlons;
assessing saline fluids
Dissolved methane 5 ug/L Hydrocarbon contaminatior

and/or organic degradation
Total Petroleum Hydrochons

(TPH) 10 po/L Hydrocarbon contaminatior
BTEX compounds 5 (each) pa/L Assessindhydrocarbon

leakage

Onsite Groundwatefflow and
Water level (groundwater) 0.5 cm  perturbations due to gas
measuremen

pressures
Any diagnostic compounds
identified inthe hydraulicfracture Pollutant indicator

fluid

For groundwater and the sampling of monitoring wells or boreholes, a diversity of approaches
(protocols) is possible with a variety of water removal (purging) options used pemlection
ofadrregpsent at i v esédmplg. MesemMmaywba tateged under (McMillan et al.,
2018):
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T 6Zer o/ iumigmd| pr ot ocol s usi-aged gam@es)tlar pas s
remove no or a very smamount ofwater volume prior to samplirigeffectively
obtaining a grab sample of the ambient flow regime at the point within the well screen
sampled;

T 6L efw o wastrdsd) pratocols that pur¢emove)and sample at low flow rates
until indicator parameter stalsdition occurs, and may involve low to moderat
volumes of water being extracted to achieve this condition;

T 6Mul tipbéuwel b u rwlummepgudge)prbtocalebdsed upon a
specified number of well volumes being purged prior to sampling.

Indicator parameters includemperaturelzC andeh. Whilst the selection obne approach may

be preferred for various reasons for a given monitoring point(s) (e.g., cost effectiveness, time
efficiency, perceived technical appropriateness for the monitoring iwklfdrogeological
scenario)a key pinciple to follow is thatoncea protocol isleterminedor a monitoring point

it should be repeated on each round of samphregabledata conparisonover time(BS 1SO
566711 (2009)

For determination of trace metals, dissolved quantities constitute moreargpta®e analyses

of water chemistry than total quantities. Membrane filtratiorafteast0.45um, preferably

less) is appropriate. This removes particulate matter of larger dimension and reduces the
quantity of micreorganisms that can modify the watehemistry after collection. With
filtration, consideration should be given to analytes that are relevant to health assessment as
total and dissolved quantities might give differing indications of exposure.

Depending on the range of analytes to be measareange of sampling equipment may be
required. For example different types of sampling equipment may be needed for dissolved gases
than for stable inorganic parameters. The advantages and disadvantages of each need to be
considered in the context of tineonitoring objectives and the chosen approach justified and
recorded.The same approach should be used for each sampling event (round) to ensure
comparable results.

Of particular importance is the sampling for unstable and/or volatile parametgrsoldle
organic compounds (VOCsAppropriate sample preservation methods should be used to
minimise the loss or transformation of analytes between sampling and analysis. BS 1SO 5667
11 (2009) provides guidance on sample preservation.

For dissolved gases anther volatile substances, there is a significant potential for loss of the
parameter being sampled if the correct sampling method(s) and sample storage procedures are
followed. When sampling from depth, there may be significant pressure difference bitgveen
sample point and the ground surface. This can leeapiddegassing and hence loss of semp
integrity. Therefore, samplinghould be carried ouising low flow sampling methods and
without exposuref the groundwateto air. Sample containershoull also becompletely filled

with no headspace.

Choice of sample containers, preservation, handling, storage and holdinglsoreed to be
considered carefully to reduce the risk of sample deterioration between the time of sampling
and analysis. The alytical laboratory(s) should be consulted to determine the optimum
procedure. This should be recorded and followed for each sampling event.

For most analytes given ifablel, laboratory analysis is the more reliable and-efigctive
approach. This requires consideration of sample preservation before analysis. Inorganic
constituents of water require preservation using mineral acid; care is needed to use preservative
of sufficient purity to avoid contamination above acceptable linfismples should be
maintained in cool and dark conditions (e.g. refrigerator) before analysis to minimise
degradationOther stability considerations include laboratory holding times and decay rates of
radioactive analytes (e.g. radon, Hék 3.8 days)
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Limit of quantification(LOQ) will be a key criterion for choice of laboratory analytical method.
Appropriate limits ofquantificationfor important analytes are given Trable 1. If a limit is
specified that is too high, then thatdset may contain only values reported as being below this
level. These data will then be of very limited valtar example in providing early warning of
change and/or identifying factors contributing to change

For all analytes measured, it is essertthal the following be reported: analyte measured and
how reported (e.g. alkalinity definition), unit of measurement, detection/quantification limit,
analytical method, reporting laboratory, analytical uncertainty (accuracy, precision) and
associated QA madata (e.g. data for certified reference materials). Assurance of data quality
is also supported by reporting of analytical charge imbalaimeis balance)

All water sampling should be carried out by competent individuals with sufficient skills,
training and experience to conduct the task. Analysis of samples should be conducted by
competent laboratories operating suitable QA procedures (e.g. as demonstrated by ISO 17025
accreditation). Accreditation credentials and scope need to be atatggide thanetadata

listed abovelt is recognised that not all methods may be accredited and in these cases, the
method should be validated and documented. Data recording should includefetizétody

and should be sufficiently detailed to enable a full audit tra

4.3.3 Monitoring frequency and duration

For previously undeveloped and/or unmonitored areas, baseline monitoring programmes should
be initiatedat leastone year in advance ainy operational developmeno characterise the
baseline over differing seasonwhkver, if it has not been possible to characterise the baseline
adequately within this period, e.g. to establish statistical trends, then the duration and
frequency of measurement will need to be increased.

The monitoring frequency for groundwater asdrface water should be informed and
determined by the siHgpecific geeenvironmental conditions, the sensitivity of the identified
receptors, any reliable historical monitoring data that might exist and conditions specified in
the environmental permiti(aough these should also be based on the aforementioned criteria).

Different monitoring frequencies may also apply for different analytes depending on the
objectives to which they apply. For analytes that are used to characterise the baseline variability
in water quality, the frequency should at least be sufficient to characterise the seasonal variation.
This will require monthly or at least quarterly monitoring depending on the
hydrogeological/environmental setting and its response to influencing enentainfiactors.

Where shorteterm influence might be expected, such as tidal influences, a period of more
frequent monitoring may be needed, at least for a period of time. Recommended minimum
criteria are shown ifable2. Monitoring frequency should be reviewed and modified to reflect

the nature of the operational activities once these are initiated. This might result in a monitoring
plan requiring different frequencies of monitoring at different sites depending on their
proximity to the operations and also sensitivity of receptors. This will also be the case if
unexpected changes in water quality are detected.

In the absence of information to support an alternative strategy, at least 12 sets of data should
be obtained from each mitoring point spread out over a period of 12 months as part of baseline
characterisation.

For more specialist analytes beyond the list outlinedahle 1, e.g. stable carbon isotopic
analysis of methane, less frequent monitoringef@n single measurements) may be adequate
as this information is considered to be supporting data to aid interpretation of the chemical
monitoring data collected during the baseline period and subsequently during the operational
phase. For example, if higtoncentrations of dissolved methane are measured (engg/),

anal ysis of tC compositibnl obtheanethaneocan pfovide information to
support the identification of the origin of the methane. Repeat measurement of this analyte is
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usudly not necessary unless anomalous events occur, e.g. increased concentrations or upward
trends are observed.

Monitoring frequency should be reviewed and modified to reflect the nature of the operational
activities once these are initiated. This might liesua monitoring plan requiring different
frequencies of monitoring at different sites depending on their proximity to the operations and
also sensitivity of receptors. This will also be the case if unexpected changater quality

are detected.

Table 2. Recommendedninimum baselinemonitoring frequency for groundwater and
surface waterin relation to different influencing and risk factors (note: will not
necessarily apply to all parameters)

Relevant factor Suggestedninimum frequency of
measurement

Groundwater
Seasondho seasonal influenc¢ Monthly (for minimum of 12 months with
subsequent reduction to quarteafly
monitoring extends beyond 12 months

Tidal influence Hourly monitoringof key salinity indicator
analyteqfor minimum of 3 daysand then
monthlyalong with other parameteff®r
minimum of 12 monthswith subsequent
reduction to quarterlif monitoring extends
beyond 12 month)s

Surface water
Seasonaho seasonal influencg Monthly

Tidal influence Hourly monitoringof key salinity indicator
analytegfor minimum of 3 daysand then
monthly along with other parameters

44 DATA ANALYSIS AND CHANGE DETECTION

The design of the groundwater and surfa@ger monitoring networks will have taken into
account the mposed shalgas operations at a site, the need for characterising the baseline,
ongoing monitoringandthe overall objectives of the monitoring. A key objective is to allow
comparisons to be made between the measurements taken before the operations (basel
period) and those during (and after) operations for the purposes of change detection once
sufficient data have been collected.

It is essential that the monitoring data are collected in a way that allows identification of changes

in groundwater/surfacevater that arise from the shajas operations (permitted activity) as

well as demonstration that no change is occurring. Where changes do occur they need to be
identified as early as possible to allow the most appropriate management action to begaken, e.

to avoid a pollution incident. This is both important for regulatory compliance and public
reassurance. Earlier sections of this chapter have set out a recommended approach to designing
and implementing of a monitoring programme and the collectiontaffdathis purpose. If the
recommendations are implemented effectively, the data collected should be sufficient for
change detection.
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Reporting of the results of sampling and/or monitoring should be carried out with a frequency
depending on the designtbke programme. Quarterly reporting should be considered the default
but any new data should be reviewed to identify any significant differences from previous data.

It is not necessary to report the methods and protocols on each occasion but these should be
reported early in the programme and then revised if any changes to procedures are made. Each
data report should make reference to the methods report and confirm that the data presented
were collected by the specified methods. Any differences should dreleelc Evaluation of the
acquired monitoring data should be used to optimise and refine the monitoring strategy for
future rounds both in the baseline and operational phases.

CASE STUDY
Water data visualisationi Vale of Pickering, North Yorkshire

Representation of watguality data for the baseline assessment can take many f
including maps, profiles, box plots and cumulafprebability plots. Some example box pla
for the Vale of Pickering are depicted below.

The plots show the mea®d range of concentrations for several analytes measured
aquifer at multiple monitoring sites (14) sampled in July 2016 along with a range of sta
Plotting the data in this way enables a rapid assessment of the data, highlighting anly
features and if water quality standards (or other triggers or thresholds) are also shown
be seen in the plots below, then any exceedances and their significance can be seen.
are versatile and allow monitoring data to be presentedfarelift ways, e.g. site by site, i
sample round, by season, by year.

Major ions
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Reporting should include an evaluation/update of groundwater and/or sudtarequality in
terms of spatial and temporal variation. Suitable visualisation approaches include use of maps,
profiles, box plots, cumulativprobability plots(see case study water data visualisation)
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Processes controlling chemistry and chemicalatimm should be assessed and likely sources

of any contaminants evaluated. Recommendations for any further investigation to resolve
uncertainties should lmescribedAlso included should be an assessment of uncertainty in data
results or interpretation dra critique of data adequacy for achieving the stated objectives.

A challenge for groundwater and surfagater quality data is that frequency of measurement

is generally low relative to other environmental monitoring such as air quality or seismicity.
This is because of the technical and logistaifficulties of monitoring water quality. Whilst
someanalyteqbut only a limited rangejan be measured 8itu, the sensonssed for thisare

subject to drift and variable performance because of the enwarasim which they are
operating This reduces the reliability of the-gitu monitoring dataand sothe results of
samples collected and analysedaimaccredited laboratory provide the best quality data for
reliable change detection. However, theitn monitoring can provide a useful indicator dataset
that, because of its higher frequency measurement, could highlight a change that requires
further investigation.

The recommended approach for water quality change detection is to use the laboratoeg analys
data as the primary data set because of its reliability in terms of QA/QC. The time when change
detection is required is after operations have stamearder to detect change using statistical
methodsthereneeds to ba sufficient amount of data tarry outan analysis. This presents a
challenge when the frequency of data collection is low and, as is often the case, when natural
variability in observed valueis high.

The nature of the activity and the multiple potential pollutant sourcesragihtion pathway
combinations means tha multiplelines-of-evidence approacho change detection is
recommended one that considers point, spatial and temporehange detectionMore

specifically hese are:

1 Comparisorof analytevaluesmeasured e monitoing point during the operational
period with data from theame site during thieaseline period

1 Comparison of parameter values measured at a monitoring point during the
operational period with th&pacetime mean of a group of sitesthin a predefined
area of potential impact (AP(see below)

1 Identification oftemporaltrends inindicatoranalytesthat are differentrom the
baseline period.

4.4.1 Baseline data analysis

The starting point for assessment is the processing of the data for the baselinenpeded
to provide the benchmark(s) against which future measurememsasurement statistics can
be canparel to identify change.

Analysis should be performed on results from individuahitoringsites and aggregated data

for a group of sites. The seltion ofa groupof sites should benformed on the conceptual

model (hydrogeologicadatchments et t i ng) and the natufas and
infrastructure and operations. One group should include monitoring sites that are in close
proximity to the operations and immediately dotehydraulic gradient. This group is known

as API (Area of Potential Impact) group. A second group of sites should be identified that are
remote from the site and/or upgradient. This is the control area group. Adwesement is that

the control group of sites should be monitoring the same hydrogeological system (aquifer) as
the API group of sitesso thatthe two groupf siteswill be subject to the samas far as
possible nonshale gasegional (natural and a@mtopogenic)nfluences on water quality.

For each monitoring poifgroup of siteand for the selected parameters (environmental permit
defined),arange of statistics should be calculated. This includes (as a minimum):

a) Number of measurements (n)
b) Units of measurement
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c) Minimum concentration/parameter

d) Maximum concentration/parameter

e) Mean concentration/parameter

f) Median (P50) concentration/parameter

If the 28"- and 7%-percentiles are also calculated, box and whisker plots can be produced (see
waterdata visalisation case study)

It is recommended that tlmeaximum concentration for the baseline period (comprising at least

12 measurementsy takenas the value indicative of the upper baseline for substances that are
naturally occurring. For synthetic substaes,this approachs notgenerallyappropriateas
theyshould not be present in groundwater or surface water. Therefore, for synthetic substances,
the analytical level ofjuantification(LOQ) should be useth the case wherthe synthetic
analyte has ke measured and found not to be present under baseline condiitibase is a
measurable background of the substance, theméixenum measuredalues should be used.

Experience has shown thadseline measurements indicate complex patterns of varfation
significant numbers of parametevath mean parameter values and standard deviations varying
greatly from site to site. The time series from individual sites also can include large fluctuations
that do not necessarily appear to follow regular seasoriamporal trends, nor occur at the
same time at different sites. Such behaviour is inconsistent with many statistical tests of
differences between sets of measurem@misiddress this a statistical model can be constructed

for the baseline variationfeach of the indicator parameters. This model can be used to
determine the degree of variation that could be expected in the data from the operational period
if no underlying change has occurrétbdels should bdeveloped foboththe API and control

group of sites.

To develop the baseline statistical model the data need to be standardised so that the
measurements from each site are compakaidéed et al, 2019)Where parameter values have

a highly skewed (i.e. asymmetric) distribution, as is often dise,ca logransform is required

to reduce this skew so that the data are more consistent matmal distribution. The data for

each site in thgroup, e.g. APlare then standardised by subtracting the mean for that site and
dividing by the standardeviation.

Themost basic model assumes that the standardised data are drawménonakdistribution

with mean zero and unit varianddowever, this may not be the case and so variograms of the
standardised data need to d¢mculatel and inspedd to see if any spatial and/or temporal
correlation is evident. Where it is, an appropriate correlation tereds to be added to the
model. Similarly, ifthe mean of the baseline data varies with timeppropriate termeeds to

be addedo the model if requird A statistical testan beused to confirm that any additional
term improve the model before it is finally accepted.

The final baseline modetan then be usetb determine the expected mean standardised
measurement vaé across thegroup of sitedor afuture round of sampling and the specified
confidence limits for this megi95% is recommended)

Trend assessment should also be undertaken to determine whether there is i) any seasonality in
the data, and ii) any underlying treds a minimum, 12 measaments distributed over a year,
i.e. monthly, are required for trend assessment.

Recognised statistical methodbould be used for trend analysis and be applicable to the
available data.Waterquality data possess unique characteristics that require Ilsgecia
approaches to statistical testifidhe data often have asymmetric or aoarmal distributions
andwill therefore require neparametric statistical methods where no assumptions are required

3 UK Technical Advisory Group on the Water Framework Directive Paper-1Gati{i)ndwater Chemical
Classification for the purposes of the Water Framework Directive and the Groundwater Directive
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about the underlying data distributidiethods that can besad includeSen6s met hod

1968) and Seasonal Kendall (Hirsch and Slack, 1984) where there is evidence of seasonality.

Both of these methods are robasd will allow for some missing data in the time series and
are not badly affected by outliers iretHata serie§.hese methods are also used for WFD trend
assessment in the UK (UKTAG, 20$2Y0 be consistent with WFD trend assessment, trends
should be significant at the 80% confidence level.

Where a data series has a significant number of valuearthaéported alselow the level of
quantification (LOQ) care should be taken when calculating summary statistics and undertaking
trend assessmemt commonly use@pproach is to replace valueported as below the LOQ

with a value equal thalf of the reprted LQQ, although more sophisticated methods such as
KaplanMeier or ROS (Regression on Order Statistics) approaches are appropriate (Helsel and
Hirsch, 2002. Where more the 80% of the measurement values are below the LOQ, trend
assessment should notderiedoutand onlythe statistics a) to)didentified above) reported.

If a statistically significant trend is identified and the data set has a significant number of
censored datébut <80%) additional trend assessmeain beundertaken by substiiag the

LOQ values by, firstly a value equal to the LOQ, and secondly, by zero. This further analysis
will allow investigation of the effect of the censored data on any trend identified.

4.4.2 Change detection

(@). Individualmeasurements

Following the initiation of shalegas operations, measuremeatues for each monitoring site
and for each parameter identified in the environ@germit monitoring plan (and any others
selected as indicators of change) should be compared to:

i.  For naturally occurring substanges analyte$, the respectivenaximumvalue from
the baseline analysis

ii.  For synthetic substances, the LOQ vatuelsemaximumvalue if the substance was
detected routinely during the baseline period

If the measured value exceeds tn@ximumor LOQ valwe then thiscould indicate a change
arising from shal@as activities, and further investigation is required. This should include in
the first instance:

i.  Checking the results from other sites for any other exceedancksling outside the
API,

ii.  Comparisorwith regulatorysurfacewaterenvironmental quality standarBQ9
values or groundwatéWWFD) threshold values/quality standards as appropriate.

If the change indicates an impact arising from shale gas operations, the appropriate
reporting/notification pocedure should be followed and in a severe case, pollution incident
protocols followed.

(b). Groups of monitoring sitg&\P1)

Following the initiation of shalkgas operations, measurement values for each monitoring site
in a sampling round should be standised using thempirical site means and standard
deviations from the baseline model (see Sectidrl).

The mean of these standardized data across thehdild then bealculated fothe sampling
round The caoresponding confidence bands ahen corstructed using the baseline model
parametersA comparison of this mean with the mean from the basleine model can then be used

4 UK Technical Advisoy Group on the Water Framework Directiv&roundwater Trend Assessment
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to indicate whether a deviation or change might have occurred. In his case further investigation
should be carried out. This sshalinlciude in the first instance:

i.  Checking the results from other sites for any other exceedances, including outside the
API,

ii.  Comparison witlregulatorysurfacewaterenvironmental quality standarBQS
values or groundwat€WWFD) threshold values/qu#yi standards as appropriate.

CASE STUDY
Water monitoring: detecting changei Vale of Pickering

Evaluation of wateguality data in the context of hydrocarbon exploration activities reqy
robust objective protmwls to determine whether any differences observed bet
measurementsarried out under baseline compared to operational condai@nkarger than
thosethat could have resulted wholly due to the underlying variability of the measuren
Observationendicate that baselewaterquality measurementsan showcomplex patterns o
variationthatrequire a statistical model of the baseline variation of each andlsiteg Vale
of Pickering groundwatequality datamodek have been produced determine th degree of
variation expected from the operational period if no underlying change has oc@inisecan
be compared tactual variation in the operational phase to deterithieie correspondence.

Figures below show a histogram of {obgnsformed standasked datagubtracting the mea
for a givensite and dividing by the standaréwation) for methane in groundwater from
selected monitoring sites, with empirical spatial and temporal variograms (middle/right {
These reveal no distinctive patteorcorrelations. A linear mixedffect model with tempora
random effect was fitted. The model was tested against a simple intercept model 3
likelihood ratio test suggests that the temporal random effect is significant (p<0.05). Thg
standardise time series (2012018) and the adjusted 95% confidence bands are also sl
The approach assumes that the model reflects accurately the baseline variation and
account for any uncertainty in estimating thodel.

Monitoring data collected durinshalegas operations can be compared to the baseline nj
by first standardising the data (as above) and then calculating the standardised mea
mean falls outside the 95% confidence bands for the baseline model, an expected ch3
been idetified and further investigation should take place,
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(c). Trend assessment

Determining whether there is a statistically significant upward (or downward) trend in analyte
values requires a sufficient time series of measurements. Section 1.5.1 outlines the minimum
data requirerants and the recommended approaches for statistical trend assessment. This means

t hat at | east one year o6s worth of monitorin
triggering further investigati orytrendobsemesl t hat
during the baseline period.

It is possible that a change will stéotbe observethefore sufficientoperational monitoring
data have been acquiredcarry out statistical trend analysierefore, it is recommended that
time-series datare plottedregularlyand a visual inspection made to identify any emerging
trends in the data in the API that are differfeoin those seen during the baseline period and/or
in the control areas.

If a trend is suspected, further investigation is requifdds should include increasing the
frequency of monitoring to confirm any trends with greater confidencejrétating other
managemerdctions

Further information on assessing the statistical significance of changes in water quality data can
found n an Environment Agency report (EA, 2018his report also covers air quality but it is
al so relevant to other 6concentrationdé type
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5.Atmospheric composition monitoring

5.1 INTRODUCTION

Thereis a range oflifferent potential air pollution and climate impacts arising from emissions
associated with shale gas extraction activities. These have been well documented in a US
context in recent papers, e.g. Edwards et al. (2014). This section describes thécsarehtif
regulatory context to emissions thought to be associated with hydraulic fracturing and then
defines what is meant @n environmental baseline in terms of atmospheric composition. It
then provides some recommendations for good practice in the igstadht of baseline
environmental conditions.

5.1.1 Air pollutants

Shortlived air pollutant emissions can arise from site infrastructure (e.g. particulate matter
(PM) and gaseous pollutants such as. B@nm generators and traffic movements), fugitive
emissionof volatiles from condensates, extracted gases and flow back (e.g. lightatbane
hydrocarbons, radon, hydrogen sulphideSjiHbenzene and malodorous compounds). There
are also distributed emissions associated with the widecyldke such as road taport and
supply chain (primarily nitrogen oxides (N@nd PM), and downstream gas distribution and
enduse. Air pollution impacts linked to shale gas extraction in some locations in the US have
led to localized exceedances of safe exposure thresholdsrfoentrations of VOCs such as
benzene, and regional elevations in tropospheric of@#)edue to photochemical production
downwind. In some cases unconventional gas extraction has led-tmmmtiancewith air
quality standards in locations that had peeviously breached US standards (Edwards et al,
2014).

The 2008 Europeaambient air quality directive (2008/50/E6&#&ts legallybinding limits for
coneentrations in outdoor air for both particulate matter (Rd PM.,) and nitrogen dioxide

(NO.), which areassociated with a range of acute and chronic health conditions such as
cardiovascular and respiratory illnesses. There are also limits for knoeinazgens and air

toxics such as 18, benzene and utadiene.The UK also has short and lotgym exposure
thresholds for ozone concentration. These thresholds are explained further in the National Air
Quality Objectiveq1]. It should be noted that s@ air quality pollutants can be enhanced
before hydraulic fracturingind shale gas extraction begloe to site and well preparation

work. Elevated concentrations of PM and N@ll be observed as a result of the movement

of equipment (plant) on to tisite, the operation ofegerators and increased vehitievements

in preparation for operations to start. Such emissions should therefore be considered to be a
direct consequence of shale gas operations and not a component of any prior local baseline. It
is important that monitoring includes, and differentiates,differentperiods of activity on a

site

5.1.2 Greenhouse gases

The class of impacts relating to greenhouse gases concern both direemiS€lon (i.e.
combustion and endse) and controlled, or fugie, emissions of Classociated with extracted

gas (including flowback), gas storage, and possible geological seeps (via groundwater,
including well annulus pathways) induced by drilling and/or hydraulic fracturing. This latter
impact, which concerns glegical pathwag, remains contentious and uncertain, with limited
evidence tedate from US case studies, yet it also represents possibly the most difficult pathway
of fugitive emission to monitor and quantify, and/or mitigate if it arises. Soil gas magitor
may offer an important tool from which to assessdhig a soil gas monitoring programme can
provide supporting evidencéo support interpretationRecommendations for soil gas
monitoring are m Section7. There has been a clear increasing trend in global methane
concentration since 2006, so there is intense scientific interest in understanding the components
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of the global methane budgetncluding the relative importance of the oil and gas industry
e.g. Alen (2016).

The potential contribution of shatmsrelated greenhouse gases to the UK emissions inventory
was discussed in the DECC reportRuotential greenhouse gas emissions associated with shale
gas extraction and ugdlackay and Stone, 2013)hereport concluded that theotential and
anticipated impacts of shatmsrelated emissions in the UK remain uncertain. Currently there

IS substantial uncertainty over possible emissions at the scale of a single installation, and there
exist a range of posstbl scenari os for the sectords expan
experiences markedly different atmospheric conditions (e.g. wind speed, solar insolation,
boundary layer, background atmospheric composition etc) to typical major shale gas plays
currertly in production in the US. Perhaps as importantly, the UK may be expected to have
different exposure profiles (compared with the US) due to proximity to operational sites and
potentially greater proximity of communities to operational sites.

Site type

Rural Background
Suburban Background
Suburban Industrial
Unknown

Urban Background
Urban Industrial
Urban Traffic

Figure 20. Map of the current UK AURN (Automatic Urban and Rural Network) air -
guality network, coloured by site type©University of Manchester, 2020

Thereis some notable existingnonitoring infrastructure thatcan augment sitespecific
monitoringandaid in characterising the regional background in atmospheric composition. The
AURN (Automatic Urban and Rural Network)ajru al i ty network is the U
monitoring network and is used for compliance reporting against Europe&uadity
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directives. There are currently 127 AURN siEgyure20) in operaton, measuring a range of
parameters including carbon monox{@®), NOx, PM, Oz, and sulphur dioxidé€SC,). Not alll

of these sites measure all of theseametersas the specification of each depends on location
and classification (e.g. roadside, urban,-sdian, rural and industrial). However, there can be
large distances between sites, especially in rural aveah are typicallyof most interest to

the shale gas industry. Therefore, existing networks, while useful for regional purposes and for
long term trend analysis, cannot be interpolated to derive meaningful data for local baselines fit
for exposure monitoring.

LY
> - |

'; #y Auchencorth Moss |
g

[L_ondon Marylebone Road

LEE

London Eltham
7 * < 7
 Chilbolton

Figure 21. Map of the current UK Hydrocarbon network . ©University of Manchester,
2020

Two networks exist for measurements of hydrocarbons in the UK. The first is the Automatic
Hydrocarbon Network, which currently measures hourly concentrations of a range of
hydrocarbons at four sites in the UK. The sites are Harwell, Lan&ttham, London
Marylebone London;and Auchencorth Mosa Scotland, whicliepresergthe most rural site.
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The non automatic hydrocarbon network consists of 37 sites where benzene isddyple
adsorption tube and analysed to yield concentration data at a later date in the laboratory. These
sites are all cdocated with existing AURN sitg&igure21).

The Deriving Emissions for Climate Change (DECC)-taer greehousegas (GHG)
network (used for national GHG inventory validation) represemasurements in more rural
locations by virtue of their installation high on large telecommunications masts outside of urban
settings. However, their number (currently just acxoss the UK) and siting (e.g. the North
West currently lacks such a station for example) is not sufficient for Ibaakline
measurements and characterisgtenmd does not provide data at the local ground level from
which to characterise future neféeld impacts.

The following sections describe recommendaia@m the best available practice in the
application of baseline atmospheric composition monitoring, defined here as the statistical
characterisation of the@revailing conditions inany local areaor at a site, prior to the
commencement of shale gas operational activity (including any preparatory activity). The
intention of any atmospheric baseline monitoring is that a statistically and locally representative
data set sampled at a site will sengefully as a comparison with any future operation
observations in order to attempt to apportion incremental impact to local atmospheric
compositionshould this arise, dio confirm that no change has arisdrurther,this baseline
characterisatioman inbrm on the prexisting local and regional background in terms of near
and farfield sources of pollutiorand enable future changes in these unrelated air pollution
sources to be identified

5.2 SITE SELECTION AND L OGISTICS

The assessment of the impacts afalosources of pollution on local and regional receptor
environments requires a local monitoring approach. A shadesite may (based on US
experience) represent a potentially large point source of pullgéses and particulate matter.
Giventhat the pblic-health issues typically concern local (<10 km distance from source) and
regional (<100 km) exposure, this leads to the conclusion thagptEfic baseline monitoring

will be necessary to obtain meaningful statistics at the local scale of intespstially
concerning air quality.

For baseline monitoring, a single monitoring site positioned near to a planned shale site (see
later) can be sufficient to collect data from which to derive a locejtyesentative statistical
climatology. However, thisnust not be confused with potential monitoring requirements for
assessment of operational activities, which must be assessed separately, and optimally may
require a spatial network of monitoring to best capture emissions over various wind directions.
Furthermore, direct attribution of si#specific emissions may require a simultaneous upwind
measurement to rule out extraneous sources of pollution further upwind to an operational
site. As the cost of higiprecision atmospheric monitoring equipment and ajp@n is NOR

trivial, the number of operational monitoring sites may require a compromise between the cost
of multi-site operation, and the idealised sampling of all emissions from an operational site.
Where such a compromise is deemed necessary, it stampto select sampling locations that

best capture emissions. For example, monitoring sites ptmedwind with respect to the
dominant windsat a planned shale gas facility can optimize the sampling time and
measurements directly attributable tosie activities and emissions.

The siting of a baseline monitoring station (or stations) must be guided to optimise the sampling
of alocally representative baseline over a wide (and typical) range of meteorological conditions.
A further consideration shalibe that measurement instrumentatsosited appropriatelwith

respect to itsole inmeetingpotential operational monitoring requirements. be neato sites

of planned shalgas extraction.
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Table 3. Parameters and appropriate measurement techniques required for baseline
assessment at angnonitoring station.

Measurement | Technique Temporal | Dynamic Measurement
sampling/ | Range precision- 1 0
integration (at 1
minute integration)
NO, NO,, NO« | Chemiluminescenc| 1 minute [ 0-20000 0.25 ppb
with photolytic ppb
converter
O3 Photometric Ozonel 1 minute | 0- 200 ppm | 0.25 ppb
PM (1, 2.5, 4, 1Q Optical Light 1 minute | 0-10000 0.1 3%g/m
size fractions) | scatteing e g P(PM
size
fractions
0-20000
particles/cm
(particle
count)
CHs Infrared 1 minute | 0.01-100 1.3 ppb
spectroscopy ppm
COo, Infrared 1 minute | 0.1-2000 0.03 ppm
spectroscopy ppm
Speciated non | Gas *1 hour 0-10 ppb | *<5%
methane Chromatography
hydrocarbons
Meteorological | Automatic weather| 1 minute |-50-100°C |0.1°C,
data (wind station 8001100 | 0.5 hPa
speed, wind hPa
direction, 0.8%
Temperature, 0-100% RH | |/ g4, (at 12 m3)
pressure, 0-60 mg!
Relative
Humidity)

*At current sites NMHC canister collection is weekly but ideally this would be continuous
hourly sampling. Alternatively, new instrumentation is now available to measure ethane at

1 minute intervag.

A baseline monitoring station should be ideally plabetiveen 100 m and 500 m downwind
of a planned operational site, in a radial direction that would best capture background airmasses
that pass over the area. Here, a downwind direction is defitiedespect tahe most common

wind direction assessed fromstorical meteorological data for the site of interdsdcal data
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should be used to ensure the measurement site is positioned in a place that will be influenced
by mixed air impacted by sources from the future operational site. The Met Office has@ver 20
monitoring stations in the UK with historical wind information. This range in distér@@m

to 500 m)allows time for emissions to partially mix in the air downwind, allowing emission
plumes to be sampled more readily, whilst ensuring that dilutiors do¢ negate their
detectability using instruments described able3. Put simply, a baseline measurement station
positioned too close to an operational site may not be optimal for subsequent operational
samplingas it may not observe emitted plumes that have not had time to mix over a wide angle;
while monitoring further away may mean that plumes are too diluted to discern a signal within
measurement uncertainty. An assessment of optimised monitoring locatiomgyls) be
facilitated by dispersion modelling of plumes for a range of simulated emissias fliox
establish limits of detection as a function of distance downwihanitoring locations should

avoid places where a shal#e signalcould beobscured by @arby confoundingemission
sources This is because the superimpositiothelseon shalesite plumeganpotentiallymake

any shale signal undetectalde difficult to attribute- until/unless that signal is elevatéal

levels that clearly exceed the higaselinelt should also be recognised that the baseline can
become oubf-date as a result of significant changes in nearby emission sources, and if this
occurs the confidence in attributing doyure change to activities at the shale gas site could be
reduced.

These siting criteria serve to optimise efficibateline measurememusor to site activity, and
facilitate future operational measurement. By way of example for the baseline measurement
site at Little Plumpton, Lancashire, operated as datieoBGSled baselineproject(Shawet

al, 2019) the monitoring site was positioned ~400 m directly to the east of the proposed well
pad. This position was choséecause othe dominance of westerly winds at this location
(common for many areas of theKl) and therefore its downwind position relative to the
operational site, to ensutieat the site could transition to aperational monitoringite once

shale gas operations started.

It should be acknowledged that an atmospheric monitoring statiortations, may have
practical and logistical issues due to site security and safety and the availability of suitable space
and land ownership. In addition, there is a need for continuous power (ideally from a mains
supply). The use of a generator for poweould manifest a nebaseline source of emissions,
which would likely adversely affect measurements; and should therefore be avoided. Solar and
small wind turbine power solutions, with suitable battery provision, may be considered;
however, care must bekien to ensure that power provision is continuous and that adequate
warning is given of any projected power shortage such that steps can be taken to prevent
disruption to data collection (e.g. site visits to install fully charged batteries or alternatiee po

supply).

5.3 MEASUREMENTS

The development and operation of a shale gas site consists of different operational stages, each
of which has the potential for emissions to the atmospi@remain stages during development

of a site are shown ihable4. When measuring near to any emission source, it is important to
have a relatively high measurement frequency to yield useful information on source strength
and chemical transformations (e.g. NO, N&hd Q (ozone))(see cae studyi methane
measurements at different frequeeg. Therefore, integration and sampling aminute
intervals (or more frequently) is required to capture transient source features and to characterise
plume morphology, in turn facilitating apportioenmt and flux quantificationl-minute
intervals are especially useful for GHNO, NQ, Gs, PM; additionally, ethane ¢8s) would be

a good marker for the shale gas industry specificallyeport from the Air Quality Expert

Group in 2015 on Evidential Mze of Defra Air Quality Compliance Monitoring recommended

that this resolution for ajpollution data would also allow new and innovative use of the
measurements to support a range of science and policy needs. This is a higher temporal
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resolution than théAURN networks, which currently report at -biinute intervals.High
temporal resolution allows the establishment of the frequency and duration oteshort
episodic pollution events, down to the minute timescale, and in combination with weather data
idertify the geographic regions that are potentially contributing.

Table 4. List of potential atmospheric pollutantsassociated with different stages of
development of ashale gassite.

Stage Source of emission Potential pollutants
Well drilling andcompletion Dust PM
Diesel generators PM, NMHC, NG
Traffic PM, NMHC, NCO
Chemical processin: O3
Fugitive NMHC, H.S, CH;
Preoperationamobilisationphase Dust PM
Diesel generators PM, NMHC, NG
Traffic PM, NMHC, NCO

Chemical processin' O3

Hydraulic Fracturing Dust PM
Diesel generators PM, NMHC, NG
Traffic PM, NMHC, NG
Chemical processin: O3
Fugitive NMHC, H:S, CH;
Well Production Fugitive

NMHC, H:S, CH,

Well decommissioning andte restoration Traffic PM, NMHC, NOx
Chemical processin O3
Fugitive
NMHC, H:S, CH

It is also important to highlight thatrinute data still has some limitations, although these can
generally be overcome by averaging over a longer time period. For exégnpieinute data
emphasise "fluctuations" idispersion due to turbulence that can make it hard to interpret
individual I-minute values; (ii) itmightbe impractical to analyse individualminute values at

a site, and unnecessary because most-gontsite emissions are likely to last for londeart
1-minute- socollating over a longer period mighé more practical; (iii) <minute is not a usual
averaging time for shoterm human health purposewhich usually focus on Binutes or
1-hour.
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Measurement at the mindé&erage timescale enabksnuch more informative data analysis
linking shortterm variability in wind speed and direction to atmospheric composition when
compared to the regulatory requirement (2008 Ambient Air Quality DirecZ@88/50/EQ)

which sets legally binding limits and target values for a minimum of hourly averaging. In the
case of the instruments listed Tiable 3, measuring on a i&inute or thour aveaged basis

would involve the same instrumentation, so there is no cost advantage in making slower, less
time-resolved, measurement€alibration and maintenance would also still be carried out at
the same frequency so there would not be any resourceatighs of higher time resolution
data.Flux-related calculations also require measurements with high time resolution, minute
average and preferably faster.

Table3 lists the parameters and appropriate measuretaehnniques required for assessment

of baseline conditions at any monitoring station. The measurement techniques represent those
known to be commensurate with the precision and dynamic range requirements needed to
establish appropriate data quality forsbline ambient background air. Such Rpglcision
measurement is very different to typical requirements fesitnmonitoring in the context of
natural gas leak detection and repair (LDAR), where much eheayl more portable methods

such as opepath tunable diode laser (TDL) handheld instrumentation may suffice. While
instruments such as TDL are highly efficient in detecting angbpinting sources of fugitive
emission, and wearable sensors can serve to safeguard personal safety, they do netliacilitat
detectionand characterisatioof emissions everywhere on a site at all times, nor facilitate the
calculation of an emission flux and assessment editdfreceptor relationships. Tgaidance

in Table3 coneerning dynamic range (limit of detection to maximum range of measurement
linearity) captures the typical extremities expected in ambient measurements during baseline
assessment, while the measurement precision (for the recommemdieaitd integration

period) represents the data resolution required to usefully detect typical changes in ambient air
associated with changes in air mass or soimgets. Instrument precision, a measure of the
white noise of sampled data and hence an indicator of the resobditatatta should not be
confused with instrumental accuracy (a measure of the instrumental drift with respect to a
reference standard).

5.3.1 Miniaturised sensors

Currently (as of 2019) many differetypes of miniaturised sensoiwr the measurement of
atmospheric air pollutants are available. Such sensors are defined as devices that purport to
make autonomous observations of multiple pollutant parameters at a lower capital cost than
laboratorygradeanalytical equipment, with costs spanning a range from £100 up to £10,000
per observing location (see Lewis et al (2016)pwever, there are notable limitations and
performance issues with such sensors. Recent research has found that sensor data can be
unreliable as they can react inconsistently to a given input and respond as much to humidity,
temperature, or other atmospheric gases as to the pollutants tasgeted (Lewis et al,

2016). At this time they are not recommended to be used for atmosbiasetine monitoring,

which requires theprecisionof the techniques listed ihable 3 for detectingsmall temporal
concentration fluctuations

Data quality objectives defined by GAWOC measurement guidelines (Rep@04) are
currently set at 20%, but recent work from the ACTRISC community describes the need
for 5% uncertainty targets to be reached in order to observe decadal trends in VOCs.

It is important to note that currenthenzene is the only VOC routinatyeasured by DEFRA

to assess compliance with UK concentration thresholds for air quiadityssess thienpact of

shale gas activities it is advisable to measure additional speciated hydrocarbons such as ethane
and propane, along with methane, to estabtiblracterisable emission factors for the
industry. More recently, Helmig et a{2016) used ethane data from global surface networks to
show the decline observed between 2005 and 2010 has reversed and calculate a yearly increase
of ethane in the NortherHemisphere of 0.42 + 0.19 Tg-Wetween 2009 and 2014. North
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American oil and natural gas development is suggested to be the primary source of these
emissions.

Whilst a minimum 12month period of continuous baseline measurementorssidered
necessaryto establish an environmental baseline, a longer period of monitoring is
recommended to ensure that irémanual variability can be assessed. This includes
meteorological parameters, air quality and greenhouse gas concentrAgeassment of inter
annuévariability is requiredsince there is considerable seasonal dependericeprevailing
meteorology atmospheric reactivity and the formation of secondary pollutants. Year round
measurements capture appropriately the diurnal, weekly, and seasomatpAtean example,
ozone has a broad seasonal cycle (see case study on seasonal differences) peaking in the spring
months, and with occasional very high episodes in summer. These are typicatlyremtited

with CQ: concentration, which dips in summeionths due to biospheric respiration. Wind
speed and direction, monitored at the measurement station, isousémm on the direction

and proximity of neafield pre-existing sources in the baseline and also serve to deconvolve
the role of longrange inpits, this is done by looking at air masstbry and concentration ratios.

Case study Methane measurements at 1 minute, 1 hour, and daily frequencies

The figure belovshows CH mixing ratio data for the period 1 14" January 2019. Different
averagingscenarios have been applied to the data to simulate the impact that a reduced
frequency of measurements would have on the data. Whilst the enhancemenignixi@é
ratio are visible in the-hour average data, much of the temporal resolution is lo&.pldt
clearly demonstrates the advantages that higher frequemainute measurements have oyer
lower frequency measurements.

0 - —— 1-minute average

©

N MMW

(SN PR DWW | | N DR, ..k O (VLT T, T S, PRV ) LY BT LV

e —— 15-minute average

CH, mixing ratio / ppm

11/01/19 12/01/19 13/01/19 14/01/19

CHa4 mixing ratios from 11" 7 14" January 2019. The top panel shows-thinute
averaged data. The bottom panels show mixingatio values with a lower frequency of
measurements (15minute and 1-hour). ©University of Manchester, 2020

Provision of metadata is essential to allow-esdrs to properly assess, interpret, understand
and use a dataset. Observational metadata sholldiéendetails on how (with the instrument

or technique), wheravith what accuracyand by whom the data was collected by (contact
details). It should also include the corresponding measurement uncertainties, such as instrument
precision, calibration andaceability (see belowas well as information on known sources

Such metadata must be prepared for each measurement reported.
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Case study- Seasonal differences

The time of year can have an effect on air quality baseline measurements. Some ai
paraneters will be higher or lower at certain times of the year due to meteorology and
differences. It is important seasonality is taken into accoumnterpretations oéir quality to
avoidtheimpacts of new activitiegsuch as shale gaseing maskd or wrongly attributed.

The figure belowshows polar plots for the seasonal cycle of ozone at a site close to th
coast of northern England, with concentrations (colour scale, in ppb), wind direction

bearing) and wind speed (radial distarftem sourcdan m/s). A polar plot combine
meteorological measurements with concentrations to show how they vary with wind spé
direction. These have then been split to show the seasonal cycle.
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Polar plot showing the seasonal cycle of ozone measuremts (in ppb) at a site near the
west coast of the UK in 2016. © University of York, 220.

Ozone (G concentrations are highest in the summer at low wind speeds. In the summer
periods of high temperature and anticyclonic weather conditions, @aonalso increase du
to photochemical production. In some regions of the UK, in these conditions, ozone
measured at concentrations greater than 100 ppb for short periods. High time resolutig
dataset to establish the frequency and durati@hortterm episodic pollution events, down
the minute timescale and in combination with meteorological data, is required to ident
geographic regions that are potentially contributing.

Therearealso elevated Qevels when wind speeds are lignd from the west. This is like
due to the annu@s peak in the northern hemispheric and north Atlad@ttean and the impac
of efficient longrange transport of this air to the measurement site. Elevatisdr@icative of
a maturd air massas it is not a primary emissionand is insteadproduced througk
photachemical reactions within the air mass.

The lowerO. levelsfrom the east and soutfastareparticularly notable during the autumn @
winter may indicate ozone titration due to Némissiondrom a nearby dairy farm.
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A good qualityassurance and quaktpntrol (QA/QC) regime for data provision, which covers

all aspects of measurement, including equipment evaluation, site operation, site main
and calibration, data review and ratifiicet, is required. All calibrations must be tracea

tenance
ble

through an unbroken chain to established international metrological standards. Regular site
visits (at least monthly) and remote monitoring (at least weekly) should be conducted to perform

checks on instmental performance in terms of accuracy, precision and response time,
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as calibration against traceable reference standards. A detailed list of calibrations antschecks
givenin Table5, all are available commercially.

54 DATA PROCESSING

There are a range of open source tools available to derive basic statistics for air quality and
climate data, including statistical variability within daily, weekly and seasonal
timescales.There will be considerable seasonal differendeaiseline air pollution at potential

sites driven by meteorological factors on large scales, and it is essential that the monitoring
period sufficiently captures this change.

One of the tools available for data processing is the cmemceresource OPEN_AR
(http://www.openahproject.org). This is a collection of tools for the analysis of air pollution
data. All plots in this guidance report are produced by OPEN_AIR.

The Openair project is fit for purposarfatmospheric baseline interpretation by providing:
0 afree, opersource set of tools available to everyone;

a range of existing techniques and developing new ones for the analysis of air pollution
data;

O«

0 the statistical/data analysis software R aglaform i a powerful, opefsource
programming language ideal for insightful data analysis;

0 an easy method for carrying out sophisticated analyses quickly, in an interactive and
reproducible wg;

w~

0 opportunityfor the air quality community to use and ppélirther develop these tools.

Data statistics relevant to atmospheric baselines are the mean, standard deviation, 5th and 95th
percentiles, and maximum and minimum concentrations for measurements grouped by

O The full baseline period (012 months);
0 Winddirection (in 16 or more compass sectors);

0 Time of day;

0 Day of week;

0 Month;

0 Meteorological season.

It is also recommended to construct polar plese(case studly seasonal differencggo
diagnose existing nedield emission sourcesind to exeine relationships (e.g. correlations
and anticorrelations over large concentration ranges) between different tracers to facilitate
sourcetype characterisation and longnge airmass historfivariate plots use wind speed and
direction coloured by pollant mixing ratido helpreveal source locationk.can also be useful

to plot the ratio of concentrations for two pollutants concentrations on a polar plot. For
example, the ratio of NO to N@an suggest if a situation has either (i) mostly "frestitbgen
oxides from nearby combustion, or (ii) mostly "aged" nitrogen oxides from more distant sources
with a higher proportion of N&as there has been more opportunity to convert NO to@ NO

Such statistics, when interpreted over and within anbBth (or greater)period of baseline
sampling, provide for a direct comparison with future analogous observations during
operational phases to examine any change in the background over time. This facilitates the
careful apportionment of any increment to speciganby activity if it arises. However, care

must be taken to establish the unique-sgiecific sheHife of the baseline used for operational
comparison in order to remove or otherwise account for any significant extraneouar(yei
changes that may amnifest, e.g. the installation or removal of other significant -fiekt
emission sources in the period between the establishment of the baseline and later sampling.
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Examples of such changes may be nearby (non shale gas) new industry or land useyalgricult
practice, or changes in the road fleet etc.

Table 5. Calibration and maintenance procedures recommended for atmospheric
composition monitoring

Parameter Calibration and maintenance procedure Field or lab
calibration

NO andNO. Traceable calibration cylinders from the National Physical Laboratory NO - field
(NPL). Monthly checks of analyser accuracy, precision convertor

. . N02 -
efficiency. laboratory
Ozone Six monthly calibration in the field by a calibration unit links to a Laboratory
primary UV photometric standard that is itself calibrated against a
certified national source annually at the National Physical Laborator
Particulate Six monthly calibration in the field by a monodust (CalDust), monthly Field

matter maintenance clois

NMHCS (Non| Calibration of NMHCs is performed by reference to an NPL (Nationg Laboratoy
Methane Physics Laboratory) ozone precursor mix. This calibration scale has
Hydrocarbons] been adopted by the (Global Atmosphere Watch) GA®C network
and hence the easurements of NMHCs made by this instrument are
directly comparable to those made by all of the WH@AW (World
Meteorological OrganisationGlobal Atmosphere Watch) global
observatories.

Calibrations are performed each month or more frequently if field
deployment allows. A longerm data set of the response of the
instrument is held and regularly updated to ensure that the instrume|
responses do not change and to highlight any issues with stability o
components within the gas standards used.

CH, Six-monthly traceability to WMQ compliant reference gas standardqy Field
e.g. as currently provided by NOAA (Usational Oceanic and
Atmospheric Administration)and EMPASwitzerland across a
calibration range between 1.5 to 2.5 ppm to establish ligeResponse
times must also be established using calibrant gas pulses at inlet.

Monthly checks of inlet obstruction.

CGo, Six-monthly traceability to (WMGcompliant reference gas standarq Field
e.g. as currently provided by NOAA, and EMf&itzerland $wiss
Federal Laboratories for Materials Science and Technolags)ss a
calibration range between 1.5 to 2.5 ppm to establish lined&Riggponse
times must also be established using calibrant gas pulses atlioitehly
checks of inlet obstruction.

As a shale gas site transitions into operational activitiasay benecessaryo look at the
monitoringdata in different ways or use different monitoring methods to detect chafges.
budgetconstraintanight mean that there @anly one monitomg station its efficacy would be
reducedf the wind directiorwasnot the dominant wind direction for the period of operation
i.e. if the wind was not blowing predominantly from the shale gas site towards the monitoring
point. It is also useful to haveneasurements both upwind and downwind of an activity to
positively ascertain that the source is actually the shale gas site.chnid otherwisebe
achieved by using mobile measuremehts are repeated periodically from before operations
start and durig the period of operations at the site
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Case studyi Characterisation of local methane emissions

Cavity enhanced spectroscopic analysers measuring methane and ethane at 1 Hz were¢ installed

in a car with an air inlet on the roof, with a linked GPS sydtenecord location. Air samples

were collected in Flexfoil bags for laboram r y anal y s G by difgh preestoh ane
isotope ratio mass spectrometry. The figure gives an example of mean methane concentration
elevations for a site in the NW of England prior to shale gas extraction. Measurements from 18
surveys carried out @ 2 years are averaged here. Isotopic signatures of the sourges are
calculated using Millefrans analysigMiller and Tans, 2003)Methane emissions from cattle,
gas leaks and landfills can thus be distinguished isotopically or with ethane:methanasratios
shown below in the two figures.

The figures show arr@a around the Bston New Road shale gsite mapped using the Royal
Holloway mobile laboratory for mixing ratsoof CH; and/or and eHe.

Top Figure:at points of known elevated methaaéong the rods, as indicated by higher
methane over background valuesultiple spot samples were taken for isotopic analysis pver
mul tiple surveys. T8HiscakuatedtprougMileriTgns antlysis e f or
and exact result shown alongside each erararker colours for isotopes represent more
thermogenic sources, and lighter colours more biogenic sources.

Bottom figure: points where CHlis elevated by 200ppfabove backgroundpr more than 1C
continuousmeasurementisave theirC,Hes:CHjs ratio calalated. Darker colours faZ2He:CHa
represent more thermogenic sources, and lighter colours more biogenic soRides., 2020.
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Mobile surveys of methane using cavity enhanced spectroscopic analysers (e.g. Zazzeri et al.,
2015) are recommended to idiénthe locations of prexisting emissions in the area (during
baseline characterisation). These are ideally carried out under different wind conditions and
during different seasons. Identified emission plumes can be characterised by ethane:methane
ratcs or car bon i s 0¥)ofg improvedosoupce attiibtitioroim are@siiwhere
there are multiple ctocated methane sources. Typically methane from biogenic emissions (e.g.
ruminants, waste) is depleted ##C and has no eemitted ethane whereahermogenic
emissions (e.g. UK gas leaks) are relatively enrichedGnand haveco-emitted ethane and
consequentlyhigher ethane:methane ratiodnh example of this is shown in case study
Characterisation of local methane emissidxspropriate instrumaation and calibration of the
methane analyser should be made using the recommendatiteised andTable5.
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5.5 CHANGE DETECTION

To evaluate the impact of a new activity (such as unconventional shale gas extraction) on the
environment, it is important to chatarise that environment before, during and after the target
activity. Change detection is defined as any statistisadjgificant change in environmental
parameters that ocaamfter the conclusion of the baseline period (i.e. when operational,-or pre
operational activity commences), relative to the environment characterised during the baseline
period. Such changes may need to be assessed on short timescales (e.g. transient emissions such
as venting and flaring) and long timescales (e.gsit generatar and chronic fugitive
emissions). Care must be taken before positively associating any detected change with the
targeted activity as there could be extraneous sources that may need to be charantérised
discounted

Change detection can manifest itsilfshortterm events, such as through major leaks or
intentionally vented pollutants, which could result in measurements that exceed typical baseline
conditions over a short period of time (hours or days). Alternatively, change detection can
manifest itsdlin long-term monitoring, through incremental changes in the average, or typical
range, of baseline conditions (weeks, months, and seadobns)therefore essential that
supporting information (meta data) on site activities is collated to enable\effedtarpretation

of any changesAs discussed in previous sections, ldegn monitoring of the baseline
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environment yields statistics for each environmental parameter that need to be evaluated to
determine the expected range across different time pebedbat timeof-day, dayof-week,
monthof-year, or season (e.g. Shaw et al., 2019).

The exact thresholds at which ttypical range is defined for a particular parameter must be
interpreted based upon the measurement context. Usinga€ldn examplehé maximum
recorded CHmixing ratio, over a sufficiently long period, may not be representative of typical
values, but may instead be due to a transitory event such as the close proximity of a ruminant
animal. Similar momentary events could feasibly océor many other atmospheric
constituents; a tractor passing by the instrument inlet would have an unanticipated impact on
the measurements of NGr PM that would not be truly representative of the wider
environmental background. In a similar manner, th@mum measured value may also be a
poor representation of the true lowest typical range in the environment. Rare meteorological
events which draw pristine air from the Arctic free troposphere may result in the measurement
of minimum values that are outsithe typical range of values. Using, for example, thantl

99" percentile values from the baseline measurements may therefore provide a more suitable
representation of typical local upper and lower environmental limits, thereby providing an
expected ange within which the majority of measurements should fall. Measured values that
fall outside of this range during operational monitoring may warrant investigation as to their
cause, as they may indicate the detection of an extreme @&stablishing a dalogue of
potential and actual emission gexisting sources and their characteristics is important for
developing and refining the conceptual model, informing the operation of the monitoring and
interpretation of data.

Once a typical range has been queet from the baseline dataset, a set of threshold criteria
can be developed to yield an algorithm for quick and easy-s#rontchange detection. This
algorithm can combine multiple threshold parameters to aid in source identification. An
example of anlgorithm, for the identification of nheonombusted metharnemissionsfrom a
hydraulic fracturing site, is given igure22 (Shaw et al., 2019).

The algorithm irFigure22 sets a precedent for calculatirgskline thresholds from the baseline
dataset, as well as using those values to identify changes that are likely to be associated with
hydraulic fracturing and associated operations. It uses a number of parameters to do so:

1. Wind direction: Datarelimited to include only those where the air sampled had
passed over the shale gas extraction facility. In the case of Preston New Road and
Kirby Misperton, where the monitoring stations are to the east of the facility, the data
was limited to westerly winds i.ehdse between 22%and 318.

2. CHa mixing ratio: This provides a cursory assessment of i@iing ratio, relative to
baseline conditions. If the measurement exceeds tHqt@@entile value recorded
during the baseline, it is flagged as anomalous.

3. CHas mixing ratio and wind speed: This parameter takes into account the measured
wind speed. Periods with low wind speed (below 2%msay be associated with the
accumulation of pollutants as the air mass as the air mass stagnates. Incorporating
wind speed into th algorithm removes periods of stagnation, where highr@iking
ratios may be observed regardless of outside influence. If the measurement exceeds
that 99" percentile value recorded during the baseline, it is flagged as anomalous.

4. CH4CQratio: This raib can provide an indication of the age of the sampled air mass.
Higher ratios would indicate a more local source of-oombusted Ck which has
not been oxidised to GOIf the measurement exceeds thaf pércentile value
recorded during the baselingis flagged as anomalous.
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Baseline
l dataset

Select only data where Find monthly 0.1"
wd > 225 and < 315. percentile [CH,] = [CH,],.

Calculate [CH,]
—>| enhancements
[CH,]. = [CH,]-[CH.],

y

Calculate 99" percentiles |, o l Calculate ratios
for each month.* Calculate wsx[CH,]. of [CH,] to [CO,].

*Qr alternative thresholds
Target
l dataset

Calculate hourly average
values of [CH,], [CO,],
wd, wsx[CH,]. and ratio.

No

Is wd > 225 and
< 3157

Is [CH,] > 99"
percentile?

No
investigation

Is wsx[CH,].>
99" percentile?

Is ratio > 99"
percentile?

Investigate «

Figure 22. Algorithm for change detection. Key to abbreviations: [CH]» = 0.1"
percentile [CH4], [CH4]e = [CH4] enhancement = [CH] T [CH4]b, wd = wind direction,
ws = wind speed. Wind directions betwen 228 and 312 incorporate all wind directions
that can be considered to be westerly winds (i.e. 278 45°)

In theory, the combination of these four parameters should aid in positive identification of CH
venting. Any single parameteronitsownmaybe x pect ed to fl ag 1% of
combining multiple 99 percentile thresholds should reduce the number of false positives.
When applied t@two-year baseline period{February 2016 to 31January 2018fpr the two

shale gas sites inngland (Preston New Road (PNR) and Kirby Misperton (KMjhpe one

hour periods at PNR and seven dmeir periods at KM were flagged by this algorithm. This
corresponds to approximately 0.05% of the data, or 10 in every 17,500 hours. The flagged
periods atPNR were generally associated with extremely low wind speeds (<1 ms), or with
rapidly changing meteorological conditions. The flagged periods at KM were confirmed (by
the operators) to be associated with emissions from the conventionsleadllocatedearby

to the monitoring station. This in itself, validates this form of algorithm, for the detection of
cold vented CH

This algorithm was also applied to operational data recorded at PNR after exploratory hydraulic
fracturing operations commenced in Quo 2018. Briods in which CH mixing ratios
exceeded thdaseline thresholdwere flagged by the algorithm, as shown for a series of
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emissions events in Decenland January 2019 iRigure23. The perioddighlighted in red

in Figure23were confirmed by the operator to coincide witinogen lift operations undertaken
by Cuadrilla(Allen et al., 2019)These operations resulted in the emission ofcmmbusted
CHa into the atmosphere that was measuredhigymonitoring station due to the favourable
meteorological conditions at the times. wind blowing from the site to the monitoring station

Preston New Road 30-min averages

4.0 —— CH,/ppm

- M i )_Jﬂ’\
2.0 :

5007 CO,/ ppm

460
420+

104 wind speed /m s’

300 wind direction PR

I I 1 I I I I I I

03/12/18 10/12/18 17/12/18 24/12/18 31/12/18 07/01/19 14/01/19 21/01/19 28/01/19

Figure 23. 30-minute averaged CH and COz mixing ratios, wind speeds, and wind
direction at the Preston New Road monitoring station for the period StDecember 2018

to 315t January 2019. The red highlighted areas represent hourly periods which exceeded
the threshold criteria for the identification of excursions from the baseline conditions.
©University of Manchester, 2020

It should be noted that, as the algorithm can only be applied to data under westerly wind
conditions, the emission event recorded in January 2019 would have been missed had the wind
direction been from the north, east ousp This is an obvious shetbming of operating a

single monitoring station; emissions due to operational activity will only be measured during a
limited set of meteorological conditions.

The application of the algorithm Figure22 can aid in change detection for shimtm events,

such as major leaks or intentional venting. More {targh change detection (e.g. from a small

leak, or incremental activity) requires continuous monitoring and the assessmenttafrtong

data. In tls case, statistical averages (mean, median, percentile values) measured during
operational activity would need to be compared against the statistical averages recorded during
the baseline. This would be performed over different4omeods (howof-day, day-of-week,

month, season etc.) to identify any small, incremental change in the environment measured after
the conclusion of the baseline period. Care would have to be taken during interpretation of this
data, as any change detected may not be solelyodoperational activity (e.g. if another
industry had moved to the areaemission form an existing activity changyed

In summary, change detection takes two forms. The first representingtesinorbut large
excursions in an environmental parameter wua major leak or intentional ventifigthis is

detected by testing operational data against an algorithm to evaluate threshold exceedances.
The second is more subtle, and requires@mg monitoringat the site ko detectirendsin

the environmentallienatology, relative to that measured during the baseline, over time.
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6.Radon monitoring

6.1 INTRODUCTION

Radon is thedrgest source of radiation exposure for most of the UK populgtiGiR, 2009h

and is the second highest cause of lung cancer after sn@anigy et al, 2005)Since radon

IS a gas, it has much greater mobility than other radionuclides in the uranioactae decay
chain.Radon and its radioactive decay products are present in indoor and outdoor air throughout
the UK.

The release of radon from rocks and soils is determined largely by the types of minerals in
which uranium occurs. Radon can more easdnsit through porous rocks and soils and can
escape into fractures and openingss also soluble in water and so can be transported with
groundwater In most situationshuman exposure to radon arises from its reldasm
geologicalmaterialintheu pper f ew met r es Raflon imigrationBathet h 6 s
surface is controlled by the transmission characteristics of rocks and soils and the nature of
carrier fluids, including groundwatePRrolonged radiation exposure from the inhalation of
radondecay products results in an increase in lung cancer risk especially in smokers and ex
smokers.

In 2014 Public Health England (PHE) published a report (GIREE009) on the potential

health impacts of shale gas in the UK. The report identified that radiely to be present in

shale gas and released to the environment as a result of its exploitation. A number of exposure
pathways were identified as leading to potentiatlimited radiation exposur&hese pathways
included the daassing of radon fra drilling returns, flowback fluids, produced water,
contaminated groundwater and from the natural gas stréam.aim of baseline radon
monitoring associated with shale gas activities is to establiiadase of measurements of
indoor and outdoor raddevelsand theirstatistical distributionprior to the start of shale gas
operations which can then be compared with the equivalent distribution measured once
relevant industrial activities have started.

A programme of baseline radon monitoring shdoddfocused on determining theng-term
average concentratiorf cadon inoutdoorand ndoorair, rather than the presence or size of
short term fluctuationsindoor radon concentrations exhibit diurnal, monthly and seasonal
variation (Miles and Algar, 19. Short-term variations in local concentrations occur because

of changes in local factors, such as weather and seasonal conditions, building ogcupancy
ventilation and heating cycles. However, these short term variations are generally not
significant n terms of potential radiation exposure since it is the exposure integrated over many
years that results in cumulative radiation dose and hencd hslprogramme includes a limited
element of time dependent radon measurements that potentially offeaddimenal insight

into shorter timescale variations.

Since background concentrations are partially dependent on changing conditions e.g. weather,
there is variation throughout the year that can be used to predict the annual average for indoor
testing (Daaktchieva2017). There is also a year on year variation. Consequently, the observed
distributions will not be identical, but the monitoring programme must be sufficient to identify
whether the shale gas activities can be associated with any signifieargechn the local
background distributiorRadon measurements in outdoor air and in homes were recommended,

in order to assess the baseline and provide evidence on radon distributions before shale gas
extraction commencedt is therefore recommended thbaoth indoor and outdoor radon
monitoring is carried out. Each has different measurement challenges that must be addressed.
An overview of the recommended approach is showngare24.

73



OR/18/043

Radon
monitoring

Outdoor radon
monitoring

Baseline monitoring
-> identify the monitored areas
-> identify the locations per area (minimum 5)
-> place the detectors at the selected locations
-> return detectors for processing
-> analyze results

Consider at least 3-month monitoring period

Monitoring after shale gas extraction
-> place the detectors in previous locations
-> return detectors for processing
-> analyze the results

Consider at least 3-month monitoring period

Compare the average values per monitoring area

Indoor radon
monitoring

Baseline monitoring
-> identify the monitored areas
-> select houses for monitoring (minimum 30)
-> invite householders to participate
->send detectors to participants
-> arrange processing of detectors
-> analyze results

Consider at least 3-month monitoring period

Monitoring after shale gas extraction
-> send detectors to previous participants
-> arrange processing of detectors
-> analyze the results

Consider at least 3-month monitoring period

Compare the distributions per monitoring area

Figure 24. Overview of baseline radon monitoring ©PHE, 2020

6.2 SITE SELECTION AND L OGISTICS

The area around thproposed shale gasxtraction site should be assessed for existing
information on indoor and outdoasidon levelsBaseline monitoring of radon levels should
include inspections of local radon levels in the area under exploration as well as in the
surrounding area. The likely probability of radon in homes being in excess of the Action Level
should be assessed using the UKradon weébditeat online resource usesthaxisting radon

risk map created by PHE and BGS from over 400,000 indoor radon measurements, made over
many years, and the BGS digital geological dataset. While that provides an appropriate basis
for risk assessment in UK homes and workplaces, it doggote the level of detailed site
specific information that is required for the present project.

An area in close proximity to the shale gas site should be selected for monitoring prior to
operations starting and also a control area which should beeslitaiza reasonable distance (ca

10 km) from the first area and away from any potential influence from the operational site. Both
areas should have similar radon potential and ideally similar geological and environmental
characteristics. Radon Affected Aeare areashere at least 1% of the homes are expected to
have radon levels at or above the UK Action Level of 200rBdf the extraction site is close

to a radon Affected Area one or more nearby areas with elevated radon potential should
additionallybe included in the baseline monitoring programme to assess any difference in the
measurement range and thus highlight existing elevated radon levels that are not associated

with the shale gas activities.

Representative radon monitoring should be achibyetdgood spatial coverage of the sampling
area.Sampling areas should be determined to includshlégasextraction site and control
sites.For outdoor radon monitoring enougd@impling pointshould be installed to provide good

5 http://www.ukradon.org
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coverage of the monited area, out to a suitable distance (no more than a few km) from the
extraction site and control. For indoor radon monitoreagsling points should be determined

to give statistically significant results for each area. Typically, this will require sesaih at

least 30 homes.

6.2.1 Outdoor radon

Since a concern about radon gas relates to possible fugitive emissions from operational shale
gas sites, it is appropriate to place sets of detectors at locations around the site(s) of interest
with locations at appximately equal radial distances from the site and distributed at
approximately regular angular intervals. To represent exposure that the public might receive,
and to allow for placement in a suitable number of locations, these detectors should be placed
within 1i 2 km of the site. The number of detectors in each area should be sufficient to allow
statistical analysis. As a minimyimere should be at least five (5) detectors in each area.

Outdoor radon monitoring locations should be in the open air buedisto avoid vandalism,
interference and loggarticularly in urban areasjeasonably accessible to support safe and
efficient location and retrieval, and @pproximatelyl.5 mheight above the local ground that
(i.e. corresponding to the poiabovethe ground at whicpotentialexposureoccurs).

Some radon monitors are sensitive to the outdoor environment, especially pasisiv@ack
detectors that are used extensively in the (Wasikiewicz 2017) Passive etched track
detectors are passive ddtas that are using plastic as the detector material and can been used
for a long term exposur@here is therefore a need to ensure that detectors are unaffected by,
or suitably protected from, the effects of rain, strong sunlight and extremes of tamgerat
Detectors should therefore be packaged in waterproof;tigjtt radongas and air permeable
containers.

Radon detectors are themselves harmless and would not present a risk to anyone who
encounters them. However, where special types or confignsatf detectors are used and
placed in the outdoor environment where members of the public may encounter them by
accident, it would be important to ensure that they do not present a health and safety risk and
are suitably labelled to indicate their purpos

6.2.2 Indoor radon

Indoor radon concentrations display diurnal, monthly and seasonal variations (Miles and Algar,
1988).Radon ingress into buildings is caused by a small pressure difference between the inside
of the house and outside which is caused by aét&etors including soil permeability, wind
direction and temperature differerfoetween indoors and outdoors (Nazaeoftl Ner91988).

Indoor radon levels vary by more than a factor of 1,000, with the lowest being similar to outdoor
levels. Geology ishte single largest source of variation but not the only ®herefore long

term measurement of the average radon concentration is the most suitable technique for
identifying radon levels above the UK Action Level (200B%). Placement opassiveradon
detectors at homes should follow standard protocol for deployment and collection of detectors
(Daraktchieva et al. 2018).

The aims of undertaking a local baseline of indoor radon levels are twofold: firstly, to provide
one or more local distributions tharcbe compared with equivalent results made when-shale

gas activities have started; secondly, where the locality has areas of elevated radon potential, to
demonstrate clearly, before shg@s extraction occurs, that this is the case in some local
homes.

The selection of areas for monitoring is the same for outdoor radon with a minimum number of
30 households per area. A recommended approach for selecting homes in an area is to use
random sampling of addresses from a validated source such as the RoyRo8failAddress

File or similar product that supports filtering of Adamestic addresses. A significant degree

75



OR/18/043

of oversampling is likely to be required since surveys of this type tend to generate only a
minority uptake. It is generally not appropriaterézruit candidate addresses by asking for
volunteers since this potentially adds unintended bias, such as people outside the targeted area,
social bias, or multiple requests from the same address. iddasslypopulated areas, it may

be necessary to 188 invites to all of the dwellings in an area in order to secure sufficient results

to yield a useful statistical distribution.

6.3 MEASUREMENTS

The recommended approach for both indoor and outdoor radon measurement is to use passive
radon detectors. The ingtnents used should meet the criteria outline in the PHE Validation
Scheme (Daraktchieva et,&018).

6.3.1 Outdoor radon

Outdoor radon levels vary according to a number of parameters including local geology,
geography and weather but are generally very lonwss the UK, below 10 Bep® (Wrixon et

al., 1988). This is close to the limit of detection for most practical radon measurement systems
with most passive detectors having a limit of detection of aroundra®B4t these low levels,
individual measuremesithave large uncertainties which can be reduced by taking multiple
samples (detectors) at each location and, subject to maintaining measurement quality, using
extended monitoring periods. As a minimum, to provide adequate experimental statistics (signal
to background ratio), monitoring should be for at least three months. However, 12 months is
recommended to provide better statistics and a more representative annual average
concentration.

6.3.2 Indoor radon

As with outdoor radon measurement the recommendatitmuse passive detectotadoor

radon concentrations exhibit diurnal, monthly and seasonal var{iites and Algar, 1988),
therefore at least 12 monthstestingis strongly recommended with 3 months as an absolute
minimum. If the locality includesraas of elevated radon potential, the indoor measurement
programme may identify some homes that have radon at levels where remedial action is
recommended. This is achieved bympamg suitable indoor measurements, seasonally
corrected where appropriatejth the radon Action Level which is expressed as an annual
average concentratiorindoor measurements should follow the UK validation scheme
(Daraktchieva et g12018).

6.4 DATA ANALYSIS AND RE PORTING

Passive detectors used for radon monitoring should bgsataby an accredited laboratory
after their collection or return. They shouldgyecessed as soon as possible to avoid additional
exposurdrom indoor radon.

Standard calibration procedures and quality contsbisuld be used includingggular blind
tess, compliance with the PHE Validation scheni@ar@aktchieva et al 2018) and nter
comparisons of passive radon detector performance (Howarth, 2014).

Data should be analysed taking into account the calibration parameters, reference radon sources
and instrmentation, the length of the measurement and measurement uncertainty. For indoor
radon monitoring additional uncertainties should be taken into account regarding the seasonal
correction factors, occupancy factors and reported duration of the measurements.

Indoor radon concentrations are generally-mogmally distributed (Gunby et .al1993and
Daraktchieva et gl 2014). Statistical analysis of baseline data should therefore determine
parameters of local radon distributions taking into account thadogality of radon data.
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There is both statistical and measurement uncertaintyeftainty of reference instrumenis)

radon resultsICRU Report 882012). Statistical uncertainty can be reduced by increasing of
the size of the sample and the sampling tiMeasurement uncertainty should be estimated for
each instrument or monitoring device according to its specification and taken into account.
Data should be assessed and evaluated regularly to avoid errors and misinterpretations.

Results can be reporteding different methods such as reports and graphs. While the health
protection aspect of existing radon in homes is not the primary aim of a baseline monitoring
programme, it is appropriate to communicate results for individual homes to the householder,
including comparison with the Action Level and identifying whether action to reduce radon
levels is recommended. Since the indoor measurements relate to private dwellings, it is not
appropriate to identify publicly the radon level in specific homes. Rangesstatistical
approaches are appropriate and should be chosen to preclude identification of individual homes.
Since radon is a known lung carcinogen, it would also be appropriate to provide access to further
information sources and support for those hbokikers whose results are of concern to them.
Extensive information is provided by national authority on radBablic Health England at
www.ukradon.org

Indoor radon levels can be strongly affected by changes urstheccupancy and fabric of the
home and material changes to the property. It is therefore appropriate to ask householders to
complete a relevant questionnaire when they participate in baseline indoor radon monitoring
programmes. If the aim is to meastine same homes in two phases (i.e. before and during
shalegas activities), it is important to understand if significant actions have been undertaken
that might have changed indoor radon levielsases where homes with high radon levels were
identified,this might include remediation action to reduce radon levels. It may be necessary to
exclude some homes where such changes are known to have been made.

6.5 CASE STUDY

Radon concentrations have been measured in homes in two locations within the Vale of
Pickerng, North Yorkshire to characterise baseline conditions. Detectors were placed in
volunteer households for a period of three m
was repeated so that 12 months of data were collected, i.e. 4 x 3 months.

The Iacations were chosen because one is within a Radon Affected Area and the other is an area
that is not radon affectedrigure 25). A Radon Affected Area (RAA) is where domestic
properties are expected to have attl@as% probability of exceeding the Radon Action Level

(200 Bg n?® annual average). RAAs are identified to support those who have to make decisions
about testing properties for radon and to support radon prevention requirements in building
regulations. RAA are identified jointly by PHE and BGS through the use of PHE indoor
domestic radon measurements and BGS digital geological data. This reflects the evidence that
local geology is a significant but not the only determinant of the indoor radon leveliidiadghu

The current map that identifies RAAs in England and Wales was derived using over 400,000
radon measurements.

Results from théour 3-month backio-back tests in homes are presentetiahle 6 The annual
average radon concentrations were calculategioying seasonal correction factors as outlined
in PHE Validation schemeéb@raktchieva et al, 20)8Distribution parameters assuming-{og
normality show that homes in Kiy Misperton and Little Barugare situated in areas with low
radon potential whil®ickeringis situated iranarea withelevated radon potentidlocal radon
distributions for the four -8nonth testsn homes in Kirby Mispertoittle Barugh,and in
Pickeringare compared iRkigure26.
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Figure 25. Indicative radon map for the Vale of Pickering, North Yorkshire. The red
boxes indicate the areas in which radon detectors were located. © PHE 220

| (a). Pickering

DFirst3-month results

(b). Kirby Misperton/Little Barugh

@ Frst 3-month resuits

DSecond 3-month results
@ Third 3-month resuits

O Second 3-month results
B Third 3-month results

BFourth 3-month results

@ Fourth 3-month results.

Action Level

Numberof homes

Numberof homes

Radon concentration, Bq m™

Radon concentration, Bq m?

Figure 26. Indoor radon concentrations over a 12 month period ing). Pickering (Radon
Affected Area) and (b) Kirby Misperton/Little Barugh (not radon affected). ©PHE, 2020

Table 6. Range and distribution of indoor radon measurements.

Area First 3month results |Second 3month result{ Third 3-month results |Fourth 3month results
(number of (Dec 15March 16)  |(Apr 1Junel6)Bq nt® |(July-Sep 16)Bg m?®  |(SepDec 16),Bg n®
homes) Bqg nt®

Range | GM |GSD | Range| GM |GSD |Range |GM GSD | Range |GM GSD
Kirby 9-40| 18 | 15 [13i 70| 25 | 1.5 20-100| 41 1.5
Misperton and 16- 110! 37 1.6
Little Barugh
(27127/29/28)
Pickering 6-270| 40 | 2.7 |97 450| 44 | 26 | 13460 | 56 | 2.6 |17-620] 71 | 25
(42/38/41/40)
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Concentrations in the Pickering area range fron600 Bq n? and in Kirby Misperton/Little
Barugh area from 0 100 Bgm™. The observed differences reflect traurally elevated radon
potential in the Pickering area compared to the centre of the vale which is not radon affected.
The UK Action Level is 200 Bg mand, based on the studies carried out by PHE, a proportion
of homes in radon affected areas (as indicatdelgare25) would be expected to exceed this
level.

The case study hendemonstrates the need for undertaking baseline monitoring for radon
ahead of any shale gasw&lopmen{Daraktchieva et gl2017) It is important that sufficient
data are generated in the baseline monitoring of raffected and not radeaffected areas in

the locality to establish the variability of radon concentrations against which arg/étanges
may be evaluated.

6.6 CHANGE DETECTION

Identifying a potential change in outdoor or indoor radon levels following the commencement
of shale gas operations is not a simple process. Radon concentrations vary over short and long
timescales, including earby-year variations. Within any local area, indoor radon levels
generally follow a lognormal distribution. Within any property the radon concentration may

be altered by changes in how the property is used, ventilated, heated, occupiéd,iettoor

living environment. The methodology to be adopted for identifying changes in radon levels
after the start of shale gas operatisheuld consider the following

1 The comparison will need to recognise that radon levels vary from year to year. This has
beenobserved for indoor and outdoor radon as part of the baseline monitoring
programme. It may be appropriate to use the locally observedyaear variations,
together with other evidence from the literature, to identify minimum levels of variation
that ae likely to be observable.

1 Comparison for the purposes of identifying change may benefit from looking at changes
in the statistical distribution of local radon concentratiorselected aread individual
propertiexcan be safely assumed to be largetghanged over the period in terms of
structure and Aindoor |living environmento

1 In seeking to identify changes in radon, it would be important to aim to measure the same
locations and properties with the same techniques to minimise the number of sdgable
be considered.

1 It may be necessary to exclude some properties or locations if there is clear evidence other
events, not related to shale gas, have occurred that might be the cause of a change in radon
concentration.

1 The indoor and outdoor baseline eadnonitoring programme has included control
locations that are located at some distance from the proposed shale gas site but within the
same part of the country. Results from these locations may provide useful evidence about
the local consistency in yeto-year variations and potentially differences in changes
between locations close to the site and difference at the control sites.

1 For outdoor monitoring detectors need to be placed if possible in the same monitoring
locations as during the baseline monitg, and preferably for the same duration. The
average radon levels per area should be calculated and compared with its baseline values
using standard statistical tests. There is a year to year variation of outdoor radon which
should be taken into accountthe data analysis. An annual variation of outdoor radon
levels was measured for the Vale of Pickeritig first and third year results were about 3
times higher than the second year results (Ward et al., 2018). Therefore, in order to
consider the chayes in outdoor radon levels during fracking as significant these should be
much higher than the baseline levels. exceeding the maximum observed at any time
during the baseline period
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1 For the indoor radon monitoring the same homes selected for tblenbgshase need to
be monitored during the fracking phase. The sample of homes per arstoneed
sufficient to ensure a robust statistical analysis. Radon distributions before and after
fracking in each area need to be compared using appropriatécstatests. Any
significant changes in indoor radon levels attributed to fracking have to take into account
the weltknown year to year variation of radon concentrations of up to 50 % (Darby et al.,
1988 and Hunter et al., 2005).
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7.Soil Gas

7.1 INTRODUCTION

There is no specific regulatory requirement in the UK to monitor soil gas in relation to
hydrocarbon exploration and exploitation. However, the unconventional gas sector in the UK
is an emerging industry, which hastyo befully established, and arfiygitive emissiongrom

related suksurface activitieshat pass througthe soil have the potential to affect air quality
(Sectionb), indoor radon (Rn) levekSection6) and near surface ecosystems. Regulations do
apply to other activities, such as the geological storageOafaspart of carbon capture and
storage (CCS), and for landfill sites. The CCS regulations are set Butapean Directives
(European Union, 2009a, lgnd require site operators to monitor for possible movement of gas
out of the storage complex. There is also a stipulation that any emissions to atmosphere must
be quantified for greenhouse gas accounting purposes. Landfill operatmstay monitor
methane CHs) emissions through the cap of a landfill as part of demonstrating compliance with
the Landfill Directive and other legislation, and to quantify the total emissions from the areas
measuredEnvironment Agency, 2010)

Guidance on ground gas monitoring is given in a numbeatidnal and international standards
including BS8576 O0Guidance on investigation
(British Standards Institution, 20t3) BS8485 0Code of practice f«
methane an€CO> gr ound gases iBnitsnSanwdartisurstitudor201%)sr

ISO/DIS 18402 04 6 Soi | guauli dyncamphi s g @g0l A0kvy of s
The UK guidance builds on a body of work carried out in ©@0% following the Abbeystead

tunnel and Loscoe gas explosigigpleton et al., 1995; Crowhurst and Manchester, 1993;
Hooker and Bannon, 1993; O'Riordan and Milloy, 1995; Sizer et al., 1996; Wilson et al., 2007

). More recent advice is also given in the Ground Gas HandfWdg&on et al., 2009and on

the riks of hazardous gases when drilling near ¢daé Coal Authority et al., 2012 useful

review of near surface gas methods is provided by Klug2@iiil)

Although there is a specific current requirement for soil gas monitoring for shale gas
development it has the potentialidentify leakage, arising from operations in the subsurface,
which finds a pathway to the surfadeossible pathways are wellbores, fractures faaits
permeable geological materish the case of well®, needs to be borne in mind thdtleakage

did occur,it may not be confined ta well casing failurebut could bevia the surrounding
annulus ifthe well ispoorly sealedShould gas escape frofretcasing, or the &l annulus, it
could follow ahigherpermeability pathway, which might lead to it reaching the surface some
distance from the well hege.g. Allison, 2001)Thus, it might not be detected by wellhead
monitoring.

Understanding the prexisting ground gas conditions is essentadrovide the baseline against
which any changduring/following shale gas operatiocan be measured. Thexgea growing

number of examples wheeegood baseline dataset has been important for identifying leaks
and/or resolving accusation of impact lgegaused by industry. For examgendowners near

the Weyburn enhanced oil recovery &1t storage site in Canada alleged that gk values

in the soil gas on their property were the result of leakage from the site. However, it could be
shown from baaline measurements that the gas concentrations were mostly within the range
for that time of year and subsequent investigations (see case study) demonstrated typical
seasonal variations and showed thatGla was of shallow biogenic origi(Beaubien et al.,

2013; Romanak et al., 2014; Sherk et al., 2011; Trium Inc. and Chemistry Matters, 2011)

Baseline measurements provide context on the natural composition of the soil gas and its
variability, and identification foany preexisting anthropogenic inputSertain types of natural

soil, such as alluvium and peat may be associated, for example, with methane generation. Both
CHsandCO; can be produced from landfill and sewage sludge. Mine workings, especially coal
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mines, can be associated with gas emissions includig CO,, CO andN». Existing oil and
gas facilities and gas pipelines are also potential sources of gas.

The main gases of concern for baseline soil gas monitoring in relation to shale gas development
areCH4 andCQ, along with volatile organic compounds and other trace components. Methane
is potentially harmful because it is a flammable gas that can form explosive mixtures, or
contribute to photochemical air pollutio@O; is potentially toxic to humarend animals. Both

CH4 andCO, are significant greenhouse gases and can act as asphyxiants in confined spaces.
In the soil environmentCHs4 is microbially oxidised toCO,, which may lower the risks
associated witlCHs emission(Topp and Pattey, 1997)Emissions ofCHs or CO, from the
subsurface are not likely to be of direct concern for human health through
combustion/explosion or toxicity/asphyxiation exceptviery specific caseselatedq most

likely, to leaks from infrastructureWhen there is very little air movement, leaking gases can
accumulate in confined spaces or near the ground surface @dgréeing heavier than air,

has a propensity to collect in depressions or ex@am&aiOther gases might accompa@ita
andCQy, but are likely to be at lower concentrations, for exanopther lighthydrocarbons,

such as ethane and propaHeS, N2 or Rn.

To ensure representative data, the monitoring strategy needs to consider Ispidtitieand
temporal variability of the soil gas. Monitoringan therefore be divided into survey and
continuous modes of operation. Surveys provide spatial coverage and, through repetition,
address temporal (mostly seasonal) changes. Continuous mapitargely addresses the
temporal variability, typically at a specific location, although some instruments can also provide
a degree of spatial coverage. There are inevitably -wHdebetween surveys, which can
provide spatial coverage in a narrow timeeow, and continuous monitoring, which can only
monitor a restricted area. A balance needs to be reached between the two based on an
assessment of the leakage risks, with continuous monitoring at higher risk locations and surveys
to cover the wider areas lower risk where predicting the location of low probability events is
difficult.

The specification of baseline monitoring, including the techniques used and the overall strategy,
will have sitespecific elements, within an overall framework that candmsiclered to be more
generic.

7.2 SITE SELECTION/SURVEY AREA

To define the area to be monitored by both survey and continuous measurements, the pathways
for potential surface emissions need to be considered for the site. They may be both geological,
for exampé preexisting faults and fractures, or permeable strata overlying the target shale
formation, and those that are of an anthropogenic nature such as buried infrastructure including
gas pipelines, boreholes and wells. Faults can be identified from e)gsthagical maps and

3D models or those developed from exploration data acquired during shale gas projects e.g. 3D
seismic surveys. Active faulting might also become apparent from baseline seismic monitoring
(Section3) or grounddeformation studiesSection8).

Site selection therefore needs to take account of thesneface geology, both bedrock and
superficial, and its modification, as well as the surface traces of any mapped faults. It &dso need
to consider the range of surface environments in terms of soil type (related to surface geology)
and land use. Baseline planning should also account for any existing potential sources of ground
gas, or neaground gas emissions including landfills, catreor former mine workings,
especially coal mines, gas compressor stations and agricultural activity. Consideration should
also be given to any sensitive receptors such as protected habitats or population centres bearing
in mind local conditions of topogpay, prevailing wind directions etc.

The information outlined above needs to be incorporated into thecaiteeptual model
alongside information relevant to other environmental monitoring
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As well as these spatial influences, baseline-gasl monitoringheeds to consider temporal
variability. In particular the migration of soil gas is sensitive to the water contents of the soils
and hence infiltrating water fronts that may impede the advection of soil gas and diffusion of
(trace) contaminants ( diffusiaoefficients of VOCs in the gas phase are orders of magnitude
higher than the aqueous phafeivett et al., 2011)Thus, diurnal effects, specific events such

as changes in atmospheric pressure, and seasonal variability need to be evaluated through
monitoring.

The choice of monitoring sites will also, almost certainly, be governgatdgymatic, mostly
logistical considerations. These include permission to access land from the landowner/tenant,
health and safety requirements, avoiding interference with other activities, provision of power
for continuous monitoring instruments and havior being able to create) a secure location for
long-term monitoring where equipment is not likely to be damaged or removed. Equipment
needs to be inconspicuous if close to public areas or footpaths and requires protection from
farm and wild animals. Thiis likely to mean fenced enclosures on farm land and protection of
cables against rodent damage. Access to mains power is preferable, and more straightforward,
than the use of batteries backed up by solar panels and/or fuel cells.

The area to be coverég surveys and sites for losigrm monitoring will need to take account

of the characteristics of each shale gas development. The overall area should cover all the wells
being used for the project, including those for hydraulic fracturing and gas predacilb
monitoring. It should cover the surface footprint above any laterals drilled from each wellhead,
plus the likely fracture zone around those wells, and take account of any abamtoned
decommissionedells in that footprint that might provide gas nation pathways.

7.3 MEASUREMENTS

Gases that need to be measured incl@igi, CO, (which could be produced from GH
oxidation in the shallow suburface or could be a significant component of the gas produced),
O andN2 (useful in helping determine the soureCHs andCO,. For an initial assessment,

N2 can be assumed to make up the balance of the ga€@a@ndO, have been determined).

Rn and He are useful as possible tracers of existing gas migration pathways. Other light
hydrocarbon gases and trace gasgch a$i>S can also be included. These may help to define
the source of gas.

It is important to measure the flux of the main gase®.(and CHs) as well as their
concentration. High concentration values do not necessarily indicate a significant $gaixe o
They can be caused by ground conditions, for example waterlogged or frozen surface layers
that prevent escape of gas to the atmosphere. The natural ra®Qeinfsoil can exceed 10%

even without such enhancement. On the other hand, the coireidehigher concentrations

and fluxes indicates a significant flow of gas from the soll.

Instrument precision requirements depend on the type of measurement and the gas being
measured. Since ambient levelsGHs in the atmosphere and soil are much lovieentCO;

(less than 2 ppm for CHompared to about 400 ppm for €@ the atmosphere on average)
much greater sensitivity is needed €4 even for screeningype soil gas measurements. In
order to identify anomalies in field soil gas measurements, velatiow-accuracy portable
instruments may be adequate @D,, O- etc (e.g. accuracy may be aroliel5% (vol) over

the range 0% CQO,). However, sensitivity of 1 ppm or less is neededfds and other trace

gases such &$S. Much greater precision aagdcuracy are needed, most likely from laboratory
measurements, to back up field results and allow full source attribution. Typically these
sensitivities should be better thapdm forCO, and 10 ppb foCHa.

Baseline measurements seek to define thesxsting background and its variability in space
and time ahead of any shale gas development. From this, a strategy needs to be developed to
identify potentially anomalous readings and how their origin can be established. This may be
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obvious in some casesitdess clear in others. Continuous monitoring should be considered at
higher risk locations. Monitoring at sites of future/proposed wellheads could overlap with
atmospheric monitoring, although this could usefully include the measurement of gas fluxes at
the ground surface on site to help distinguish these from external airborne emission sources.
Carbon dioxide fluxcanbe measured using automated accumulation chamber systems, where
up to 16 (or more) individual chambers can be deployed, or through tbéedy covariance
techniquedor quantifying soil gas fluXe.g.Figure27). Chamber methods typically provide

data on an hourly cycle whereas eddy covariance requires data collection usually at 10 Hz. Eddy
covariance is an atrspheric technique that provide<& flux for a larger footprint, which

varies with the wind speed and direction. Three dimensional wind speed and direction, pressure,
temperature and relative humidity are measured simultaneouslyC@hconcentration to
enable flux to be calculated. Scanning laser methods have shown promise for continuous
monitoring of larger areas (1000 m across) with a single instrument and have successfully
located leakage points and made reasonable estimates of the flux of ted @it et al.,

2013; Levine et al., 20165uch instruments typically acquire data at 1 Hz. In this case, the
scanning laser was used to determine near su@@eeconcentrations across the K&well

pad in North Yorkshire.

Telemetry of data is very useful for unsupervised continuous monitoring equipment. It enables
data to be processed and evaluated shortly after acquisition, so that any higher values are spotted
quickly and any instrumental errors idergdisoon after they occur enabling downtime to be
minimised.

Figure 27. Continuous monitoring using automated flux chambers (foreground) and
eddy covariance (on tripod in centre)

Spatial variability requires survey measurementsbilé techniques, for example using-off

road vehiclege.g. Jones et al., 2008) Unmanned Aerial VehiclgdJAVs; e.g. de Vries and
Bernardo, 2011; Neumann et al., 3Dbffer the most comprehensive detailed coverage for
nearground atmospheric monitoring. However, leakage can be rapidly dispersed in the
atmosphere so measurements need to be close to the ground surface and are typically made at
less than a few metreight for UAVs and less than 0.5 m for ground vehicles (@gure

28). Point soil gas and flux measurements (Eigure29) avoid such atmospheric dispersion

but cannot cover large areas as quicklyih such a high density of observations.

85



OR/18/043

Figure 28. Measurement ofCH4 and COz2 close to the ground using mobile open path
lasers

The duration and frequency of baseline soil gas monitoring needs to be adequate to cover
seasonathanges. This would suggest a minimum duration of 1 year for continuous monitoring
and spring, summer and autumn survey repeats. It should be borne in mind that longer term
baselines have shown significant yearyear variability(Beaubien et al., 2013uch that a

single year may not necessarily be representative. Indeed, for CCS, soil gas baselines collected
over 3 years have been suggesf(&dhlomer et al., 20133lthough there is not general
agreement on this.

Soil gas measurements need to be made at sufficient depth to minimise gas exchange with the
atmosphere and thereby atmospheric dilution of the gas concentrations. In the UK this typically
means below a depth of about 60 (all et al., 1991)Closer to 1 m depth (or even greater)

is preferred. Gas exchange depends on the permeability of the soil andemesds need to

be above the water table, which, in the UK, can be relatively close to the surface and thus limits
the sampling depth. It also needs to be ensured that atmospheric air is not reaching the sampled
depth along the annulus of the probe usdds Tan be achieved with simple, small diameter

soil gas probes or, equally, with more bulky commercial soil gas sampling equipment.
Monitoring of ground gas is also often carried out in shallow boreholes. These can be used for
survey or continuous measuarents. The boreholes can also be designed to allow sampling at
different depths to create vertical gas profiles. However boreholes are more costly to prepare,
which limits their effective coverage, and their construction quality or design, or conditions
created within them or externally, can give rise to spurious higher gas concentrations by
creating artificial pathways for gas to migrate into pore spaces, headspaces or sample collection
systemgCard and Wilson, 2012)

Soil gas concentrations can be measured either directly in the field, using a portable analyser
with an inbuilt pump drawing gas from the soil probgdure 29), or a sample can be taken

from the probe into an evacuated container for laboratory (or field laboratory) analysis. It is
good practice to keep the sample storage period to a minimum. Rapid field measurements, even
of lower precision, can provide a useful ckeon sample container integrity; lower than
expected laboratory values can indicate that the container integrity has been compromised.
Laboratory instruments in general provide analyses of higher sensitivity and precision and for
a wider range of gasesoklever, portable field equipment is becoming available that comes
close to matching laboratory performance albeit usually for a more limited raggeesThe
advantage of field measurements is that data are available immediately and any anomalous
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values can be investigated further during the same visit or sampled for more detailed
investigation, without the need for a return field visit.

Figure 29 Measurement of soil gas concentrations (Ck5l CO2, Oz, H2S etc.) using a
portable survey meter (left) andCO2 and CHa flux using a survey accumulation
chamber (right)

Soil gas survey flux measurements are most typically made using small accumulation
chambers, which can be linked to gas analysers, giving simultaneous measureD@@raraf

CHa fluxes Figure29, right). When making flux measurements, disturbance of the soil surface
and vegetation needs to be minimised. Chambers should be equipped with a pressure
equalisation mechanism to prevent them restridtiegnatural flux during the measurement.

The advantages and limitations of different monitoring approaches are seffabte.

7.4 DATA QA/QC

Measuring and monitoring equipment should be controlled within documented qualityl contr
policies and procedures. Metadata is needed on equipment specifications, their location and
maintenance or updating carried out. Instruments should be calibrated regularly against certified
gas mixtures; field instruments should be QC checked beforafmdieldwork. Typically this
involves a zero and a span step, the former usually being made using nitrogen and the latter
with the gas or gases being measured within their normal operational range. In practice for soll
gas that means around 2 ppm@bts and 2% foilCO». Laboratory analyses should be conducted
using I1ISO 17025/UKA&ccredited methods where possible, with appropriate use of blanks,
replicates, certified reference materials and other laboratory standards. Reputable laboratories
will usually apply the QA methods and principles required for UKAS accreditation even if the
specific method used is not itself accredited.

The use of the eddy covariance technique strictly requires certain conditions to be met, such as
the terrain being horizontahd uniform(Burba and Anderson, 2010)hese can be difficult to
achieve in practice at locations chosen for continuous monitoring (e.g. around wellheads) and
the implications of any departures from the ideal conditions neselconsidered carefully and
properly documented before using this method.
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Table 7. Comparison of different near surface monitoring approaches.

Monitoring technique

Advantages

Limitations

Soll gas concentratiol
measurements  with ield
portable equipment

Easy and rapid, relatively low co
equipment (higher cost, highg
precision equipment is available)

Instant results allow follow up o
any anomalies

Point data only at one moment in tim
Limit to number of points that can |
measued soO spacing may need to
wide to cover a large area. Therefq
leaks could be missed.

Low cost equipment gives lowe
precision. Better precision at high
cost.

Sail gas concentratiol
measurements with laborato
equipment

Higher precision

More gas species (including
isotopes) can be measured

Higher cost
Longer turnaround in getting results
More laborious

Point data (as above)

Survey flux chambe|

measurements

Quick and easy

Direct measure of flux

Limited number of gases can |
directly measured (. CQ, CH,,
H,S). Other gases only via indire
sampling and analysis

Point data (as above)

Mobile ground vehicle survey,

Can cover larger areas with grea
density of measurements

Some sensitive, high precisig
equipment available

Measurements close taground
surface minimise atmospher
dispersion

May need closely spaced traverseg
detect small leaks

Some areas may be inaccessible
ground vehicles

Limited temporal coverage

Higher cost equipment compared w
some soil gas techniques

Unmanned Aeria Vehicle
surveys

More rapid, larger area coverage

May be able to fly over areg
inaccessible to ground vehicles

New approach, not extensively teste
Limited temporal coverage
Relatively high cost

UAV permitting and safe operatio
may limit use in some aas

May need 23 people for safe operatig

Automated sil gas monitoring
stations

Continuous data
Multiple probes possible

Can view data remotely

Limited spatial coverage

Moderately expensive compared wi
low-cost soil gas survey equipment

Automated fluxchambers

As above

As above. Measures flux over a sm
surface area

Eddy covariance

Continuous data

Larger measured footprirn]
(typically 50 x height of sensors)

Calculation of flux

Footprint varies with wind speed at
direction

Requires uniform surfaceoughnesg
which may not exist at shale gas site

Scanning lasers

Continuous data

Larger area can be covered (up t
few hundred metres across)

Possible to locate leak and estim
flux

Moderately expensive

Complex data processing
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7.5 DATA PROCESSING, ANALYSIS AND REPORTING

Established statistical methods should be used to summarise the data and for the statistical
classification of results and the identification of possible anomalies. Box and whisker plots (e.g.
Figure30) are a usefl way to summarise results, which can be classified by location, land use,
geology or other factors for comparative assessment. Normal probability plots can also be used
to examine statistical data distributions and identify potentially different popuogator
anomalous values within a dataset. This information can then be used to classify data for use
with appropriate software for spatial plotting and data visualisation. GIS software or other
packages designed for mapping spatial data can then be wgéddiere30). Continuous flux
measurements can be processed using validated software from equipment providers or using
opensource code (e.g. EdiRe for eddy covariance measurements).

Interpretation of the data is likely to regaithe use of ancillary information on parameters that
are known to control soil gas and flux, such as rainfall, soil moisture, pressure, temperature
(atmospheric and soil), wind speed and direc{mg. Hinkle, 194; Schlémer et al., 2014)

Most should be recorded as part of the atmospheric monitoring pa¢Rageon5). The
exception is soil moisture, which needs to be included, along with all the other ancillary
measurements whereilsgas monitoring occurs away from other atmospheric monitoring.

A key element of any monitoring will be attributing the source of any gas anomalies detected.
Ratios of CQto O; and N have been shown to be effective in distinguishing -sedace
biological CQ: from that leaking from depth or produced by oxidation ofy(3¢e case study;
Beaubien et al., 2013; Romanak et al., 20T2e presence of other hydrocarbon gases (e.g.
ethane, butane etc.) may be diadgiwosf deep gas escafi€lusman, 1993; Tedesco, 19985

might coincident anomalied gases carried by the de@#s or CO, such as Rn dre (e.qg.
Baubron et al., 2002T he ratios ofCH4 and higher hydrocarbon gases can be diagnostic of the
source, for example if the composition of a gaservoir has been well characteris@ther
possible approaches to source attribution include the use of isotopes, including stable C and O
isotopeqGiustini et al., 2013; Hakala, 2014; Humez et al., 2016; Mayadr,&2015; Sherwood

et al., 2016)radiocarborfe.g. Trium Inc. and Chemistry Matters, 20ahH noble gas isotopes
(Giustini et al., 2013; Hunt et al., 2012; Mackintosh and Ballentine, 2@L.2)d O stable
isotopes can help to distinguish biogenic and thermogaiandCOg, but do not always give
unambiguous results. This is also the case with most methods especially where migration has
occurred over great distances. A range of process magtegemodify the initial composition

or characteristics of the gas (e.g. dilution, @2@Z2ation, retardation etc) and so care needs to

be taken when applying these methods. The recommendation is not to rely on a single method
but apply a range of methads

Radiocarbon measurements enable modern biogenic sources to be distinguished from fossil
gases of geological origin older than about 30,000 years, the latter having little or no remaining
radiocarbon because of its hiifé of 5,730 years. Noble gase®aronreactive and isotopes

of different species are formed in different ways allowing a variety of processes/sources to be
evaluated, for example He isotopes can shed light on deep earth inputs whilst Ne isotopes can
help understand atmospheric influences

Source attribution is unlikely to be needed routinely during baseline or operational monitoring,
but rather used to help understand-@xesting soil gas occurrences and to identify the source
of any anomalies identified during operations.
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Figure 30 Examples of baseline data presentatioragainst which data collected during a
subsequent operational phase can be assessed. Box and whisker pld@©# flux values
from different surveys (top) showing seasonal variations. Spatiahriable symbol size
plot showing classifiedCH4 concentrations from a single survey. Grey zone denotes the
Kirby Misperton urban area

7.6 CASE STUDY i USE OF GAS RATIOS AND ISOTOPES TO DETERMINE
SOURCE

A landowner close to the Weyburn €énhanced oil rexvery and geological storage project
alleged that high C&concentrations in the soil on their property were the result of leakage of

the injected C@from depth. This was investigated by a number of groups using gas ratios and
stable and radiogenic isotepThe need to undertake a detailed and costly forensic analysis of

the gases was as a result of the lack of a good baseline. Had a baseline been available an earlier
and more definitive diagnosis might have been possible. Following investigatimnigher

CO, values were demonstrated to be of biogenic ofBeaubien et al., 2013; Romanak et al.,

2014; Sherk et al., 2011; Trium Inc. and Chemistry Matters, 2fafr) their CQ/O. and

CO./N2 ratios (e.gFigure3l). Radiocarbon analysis showed the gas to be near 100% modern
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carbon, consistent with a recent biological origin, whereas the injectech&{Ono modern
carbon Figure 32). Noble gas isotope data supigal these conclusions although stable C
isotopes were inconclusive in this caBg(re32). It may be possible to also exploit contrasts

in signatures in a shale gas context, providing the isotopic signatures of deep and shallo
sources can be distinguished. This will be dependent on the origin of produced shale gas, or

being able to 6fingerprinté a sample in adva
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Figure 31. Use of gas ratios to refute an allegation of leakage of deep inject€@®: at the
Weyburn project, Canada. Most of the higher values fall near the perfect biogenic lines.
Scatter below the biogenic line for COD2 and above the line forCO2/N2 can be

attributed to dissolution of CO2 in soil pore water.(Data from Trium Inc. and

Chemistry Matters, 2011)
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Figure 32 Radiocarbon (:“C) clearly distinguishes the gas at the site of alleged leakage
from that injected at Weyburn whereas stable C isotopesC) are not diagnostic in this
case since there is overlap between modern plant signatures and values for the injected
CO2z(Data from Trium Inc. and Chemistry Matters, 2011)
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7.7 CHANGE DETECTION

Ultimately the purpose of collecting baseline soil gas data uss¢oit to identify, assess, and
ideally attribute any change in soil gas characteristics (or to support investigations of changes
in atmospheric or groundwater characteristics) arising ditedle gasoperations begin.
Examples are included at appropriptents in earlier sections, but are summarised here.

If changeis suspected.e. concentrations exceed the maximum for the baseline peitind

the monitoring areahen identifying and assessindpetherthe changes attributableto shale

gas operatiosirequirescollection andevaluation of sufficient new datar comparisoragainst

the baseline datset Surveys will need to include both soil gas and flux (as coincident change
may be diagnostic of gas leaking to the surface), and gas saoofilstedfor additional
parameters (e.g. light hydrocarbons, stable and, possibly, radioisotopes etc) to attempt to
apportion the source of the anomaly. Depth profiesuld also be considere@iven the

limited amount of soil gas data that might be availabletierbaseline period, a weight of
evidence approach should be used to attribute the observed change to one or more sources.

Where an anomaly is suspected but not located, a wide area survey (e.g. mobile open path laser,
possibly UAV) can be rapidly depfed, and will allow large scale screening. This would then

be followed by focussed point measurements to determine spatial extent and additional
parameters, possibly with the installation/repositioning of continuous monitoring equipment if
this is feasil#.

Since change may also be suspected or detected outside the continuous monitoring and routine
baseline monitoring area because of the complex nature of gas migration to the surface,
surveying will need to expand beyond the original baseline monit@iag. Drawing on
baselinedata to assess the anomaly would probably not be appropriate, and a process based
approach (e.g. gas compositi@ms] isotopic ratios) combined with evidence from atmospheric

and groundwater monitoring is likely to be more robust.

Finally, there may not be any obvious surface manifestation of change following the start of
operations. Nonetheless, repeat routine surveyseacenmended to increase the likelihood of
any change being detected and assessed early. It is also,s#, gpudent teontinue routine
monitoring throughout the operational phase whether a change is evident or not.
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8.Ground Motion(subsidence/uplift)

8.1 INTRODUCTION

It is currentlyunproven whether there is potential for shale gas operations at depth t@a cause
long-term change in surface elevation (subsidence or upldtground motion. Conventional

oil and gas operations have on rare occasions been shown to result in subsidence above
compacting oil and gas reserves (Geertsma 1973) and a recent study suggests that surface uplift

in eastern Texas was due to fluid ijen, which was distinguished using satellite remote

sensing (Shirzaei et al., 2016). These studies do not imply that shale gas operations at depth
will cause ground motionThe lack ofinformation on grounanotion in shale gas operation

areas was noted Hyost et al (2013) in relation to the Groningen area following the seismic
activity in the gas field, stating that An
available to constrainthe ground motion at t hat | ocal i ty. bjective i s i m
and authoritative monitoring of the ground surface at operation sites and surrounding regions

(a) to determine if there are any impacts on the ground surface and (b) to reassure stakeholders
(including the public) that appropriate independent nooimg of all potential environmental

impacts is being undertaken.

The key monitoring question is whether shale gas operations alter the site or surrounding region.

It should not be assumed that an area is stable prior to shale gas operations. Wheaingonside

a monitoring system, it is important to acco
there may be some pexisting displacement due tireer natural or induced factors. Examples

of preexisting natural ground motion include landslidiagd clay shrink/swell, while
underground mining and groundwater abstraction are examples of anthropogenic activity that
may cause ground motion. It is necessary to characterise aayigtieag ground motion so that
potential shale gas related motion ¢tenresolved from thepand therefore a baseline survey

is required to determine the peisting conditions of the sifacluding displacement such as
upwards motion (uplift), downwards motion (subsidence) or horizontal / lateral motion.
Furthermore,inths cont ext , t h edodsaatmferéo gaismiaity, dhicmisethe o n 6
frequency, intensity and distribution of earthquakes (induced or otherwise) in an area

The specific objectives of a grountbtionanalysis are to:

characterise whether the grad surface was stable or moving in the past;

confirm the current ground motion status;

characterise any motion identified e.g. average velocityemgoral trends

identify the most likely geological causes of discrete areas of motion, where/if motion
IS measurep

1 provide a body of impartial information to inform the regulators and other
stakeholders of the ground motion situation.

=4 =4 -4 4

The strategyproposed in this guidance document identifying and monitoing the ground
motionsituation is to utilise radasatellite imaging techniqueas opposed to installation of in

situ sensorsinterferometric Synthetic ApertuRRadar (INSAR) from orbiting satellites can be
usedn a noninvasive wayto determine the status of the ground surface motion with millimetre
precision. The technique may be applied to determine objectively if shale gas operations have
altered the environmental aditions of the ground surface. Archivatsllite data acquired from

1992 onwards can provide a baselinetlod ground motionsituation prior to shale gas
operationswhile currentlyorbiting satellites can be used to monitor the predamgtsituation.

In situ sensors including Global Navigation Satellite System (GNSS) such as the U.S. GPS or
Russian GLONASS can provide data on grounddg@ans at a point in space, but clearly it is
not possible to 6go back in timed and insta
proposed as the preferred technique for a baseline survey.
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Satellite imagery acquired during operations can be tesetentify if there are any changes to

the preexisting ground motion situatiahat has been assessed by a baseline suCuerent
satellite imagery can be integrated with (and validated by) GNSS data if appropriate instruments
are installed on site.

Authoritativeand impartiagroundmotionmonitoring is vital in relation tehale gasperations.
Quantitativeand precisedataregarding the motion or stability of the ground daform
regulators and stakeholders about the environmental situation amtigloanthropogenic /
induced impactsSeismic events have been linked to hydraulic fracturing operations in the UK
at Preese Hall (de Pater & Maisch, 2011) and in the U.S. (Ellsworth 2013; Holland 2011; Kim
2013). The public perception, as noted at aieserof public engagement events in both
Lancashire and Yorkshire, is that induced seismic activity will result in ground motion or vice
versa.Quantitative measurements of ground motion, both historic and current, are required to
confirm any surface disptement and potentialtp allay public concerns regarding the impacts

to the surface environment and the structures built upon or within it.

8.2 INSAR DESCRIPTION

Synthetic Aperture Radar (SAR) is an active microwave imaging system that can penetrate
clouds ad operate at night time. By measuring the phase difference between satellite images it

i's possible to measure sequenti al changes of
metric resolution (Pepe and GaR017). Processing a stack of images aedlover a particular

time period can provide an average of ground motion as well as a time series showing if the
point or distributed scatterer has moved relative to the previous and subsequent Tinages.

INSAR measurements are generally describedrmgefLine of Sght (LOS) from the satellite

or as absolute motion (vertical / horizontal displacement). The mtitadnsmeasurd does

not take account of ground acceleration,pgak ground acceleration (PGA).

The INSAR process has been refined siearly applications over 25 years ago (e.g. Massonnet

et al., 1993) to include techniques such as Persistent Scatterer Interferometry (PSI) (Ferretti at
al., 2001), Small Baseline Subset (SBAS) (Bernardino et al., 2868geSARFerretti et al.,
2011),Intermittent SBAS (ISBAS) (Sowter et al., 2016) and RapidSAR (Spaans and Hooper,
2016).

INSAR is anappropriatetechnology forpreciselymonitoring surface motion in shale gas
baseline monitoring studies because archive radar data (acquired since 1992)utitised

(where available) to analyse regions where in situ GNSS/EDM/tiltmeter data are not available
historically. Furthermore, even where historic and current in situ data are available, INSAR
studies can provide a more regional picture than thepioleged point coverage derived from
traditional technigues such as GNSS stations. Ideally, the remote and in situ methods should be
integrated because they provide complimentary information at a range of scales e.g. an array of
tiltmeters can provide infoation on local micramotionin comparison to the more regional
picture provided by INSAR.

INSAR can provide millimetric measurements of surface ground motion from satellite platforms
such as ENVISAT, ERS1&2, RADARSATSentinellA/B, TerraSARX and GOSMO-

SkyMed. Raw data from the European Space Agency (ESA) satellites (e.g. Sértiast B)

are free and there is now good coverage of data over the UK. There is a cost associated with
obtaining data from commercial satellites such as Terra®A&hd coverag of the UK is not
complete. Both ESA and commercial satellite data generally come in raw form and need expert
processing and interpretation before they are usable.

The techology has been validated by B@8projects such as TerraFirma and used in pr®ject
including PanGeo, SubCoast and EVOSS to develop and demonstrate viable s@ngces
Jordan et al 2011 & Jordan et al 2Q1B)SAR has also been successfully used inoCO
sequestration monitoring projean locations such as In Salah whitathieson (2@0) stated
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t h gerhaps the most valuable, and initially surprising, monitoring method so far has been
the use of satellite based Interferometric synthetic aperture radar (INSAR) to detect subtle
ground deformatiod .

It is suspected that INSAR has not lgeen applied tehale gasperations primarily due to the
challenge of gaining results in nomban vegetated areas; however neddyeloped methods
such as ISBAS, SqueeSAR and RapidS#®& addressing thisnitation (Gee et al., 2016).

8.2.1 Comparison with in situ ground monitoring systems

Site-specific ongoing ground motion monitoring can be undertaken using a dense network of
GNSS stations and/or tiltmeters and/or continuous total station surveys. Geodetic (GNSS and
total station) and geotechnical sensoilir{eters) are mature technologies that can measure
ground motion at a point in space or between two or more points. Geotechnical sensors, located
at the surface or down boreholes are used to measurgeooeferenced displacements or
movements. Geodeticeasuring devices record georeferenced displacements or movements in
1, 2, 3 or 4 dimensions; this group includes GNSS. GNSS is the generic term for a constellation
of satellites that provide geospatial positioning. There are various forms of GNSS inthading

two operational systems; GPS (the U.S. Global Positioning System) and GLONASS (the
Russian Global Navigation Satellite System) along with developmental systems such as the
European Unionds Galileo system anditorihghe Chi
approaches require a period of baseline recording in order to provide a comparison with ongoing
and postshale gas operations.

The use of integrated GNSS and tiltmeters (either in isolation or integrated at a site) is common
practice for ground main monitoring in many applications including volcanology (e.g. Hawaii

- http://hvo.wr.usgs.gov/kilauea/update/deformation)@m CQ storage monitoring (e.g. In
Salah- Mathieson et la 2010). Furthermore, Fisher and Warpinski (2011) published a
summary of US microseismic andtineter data in shales based on the Barnett, Woodford,
Marcellus and Eagle Ford shales, noting that a surface array of tiltmeters located on the ground
surfacecan be used to measure the deformation pattern and determine some details of the
fracture orientation. Tiltmeters can also be installed downhole, with Fisher and Warpinski
(2011) concluding that they can be used to measure the height of the hydratdie fwagen
installed near the treatment well with an array sufficiently long enough to span the fractured

i nterval 6s thickness. Typically, bet ween 15
around the welllt is worth noting that the studies refeoed above did not include a baseline
monitoring componentlTable7 provides a guide to the advantages and limitations of remote
and in situ systems for ground motion monitoring.

The INSAR process does not specifically requilécation or validation with in situ sensors

such as GNSS. Nevertheless, GNSS stations were employed during the BGS baseline
monitoring of Lancashire in order to provide an extra level of assurance that the process is fit
for-purpose for monitoring shaleag operations. INSAR active and passive reflectors can be
installed on site to increase the number of persistent scatterers, if deemed appropriate.

8.3 METHODOLOGY

Several actions are required in order to effectively undertake a monitoring programme of
ground motion conditions using INSAR techniqudbese are illustrated iRigure 33. The
actions describe both a baseline study and
motion conditons of a regionusing INSAR technologies. These actions form a general
suggested set sEcommended stegder baseline monitoring of ground motion using INSAR
technologies:
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Table 8. Comparison of remote and in situ ground surface motion monitoring systems

M onitoring Advantages Limitations

Technique

INSAR Measurements are made remot( Conventional techniques have difficulty in
(norrinvasive) vegetated areas.

Retrospective masurements car] Rapidmotion (greater than the satellite detec
be made using historic data to | phase difference) cannot be measured.
gain a.baselme prior to Temporal and spatial resolution is limited by
operations. .
satellie set up and orbital parameters.
Imagery can cover a large area Affected by steep topography (shown not be
simultaneously. . )
issue in most of the UK).
Entire deformé#ion field can be
imaged, rather than isolated
points.
GNSS High precision. Potentially dfficult and expensive to install iy
o . remote or difficult to access areas.
Does not require line of sight
between benchmarks. Equipment can be stolen / vandalised /
: . damaged.
Continuous site can operate
without frequent human Sampling of deformation field is limited to
interaction. individual points; several points are required.
Requires at least 4 sdlites in view
simultaneously.
No historic baseline if sensors not installed
prior to operations.

Tiltmeters High precision. Equipment can be stolen / vandai /

Does not require line of sight damaged.

between benchmarks. Sampling of deformation field is limited to

. . individual points.

Continuous site can operate

without frequent human Complex installation (e.g. in boreholds)

interaction. several tiltmeters are required.
No historic baseline if sensors not installed
prior to operations.

Total Stations High precision. Requires line of sight between benchmarks.
Cortinuous sites can operate Generally they are operated manually, requir
without frequent human repeat si visits to operate the system.
Interaction. No historic baseline if sensors not installed

prior to oper&abns.

1. Conduct a catalogue search of satellite radar data to confirm that suitable stacks of
images are available for the study area in order to mitigate the atmospheric noise. If a
suitable stack of archive data is not available then INSAR monitoringotdre
undertaken for that time period. If a suitable stack of imagery is not available for current
monitoring (e.g. using Sentinr&lA) then consider the acquisition parameters of the
satellite and the length of time required to obtain a suitable statkewaisit the archive
in due course to monitor image acquisition progress.

2. Download the stack of image datasets covering the geographic area and the time
period(s) of interest.

3. Process the imagery for the region using INSAR technique(s) that are apprigurié
landcover types to ensure (as much as possible) that suitable results are obtained for the
region of interest accounting for factors such as whether the area is urban or rural or a

99



OR/18/043

combination of both. The results must display LOS motions ancextapd to absolute
motion if appropriate data are available.
Ensure that the outputs from the INSAR processing match the quality required e.qg:

a. Suitable density of spatial coverage in the area of interest

b. Suitable temporal coverage in the area of interest

c. Assess output statistics to gauge if the results aferfppurpose
Interpretation of the INSAR outputs. This is a key stage because the outputs from the
INSAR image processing are dependent on the quality of the interpretation. There are
two fundamentatomponents.
Ensure that interpretation is undertaken by sufficieedyerienced personnel. For shale
gas applications the interpretation should be done by geosciestissienced in
compiling and integrahg geoscientific information (noted below)
Theinterpretation is reliant upon access to a comprehensive range of geosciefice data
these should be considered mandatory:
Bedrock geology (incfaults)
Surficial geology (incl. compressible ground)
Historic mining information / plans
Seismic records
Grourdwater abstraction records
Borehole records
Geohazard information (e.g. landslides and shrink/swell)

and ancillary data these shouldlso be considered mandatory:

@~ooooTy

Landcover information
Current and historic topographic maps
Aerial photography
Digital elevation models

|.  Digital terrain models.
Provide an impartial report on the ground motion conditions within the time period and
geographic area covered by the INSAR processing. The report should outline if there are
discrete zones of uplift or subsidence ahdwd be accompanied by interpretations of
the most probable causes of the motion. The INSAR results must be made available in
formats readable and understandable by stakeholders along with statements outlining
potential limitations of the information.

Additionally, it is vital to take into account the fact that INSAR techniques utilise large volumes
of raw image datathey producesignificant volumes of intermediate data, and the outputs
invariably produce large raster / map sileMonitoring projects usgthesetechnique must
include appropriate data management protocols relating to data and product atotage
management / distribution.

84 DATA HANDLING

Baseline monitoring is achieved over a wide region using archive and current radar data from
satellitessuch as ERS/2, ENVISAT and SentinelA/B. The data acquisition and selection
process involves the following steps (explained in more detail below):

T
T
T

Review quantityand qualityof radar images covering the area of interest
Identification of GNSS sites ioperation when the images were acquired
Assessment of the terrain in terms oftégain, landcoveand thepreferrednSAR
techniqués) to employ
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Image Catalogue Search
(archive & current acquisitions)

Sufficient stack
available Yes/No

|

yes

|

Data Download

l Choose a technique to suit
Image Processing the environment e.g. urban
utilise optimum InSAR processing ' and/or rural coverage.

. Are descending and/or
teChm‘que(s) ascending orbits required?

Output Quality Assessment Mandatory Geological Inputs
Bedrock Geology (incl faults)
‘ Surficial geology (incl. compressible sediments)
Historic mining information / plans
Seismic records
Expert I~ | Groundwater abstraction records

Interpretation Borehole records
Geohazard records (e.g. landslides)

b . i d Mandatory Ancillary Inputs
Report on baseline an /Or Landcover information

current ground motion Historic topographic maps

conditions Air photos
Digital elevation and terrain models

Figure 33. Actions and inputs required in order to effectively undertake a gound
motion INSAR study

The first step in an assessment is to search the catalogues for archive data covering the area of
interest. Each time the radar satellite passes overhead it captures an image of the terrain. There
are several radar satellites cunttg in orbit that acquire imagery that can be processed for
interferometry, including TerraSAR, COSMO-SkyMed and Sentinel. Additionally there

are satellites that have acquired large archives of imagery over the UK, but which are no longer
operating, ach as ENVISAT and ER% / 2. The European Shamdce Age
archive provides the most complete database of radar data for the UK, providing consistent
stacks of historic ER&/2 (from 1991 to 2001) and ENVISAT data (from 2002 to 2010). These
arcchves are vitally important because they can
first started operating) and to create a baseline of ground motion prior to shale gas operations.

A full Sentinell image covers ~250 km in range and ~180 km imatt (e.gFigure34). The
Sentinell A and B constellation capture an image of the same location of the UK every 6 days.
Multiple images of the same location over a period of time (called a stack) can be processed to
provide a tine-series showing the relative motion of the terrain at each overpass, and therefore
it can be determined if the ground is moving or stationary. Sufficiently long and populated
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stacks of radar imagery are required to generate a complete picture of graiordaover an

area of interest. Greater numbers of images in a stack result in higher accuracy of ground
motion, atmospheric phase components and height errors when processing with multi
interferogram methods such as PSI (Persistent Scatterer Interferparedry5SBAS (Small
BAseline Subset) (e.g. Berardino et al., 2002 and Ferretti et al., 2001). It has been observed that
at least ~120 images of the same acquisition geometry (i.e. same mode, orbit and track) are
required to undertake a muititerferograminSAR analysis (e.g. Crosetto et al., 2010), and the
quality of the results improves when the number of images in the stack increases.

Figure 34. Example coverage available with the Interferometric Wide Swath SentinelA
satellite image stack

It is also beneficial to identify if GNSS stations exist so that they can be used to validate the
INSAR results. In the UK, the BIGF (UKRI/BGS British Isles continuous GNSS Facility)
provides archivedRINEX data from GPS and GLONASS satel, from a high density
network of~160 continuously recording stations, sited throughout mainland Britain, Northern
Ireland andhe Republic ofreland.

Radar satellites are sideways looking and are therefore prone to geometric distortions when
viewing the Earth; for example the presence of radar layover prevents the application of INSAR.
Moreover, in areas of high relief there can be radar shadows, making some areas invisible to
the sensor. HowevgCigna et al (2014) reported that with the ERS and EMVWIEOS, only
~1.0'1.4% of Great Britain is potentially affected by shadow and layover in ascending or
descending mode€Combining ascending and descending modes brings the area affected down
to ~0.02 0.04%, bearing in mind that distortions in hilly areas ba compensated for using
either ascending or descending orbits. This indicates that the vast majority of the landmass can
be monitoredSentinell data have a similar LOS incident angle and ground track emgRS

and ENVISAT, therefore it is expectéht the same proportion of the UK landmass could be
monitored

The existence of persistent scatterers must be accounted for when applying INSAR techniques.
A persistent scatterer is a location on the ground that maintains coherence through several radar
images and identified based on the scatterer amplitude value over time. Persistent scatterers are
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